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Preface
This Technical Description document presents the details of modernized/refactored community
Noah-MP land surface modeling system architecture and physics released in Version 5.0 in March

2023.
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1. Introduction

The overarching goal of this technical description documentation is to describe the new
modeling structure of the modernized/refactored community Noah land surface model (LSM) with
Multiple-Physics (hereafter Noah-MP), its physics parameterizations, numerical implementation,
coding conventions, software architecture and operating instructions, as released in Version 5.0.
The open-source community Noah-MP LSM is maintained and supported by the National Center
for Atmospheric Research (NCAR) (https://github.com/NCAR/noahmp). Noah-MP is designed to

simulate land surface energy and water balance (both uncoupled and coupled with an atmospheric
model) at various spatial scales spanning from point scale locally to ~100-km resolution globally,
and temporal scales spanning from sub-daily to decadal time scales. Noah-MP can accurately
estimate soil moisture (both liquid water and ice content), soil temperature, skin temperature, snow
depth (or snowpack density), snow water equivalent, canopy water content, and surface energy,
water, and CO; fluxes (if dynamic vegetation physics is activated). Furthermore, with the optional
physics schemes of Noah-MP, it can simulate crop growth (both seasonal cycles and yield),
irrigation water requirements, subsurface tile drainage, groundwater dynamics, and urban
processes. Scientific reasoning and evaluation of these parameterizations can be found in the
referenced scientific papers of this documentation. Various community modeling efforts, like the
High-Resolution Land Data Assimilation System (HRLDAS), the Weather Research and
Forecasting (WRF) model, the Model for Prediction Across Scales (MPAS), the NOAA Unified
Forecasting System (UFS), the WRF-Hydro/National Water Model (NWM), and NASA Land
Information System (LIS), employs Noah-MP for land surface turbulent flux and momentum flux

estimations.

1.1 Model History

The Noah LSM, which was originally named Oregon State University (OSU) LSM, was
developed by coupling the diurnally dependent Penman potential evaporation approach of Mahrt
and Ek (1984), the multilayer soil model of Mahrt and Pan (1984), and a simple canopy model of
Pan and Mahrt (1987) and Ek and Mahrt (1991). Beginning in 1990, and accelerating after 1993
under the sponsorship from the GEWEX/GCIP Program Office of NOAA/OGP via collaboration
with numerous GCIP Principal Investigators (Pls), Kenneth Mitchell, Fei Chen and Michael Ek at


https://github.com/NCAR/noahmp

the Environmental Modeling Center (EMC) of the National Centers for Environmental Prediction
(NCEP) joined with the NWS Office of Hydrology (OH) and the NESDIS Office of Research and
Applications (ORA), the project started to pursue and refine a modern-era LSM suitable for use in
NCEP operational weather and climate prediction models. The OSU LSM was evaluated and
further developed to include Jarvis canopy resistance formulation, subgrid-scale variability of soil
moisture, surface runoff, seasonal vegetation cycle (Chen et al. 1996, Schaake et al. 1996), a new
atmospheric surface-layer parameterization (Chen et al. 1997), a physically-based
parameterization of frozen soil and a new snow accumulation/ablation scheme (Koren et al. 1999),
and a new iterative procedure to represent the snow evaporation/sublimation and melting process
(Chen and Dudhia 2001). As a result of several test and evaluation efforts in the 1990s which
showed good performance by the OSU LSM, EMC chose the OSU LSM for its implementation in
the operational NCEP mesoscale Eta weather model (Chen et al., 1996, 1997; Mitchell et al., 1999,
2000; Ek et al., 2003). The enhanced OSU LSM was, along with comprehensive vegetation and
soil datasets, implemented in the NCAR fifth-generation Mesoscale Model (MM5, Chen and
Dudhia 2001), and started its journey as a community LSM.
In 2000, the OSU LSM was named as NOAH to represent a collaboration among the
following groups:
e NCEP/EMC: NCEP Environmental Modeling Center (EMC) (Mitchell, Chen, EKk, Lin,
Marshall, Janjic, Manikin, Lohmann, Grunmann, Pan)
e OSU: Oregon State University (Mahrt, Pan, EK, Kim, Rusher)
e AFWA: Air Force Weather Agency (Moore, Mitchell, Gayno) and AFRL: Air Force
Research Lab (Mitchell, Hahn, Chang, Yang)
e HL: NWS Hydrology Lab (Schaake, Koren, Duan)
Shortly after, the acronym NOAH was renamed as Noah to embrace the nature of a true community
model. In 2003, NCEP and NCAR joined forces to unify the development of the Noah LSM to
create an unified Noah LSM (so named Noah V.3) to be implemented in the WRF and in NCEP
weather and climate models. Various versions of the unified Noah LSM were maintained in the

official release of the WRF model and at https://ral.ucar.edu/solutions/products/unified-wrf-noah-

Ism.
Under the support of the NOAA CPPA Program, a project led by Zong-Liang Yang (with
Co-Is: Guo-Yue Niu, Fei Chen, David Gochis, and Kenneth Mitchell) created the Noah with
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multiple-physics (Noah-MP) to augment the modeling capabilities of Noah by enhancing its
representation of dynamic vegetation, radiation, hydrology, and snow physics, and establishing the
multi-physics modeling framework (Niu etal. 2011, Yang etal. 2011). Noah-MP was implemented
in WRF in 2014 (Barlage et al. 2015) and its various community versions have been maintained
at the NCAR Github: https://github.com/NCAR/noahmp.

1.2 Noah-MP Version 5.0

The previous Noah-MP code (prior to Version 5.0) was written in a single Fortran source
file containing all model physics with complex coding and data structures that are not in a
unified/consistent format. As such, the code is hard to modularize, and difficult for users and
developers to extract existing physics modules for testing or use. These issues limit the application
of Noah-MP. Furthermore, a lengthy code is error prone and challenging to read, modify, and
debug. These issues would limit the application of Noah-MP. The modernized/refactored Noah-
MP (Version 5.0) resolves these issues by adopting advanced Fortran data and code structures and
modularization of physical processes. Specifically, the current version (v5.0) of Noah-MP is a
newly refactored code to improve the modularity, interoperability, applicability, and
understanding of process-level physics and variables, and to ease its use, further developments,
and contribution by the community at large.

In this refactored version, the model code has been re-organized into different individual
Fortran files that include one module for each single physical process/scheme. All the one-
dimensional column Noah-MP variables (state, flux and parameters) are grouped into a high level
‘noahmp_type’ user defined data type (Figure 1). The sub-types of ‘noahmp type’ are
‘forcing_type’, ‘config type’, ‘water type’, ‘energy type’, and ‘biochem type’. Each sub-type
under ‘noahmp_type’ is further divided into ‘state type’, ‘flux type’, and ‘parameter type’. The
data/variable initialization and declaration structures have also been optimized along with the new
Noah-MP data types. The original names of subroutines and variables have been changed to an
easy understandable form. The main Noah-MP module file is renamed from
“module sf noahmplsm.F90” to ‘“NoahmpMainMod.F90” and the main column Noah-MP
subroutine ‘SFLX’ is renamed as “NoahmpMain”. The one-dimensional column Noah-MP source

code, which was previously written in a single Fortran90 file, is separated into process-level

10
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Fortran modules. For instance, the energy related processes are called from
“EnergyMainMod.F90” using the subroutine “EnergyMain”. A similar approach is adopted to
represent other processes as well. See Figures 2-5 for the detailed calling trees of the refactored
Noah-MP model processes. Each main process is further divided into process level modules and
will be discussed in detail later in this document. Overall, the modernized community Noah-MP
model will allow a more efficient process for future earth system model developments and

applications.

-~ S

S -

f

E forcing = ——

E _—_—— A Emelisi - ,J
k| o 4@}

energy

biochem

~~ -

Figure 1. The structure of “noahmp” data types used in the Noah-MP model.
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| Host Model

| HRLDAS | | WRF | |WRF-HydroNWM| [NOAAUFS| [ NasaLis | [ etc. |

‘ Load and Initialize NoahmplO data type, and transfer variables from host model to NoahmplO ‘

Initialize Noah-MP |

Noah-MP Driver
Subroutine: NoahmplnitMain Input Near P 1D <o
Module: NoahmplnitMainMod.FO0 oah-| column
NoahmplO variables —Output e vErEDE

Subroutine: NoahmpSnowinitMain
Module: NoahmpSnowinitMod.F90

Subroutine: NoahmpDriverMain

Subroutine: NoahmpGroundwaterlnitMain Module: NoahmpDriverMainMod.F90

Module: NoahmpGroundwaterlnitMod.F90

Noah-MP 1D Column Model

Subroutine: NoahmpMain Subroutine: NoahmpMainGlacier
Module: NoahmpMainMod.F90 Module: NoahmpMainGlacierMod.FS0

\
—[ Atmospheric Forcing }7

Subroutine: ProcessAtmosForcing

Module: AtmosForcingMod.F90
—[ Phenology ]7
Subroutine: PhenologyMain —[ Irrigation Trigger ]7

Module: PhenologyMainMod.FS0

| Sprinkler Irrigation
Subroutine: IrrigationSprinkler 4[ Canopy Water Interception }7

Module: IrrigationSprinklerMod.F90

—[ Precipitation Heat Advection }7
Subroutine: PrecipitationHeatAdvect 0
Module: PrecipitationHeatAdvectMod.F90 Ll B

Subroutine: EnergyMain
Module: EnergyMainMod.F30

Subroutine: IrrigationPrepare
Module: IrrigationPrepareMod.F90

Subroutine: CanopyWaterlntercept
Module: CanopyWaterinterceptMod.F90

—[ Main Hydrology Process Ji
Subroutine: WaterMain —[ : f i ]_
Module: WaterMainMod.F90 Biochemistry Natural Vegetation

Subroutine: BiochemNatureVVegMain

Module: BiochemNatureVegMainMod.F90
_[ Biochemistry Crop ]7

Subroutine: BiochemCropMain Energy & Water Balance Check
Module: BiochemCropMainMod.F30
Subroutine: BalanceWaterCheck

Subroutine: BalanceEnergyCheck
Module: BalanceErrorCheckMod.F90

~_——— e — — —




Figure 2. The Noah-MP physical process calling tree. Blue boxes indicate hydrological processes,
orange boxes indicate energy processes, and green boxes indicate biochemistry processes in the
Noah-MP model. Direction of arrows indicates process calling sequence and information flow.
Note that the 1-D glacier column model has similar structures as the main non-glacier column

model, except that the vegetation-related processes are removed and soil is replaced by glacier ice.
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Noah-MP Non-Glacier
Column Model

Subroutine: NoahmpMain
Module: NoahmpMainMod.F90

—

Phenology )

{ Precipitation Heat Advection }

{ Main Energy Process

| Subroutine: PhenologyMain
| Module: PhenologyMainMod.F90

Subroutine: PrecipitationHeatAdvect
Module: PrecipitationHeatAdvectMod.F90

Subroutine: EnergyMain
Module: EnergyMainMod.F90

_[

Ground Snow Cover Fraction

Subroutine: SnowCoverGroundNiu07
Module: SnowCoverGroundNiu07Mod.F90

—

Ground Roughness Property ]7

—

Ground Thermal Property

Subroutine: GroundThermalProperty
Module: GroundThermalPropertyMod.F90

Subroutine: GroundRoughnessProperty

Module: GroundRoughnessPropertyMod.F90

—

Surface Albedo

Surface Radiation

H

F

Subroutine: SurfaceRadiation
Module: SurfaceRadiationMod.F90

Subroutine: SurfaceAlbedo
Module: SurfaceAlbedoMod.F90

|

Surface Emissivity

——|Soil Moisture Factor for Transpiration |

Subroutine: SoilWaterTranspiration
Module: SoilWaterTranspirationMod.F90

Subroutine: SurfaceEmissivity

—

Module: SurfaceEmissivityMod.FS0

Psychrometric Variable/Constant

—

—

Subroutine: PsychrometricVariable
Module: PsychrometricVariableMod.F90

Subroutine: ResistanceGroundEvaporation
Module: ResistanceGroundEvaporationMod.F90

—[ Ground Evaporation Resistance ]—

—[ Bare Ground Surface Energy Flux J—

Subroutine: SurfaceEnergyFluxBareGround
Module: SurfaceEnergyFluxBareGroundMod.F90

Subroutine: SurfaceEnergyFluxVegetated
Module: SurfaceEnergyFluxVegetatedMod.F90

—[ Vegetated Surface Energy Flux J—

Soil and Snow Temperature

|

—{ Soil and Snow Water Phase Change ]—

Subroutine: SoilSnowWaterPhaseChange
Module: SoilSnowWaterPhaseChangeMod.FO0

Subroutine: SoilSnowTemperatureMain
Module: SoilSnowTemperatureMainMod.F90

-

the glacier column model has similar structures except that the vegetation-related processes are

removed and soil is replaced by glacier ice.
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—I Irrigation

{ Sprinkler Irrigation I—

Noah-MP Non-Glacier
Column Model

Subroutine: NoahmpMain
Module: NoahmpMainMod.F90

Canopy Water

ption

1 Main Hydrology Process '—

Module: IrrigationPrepareMod.F90

Subroutine: IrrigationPrepare ‘

Subroutine: |rrigationSprinkler
Module: IrrigationSprinklerMod.F90

Subroutine: CanopyWaterlntercept
Module: CanopyWaterInterceptMod.FS0

Subroutine: WaterMain
Module: WaterMainMod.F90

Trigger Irrigation

‘ Subroutine: IrrigationTrigger ‘

Module: IrrigationTriggerMod.F90

TOPMODEL with Groundwater

—

Subroutine: RunoffSurfaceTopModelGrd
Module: RunoffSurfaceTopModelGrdMod.F30

I

Subroutine: RunoffSurfaceTopModelEqui
Module: RunoffSurface TopModelEquiMod.F90

—{  TOPMODEL with Equilibrium Water Table |-

—

Subroutine: RunoffSurfaceFreeDrain
Module: RunoffSurfaceFreeDrainMod.F90

Free Drainage

—

BATS Runoff

—

Subroutine: RuncffSurfaceBATS
Module: RunoffSurfaceBATSMod.F90

TOPMODEL with Migues-Macho-Fan
Groundwater

_[

Subroutine: RuncffSurfaceTopModelMMF
Module: RunoffSurfaceTopModelMMF.FS0

e

—

Subroutine: RunoffSurfaceVIC
Module: RunoffSurfaceVICMod.F90

VIC Model Runoff

—

Subroutine: RunoffSurfaceXinAnJiang
Module: RunoffSurfaceXinAnJiangMod.F90

Xinanjiang Model Runoff

Dynamic VIC Runoff

—

‘Subroutine: RunoffSurfaceDynamicVic

Module: RunoffSurfaceDynamicVicMod.F90

Snowfall Below Canopy

Subroutine: SnowfallAfterCanopylntercept

Module: SnowfallBelowCanopyMod.F30

— —

Snowpack Compaction

Module: SnowpackCompactionMod.F90

Subroutine: SnowpackCompaction ‘

Snow Layer Combine

— —

Canopy Hydrology

Subroutine: CanopyHydrology
Module: CanopyHydrologyMod.F90

—{ Snow Hydrology
Subroutine: SnowWaterMain
Module: SnowWaterMainMod.FS0

_{

Flood Irrigation

Module: SnowLayerCombineMod.F90

Subroutine: SnowlLayerCombine ‘

— —

Snow Layer Divide

Subroutine: IrrigationFlood
Module: IrrigationFloodMod.F90

4{

Micro Irrigation

Subroutine: SnowlLayerDivide
Module: SnowLayerDivideMod.F90

— —

Snowpack Hydrology

Subroutine: SnowpackHydrology
Module: SnowpackHydrologyMod.F90

o coa00c

Subroutine: IrrigationMicro
Module: IrrigationMicroMod.F30

L
Soil Hydrology

—

(—' OptRunoffSurface I

Subroutine: SoilWaterMain
Module: ScilWaterMainMod.F90

[OpiRunDﬁSubsurfaceJ

l

—— TOPMODEL with Equilibrium Water Table ———

@—I Subroutine: RunoffSubSurfaceEquiWaterTable
Module: RunoffSubSurfaceEquiWaterTableMod.F30

_[

Soil Water Diffusion

Soil Hydraulic Property

Subroutine: SoilWaterDiffusionRichards
Module: SoilWaterDiffusionRichardsMod.F30

J_
|

SoilDiffusivityConductivityOpt2

—{

Soil Moisture Solver

—{

Tri-Diagonal Matrix Solver

Subroutine: SoilMoistureSolver
Module: SoilMoistureSolverMod.F90

|

-
\

Subroutine: MatrixSolverTriDiagonal
Module: MatrixSolverTriDiagonalMod.F90

Hooghoudt's Tile Drainage

OptTileDrainag

Simple Tile Drainage

Subroutine: TileDrainageHooghoudt
Module: TileDrainageHooghoudtMod.F90

‘_@_» Subroutine: TileDrainageSimple
Module: TileDrainageSimpleMod.FS0

TOPMODEL with Groundwater

{f )
OptRunoffSubsurface

Free Drainage

[ Migues-Macho-Fan Groundwater

L Shallow Water Table

Subroutine: RunoffSubSurfaceGroundWater

Module: RunoffSubSurfaceGroundWaterMod.F90

Subroutine: RunoffSubSurfaceDrainage
Module: RunoffSubSurfaceDrainageMod.F90

Subroutine: RunoffSubSurfaceShallowWaterMMF
Module: RunoffSubSurfaceShallowMmfMod.F90

15



Figure 4. The Noah-MP water process calling tree for the non-glacier column model. Note that

the glacier column model has similar structures except that it only includes the snowpack processes

and soil is replaced by glacier ice.

Noah-MP Non-Glacier
Column Model

4\

Subroutine: NoahmpMain
Module: NoahmpMainMod.FS0

| s | | e s | e s e | e e e e s e,

Biochem Natural Vegetation
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Module: CarbonFluxNatureVegMod.F90
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Module: BiochemCropMainMod.F90
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-
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Module: CropPhotosynthesisMod.FS0
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Module: CropGrowDegreeDayMod.FS0

Figure 5. The Noah-MP biochemistry process calling tree. Note that currently Noah-MP only

includes carbon processes.
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2. Noah-MP Namelist Options for Physical Schemes

options for ground snow surface albedo

Noah-MP Physics Option Notes (* indicates the default option)
off (use table LeafArealndex; use VegFrac =
1 VegFracGreen from input) (Niu et al., 2011; Yang et
al., 2011)
’ on (together with OptStomataResistance = 1)
(Dickinson et al., 1998; Niu and Yang, 2003)
3 off (use table LeafArealndex; calculate VegFrac)
OptDynamicVeg 2 off (use table LeafArealndex; use maximum
vegetation fraction)
options for dynamic vegetation 5 on (use maximum vegetation fraction)
6 on (use VegFrac = VegFracGreen from input)
7 off (use input LeafArealndex; use VegFrac =
VegFracGreen from input)
8 off (use input LeafArealndex; calculate VVegFrac)
9 off (use input LeafArealndex; use maximum
vegetation fraction)
1* Jordan (1991) scheme
OptRainSnowPartition ) BATS: when TemperatgreAirRefHeight < freezing
point+2.2 (Yang and Dickinson, 1996)
options for partitioning precipitation 3 ;g;nlp;eratureAerefHelght < freezing point (Niu et al.,
into rainfall & snowfall 4 Use WRF microphysics output (Barlage et al., 2015)
5 Use wetbulb temperature (Wang et al., 2019)
OptSoilWaterTranspiration 1* Noah (soil moisture) (Ek et al., 2003)
2 CLM (matric potential) (Oleson et al., 2004)
opt|osr:ZI:?;tZ?:L:;;;s;zgegiaétTor for 3 SSiB (matric potential) (Xue et al., 1991)
OptGroundResistanceEvap 1* Sakaguchi and Zeng (2009) scheme
2 Sellers (1992) scheme
. . 3 adjusted Sellers (1992) for wet soil
options for ground resistent to -
evaporation/sublimation 4 Sakaguchi and Zeng (2009) for non-snow; rsurf =
rsurf_snow for snow (set in NoahmpTable.TBL)
OptSurfaceDrag 1% Monin-Obukhov (M-O) Similarity Theory (Brutsaert,
1982)
options for surface layer drag/exchange 2 original Noah (Chen et al. 1997)
coefficient
OptStomataResistance 1* Ball-Berry scheme (Ball et al., 1987; Bonan, 1996)
. . 2 Jarvis scheme (Jarvis, 1976)
options for canopy stomatal resistance
OptSnowAlbedo 1* BATS snow albedo (Dickinson et al., 1993)
2 CLASS snow albedo (Verseghy, 1991)
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modified two-stream (gap=F(solar angle,3D structure,

OptCanopyRadiationTransfer ' etc)<1-VegFrac)_ (Niu an.d Yang, 2004) _
) two-stream applied to grid-cell (gap=0) (Niu et al.,
options for canopy radiation transfer 2011) _ _
3% two-stream a_ppl_led to vegetated fraction (gap=1-
VegFrac) (Dickinson, 1983; Sellers, 1985)
1% semi-implicit; flux top boundary condition (Niu et al.,
OptSnowSoilTempTime 2011)
2 full implicit (original Noah); temperature top boundary
options for snow/soil temperature time condition (Ek et al., 2003)
scheme (only layer 1) 3 same as 1, but snow cover for skin temperature
calculation (Niu et al., 2011)
1* Stieglitz scheme (Yen,1965)
OptSnowThermConduct 2 Anderson (1976) scheme
3 Constant (Niu et al., 2011)
options for snow thermal conductivity 4 Verseghy (1991) scheme
5 Douvill scheme (Yen, 1981)
OptSoilTemperatureBottom 1 zero heat flux from bottom (DepthSoilTempBottom &
TemperatureSoilBottom not used) (Niu et al., 2011)
options for lower boundary condition of o TemperatureSoilBottom at DepthSoilTempBottom
soil temperature (8m) read from a file (original Noah) (Ek et al., 2003)
OptSoilSupercoolWater 1* No iteration (Niu and Yang, 2006)
options for soil supercooled liquid 2 Koren's iteration (Koren et al., 1999)
water
1 TOPMODEL with groundwater (Niu et al., 2007)
) TOPMODEL with an equilibrium water table (Niu et
al., 2005)
3* Original Noah free drainage (Schaake et al., 1996)
4 BATS surface and subsurface runoff (Yang and
OptRunoffSurface Dickinson, 1996)
5 Miguez-Macho&Fan groundwater scheme (Fan et al.,
options for surface runoff 2007; Miguez-Macho et al. 2007)
5 Variable Infiltration Capacity Model surface runoff
scheme (Liang et al., 1994)
7 Xinanjiang Infiltration and surface runoff scheme
(Jayawardena and Zhou, 2000)
3 Dynamic VIC surface runoff scheme (Liang and Xie,
2003)
OptRunoffSubsurface similar to runoff option, separated from original Noah-
options for drainage & subsurface 1~8 MP runoff option, currently tested & recommended
unoff the same option# as surface runoff (default)
OptSoilPermeabilityFrozen 1* linear effects, more permeable (Niu and Yang, 2006)
2 nonlinear effects, less permeable (Koren et al., 1999)

options for frozen soil permeability
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OptDynViclnfiltration 1* Philip scheme (Liang and Xie, 2003)
2 Green-Ampt scheme (Liang and Xie, 2003)
options for infiltration in dynamic VIC . . .
P runoff schemey 3 Smith-Parlange scheme (Liang and Xie, 2003)
OptTileDrainage 0* No tile drainage
1 on (simple scheme) (Valayamkunnath et al., 2022)
options for tile drainage ,
currently only tested & calibrated to ) on (Hooghoudt's scheme) (Valayamkunnath et al.,
work with runoff option=3 2022)
0* No irrigation
Ontlrrigation 1 Irrigation on (Valayamkunnath et al., 2021)
pHmg ) irrigation trigger based on crop season planting and
options for irrigation harvesting dates (Valayamkunnath et al., 2021)
3 irrigation trigger based on LeafArealndex threshold
(Valayamkunnath et al., 2021)
OptirrigationMethod o* method based on geo_em fractions
ontions for irriaation method. onl 1 sprinkler method (Valayamkunnath et al., 2021)
pworks WhengOptIrrigation > 0 y 2 micro/drip irrigation (Valayamkunnath et al., 2021)
3 surface flooding (Valayamkunnath et al., 2021)
OptCropModel 0* No crop model
options for crop model 1 Liu et al. (2016) crop scheme
1* use input dominant soil texture
OptSoilProperty 2 use input soil texture that varies with depth
3 use soil composition (sand, clay, orgm) and
options for defining soil properties pedotransfer function
4 use input soil properties
OptPedotransfer
*
options for pedotransfer functions, only 1 Saxton and Rawls (2006) scheme
works when OptSoilProperty=3
OptGlacierTreatment 1* include phase change of glacier ice
2 Glacier ice treatment more like original Noah

options for glacier treatment
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3. Noah-MP Physical Processes

A detailed description of Noah-MP physics parametrization is presented in this chapter. At
the interface between land surface and atmosphere, each Noah-MP land grid is divided into two
fractions (or tiles); namely, vegetated and bare soil fractions. Noah-MP independently estimates
biogeophysical and biogeochemical processes for vegetated and bare soil fractions at each model
grid. Special attention is devoted to resolving energy and water balance components over glacier
points. Noah-MP calculates canopy water interception and canopy evaporation before partitioning
precipitation into surface runoff and infiltration. Multiple saturation-excess runoff and infiltration-
excess runoff physics are implemented into Noah-MP for surface runoff and infiltration estimation.
Unsaturated water flow through the soil column and soil moisture are simulated using one-
dimensional Richard’s equation. An optional two-dimensional groundwater physics is also
implemented into Noah-MP. However, the default configuration of Noah-MP considers bottom-
open soil column and flow through the column bottom as groundwater recharge. Physics are
incorporated into Noah-MP to calculate bare soil evaporation and plant transpiration, which are
represented in the model as the functions of soil moisture and other properties considered as
parameters.

Noah-MP resolves energy balance components separately for vegetated and bare soil
fractions. Vegetation phenology, estimated by the phenology module of Noah-MP, is used to
calculate vegetation fraction and leaf area index in each model grid. The energy module of Noah-
MP calculates snow cover fraction, surface roughness, ground thermal properties, albedo, surface
radiation, surface emissivity, etc. before solving energy flux balance for vegetated and bare soil
fractions of a land model grid. The energy module also solves snow and soil thermodynamics and
soil and snow water phase changes at each model time step. In Noah-MP the weighted mean
surface states and fluxes are estimated at each model grid cell based on the vegetated and bare soil
fractions and transferred into the atmospheric model and output files.

Noah-MP considers separate biogeochemistry (currently only carbon) modules for natural
vegetation and agriculture crops. Biogeochemistry modules estimate vegetation growth dynamics
and crop yields by allocating carbon to various vegetation carbon pools (leaf, stem, wood and root)
and soil carbon pools (fast and slow). The Net Primary Productivity is calculated after allocating

carbon loss to the environment through respiration.
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Different biogeophysical and biogeochemical processes represented in the Noah-MP land

surface model include (see also Figures 6-8):

1.

2
3.
4

o

10.
11.
12.
13.
14.

Surface characterization including land type heterogeneity and ecosystem structure
Absorption, reflection, and transmittance of solar radiation

Absorption and emission of longwave radiation

Momentum, sensible heat (ground and canopy), and latent heat (ground evaporation,
canopy evaporation, transpiration) fluxes

Heat transfer in soil and snow, including phase change

Canopy hydrology (interception, throughfall, and drip)

Soil hydrology (surface runoff, infiltration, redistribution of water within the column,
sub-surface drainage, groundwater)

Snow hydrology (snow accumulation and melt, compaction, water transfer between
snow layers)

Stomatal physiology, photosynthesis, plant respiration and mortality

Plant/soil hydraulics

Glacier processes

Vegetation phenology and carbon allocation

Soil and litter carbon decomposition

Crop dynamics, irrigation, and tile drainage
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Noah-MP Energy Budget and Processes

Surface Energy Balance:
SWoown = SWye + LWpown = LWyp + PAH = SH + LH + GH
N

a Mhbiy =N
5"""5 i iati Precipitation
nmt  Upwelling shortwave radiation (SW;p) ﬁ
|~ A A (ground + canopy) o %Y '," advected heat (PAH)
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Figure 6. Schematic diagram of energy budget and processes represented in Noah-MP.
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Noah-MP Water Budget and Processes

ﬁ Precipitation
‘ i '
/y

——— Evapotranspiration

o

Transpiration

.*. Canopy water net
evaporation

. Canopy snow net
'g-sublimatlon

Canopy water
storage Snowpack net sublimation Total Runoff =i

¢ Infiltration &
g saturation excess

Surface Runoff Seepage

Soil net evaporation

$

: ‘\!/v'b Snowmelt

Total water balance:
Precipitation + lateral flow — Evapotranspiration — Total Runoff = A (water storage in canopy, snow, soil, aquifer)

Figure 7. Schematic diagram of water budget and processes represented in Noah-MP.
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Noah-MP Carbon Budget and Processes
Photosynthesis

Leaf carbon
allocation

.V %“\

Stem carbon Leaf respiration

allocation

Leaf turnover

Stem respiration

Stem turnover Leaf death (seasonal)

Stem death (seasonal \ “

Soil respiration
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Wood turnover

W dcarbo Icat'

| o A
ilizati
Carbon stabilization
| | conversion

\ 4

Total carbon balance:
Photosynthesis — Respiration = APlant carbon pool + ASoil carbon pool

Figure 8. Schematic diagram of carbon budget and processes represented in Noah-MP.
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3.1 Atmospheric Forcing Processing

Description:
The purpose of the Noah-MP atmospheric forcing module is to process the input
atmospheric forcing variables (surface temperature, precipitation, surface pressure, wind, specific

humidity, downward shortwave and longwave radiation) for use in Noah-MP model physics.
Relevant code modules:
Module: AtmosForcingMod.F90

Subroutines: ProcessAtmosForcing

Relevant Noah-MP namelist options:

Physical Processes Options Notes (* indicates the default option)
OptRainSnowPartition 1* Jordan (1991) scheme
2 BATS: when TemperatureAirRefHeight < freezing point+2.2
options for partitioning 3 TemperatureAirRefHeight < freezing point
precipitation into rainfall 4 Use WRF microphysics output
& snowfall 5 Use wetbulb temperature (Wang et al., 2019)
Physics:

Several key surface variables are computed based on the input forcing, including surface potential
temperature, vapor pressure, air density, downward direct and diffuse shortwave radiation for

visible and near-infrared (NIR) bands, rainfall, and snowfall.

1. Surface potential temperature (65, [K]):

Rq

Prer\C
stc = Isfc (Psfic) ? (Eqg. 3.1.1)

where Tt [K] is the surface air temperature (forcing input), Prer [Pa] is the air pressure at reference
level, Pstc [Pa] is the surface air pressure (forcing input), Rq [J/kg/K] is the gas constant for dry air,

and C, [J/kg/K] is the specific heat capacity of dry air.

2. Surface air vapor pressure (ey;r, [Pa]):
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_ Psfc
€air = Asfc X (0.622+0.378Xqsfc) (Eq.3.1.2)

where Qstc [kg/kg] is the specific humidity (forcing input).

3. Dry air density (pgir, [kg/md]):

_ (Psfc—0.378x%eq;r)
Pair =

(Eq. 3.1.3)

RdXTsfc

4. Downward solar radiation:

The diffuse and direct radiation fractions are assumed to be 30% and 70%, respectively to
partition the total downward solar radiation. There are 2 solar wavelength bands (visible and NIR)
accounted for in Noah-MP, which are assumed to be 50% and 50%, respectively. These fractions
for partitioning total downward solar radiation are currently hard-coded, but will be moved to the

Noah-MP parameter table for easier tuning in the future.

5. Fractional area receiving precipitation:

The total precipitation forcing includes precipitation from deep convection, shallow
convection, and non-convection. The total precipitation from input forcing is further partitioned to
two types: convective and large-scale (non-convective) precipitation. If OptRainSnowPartition =
4, Noah-MP uses the explicit convective and non-convective precipitation from atmospheric
forcing; otherwise, Noah-MP assumes 10% of total precipitation to be convective precipitation
(B conv, [mm/s]) and 90% to be large-scale precipitation (P ,onc, [MM/s]).

Then, the fractional area that receives precipitation (Fprcp) is computed as follows (Niu et al. 2005):

P, +P,
Fprcp — ( T,C0Nv r,nonc) (Eq 314)
(10XPy,conv+Prnonc)

The Fprep IS further used in the canopy interception process.

6. Snowfall and rainfall partitioned from total precipitation:

There are five different options to partition total precipitation into rainfall and snowfall
based on the frozen precipitation fraction (Fsnowtair)
If OptRainSnowPartition == 1 (Jordan, 1991 scheme):
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( 0.0, Tspe > Trrp + 2.5
; ~ 4 0.6, Trry + 2.0 < Type < Tppyp + 2.5 (E4.315)
snowfal =3 1.0 — (=54.632 + 0.2 X Typ), Tpry — 0.5 < Tope < Tppy +2 a2
\ 1.0, Tsfe < Tyrp — 0.5
where T, is the freezing point temperature (273.15 K).
If OptRainSnowPartition == 2 (BATS scheme):
0.0, Tse = Ty + 2.2
anowfall - {1_0’ Tsfc < Tfrz +2.2 (Eq. 3.1.6)
If OptRainSnowPartition == 3 (Simple scheme):
0.0, Tsfc = Tfrz
anowfall - {1.0’ Tsfc < Tfrz (Eq 3-1-7)

If OptRainSnowPartition == 4 (Use WRF microphysics):

The total frozen precipitation (P, r., = snow+graupel+hail from input forcing) is computed first

and then
Prfrz .
— if P >0andP >0
anowfall = [Pr’mmc rnonc r.frz (Eq. 3.1.8)
0.0, if B pone < 00r Py g, <0

If OptRainSnowPartition == 5 (Wet-bulb scheme, Wang et al., 2019):

1
Fsnowfau = (1+axe? Twetn*o)y (Eq. 3.1.9)

where a (=6.99x10), b (=2.0, [1/K]), and ¢ (=3.97, [K]) are parameterization parameters, and

Tweth 1S the wet-bulb temperature computed iteratively from the following equation:

sat (Twe —Cair
Twerp = Tyge — 2eToue)fau) (Eq. 3.1.10)

where y [Pa/K] is the psychrometric constant and ey, is the saturated water vapor pressure at

Twetb-

Finally, snowfall and rainfall are calculated from as shown below:
Psnow = (Pr,conv + Pr,nonc) X anowfall (Eq- 3-1-11)
Prain = (Pr,conv + Pr,nonc) X (1 - anowfall) (Eq 3-1-12)

7. Fresh snowfall density (psnowrau, [Kg/M3]):

The snowfall density is also computed based on Hedstrom and Pomeory (1998) for use in

canopy-snow interception and canopy hydrology.
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(Tsfc_Tfrz)

Psnowfan = MiN(Psnowranmax »67.92 + 51.25 X e 259 ) (Eq.3.1.13)
Where psnowaimax 1S the maximum fresh snowfall density (currently set to 120.0 kg/m?) in the

Noah-MP parameter table.
If OptRainSnowPartition == 4, the mean snowfall density is further updated by accounting for

graupel and hail as follows:

Psnow Pgraupel
Prfra graupel

¥ ppgn X 224l (Eq. 3.1.14)

Pr,frz Pr,frz

Psnowfall = Psnowfall X

where Pyrqyuper [MM/s] and Ppq; [mm/s] are the graupel and hail rates, respectively. pgrquper

[kg/m3] and py,4;; [kg/m®] are the densities of graupel and hail, respectively.

3.2 Initialization of Key State Variables

Description:
These two Noah-MP initialization modules are to initialize key state variables, including

soil and snow layer thickness, and root-zone soil temperature, and initial water storage.

Relevant code modules:
Module: GenerallnitMod.F90
Subroutines: Generallnit
Module: BalanceErrorCheckMod.F90

Subroutines: BalanceWaterlnit
Physics:

1. Initialize snow and soil i layer thickness (D,spns0, [M]):

D (l) = { _anSO(i) , = _Nsno +1
ZSNso anso(i _ 1) — anso (l) , [ = _Nsno +2,.. stoil

where Z,¢, (i) [m] is the depth (negative) of the i" layer bottom of snow and soil from snow

(Eq. 3.2.1)

surface, N, Is the actual number of snow layers, and N, ;; is the total number of soil layers.
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2. Initialize root-zone mean temperature (Troot, [K]) as a thickness-weighted soil temperature
(Tsoit, [K]):
NTOO DZSTI.SO('
Troot = Zi=1 ‘(Tsoi X _Z—l)) (Eq. 3.2.2)

soit ((=Nroot)
where Z,,; () [m] is the depth (negative) of the soil layer bottom and N, is the number of soil

layers in the root zone.

3. Initialize water storage before any Noah-MP processes (Wheg, [mm]):
Woeg = Wice can + Wiig,can + Wenow + Waquirer + Wsoir (Eg. 3.2.3)
Weoir = 223" [850i(i) X Dysnso (&) X 1000] (Eq. 3.2.4)
where Wice can [Mm] is the canopy ice, Wj;q can [Mm] is the canopy liquid water, Wey,,, [Mm] is
the snow water equivalent (SWE), Wy qy,irer [Mm] is the aquifer water storage, W, [mm] is the

soil column water storage, and 6.,;; [m3/m?] is the soil moisture for each soil layer.

3.3 Phenology

Description:
The purpose of the Noah-MP phenology module is to estimate vegetation phenology
parameters such as leaf area index (LAI), steam area index (SAI), vegetation fraction and crop

growing season. When vegetation is buried by snow effective LAl and SAI are estimated.
Relevant code modules:
Module: PhenologyMainMod.F90

Subroutines: PhenologyMain

Relevant Noah-MP namelist options:

Physical Processes Options Notes (* indicates the default option)
OptDynamicVeg 1 off (use table LeafArealndex; use VegFrac = VegFracGreen from input)
2 on (together with OptStomataResistance = 1)
3 off (use table LeafArealndex; calculate VegFrac)
options for (?Iynamic 4* off (use table LeafArealndex; use maximum vegetation fraction)
vegetation 5 on (use maximum vegetation fraction)
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on (use VegFrac = VegFracGreen from input)

off (use input LeafArealndex; use VegFrac = VegFracGreen from input)
off (use input LeafArealndex; calculate VegFrac)

off (use input LeafArealndex; use maximum vegetation fraction)

[(e e RN Ne)]

Physics:

1. General LAI and SAI treatments:

Algorithms of Noah-MP Phenology module are activated using the Noah-MP physics
option ‘OptDynamicVeg’. When OptDynamicVeg = 1, 3, or 4, the subroutine ‘PhenologyMain’
estimates LAl and SAI at model time steps from monthly values provided in the Noah-MP
parameter table (NoahmpTable. TBL). If OptDynamicVeg = 7, 8, or 9, then LAI and SAI are
estimated from time series inputs of LAl [m?/m?] and SAI [m?/m?] derived from remote sensing

or ground-based measurements.

SAIl Check:
max( 0.05, 0.10 X LAI ) , when LAI is input
SAI = [ 0.0 , when LAI < 0.05 (Eg. 3.3.1)
0.0 , when SAI < 0.05
LAI Check:
0.0 , when LAI < 0.05
LAl = {0.0 , when SAI = 0.0 (Eq.3.32)

Both LAI and SAI are set to 0.0 for barren land, water bodies, glaciers, and urban areas.

2. Vegetation buried by snow:
Thickness of canopy buried by snow, dj, [m] is given by

dp, = min{max(hsuow — Ay p, 0.0), (hyr — hyp )} (Eq. 3.3.3)
where, hgy,, [M] is snow height, h, . [m] and h, , [m] are the height of canopy top and bottom,
respectively.

The vegetation fraction buried by snow (f;,) is given by

fo = oot
b ™ max{106,(hy,c—hyp)}

(Eq. 3.3.4)

Note that when 0 < h,,, < 1.0, a critical snow depth, A, [M], at which the short vegetation is

fully covered by snow, is calculated as
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(—hsnow)
hsnow,c = hye X € 02 (Eq. 3.3.5)
Then f}, is calculated by

fb — min(Msnow, Msnow,c) (Eq 336)

hSTlOW,C

When the vegetation is buried by snow, the effective LAl (E,4;, [m*m?]) and SAI (Eg,;, [Mm?/m?])
are calculated as
Epa; = LAI % (1.0 — f;) (Eq. 3.3.7)
Ega = SAI % (1.0 — f;) (Eqg. 3.3.8)

3. Crop growing season:
The Phenology module determines whether it is Growing Season (I;s =1) or not (/;5=0) by

Lo = {1, when T, > Tpin and 2 < Growth Stage < 7 and CropType > 0
¢S o0, otherwise

where T, is the temperature of vegetation [K] and T,,;, is the minimum temperature [K] for

(Eq. 3.3.9)

photosynthesis for each vegetation type.

4. Calculation of Vegetation fraction:
If OptDynamicVeg = 1, 6, or 7, then the vegetation fraction (f,.) is read from input. When
OptDynamicVeg = 2, 3, or 8, f,,, is estimated from LAI and SAI as
freg = 1.0 — e(70-52 X (LAI+SAL)) (Eq. 3.3.10)
foeg 1s assumed as the input annual maximum vegetation fraction for OptDynamicVeg = 4, 5, or
9. If the crop model is activated and CropType > 0, then f,., is assumed as the input annual

maximum vegetation fraction. For barren and glacier lands, f,., is set to 0.0.

5. Flag for dynamic vegetation and crop model:
The Phenology module of Noah-MP can decide whether the dynamic vegetation or crop

model are active or not based on following criteria,
e If OptDynamicVeg = 2, 5, or 6, then dynamic vegetation is activated (i.e.,

FlagDynamicVeg = True)
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e If OptCropModel > 0 and CropType > 0, then the Noah-MP crop model is activated and
dynamic vegetation is turned off (i.e., FlagDynamicCrop = True; FlagDynamicVeg =

False).

Notes for dynamic irrigation trigger and sprinkler irrigation:

The dynamic irrigation trigger process and sprinkler irrigation process are described
below in the dynamic irrigation subsection within the Hydrology section. The sprinkler
irrigated water process is done before canopy water interception and hence will account for

the impacts of canopy water interception and canopy hydrology process (described later).

3.4 Canopy Water Interception

Description:
This is the Noah-MP module for Canopy water processes for snow and rain interception.

The subsequent hydrological process for intercepted water is done in CanopyHydrologyMod.F90

Relevant code modules:
Module: CanopyWaterlInterceptMod.F90

Subroutine: CanopyWaterlntercept

Physics:

1. Canopy liquid water processes:

(1) Maximum liquid water held by canopy (W;iq canmax » [MM]):
VVliq,can,max = I/Vliq,can,holdcap X (ELAI + ESAI) (Eq 3-4-1)
where Wiig can hotacap [MM] is the canopy holding capacity for liquid water as a Noah-MP table

parameter depending on vegetation type, E, 4; [m?/m?] is the effective leaf area index after burying
by snow, and Es,; [m?/m?] is the effective stem area index after burying by snow. Both E, 4, and

E; 4; are computed in the PhenologyMainMod.F90.
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(2) Canopy interception for liquid water (Qyig,in¢ » [MM/s]):
If (Epa; + Esap) > 0, then

Quig,int = Freg X Prain X Eprep (Eq. 3.4.2)
where F,, 4 is the vegetation fraction (computed in PhenologyMainMod.F90), P, [mm/s] is the
rain rate after rain-snow partitioning (computed in AtmosForcingMod.F90), and ., is the
fractional area receiving precipitation (computed in AtmosForcingMod.F90). Qg in has a

minimum value of zero and is capped at a threshold as shown below:

Qiigint =
—Prain*At
(Wliq,can,max_Wliq,can) Wy:
Qliq,int ’ Qliq,int < " X (1 —e llq.can,max)
—PyrginxAt —Prgin XAt
Wy ~Wiig,can) : Wiig,canmax—Wiig,can) Wit o
| lig,can,max lig,can x|1—= erlq,can,max , Qliq,int > lig,can max ig,can X (1 _ erzq,can,max)
At At
(Eq. 3.4.3)
Q _ { Qliq,int ’ Qliq,int > 0.0 (Eq 3.4 4)
lig,int — 0.4,
iq,in 0.0 , Quigint < 0.0

where Wi;q,can [MM] is the canopy liquid water and At [s] is the Noah-MP main model time step.
If (Epa; + Egap) <0, then
Quig,int = 0 (Eq. 3.4.5)

(3) Canopy dripping for liquid water (Qyiq,grip » [MM/S]):
If (Epar + Esap) > 0, then
Quig.arip = Fveg X Prain = Quigint (Eq. 3.4.6)
If (Epar + Esap) <0, then
Quigarip =0 (Eq.3.4.7)

(4) Canopy throughfall for liquid water (Qyig,thro » [MM/S]):
If (Epa; + Esap) > 0, then
Quigthro = (1 = Fyeg) X Prgin (Eg. 3.4.8)
If (Epar + Esap) <0, then
Qiig,thro = Prain (Eq. 3.4.9)
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(5) Canopy liquid water update:
If (ELAI + ESAI) > 0, then

Wiig,can + Quig,int X At , Wiig can > 0.0

Wiig,can = {0_0 ’ Wiig,can < 0.0 (Eq. 3.4.10)
If Wiiq,can > 0 from the previous time step but the canopy is fully buried by snow at this time step

((Epar + Esap) < 0), then W4 can is reset to 0 and the canopy water is then added to Qg grip -

2. Canopy ice/snow processes:

(1) Maximum ice/snow held by canopy (Wice canmax » [Mm]):

46.0

VVice,can,max = 6.6 X (0.27 + ) X (Epar + ESAI) (Eq 3-4-11)

Psnowfall

where psnowran [kg/m?] is the bulk snowfall density (computed in AtmosForcingMod.F90).

(2) Canopy interception for ice/snow (Q;ce int » [MM/s]):
If (Epa; + Esap) > 0, then

Qice,int = Freg X Psnow X Fyrep (Eqg. 3.4.12)
where Py, [Mm/s] is the snowfall rate after rain-snow partitioning (computed in
AtmosForcingMod.F90).

Qice,int
I( Qice,int Qoo int < (Wice,can.mfzct— Wice,can) “(1— e%)
| |
t(Wice,can,max — Wice,can) (1— e%) Qg int > (Wicecanmax — Wice,can) e e%)
at ' At
(Eq. 3.4.13)
Quce.ne = { Q(Ji.cg'iflt ’ %Z:Z Z (())(()) (Eq. 3.4.14)

where Wice can [Mm] is the canopy ice and At [s] is the Noah-MP main model time step.
If (Epar + Esap) <0, then
Qice,int = 0 (Eq. 3.4.15)

(3) Canopy dripping for ice/snow (Qjce arip » [MM/s]):
If (ELAI + ESAI) > 0, then
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(Tean—270.15)

Farip,temp = max(0.0, ) (Eg. 3.4.16)

1.87x105
J(U?2+V2)
Faripwina = 1.56x105 (Eq. 3.4.17)
Qice,untoaa = Max(0.0, W, .4,) X (Farip,temp t Faripwina) (Eq. 3.4.18)
: Wice.can
Qice,unload = mm(Qice,unload' + Qice,int) (Eq- 3-4-19)

At

Qice.arip = (Freg X Ponow — Qiceint) + Qice unioad (Eg. 3.4.20)
where Fgpip remp [1/5] is the ice dripping temperature factor, Fgp.ip wing [1/5] is the frictional
velocity representing the ice dripping wind factor, T,,, [K] is the canopy temperature, U and V
are the wind speeds [m/s] in the x and y directions, and Q;ce ynioaa [MM/s] is the canopy ice
unloading rate.
If (Epar + Esap) <0, then

Qice,arip = 0 (Eq. 3.4.21)

(4) Canopy throughfall for ice/snow (Q;ce ¢nro » [MMV/S]):
If (ELAI + ESAI) > 0, then

Qicethro = 1- EJeg) X Bsnow (Eq. 3.4.22)
If (Epa; + Egap) <0, then
Qice,thro = Bsnow (Eqg. 3.4.23)
(5) Canopy ice/snow update:
If (Epa; + Egqp) >0, then
_ Wice,can + (Qice,int - Qice,unload) X At , VVice,can > 0.0
VVice,can - { 0.0, VVice,can < 0.0 (Eq. 3.4.24)

If Wice can > 0 from the previous time step but the canopy is fully buried by snow at this time step

((Epar + Esar) < 0), then Wice cqn is reset to 0 and the canopy water is then added to Qce arip -

3. Canopy wetted fraction:
The wet fraction is dependent on the actual canopy ice or liquid water asa fraction of the maximum

canopy interception capacity for snow or rain.
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max(0.0,Wice can)
_ ]
maX(Wice,can,maxrl 0 6)

max(0.0,Wliqlcan)

Wice,can > 0.0
Fyer =

M/ice,can S 00

p— )
max(Wig,can,max-10 )

Fpet = (min(l_(),Fwet))O.em

where Fyet is the wet fraction of canopy.

4. Snow and rain below canopy:

Qrain - Qliq,thro + Qliq,drip

anow - Qice,thro + Qice,drip

Qsnow
AhSnOW -
Psnowfall

(Eq. 3.4.25)

(Eq. 3.4.26)

(Eq. 3.4.27)
(Eq. 3.4.28)

(Eq. 3.4.29)

where Q,4in, [Mm/s] is the rain rate below canopy on the ground, Q. [Mm/s] is the snowfall

rate below canopy on the ground, psuewrqn [K9/m3] is the fresh snowfall density computed in

AtmosForcingMod.F90, and Ahg,,,,, [M/s] is the snow depth increasing rate due to snowfall. If the

land type is water/lake and ground temperature is above freezing temperature, then there is no

snow on the ground and hence Qg and Ahg,,,,, are reset to 0.

3.5 Precipitation Heat Advection

Description:

This module is to estimate heat flux advected from precipitation to both canopy and ground.

Relevant code modules:
Module: PrecipitationHeatAdvectMod.F90

Subroutines: PrecipitationHeatAdvect

Physics:

1. Heat advection from rainfall:

Cwat

Hrain,aichan = Eieg X Prain X 1000 X (Tsfc - Tcan)

(Eq. 3.5.1)
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CW(l
Hrain,canZgrd = Qliq,drip X T()(t) X (Tcan - Tgrd) (Eq 3-5-2)

CW(l
Hrain,aingrd = Qliq,thro X 1008 (Tsfc - Tgrd) (Eq 3.5.3)
where H,gin air2can [W/M?] is the heat advection from air to canopy due to rain, Hyqin can2gra
[W/m?] is the heat advection from canopy to ground due to rain dripping, and H,qin girzgra [W/M?]

is the heat advection from air to ground due to rain throughfall. C,,,; [J/m3/K] is the volumetric

heat capacity of water defined as a constant in ConstantDefineMod.F90. Ty, Teqn, and Tg,q are

the temperature for surface (assumed to equal to precipitation temperature), canopy, and ground.

Quig,arip [MmM/s] and Q4 thro [MmM/s] are the rain dripping and throughfall rates (computed from

CanopyWaterInterceptMod.F90).

2. Heat advection from snowfall:

Cice
Hsnow,aichan = E)eg X Prain X 1000 X (Tsfc - Tcan) (Eq 3-5-4)
Cice
Hsnow,canZgrd = Qice,drip X 1000 X (Tcan - Tgrd) (Eq 3-5-5)
Hsnow,aingrd = Qice,thro X 1(;280 X (Tsfc grd) (Eg. 3.5.6)

where Hgpowairzcan [W/M?] is the heat advection from air to canopy due to snowfall,
Hspow,can2gra [W/M?] is the heat advection from canopy to ground due to snow unloading, and
Hspow,air2gra [W/m?] is the heat advection from air to ground due to snow throughfall. C;c,
[J/m3/K] is the volumetric heat capacity of ice defined as a constant in ConstantDefineMod.F90.
Qice,arip [MM/s] and Q;ce tnro [MMV/s] are the snow dripping and throughfall rates (computed from

CanopyWaterInterceptMod.F90).

3. Net heat advection:

The heat advection from rainfall and snowfall are merged together first:

Hyy airacan = Hrainairzcan + Hsnow,air2can (Eg.3.5.7)
Hyr canzgra = Hraincanzgra + Hsnow,can2grd (Eg. 3.5.8)
Hyr airagra = Hrainairzgra ¥ Hsnow,air2gra (Eg. 3.5.9)
Then:
Hyr can = Hpr air2can — Hpr.can2grd (Eg. 3.5.10)
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Hprveggra = Hpr canzgra (Eq. 35.11)

Hyr baregra = Hpr.airz2gra (Eq.3.5.12)

where H,,,. .., [W/m?] is the net precipitation heat advected flux for canopy, Hy, yeggra [W/m?] is

the net precipitation heat advected flux for below-canopy ground, Hy, paregra [W/m?] is the net
precipitation heat advected flux for bare ground.

The Hyy yeggra aNd Hyy paregra are further divided by F,,, and (1-F,.4), respectively, to
account for vegetation fraction impact, since Hy, yeggra anNd Hpr paregra Will be multiplied by the
F,eq Weighting factors later. If F,., <0 (canopy buried by snow), then H,y;. ¢4 4rq Will be added to
Hpr paregra @nd Will be reset to 0. Currently, these net precipitation advection fluxes (which are

typically very small) are limited to -20~20 W/m2 for the model stability consideration.

3.6 Energy

Description:

The Noah-MP energy module calculates land surface energy balance, radiation transfer and
turbulent transfer. Noah-MP uses a ‘tile’ approach to compute turbulent fluxes in vegetated
fractions and bare fractions separately and then sum them up weighted by fraction. For the
radiation transfer, Noah-MP employs traditional and modified two-stream physics options. The
modified two-stream scheme assumes tree crowns are evenly distributed within the grid cell with
100% vegetation fraction, but with gaps. The ‘tile’ approach is not used in radiation transfer
because it overlaps too much shadow. The flow diagram of the Noah-MP energy module is

provided below.
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turbulence transfer : 'tile' approach to compute energy fluxes in vegetated fraction and
bare fraction separately and then sum them up weighted by fraction

/ / /
/0 0 0 0 0 O0 OO0/ /
/1 | |titel] | | | / tile2z /
/0 0 0 0 0 O O O / bare /
/| | | vegetated | | / /
/0 0 0 0 0 0 0 0 / /
[ A A I /

/0 00O0O0O0O0O0 / /
I

/

radiation transfer : modified two-stream (Yang and Friedl, 2003, JGR; Niu ang Yang, 2004, JGR)
two-stream treats leaves as
/0 0 0O 0 0 0 0 o0 / cloud over the entire grid-cell,
/ | | | | | | | | / while the modified two-stream
/ o o0 0o o O o0 0 o0 / aggregates cloudy leaves into
/ | | | | | | | | / tree crowns with gaps (as shown in
/ 0 0 0 0 0 O 0 O / the left figure). We assume these
/ | | | | | | | | / tree crowns are evenly distributed
/0 0 0 0 0 0 0 O / within the gridcell with 100% veg
/ | | | | | | | | / fraction, but with gaps. The 'tile'
approach overlaps too much shadows.

Figure 9. Demonstration of the approaches for subpixel turbulence and radiative transfer processes

for vegetated and bared areas.

Vegetated ground Bare ground

FVEG 1-FVEG

I
SHV LHv Swup‘v LWup,v SWdown.v LWdown,v PHv |SHb LHb SWup.b LWup‘b SWdown‘b LWdown‘b PHb
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netRad+ PH=SH+LH + G

netRad = SWy,,,, —SW,, + LWy, — LW
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Figure 10. Demonstration of surface energy balance treatments in Noah-MP. Energy fluxes over
bare (“b” in the subscript) and vegetated (“v” in the subscript) parts of a model grid with a
vegetation fraction (Fveg), including shortwave (SW) and longwave (LW) radiation, latent heat
(LH), sensible heat (SH), heat into snowpack and soil (G) to drive melting, and heat advected to
the surface by precipitation (PH) due to temperature differences between the surface and the air.
Adapted from He et al. (2021).

Relevant code modules:
Module: EnergyMainMod.F90
Subroutines: EnergyMain

Physics:

3.6.1 Prepare Key Quantities

Description:
This part is to prepare some key quantities used in energy flux calculations in later sections.

1. Wind speed:
Wind speed at reference height (U,.., [m/s]) is given as

Upes =VuZ +v% > 1 (Eq. 3.6.1)
where, u [m/s] is the eastward component of wind speed and v [m/s] is the northward component

of wind speed.
2. Vegetated or non-vegetated Check:
The effective vegetation area index (Ey 4;, [m?/m?]) is calculated as

Evar = Epar + Epar (Eg. 3.6.2)

If E,4; > 0.0, then the model grid is vegetated, else it is not vegetated.

3.6.2 Ground Snow Cover Fraction
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Description:

This Noah-MP module is to compute ground snow cover fraction based on Niu and Yang
(2007) scheme. A recent study has also implemented and tested additional snow cover
parameterizations (Jiang et al., 2020) in Noah-MP, which will be integrated into the community

Noah-MP version in the future.

Relevant code modules:
Module: SnowCoverGroundNiu07Mod.F90

Subroutines: SnowCoverGroundNiuQ7
Physics:

Bulk density of snow (o0, [kg/m3]) is calculated as

Psnow = Tnow (Eq. 3.6.3)

hSTlOW

where mg,,,,, [kg/m?] is the snow mass or snow water equivalent and hg,,,,, [M] is the snow
height.

The melting factor for snow cover fraction, f,,.;: IS given as

frnete = (2222)" (Eq. 3.6.4)

Pnew

where, p,e. [Kg/m?] is fresh snow density, which is assumed to be 100 kg/m? (Niu and Yang,
2007). m is the melting factor determining the curves in melting season, and is adjustable
depending on scale (generally a larger value for a larger scale, specified in NoahmpTable. TBL). It
can be calibrated against observed snow cover fraction or surface albedo. Ground Snow Cover

Fraction or fractional area of the grid cell covered by snow, f;, .. is calculated as

fsnow = tanh (M) (Eg. 3.6.5)

Fsno ><f‘me‘lt

where F;,, is the snow cover factor parameter (specified in NoahmpTable. TBL).

3.6.3 Ground Roughness Property

Description:
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This part is to compute the ground roughness length, displacement height, and surface

reference height.

Relevant code modules:
Module: GroundRoughnessPropertyMod.F90

Subroutines: GroundRoughnessProperty
Physics:

1. Ground roughness length for momentum (z,, , [M]) is given as

ZO,lake X (1 - fsnow) + (ﬁsnow X ZO,snow) ’ fOT lake when Tg < Tfrz

Zomg = 4 Zo,lake , forlake when Ty > Ty,  (Eq. 3.6.6)
ZO,soil X (1 - fsnow) + (fsnow X ZO,snow) ’ fOT' soil

where, zg jqke [M] is the lake surface roughness length, z, 0 [M] is the snow surface roughness

length, z, s, [M] is the soil surface roughness length. T, and Tg,., [K] are ground temperature and

freezing temperature, respectively.

2. Roughness length for vegetated and non-vegetated ground is given by

Zomye » JOT vVegetated surface

Zom,g » fOTr non — vegetated surface (Eq.36.7)

ZOm:{

where zg,, ,,+ [M] is roughness length for momentum determined by vegetation type. Its values are
provided in the Noah-MP parameter table (NoahmpTable. TBL).

The zero-plane displacement height (d,, [m]) is calculated as

= {065 x e For veperated with by < 065 x gy E#369)
where h.,, [m] is the top of canopy layer.
The reference height (z,..f, [m]) is calculated as
Zrer = max(dy, hean) + 24 (Eqg. 3.6.9)

where z, [m] is the reference height above the surface zero plane as received from the input.
When hg,,» > 2, then the reference height is calculated as

Zref = Ngnow + Zg (Eg. 3.6.10)
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3.6.4 Ground Thermal Property

Description:

This Noah-MP module is to estimate thermal conductivity and heat capacity of snow and soil.

Relevant code modules:
Module: GroundThermalPropertyMod.F90

Subroutines: GroundThermalProperty
Physics:
1. Snow thermal properties:
Relevant code modules:

Submodule: SnowThermalPropertyMod.F90

Subroutines: SnowThermalProperty

Relevant Noah-MP namelist options:

Physical Processes Options Notes (* indicates the default option)
1* Stieglitz(yen,1965) scheme

Anderson, 1976 scheme

constant

Verseghy (1991) scheme

Douvill(Yen, 1981) scheme

OptSnowThermConduct

options for snow thermal
conductivity

g BlwWwN

Thermal properties of snow are computed in SnowThermalPropertyMod.F90. Partial

volume of ice in a snow layer (the fraction of ice volume to snow volume, ;. ¢,) is given by

. . Wice,sno(i)
Bice,sno(i) = min {1-0' W} (Eq. 3.6.11)

where i is the layer index ranging from 0 to I, s, + 1, and I, ¢, is the snow layer indicator

defined as (see detail in snow hydrology section below):
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-3, 3layer snow
I ) =2, 2layer snow
msno ) —1, 1 layer snow
0, 0 layer snow

(Eq. 3.6.12)

Wice sno(£) [mm] is ice content in the i*" snow layer, Az [m] is the thickness of snow/soil layers
(m), and p;.. [kg/m®] is the density of ice (defined in ConstantDefineMod.F90). The effective
porosity of snow (8, sy,) is calculated as

Oe.smo(D) = 1= Oicesno(i) (Eq. 3.6.13)
Partial volume of liquid water in snow layer (8;;4 ¢n,) IS cOmputed as

: : ~ Wiigsno (D
B1ig,sno () = min {ee,sno D, AZI((iI)—Xpuq} (Eqg. 3.6.14)

where Wy;q sno(i) [mm] is liquid water content in the i*" snow layer and pj;, [kg/m®] is the density
of water (defined in ConstantDefineMod.F90).
The bulk density of Snow (ps,ow, [K9/M?]) is given as

Wice,sno (i)+Wliq,sno ®

Psnow (1) = Az (D) (Eq 3-6-15)

The volumetric specific heat capacity of snow (Cp, snow, [J/M?/K]) is calculated by

Chsnow = Chice X Oicesno T Cnwat X Biig,sno (Eg. 3.6.16)
where Cpice [/M¥/K] and Cp pq¢ [J/M3/K] are the volumetric specific heat capacity of ice and
water, respectively (defined in ConstantDefineMod.F90).

Based on the physics option OptSnowThermConduct, the thermal conductivity of snow (k¢,ow.
[W/m/K]) is calculated as

( 3.2217 X 107 X p2,,,, OptSnowThermConduct = 1
2x 10724+ 25%x107% x p2,,.,, OptSnowThermConduct = 2
Ko = 1 0.35, OptSnowThermConduct = 3 (Eq. 3.6.17)
2.576 x 107 x pZ,,, + 0.074, OptSnowThermConduct = 4
1.88
L 2.22 X (m) , OptSnowThermConduct =5
1000

2. Soil thermal properties:
Relevant code modules:
Submodule: SoilThermalPropertyMod.F90

Subroutines: SoilThermalProperty
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Thermal properties of soil are estimated in SoilThermalPropertyMod.F90. Partial volume
of soil ice (i.e., soil ice content, Wi 501, [M3/M?]) in the it soil layer is given by
Wice,s0i(1) = Bs0i (1) — Wice,s0i (1) (Eq. 3.6.18)
Volumetric specific heat capacity of soil (Cy, 50, [J/m*/K]) is calculated as
Chysoit = Wiig,soit X Chwat + (1 = Osottmax) X Csoivsotia + (Osoiymax — Osoit) X Cair +
Wice,soit X Chice (Eq. 3.6.19)
where O max [M3/M?3] is the saturated soil moisture (specified in NoahmpTable.TBL) and
Csoirsotia [9/M3K] is the volumetric specific heat capacity of soil solid (non-ice) components
(specified in NoahmpTable.TBL).

The soil saturation ratio (S,) is given by

S, = Dsoil_ (Eq. 3.6.20)

gsoil,max
Thermal conductivity of soil solids (kg;4, [W/m/K]) is calculated as

f z 1_f z
ksia = kgty X hoen ™ (Eq. 3.6.21)
where k., [W/m/K] is thermal conductivity for quartz (k,.,= 7.7, currently hard-coded). k.,

[W/m/K] is thermal conductivity for the other soil component (k,.,= 2.0, currently hard-coded).

fqtz 1s the soil quartz content which depends on soil type and is provided in the

‘NoahmpTable. TBL’.
The unfrozen fraction (f,,¢) of soil is computed as
Wi ,501
fur = ;Lll (Eq. 3.6.22)

Moisture in the soil layer is completely frozen if f, - = 0.0 and it is 100% liquid if f,,r =1.0..
Unfrozen soil volume of saturation (8, ,s4¢) is calculated as

euf,sat = fuf X esoil,max (Eq 3623)
Saturated soil thermal conductivity (ki1 sqe, [W/M/K]) is given by

_ (1-¢ il, ) (gsoil,max_euf,sat) euf,sat
Ksoit,sat = ksld X kice X kyar (Eqg. 3.6.24)

where k;.. [W/m/K] is thermal conductivity of ice (defined in ConstantDefineMod.F90). k.,
[W/m/K] is the thermal conductivity of water (defined in ConstantDefineMod.F90).
Dry density of soil (psoi,ary, [K9/M?]) is computed as

psoil,dry = (1 - Hsoil,max) X 2700 (Eq 3625)
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Dry thermal conductivity of soil (kg;;,4ry, [W/M/K]) is given by

0.135XPs0i1,dry 164
2700—0.947Xp50il,dry

ksowary = (Eq. 3.6.26)

The Kersten number (k,) as a function of the saturation Srand the phase of water, uses the “fine”
formula, valid for soils containing at least 5% of particles with diameter less than 2.0x10¢ m
(Peters-Lidard et al., 1998). It is calculated by

Sy, For frozen soil (Wyqs0u + 0.0005 < 84;1)
k., =1{In(S,) + 1.0, For unfrozen soil and S, > 0.1 (Eq. 3.6.27)
0.0, For unfrozen soil and S, < 0.1

The final thermal conductivity of soil is computed as:
ksoil = ke X (ksoil,sat - ksoil,dry) + ksoil,dry (Eq 3-6-28)
If the land type is urban, then kg,; = 3.24 [W/m/K].

3. Lake thermal properties:
Relevant code modules:
Module: GroundThermalPropertyMod.F90

Subroutines: GroundThermalProperty

This section is incorporated in GroundThermalPropertyMod.F90. The lake heat capacity

(Chiakes [I/M3K]) is calculated as

_ (Chwat» unfrozen
Chotake = {Ch,ice, Fromen (Eq. 3.6.29)
The thermal conductivity of lake (kjqke, [W/M/K]) is given as
_ (kwar» unfrozen
Kigke = {kice, P (Eq. 3.6.30)
A phase change factor (fpnqse) Used for melting/freezing of snow or soil:
At
fphase = Chosmow/s0i1¥bz (Eq. 3.6.31)

For snowpack without an explicit layer (I, s, =0), the thermal conductivity of the snow and soil

interface (k;,¢, [W/m/K]) is estimated as

k. __ KsoitXAZ+Ksnow XZsnow
int —

(Eq. 3.6.32)

AZ+Zgnow
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where kg,; [W/m/K] is the thermal conductivity calculated for layer 1 (top soil layer). Snow

thermal conductivity kg, [W/m/K] is set to 0.35. zg,,u [M] is sSnow height.

3.6.5 Surface Albedo

Description:
The purpose of this Noah-MP module is to compute the surface (including canopy) albedo,
fluxes (per unit incoming direct and diffuse radiation) reflected, transmitted, and absorbed by

vegetation, and sunlit fraction of the canopy. These processes are only done if there is sunlight.

Relevant code modules:
Module: SurfaceAlbedoMod.F90

Subroutines: SurfaceAlbedo

Physics:

1. Prepare key quantities for surface albedo calculations:
The effective Vegetation Area Index (Ey ;) is given as
EVAI = ELAI + ESAI (Eq 3633)

The weighted E; 4; (ELa;we) @nd Esap (Esapwe) With Ey 4 is calculated as

— ELar
Eparwe = MAxX(10-5Eyap) (Eqg. 3.6.34)
E
Esatwe = ———te—— (Eq. 3.6.35)

max(1076,Ey 41)
Weighted reflectance/transmittance by E; 4; and Es; is calculated as
Pvb = Pib X Eparwe + Psp X Esarwt (Eq. 3.6.36)
Top = Tip X Eparwe + Tsp X Esarwe (Eq. 3.6.37)
where p;p,, psp and p,, , are reflectance of leaf, stem, and vegetation, respectively, for a given
waveband b. 1, ,, 75, and 7, ;, are transmittance of leaf, stem, and vegetation, respectively, for a

given waveband b. The leaf and stem reflectance and transmittance are set as parameters in
NoahmpTable.TBL.
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2. Snow age (only used by BATS snow albedo scheme):
Relevant code modules:
Submodule: SnowAgingBatsMod.F90

Subroutines: SnowAgingBats

Snow age based on BATS snow albedo scheme is calculated as follows:

Snow aging time factor (Atf o) is computed as:

At
Atfonow = (Eq. 3.6.38)

where T, is the snow age factor (specified in NoahmpTable. TBL) and At [s] is the model timestep.

The effect of snow grain growth due to vapor diffusion (4;) is computed as:

fa1X
A1=eA1

1 1
Tfrz Tg] (Eq. 3.6.39)
where Ty, and T, [K] are the freezing and ground temperatures, respectively. f,, is the vapor
diffusion parameter (specified in NoahmpTable. TBL).

The effect of grain growth from freezing of melt water (4,) is computed as

min(0,f 42 Xf41 %X

A2=€

11
) (Eq. 3.6.40)
where f,, isthe extra freezing growth parameter (specified in NoahmpTable. TBL).
The effect of grain growth due to soot (A45) is computed as
As = fus (Eq. 3.6.41)

where f,5 is the soot-induced snow aging parameter (specified in NoahmpTable.TBL).
The total snow aging effect (A4;) is then computed as:

Ap = Ay + Ay + Aq (Eq. 3.6.42)
Fresh snowfall factor (ff, snow) IS calculated as

maX(0.0,msnow —Msnow,p )

ffr,snow -

(Eq. 3.6.43)

Msnow,mx

where mgp,,, [mMm] is the snow water equivalent, my,,, , [MM] is the snow water equivalent from

previous time step, and Mg,y mx [MM] is the new snow mass to fully cover old snow, which is
provided in the ‘NoahmpTable. TBL’.
Non-dimensional age of snow (zg) is defined as

Tgs = Max (0.0, 7gs + (A X At snow) X (1.0 = frr snow)) (Eq. 3.6.44)
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Snow age factor (S,) is calculated as

S, = —=- (Eq. 3.6.45)
a q

3. Snow Albedo:

Relevant code modules:
Submodule: SnowAlbedoBatsMod.F90
Subroutines: SnowAlbedoBats
Submodule: SnowAlbedoClassMod.F90

Subroutines: SnowAlbedoClass

Relevant Noah-MP namelist options:

Physical Processes Options Notes (* indicates the default option)
OptSnowAlbedo 1* BATS snow albedo scheme
options for ground snow surface 2 CLASS snow albedo scheme
albedo

(1) BATS Scheme (OptSnowAlbedo=1):
This part computes snow albedo based on BATS scheme (Yang et al.,1997).
The corrected zenith angle (Z,) is calculated as

1
(1'0+coszb) 1

1.0+(2.0XcosZpxcosZ)  cosZp

Z. = max(0, ) (Eg. 3.6.46)

where cosZ,, is the zenith angle adjustment for snow albedo estimation by BATS (specified in
NoahmpTable.TBL). cosZ is the cosine solar zenith angle.
Snow albedo for diffuse solar radiation (visible spectrum), a;; y;s, is calculated as

s vis = Asyis X [1.0 = (Sapyis X Sa) (Eg. 3.6.47)
where a; ;5 is the new snow visible albedo (specified in NoahmpTable. TBL). S, pyis isthe BATS
age-related visible band parameter (specified in NoahmpTable.TBL), and S, is the snow age factor
computed in SnowAgingBatsMod.F90 above.

Snow albedo for diffuse solar radiation (near-infrared spectrum), a, ; yr. is calculated as

asinig = Asyir X [1.0 = (Sapnir X Sa)] (Eq. 3.6.48)
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where a;g yr is the new snow near-infrared albedo (specified in NoahmpTable. TBL). S, , yr iS
the BATS age-related NIR band parameter (specified in NoahmpTable. TBL).
Snow albedo for direct solar radiation (visible spectrum), a; 4 v is calculated as
Asavis = Asivis + feoszvis X Ze X [1.0 = g1y (Eq. 3.6.49)

where f.,szvis 1S the cosZ factor for direct visible snow albedo (specified in NoahmpTable. TBL).
Snow albedo for direct solar radiation (near-infrared spectrum), a; 4 ;s is calculated as

Asanir = AsiniR T feosznir X Ze X [1-0 - “s,i,NIR] (Eq. 3.6.50)
where, foosznir 1S the cosZ factor for direct near-infrared snow albedo (specified in
NoahmpTable.TBL).

(2) CLASS Scheme (OptSnowAlbedo=2):
This part computes snow albedo based on CLASS scheme (Verseghy, 1991).

The snow albedo (a,) based on the CLASS scheme is calculated as

—0.01 XAt
Qs = QApef,cLass T (as,p - aRef,CLASS) X e Sac (Eq. 3.6.51)

where  agercrass 1S the reference snow albedo in the CLASS scheme (specified in

NoahmpTable. TBL). a, , is the snow albedo from previous time step. S, . [s] is the snow aging e-

folding time in the CLASS albedo scheme,

When the snowfall rate at the ground (Qs,,w [MmM/s]) is larger than zero, then:

Msnow,mx

AL ) X (g crass — @s) (Eq. 3.6.52)

where ag c; 455 IS fresh snow albedo in the CLASS scheme (specified in NoahmpTable. TBL).

as = a; + min (anow ’

Note that there are some recent developments enhancing the snow albedo parameters using in-situ
observations (Abolafia-Rosenzweig et al., 2022b) and coupling the snow radiative transfer
(SNICAR) model with an older Noah-MP version (Wang et al., 2020, 2022), which will be

integrated into the community Noah-MP version in the future.
3. Ground Albedo:

Relevant code modules:
Submodule: GroundAlbedoMod.F90
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Subroutines: GroundAlbedo

Noah-MP computes ground albedo based on soil and snow albedo as follows:
Cw =011 - 0.4 X O5,;;(1) (Eqg. 3.6.53)
where C,, is the correction factor for soil albedo because of soil water which can change the soil

albedo across a relatively large range. 8,,;(1) [m3/m?] is soil moisture for the top soil layer.

(2) For soil:
Soil albedo for direct solar radiation, a ;- is calculated as
Asat + Cw» if Asat + Cw < adry

[ Eq. 3.6.54
adry; lf asat + CW > adry ( q )

Agir = {
where agq; and a4, are saturated soil albedo and dry soil albedo, respectively. Based on the

above equation, higher soil water content corresponds to lower soil albedo, which results from the
higher heat capacity of water than that of soil and the transparency of water.

Soil albedo for diffuse solar radiation, a;f is calculated as

Agfs = Agir (Eg. 3.6.55)
(2) For lake:
If T, > T, (unfrozen lake):
0.06
Qdir = (rax(0.01.c052)17 + 0.15 (EQ. 3.6.56)
aqrs = 0.06 (Eq. 3.6.57)
If Ty < Tf,, (frozen lake):
Qdir = Rlake,frz (Eq. 3.6.58)
Qafs = Agir (Eg. 3.6.59)

where T, [K] is temperature of the ground, Ty, [K] is the freezing temperature, and ;g fr7 IS

the frozen lake surface albedo (specified in NoahmpTable. TBL).

By combining the snow albedo, ground albedo can be estimated as:
ag,dir = Agir X (1-0 - f:s‘now) + Us,d X f:s‘now (Eq 3-6-60)

Agars = Aaps X (1.0 = fonow) + @si X fonow (Eq. 3.6.61)
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where a4 4 and ag; are albedos of ground for direct and diffuse radiation. a; 4 and a, ; are albedos

of snow for direct and diffuse radiation computed above.

4. Two-Stream Canopy Radiation Transfer Scheme:
Relevant code modules:
Submodule: CanopyRadiationTwoStreamMod.F90

Subroutines: CanopyRadiationTwoStream

Relevant Noah-MP namelist options:

Physical Processes Options Notes (* indicates the default option)
modified two-stream (gap=F(solar angle,3D structure, etc)

iati 1
OptCanopyRadiationTransfer < 1-VegFrac)
options for canopy radiation transfer 2 two—str.eam applied to grld—(?ell (Gap=0)
3* two-stream applied to vegetated fraction (gap=1-VegFrac)

Noah-MP uses three versions of two-stream canopy radiative transfer schemes based on the two-
stream approximation of Dickinson (1983) and Sellers (1985) to calculate fluxes absorbed by
vegetation, reflected by vegetation, and transmitted through vegetation for unit incoming direct or

diffuse flux given an underlying surface with known albedo.

The more recent modified version of the two-stream canopy radiative transfer scheme
(OptCanopyRadiationTransfer = 1) works by inducing the total canopy gap probability, Pc, which
equals to the sum of the between-crown gap probability, Py, and the within-crown gap probability,
Puwc:

—pXTXR2

Pbc =e cos(8") (Eq 3662)

where R [m] is the tree crown radius, p, and 8’ are calculated as follows:

log(max{1.0-fyeg, 0.01})
TXR2

p, = (Eq. 3.6.63)

6" = tan™" [ x tan(6) (Eq. 3.6.64)

Here 6 is the solar zenith angle limited to a minimum of Z and 89.5°. Hy,,, [m] and H,,, [m] are

height to canopy top and bottom.

—0.5XFgXHg4

Pye=(1—Py)Xe cos® (Eq. 3.6.65)
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where F, [m™] is the foliage volume density and H; [m] is the crown depth.
Hy = Hiop — Hpot (Eq. 3.6.66)

E, = FLal (Eq. 3.6.67)

H
3yd
1.33XTXR XoR %Pt

where E| 4, is the effective vegetation (leaf + stem) area index.

Gap fraction (K,,.») and total canopy gap probability (P¢) for diffuse light is given by

Kopen = fogpbc x sin(26)dé (Eg. 3.6.68)
P, = min {éc_f’;jc (Eq. 3.6.69)

If OptCanopyRadiationTransfer = 1:
P, = min {Pt, C_+f";jc (Eq. 3.6.70)
Kopen = 0.05 (Eq. 3.6.71)

If OptCanopyRadiationTransfer = 2:
P.=0.0 (Eq. 3.6.72)
Kopen = 0.0 (Eg. 3.6.73)

If OptCanopyRadiationTransfer = 3:
Fo=1— freg (Eq. 3.6.74)
Kopen = 1 = fyeg (Eq. 3.6.75)

The flux absorbed by vegetation (f,;) is calculated as,

fab=1=fre = (1 —ag) X fra— (1 — ) X f; (Eq. 3.6.76)

Where a isdirect albedo of underlying surface and «; is the diffuse albedo of underlying surface.

fre is the total reflected flux by vegetation and ground computed as:

hq .
—+h,+hy;|x(1—-—PL)+ay;xXP. , fordirect beam
fre = { [7+hetha|x Q=B vaaxr . f (Eq. 3.6.77)
(hy + hg) x (1 - Kopen) + a; X Kopen, for dif fuse beam
The downward direct flux below vegetation (f;,) is calculated as,
_(Sy;x(1—=P)+PE, fordirect beam
fra = {O, for dif fuse beam (Eq.3.6.78)

The downward diffuse flux below vegetation (f;;) is calculated as
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[h4><52
o

+ hg X S; + %] x(1—PR.) , fordirect beam
1

o= [hg X S; + @] (1 - K, ) + K for dif fuse beam (F4-36.79)
s, pen open
where S; and S, are expressed as:
S, = e~HxELai (Eg. 3.6.80)
S, = e~ Tair*ELar (Eq. 3.6.81)
where 14, is optical depth of direct beam per unit leaf area, and H can be calculated as following:
H = % (Eq. 3.6.82)

where 74,4 is average diffuse optical depth. In the above equations, h; h,, ..., hyo are

intermediate variables used to simplify the equations, and they are expressed as the following:

hy =tg X QX Lg X (b—1ty) —Q% X B; Xty X (1= Py) (Eg. 3.6.83)
tyXtg
<5 —(b—TgpgXH)Xt
hy = S—— it (Eq. 3.6.84)
1
h3 _ t3><t6><51—(l;—raydxH)xt7 (Eq. 3.6.85)
1
hy = =ty X QX (1—B4) X (b+ty)— Q%X B; X By X tg (Eq. 3.6.86)
X8 4,
hs = —— (Eq. 3.6.87)
2
hg = XA (Eg. 3.6.88)
2
h, = 200 (Eq. 3.6.89)
hg = Qxﬁdx—l”s (Eq. 3.6.90)
_ _ta
ho = 2 (Eq. 3.6.91)
hyp = 25 (Eq. 3.6.92)
0= ", g. 3.6.

In the above equations, t; t,, ..., tg are intermediate variables used to simplify the equations, and

they are express as the following:

to = Tava X Tair (Eg. 3.6.93)
t, = b? — 2 (Eq. 3.6.94)

ty = Uy — Tapg X H (Eg. 3.6.95)
t3 = Uy +Tqpq X H (Eg. 3.6.96)
ty=Uy — Tapg X H (Eq. 3.6.97)
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t5 = Uy + Tavd X H (Eq 3698)

to = to X Q X fg — "2CH0 (Eq. 3.6.99)

t; = [to X QX fg = QX B =22 x (uy + £0)] x 5, (Eq. 3.6.100)
tg =2 (Eq. 3.6.101)

tyg = [ug — tg X (uy +ty)] X S, (Eg. 3.6.102)

where 3, is the upscatter parameter for direct beam radiation and g; is the upscatter parameter for
diffuse radiation.
The fraction of intercepted radiation that is scattered () can be expressed as,

Q , when T, > Tgy.,
Q= (Eg. 3.6.103)
(1 - fwet) X QL + fwet X 'Qs' when Tv < Tfrz
where f,,.¢ IS the fraction of leaf and stem area index that is wetted, Q; and Q, are the fraction of
intercepted radiation that is scattered by leaves and stem, respectively. T, [K] is the vegetation
temperature. Tg,., [K] is the freezing point temperature.

b, c, d, and d, are intermediate variables and expressed as the following,

b=1— Q+Qxp (Eq. 3.6.104)
c=QXp; (Eq. 3.6.105)

d, = (b”c;% — (b= Tgpg X H) X t3 X S, (Eg. 3.6.106)
d, = g—‘;— te X S (Eq. 3.6.107)

where uq, u,, and us are expressed as,

u; = b —g (Eg. 3.6.108)
Uu,=b—-—cxa (Eq. 3.6.109)
U3 =t XOAX (1 =B4)+cXa (Eq. 3.6.110)
where « is albedo of underlying surface,
«={50 For af use peam (Ea.36.111)
and B; and B, are expressed as,
Ba , when T, > T,
Ba = {(1—fwet)anxﬁ§z+fwefxnsxﬂds , when T, < Ty, (Eq.3.6.112)
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ﬁil , when Tv > TfT'Z

_ . Eq. 3.6.113
ﬁl (1 fwet)XQLx'Bdl+fwetXQSXBds, when Tv = TfTZ ( | )

Q
For leaves,
_ [1+rgpaXTgirlx4
Bu = (Eq. 3.6.114)
]
iP = Q—L (Eg. 3.6.115)

where A is single scattering albedo expressed as,

+ @, X cosb’ X cosO’ X (14 cosf’) + 2 X ¢, X cosf’
0500 xR 1 sy (R e
a (@1 + 2 X @y X cosB")
(Eg. 3.6.116)
1—ﬁ><log(7q)1+(p2)
Tapg = —22 1 (Eq. 3.6.117)
P2
Tair = o+ 92 (Eq. 3.6.118)
@, =0.5—0.633 x X, —0.33 x X, 2 (Eq. 3.6.119)
@, =0.877 x (1 -2 X ¢q) (Eq. 3.6.120)
_ x, if x>0.01
XL= {0.01, if x <0.01 (Eq. 3.6.121)
where x ranges from -0.4 to 0.6 (specified in NoahmpTable. TBL).
5. Other radiation diagnostic quantities:
Sunlit fraction of canopy (fsyn):
—e(=FextXEy L)
foun = —o— % (Eq. 3.6.122)

mMax(CextXEy 41,1076)

Opye = DO o [T—p—1 (Eq. 3.6.123)

cosf

where p is the vegetation reflectance and t is the vegetation transmittance. 6 is the solar zenith
angle. ¢, + @, X cos@ is the projected vegetation area in solar radiation. All of these are
computed from the two-stream canopy radiative transfer scheme above

The shaded fraction of the canopy (fs;4) is computed as

fsha =1~ foun (Eq. 3.6.124)
Eparsun = Erar X fsun (Eq. 3.6.125)
Erarsha = Evar X fsna (Eq. 3.6.126)
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3.6.6 Surface Radiation

Description:
The purpose of this Noah-MP module is to compute surface (ground and vegetation)

radiative fluxes (absorption and reflection).
Relevant code modules:
Module: SurfaceRadiationMod.F90
Subroutines: SurfaceRadiation

Physics:

Direct radiation absorbed by canopy, C,q [W/m?] is given by

Caa = Sa X faba (Eq. 3.6.127)
Diffuse radiation absorbed by canopy, C,; [W/m?] is given by
Cai = Si X fapi (Eq. 3.6.128)

Solar radiation absorbed by vegetation, Syps g [W/m?] is given by

Sabsveg = Caa + Cai (Eq. 3.6.129)
In the above equations, S; and S; [W/m?] are the incoming direct and diffuse solar radiation,
respectively. f,,4 is radiation flux absorbed by the vegetation per unit direct flux, and f,p; is
radiation flux absorbed by the vegetation per unit diffuse flux. Both are computed from the two-
stream canopy radiative transfer scheme above.
Transmitted solar fluxes incident on ground is given by following equations:

Ty =S4 X Fyq (Eqg. 3.6.130)

T; =S, X F;y +S; X F; (Eq. 3.6.131)
where T; and T; [W/m?] are the transmitted direct and diffuse solar radiation, respectively. F,, is
the downward direct flux per unit direct flux below vegetation, F;; is the downward diffuse flux
per unit direct flux below vegetation, and F;; is the downward diffuse flux per unit diffuse flux
below vegetation. All three of these quantities are computed from the two-stream canopy radiative

transfer scheme above.
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Solar radiation absorbed by ground, Sgps grq [W/m?] is computed as,
Sabs,grd = Td X (1 — adir) + Ti X (1 - adfs) (Eq 36132)
The total solar radiation absorbed by surface, Sgps 57 [W/m?] is computed as,

Sabs,sfc = Sabseg T Sabs,grd (Eq. 3.6.133)
Partition visible canopy absorption to sunlit and shaded fractions to get average absorbed parameter

for sunlit and shaded leaves.

E

Evar

where f; 4; is the leaf area fraction of canopy, E; 4; and Ey ,; are the effective leaf and vegetation
area indices, respectively computed from previous sections.
Average absorbed photosynthetically active radiation (Spagsun, [W/m?]) for sunlit leaves is

calculated as

fLar
Caq + Cqi X X ——==— >0
SPAR,sun — ( ad ai fsun) Ep AL sun fsun (Eq 3.6.135)
0

fsun S 0
Average absorbed photosynthetically active radiation (Spag sna, [W/m?]) for shaded leaves is

calculated as

f
Caixfshdxﬁ fsun >0
Spar,sha = f (Eg. 3.6.136)
(Caa + Cgy) X B LAl foun <0
LALshd

Now, the reflected solar radiation (F,,., [W/m?]) will be computed as

Ryir = Agnir X Sd,nir + ajpir X Si,nir (Eq. 3.6.137)
Ryis = Qqpis X Sapis T Aiwis X Sivis (Eq. 3.6.138)
Fsy = Rypir + Ryis (Eq. 3.6.139)

where R,;,- and R,;, are the total surface reflected near-infrared and visible radiations. Subscripts
‘d” and ‘i’ represent direct and diffuse radiations, respectively. a is the surface albedo computed
from the canopy radiative transfer scheme above.

Reflected solar radiation of vegetation (F,.,, [W/m?]) and ground (Brg [W/m?]) are:

Fsrp = Farvwis X Sapis T Firvwis X Siwis + Farvnir X Sanir + Fironir X Sinir - (EQ. 3.6.140)

F:s‘r,g = Fd,rg,vis X Sd,vis + Fi,rg,vis X Si,vis + Fd,rg,nir X Sd,nir + Fi,rg,nir X Si,nir (EQ- 3-6-141)
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Where Fg /i rv vis/mir aNd Fy /i rg.vis/mir @re all computed from the canopy radiative transfer scheme

above. Subscripts ‘v’ and ‘g’ are for vegetation and ground, respectively. Subscripts ‘d” and ‘i’

represent direct and diffuse radiations, respectively. Subscript ‘I’ means reflected radiation.

3.6.7 Surface Longwave Emissivity

Description:

This part is to compute ground, vegetation, and total surface longwave emissivity.

Relevant code modules:
Module: SurfaceEmissivityMod.F90

Subroutines: SurfaceEmissivity

Physics:

1. Vegetation/canopy longwave emissivity (&,¢4):

_EpartEsar

Epeg = 1.0 —e 10 (Eq. 3.6.142)
where E;4; and Eg4; are the effective leaf and steam area indices after accounting for snow bury,

which are computed in Phenology section (PhenologyMainMod.F90).

2. Ground longwave emissivity (&g4,q):
If it isice surface:

Egra = €ice X (1= finow) + Esnow X finow (Eq. 3.6.143)
where f;,ow 1S the snow cover fraction computed from SnowCoverGroundNiu07Mod.F90, ¢;.,.
and &g,,0, are the ice and snow emissivity, respectively, specified as table parameters in
NoahmpTable. TBL.

If it is soil/lake surface:

Egrd = gsoil/lake X (1 - fsnow) + Esnow X fsnow (Eq- 3-6-144)

Where €54;1/1ake 1S the emissivity of soil/lake specified as table parameters in NoahmpTable. TBL.
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3. Net surface longwave emissivity (&sy.):
Esfc = fveg X [Egrd X (1 - gveg) + Eveg + Eveg X (1 - gveg) X (1 - ggrd)] + (1 - fveg) X Egrd
(Eq. 3.6.145)

where g4,.4 X (1 - Eveg) indicates the ground longwave emission going through canopy, &,4 X

(1= &pe5) X (1 — £4r4) indicates the downward canopy emission that are reflected by ground

and further go through canopy.

3.6.8 Soil Moisture Transpiration Factor

Description:

This part is to compute soil water (moisture) transpiration factor based on the soil
hydraulics that will be used for stomata resistance and evapotranspiration calculations. This
computation is only active for soil point/pixel. There are some recent studies developing new big-
tree plant hydraulics (Li et al., 2021) and dynamic root optimization (Wang et al. 2018) with
explicit representation of plant water storage (Niu et al., 2020), which will be integrated into the

community Noah-MP version in the future.
Relevant code modules:
Module: SoilWaterTranspirationMod.F90

Subroutines: SoilWaterTranspiration

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptSoilWaterTranspiration 1* Noah (soil moisture)
2 CLM (matric potential)

options for soil moisture factor for

stomatal resistance & ET 3 SSiB (matric potential)

Physics:
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Noah-MP uses a soil moisture factor (S;,-) as a linear constraint to stomatal resistance, and in turn
transpiration. S, is computed as the average of the soil wetness factor (w), weighted by root ratio

(r):

Ber = Ti0%(r; X wy) (Eq. 3.6.146)
_ Dzsnso ()
Ti B —Zs0il(Nroot) (Eq 36147)

where Nroot is the number of soil layers containing roots, and i is the soil layer, D, ¢, [M] is the
soil layer thickness, and Z,;; [m] is the depth (negative) of the soil layer bottom. w is computed
using three different soil hydraulics schemes: (a) Noah-type (OptSoilWaterTranspiration=1), (b)
CLM-type (OptSoilWaterTranspiration=2), and (c) SSiB-type (OptSoilWaterTranspiration=3):

(Wliq,sou(l')—950i1,wilt(i) N
| Osoitref (D =0Osoitwire (D) ( Oah)
wsml wilt—Wsoil (1)
4I Sml Wllt'Hpsmlsat(l) (CLM) (Eq 36148)
wsotl wil
k 1-— _5 8Xln< wso[l(l)t> (SSiB)
w; = min(1.0, max(0, w;)) (Eq. 3.6.149)
lquOil(i) _Bexp(i)
Ysou (D) = maX(¢sotlwtlt' —Ysoil, sac () X max(0.01, [W ) (Eg. 3.6.150)

where Wi;q o [M3/m?] is the soil liquid water content, Os4;;,pi [M3/M3] is the soil moisture at
wilting point (set in NoahmpTable.TBL), 05, [M*/m3] is the reference soil moisture (set in
NoahmpTable. TBL), 850i; max [M*mM?] is the saturated soil moisture (set in NoahmpTable.TBL),
Ysouwire [M] 1S the soil matric potential at wilting point (set in NoahmpTable. TBL), Y5441 sq¢ [M]
is the saturated soil matric potential (set in NoahmpTable.TBL), g,; [m] is the soil matric
potential, and B,,,, is the soil B exponential parameter (set in NoahmpTable. TBL).

Note that these traditional soil hydraulics schemes ignore the role of plant traits in
controlling transpiration which contributes to significant uncertainty in simulated transpiration and
terrestrial water storage from Noah-MP, particularly under water limited conditions (Niu et al.,

2020; Li et al., 2021). Explicit treatment of plant hydraulics is needed in the future.

3.6.9 Soil Surface Resistance to Ground Evaporation
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Description:
This part is to compute soil surface resistance to ground evaporation/sublimation. It
represents the resistance imposed by the molecular diffusion in the soil surface (as opposed to

aerodynamic resistance computed elsewhere in the model).
Relevant code modules:
Module: ResistanceGroundEvaporationMod.F90

Subroutines: ResistanceGroundEvaporation

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)

1* Sakaguchi and Zeng, 2009

2 Sellers (1992)

3 adjusted Sellers 1992 for wet soil

option 1 for non-snow; rsurf = rsurf_snow for snow (set
in table)

OptGroundResistanceEvap

options for ground resistance to
evaporation/sublimation 4

Physics:

The soil evaporation factor (B, ;) used for OptGroundResistanceEvap = 2 and 3 is computed as:

B = max(0,
evap ( asoil,max(l)

) (Eq. 3.6.151)

where Wy, soi [M¥m?] is the soil liquid water content and 6, ;mqx [M¥mM?] is the saturated soil
moisture (set in NoahmpTable. TBL).

For lake points/pixels, the surface resistance to ground evaporation/sublimation (Ry,4 epap, [S/M])
is set to 1.0, and the relative humidity in surface soil/snow air space (RHgyq q;r) is sét to 1.0.

For soil points/pixels,

(2) If OptGroundResistanceEvap = 1 (Sakaguchi and Zeng, 2009), the surface resistance to ground

evaporation/sublimation (Ry;q evap, [S/M]) is computed as:
Zsoi dr
Ryraevap = ——% (Eq. 3.6.152)

Dvap,red

The dry soil thickness (Zsary, [M]) is computed as:
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R
W; (1) 17s.exp
1-min(1, lig,soil

soil,max (1) -1
Zsoil,dry = _Zsoil(l) X : 2718281 (Eq 3.6.153)
The reduced vapor diffusivity (Dy,qp req, [M?/s]) is computed as:
-5 Os0iLwitt (1) 2+Bexi7(1)
Dvap,red =2.2x107> % esoil,max(l) X Hsoil,max(l) X (1 - m) (ECI- 3.6.154)

where O5,;;ie [M3/M3] is the soil moisture at wilting point (set in NoahmpTable. TBL), and B,
is the soil B exponential parameter (set in NoahmpTable. TBL).
(2) If OptGroundResistanceEvap = 2 (Sellers (1992) original), the Ry;g evap [S/M] is computed as:
Ryraevap = fsnow X 1.0+ (1 = fonow) X 825742255 Bevap (Eg. 3.6.155)
(3) If OptGroundResistanceEvap = 3 (Sellers (1992) adjusted to decrease R ;g evap fOr wet soil),
the Ry evap [S/M] is computed as:
Rgraevap = fmow X 1.0+ (1= fongy) X €256 Fevap (Eq. 3.6.156)
(4) If OptGroundResistanceEvap = 4 (Sakaguchi and Zeng, 2009 adjusted by f;,,w Weighting),

the Ryra.evapo [S/M] for non-snow part is computed the same as OptGroundResistanceEvap = 1:

Zsoi, r
Ryraevapo = ——% (Eq. 3.6.157)

Dvap,red
Then, the total Ry;.q evap is further computed with snow cover weights as:

1

- (Eq. 3.6.158)

Ryraevap =
graevar +(1_fS"OW)Xmax(o.oo1,R

SsnowX

Rsno,evap grd,evapo)

where  Rgpgevap [S/M] is the snow surface resistance to ground sublimation (set in
NoahmpTable.TBL).

For all OptGroundResistanceEvap schemes,

if Wiigsou(1) < 0.01 and hsppy = 0, then Ry,g epap = 10°.

if it is urban points/pixels and hgy, 4, = 0, then Ry, g epap = 106.

The relative humidity in surface soil/snow air space (RHgrqqir) IS COMputed as:

1/’50['[ (1)xg

Rngd,air = fsnow x 1.0 + (1 - fsnow) X e RwxTg (ECI- 3.6.159)

—Boyp(1
Wiig,soit(1) exp(1)

Yoo (1) = ~Wsoitsae(1) X max(0.01,| (Eq. 36.160)

esoil,max
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where Ysoi sq¢ [M] is the saturated soil matric potential (set in NoahmpTable. TBL), 15,5 [M] is
the soil matric potential, and B,,,, is the soil B exponential parameter (set in NoahmpTable. TBL).
g [m/s?] is the gravity acceleration (defined in ConstantDefineMod.F90), R,, [J/kg/K] is the gas
constant for water vapor (defined in ConstantDefineMod.F90), and T, [K] is the ground

temperature.

3.6.10 Psychrometric Variables for Canopy and Ground

Description:

This part is to compute psychrometric variables for canopy and ground.

Relevant code modules:
Module: PsychrometricVariableMod.F90

Subroutines: PsychrometricVariable
Physics:

1. For canopy, the latent heat of vaporization (Cpy canpap, [I/K9]) is:

Cruevap Tean > Trry (Eg. 3.6.161)

Cicanpvap = {
canvap CLH,subl Tean < Tfrz

where Cppyevap [IKg] and Cppy oy [I/kg] are the specific latent heat of evaporation and
sublimation, respectively (defined in ConstantDefineMod.F90). T, [K] and T, [K] are the
canopy and freezing temperatures, respectively.

The psychrometric constant for the canopy (V.qn, [Pa/K]) is:
= _CpairXPsjc (Eq. 3.6.162)

0.622XCLY can,vap

where Cy, 4 [J/Kg/K] is the air heat capacity (defined in ConstantDefineMod.F90) and Pss, [Pa]

VC an

is the surface air pressure.

2. For ground, the latent heat of vaporization (Cpy gra,vap, [I/K9]) is:
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CLH,evap Tgrd > Tfrz

‘ et {
’ ’ CLI‘I,S'LLbl ’ngd <— ]“Z

The psychrometric constant for the ground (y g4, [Pa/K]) is:

Cp,airxpsfc

y =
grd 0.622XCLy,grdvap

3.6.11 Surface Fluxes and Temperature of Vegetated Ground

Description:

(Eq. 3.6.163)

(Eq. 3.6.164)

This part is to compute surface energy fluxes and update temperature for the vegetated

ground portion of the pixel. The Newton-Raphson iteration is used to solve for vegetation and

ground temperature.
Relevant code modules:
Module: SurfaceEnergyFluxBareGroundMod.F90

Subroutines: SurfaceEnergyFluxBareGround

Inertial sublayer

Roughness sublayer

(RSL) I

FAme

I FGpg = MGy =

rQpe = My,

d+ Zpy Qvf 4 TGpgyt Mpgo
l “

L )\

—=IGhg0

wind speed

Figure 11. Conceptual example of the extrapolated Monin-Obukhov similarity theory (MOST)

wind profile (dashed line) and an “observed” wind profile (solid line). The extrapolated MOST
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profile becomes zero at the zero-plane displacement (d s¢.) plus roughness length for momentum
(zom) height. Noah-MP assumes a similar profile as the solid line, which is characterized as a
logarithmic profile above the canopy (>dgsfc + Zom), an exponential profile within the canopy
(dosfc + Zom ~ 71), and again a logarithmic profile below the canopy (< z;). Adapted from

Abolafia-Rosenzweig et al. (2021).
Physics:

1. The overall energy balance (vegetated ground) is:
Canopy level:

Sw.abs,can t Hprcan = Lw net,can + Hs,can + Hi can + Hrr + AHg cqn (Eg. 3.6.165)
Below-canopy ground level:

Sw.abs,grd * Hprveggra = Lwnetgra + Hs,gra + Hy gra + Gy (Eg. 3.6.166)
where Sy aps.can/gra [W/M?] and Ly netcan/gra [W/m?] are the absorbed shortwave and net
longwave radiative fluxes for canopy/ground, respectively. Hy, yeggra [W/M?] and Hpy con
[W/m?] are the net precipitation heat flux advected to below-canopy ground and canopy,
respectively (computed in the PrecipitationHeatAdvecMod.F90). Hg con/gra [W/m?] and
Hy, can;gra [W/m?] are the canopy/ground sensible and latent heat fluxes (positive values indicate
upward heat fluxes from the canopy/ground to the air), respectively. Gy [W/m?] is the below-
canopy ground heat flux (positive value indicates downward heat flux from the soil/snow surface
into underlying snow/soil layers). Hy [W/m?] is the latent heat from plant transpiration. AH; .4y,
[W/m?] is the canopy heat storage change.

Sensible heat (Hg, [W/m?]) and latent heat (H, [W/m?]) fluxes are computed based on the

bulk transfer relationships following Garratt (1992):
Hg = pg X Cp X € X U X (8 — 6,) (Eg. 3.6.167)
H, =pgXCpXCrgXUX(qs—qg) (Eg. 3.6.168)
where p, [kg/m?] is the air density, C,, 4, [J/kg/K] is the air heat capacity, C, [J/kg] is the specific
latent heat of water vaporization, and U [m/s] is the wind speed. 6, [K] and 6, [K] are the air
potential temperatures at the surface and in the air, respectively. g5 [kg/kg] and g, [kg/kg] are the

specific humidity at the surface and in the air, respectively. C;, and C,, are the surface exchange
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coefficients for heat and moisture, respectively. Noah-MP assumes that C,, is equal to C; (Chen
and Zhang, 2009). Based on the Monin-Obukhov (M-O) similarity theory (Brutsaert, 1982), C), is

formulated as

i e =) g D) R

Zom Lmo Zoh Lmo
Where k is the von Karman constant, Z is the height above the ground, d, [m] is the zero-
displacement height, and L, [m] is the M-O length. ¢,, and ¢,, are the stability functions for
momentum and heat transfer, respectively. z,,, [m] and z,; [m] are the surface roughness length

for momentum and heat, respectively.

2. Initialize and prepare key variables:

(2) Limit leaf area index to a reasonable range:

EVAI,l = mln(60, EVAI) (Eq 36170)
ELAI,sun = min(6'0' LAIsun) (Eq 3-6-171)
ELar,sna = min(6.0, LAlspq) (Eq. 3.6.172)

where Ey 4; [m?/m?] is the effective vegetation area index computed in the earlier section. LAlg,,
[m2/m?] and LAIg, [m?/m?] are sunlit and shaded leaf area index, respectively, computed in the

canopy radiative transfer section.

(2) Saturation vapor pressure and derivative with respect to ground temperature are computed
below.
Relevant code modules:

Module: VaporPressureSaturationMod.F90

Subroutines: VaporPressureSaturation

The saturation water vapor pressure (es r4, [Pa]) at ground temperature (T, [K]) is:

esw,Tg Tg > Tfrz

e = Eg. 3.6.173
sTg {esi,Tg Tg < Tfrz ( a )

where e, 4 [Pa] and eg; 4, [Pa] are the saturation vapor pressure for water and ice, respectively,

computed in VaporPressureSaturationMod.F90.
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The derivative of saturation water vapor pressure (%, [Pa/K]) at ground temperature is:
g
d(esw,Tg)
— T, > T
Uestg) _ ) To) e (Eq. 3.6.174)
d(Ty) d(esirg) T <T q. 2-5.
d(Ty) g = "frz

where ']l(?(—”TV‘T)g) [Pa/K] and % [Pa/K] are the derivative of saturation water vapor pressure for
) g

water and ice, respectively, computed in VaporPressureSaturationMod.F90.
To compute the saturation vapor pressure and corresponding derivative w.r.t. temperature for both
water and ice at certain temperature, the VaporPressureSaturation module uses polynomial
empirical parameterizations:

eswr =100 X (Ag+ TX (A + T X (A3 + T X (A3 + T X (A4 + T X (45 + T X 4¢))))))

(Eq. 3.6.175)
esit =100 X (Bg+ T X (By+TX (B, +T X (B3+TX(By+T X (Bs+ T XBg))))))
(Eq. 3.6.176)
d(esw,T)
Wz1OO><(C0+T><(C1+T><(C2+T><(C3+T><(C4+T><(CS+T><C6))))))
(Eq. 3.6.177)
d(esir) _
W— 100X (Do +T X (D1 +TX (D +T X (D3+T X (Dy+T X (Ds+T XDg))))))
(Eq. 3.6.178)
where 4;, B;, C;, D; are polynomial coefficients.
(3) The surface specific humidity (qyeg,src, [ka/kg]) is initially computed as:
0.622Xegir
Qveg,sfc = = (Eq. 3.6.179)

PSfC_0-378xeair

where e,;, [Pa] is the surface air vapor pressure computed in the atmospheric forcing section.

(4) Canopy height (hegn, [M]): hean = Ayeg,tops Where hyeg top, [M] is the canopy top specified in
NoahmpTable. TBL.

(5) Wind speed at the top of canopy layer (U4, [M/S]) is computed based on a logarithm decay:
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hcan—d +zo
ln( 0,sfc m)
Zom

In (Z—en{)

where U, [m/s] is the wind speed at the reference height, zo,,, dosrc, and z..r [m] are the

Ucan = Uper X (Eq. 3.6.180)

surface roughness length for momentum, surface zero displacement height, and reference height
above the ground, respectively, computed in the ground roughness property section above. If

hean < dosfc, the model will report error and stop.

(6) Prepare longwave radiation coefficients:
The coefficient for longwave radiation over vegetated ground (Cjg ¢4) asa function of temperature
is:

Cirveg = (2 = €peg X (1 = £414)) X Epey X Sp (Eq. 3.6.181)
where &4,-4 and ¢, are the ground and canopy longwave emissivity computed above and Sp is the
Stefan-Boltzmann constant defined in ConstantDefineMod.F90.

The total canopy absorption of longwave radiation over vegetated ground (4,g yeg) iS:

AlRveg = —Epeg X (1 + (1 - gveg) X (1 - Egrd)) X LWiown = €veg X €gra X Sp X Tg4
(Eq. 3.6.182)
where the first term of the right-hand side indicates the canopy absorbed longwave radiation of
downward atmospheric longwave forcing and that passes through canopy and further reflected by
the ground, and the second term indicates the canopy absorbed longwave radiation emitted by

below-canopy ground.

3. Surface roughness length for heat flux:
The surface (zop,s ¢, [M]) and below-canopy ground (zop, g4, [M]) roughness length for heat fluxes
are:
Zon,sfc = Zom,sfc (Eq.3.6.183)
Zongra = Zomgrd (Eqg. 3.6.184)
Where zom src and zopm, grq [M] are the surface and below-canopy ground roughness lengths for
momentum computed in the ground roughness property section, which are the theoretical heights
at which wind speed is zero. By default, Noah-MP assumes z,, to be equal to z,,,. However,

previous studies pointed out that z,,, and z,, are different due to different mechanisms and
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resistances controlling momentum and heat transfer (Zilitinkevich, 1995; Chen and Zhang, 2009).

Thus, an enhanced version of the z,, formulation based on Zilitinkevich (1995) and Chen and
Zhang (20009) is as follows (currently deactivated in Noah-MP) for non-1% iteration:

Zop = Zom X e(TXCaiXy/Re) (Eq. 3.6.185)

Cpip = 10704%0 (Eq. 3.6.186)

where R, is the roughness Reynolds number, C,; is the empirical parameter represented as a

function of the canopy height (h, [m]).

4. Compute aerodynamic resistances and exchange coefficients between reference height and
the dosrc + Zom s height level (above canopy):
Relevant code modules:

Module: Resistance AboveCanopyMostMod.F90

Subroutines: Resistance AboveCanopyMOST

Module: ResistanceAboveCanopyChen97Mod.F90

Subroutines: ResistanceAboveCanopyChen97

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptSurfaceDrag 1* Monin-Obukhov (M-0) Similarity Theory (MOST)
options for surface layer 2 original Noah (Chen et al. 1997)
drag/exchange coefficient

Based on the surface roughness length (computed above) and some other quantities as input, the
surface drag schemes: OptSurfaceDrag = 1 for the Monin-Obukhov (M-O) Similarity Theory
(MOST) and OptSurfaceDrag = 2 for the Chen et al. 1997 scheme (original Noah), are used to
compute aerodynamic resistance for sensible heat (R, cq5, [S/m]) and momentum (R, can. [S/M])
between canopy air and atmosphere, as well as the corresponding momentum drag coefficients

(Cim can) and sensible heat exchange coefficient (Cp, cqr,). They are connected by:

Ry can = max(1, ————) (Eq. 3.6.187)

ChcanXUref

Ry can = max (1, —— (Eq. 3.6.188)

Cm,canXUref
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where U,..r [m/s] is the wind speed at reference height (computed in the earlier section).
The aerodynamic resistance for water vapor (R, cqn, [S/M]) is assumed to be the same as sensible
heat:

Ry can = R can (Eq. 3.6.189)
The Monin-Obukhov (M-O) theory and Chen et al. (1997) schemes are introduced in detail below.
Note that there is a recent study developing a unified turbulence parameterization throughout the
canopy and roughness sublayer (Abolafia-Rosenzweig et al., 2021) in Noah-MP, which will be

integrated into the community Noah-MP version in the future.

5. Compute aerodynamic resistances between the dg sfc + Zom,sfec AN Zgm grq height level
(below canopy) and leaf boundary layer:
Relevant code modules:

Module: ResistanceLeafToGroundMod.F90

Subroutines: ResistanceLeafToGround

(1) For below-canopy aerodynamic resistances:
The calculation of below-canopy aerodynamic resistances is based on the M-O similarity theory.
The M-O stability parameter ({0 grq) and M-O characteristic length (L0 4r-¢) are both initialized

to O at the 1%t iteration. Starting from the 2™ iteration,

- Hem ,gr
3
Lmogra = = FMZ*W (Eq. 3.6.191)
Cuo,gra = min (1.0, 2osfc—Zomard, (Eq. 3.6.192)
’ LMO,gTd

where k is the von Karman constant, g [m/s?] is the gravity acceleration, T,;; cqn [K] is the canopy
air temperature, pq;, [kg/m?] is the air density, C, 4; [J/kg/K] is the heat capacity of dry air, u,
[m/s] is the friction velocity computed from surface drag schemes (M-O or Chen et al. 1997
schemes), and Heypyp, rq IS @ temporary heat flux variable updated in a later subsection in each
iteration.

The M-O sensible heat stability correction factor (W¥p mo,4rq) at the current iteration is then

computed as:
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~0.25
Yhmo,gra = {[1 L5 fwogra] Imogra <) (Eg. 3.6.193)

1+4.7X (Mo,grd ZMO,grd =0
For the 1! iteration, Wy, 0 4rq iS the value from the computation above. Starting from the 2nd
iteration, Wy 0, 4rq 1S the averaged value of the above calculated new W, v 4rq and the old

W mo,gra Calculated from the previous iteration.

Then, the canopy wind extinction coefficient (Cyyi,q ext,can) 1S COMputed as:

Cwind,ext.can = \/ Cw ext,can X Evari X hean X Whmo,gra (Eq. 3.6.194)
where Cy oxtcan 1S the canopy wind absorption parameter dependent on vegetation types
(specified in NoahmpTable. TBL). Ey 4, is the effective vegetation area index computed above.
hcan 1S the canopy height computed above.

Then, a temporary below-canopy heat transfer aerodynamic resistance factor (Frapimp) 1S

computed based on a logarithm wind extinction:

e Cwind,ext,can _Cwind,ext,can ><Zoh,grd _Cwind,ext,can ><(Zoh,sfc'|'do,sfc)
— - h — h
F RAhtmp = hean X C X le can e can
wind,ext,can

(Eg. 3.6.195)

Finally, the below-canopy (between the dg s + Zom,spc N Zogm grq height level) aerodynamic
resistances for momentum (R, 4,4, [S/M]) and sensible and latent heat (Ry, 44 and Ry, 4rq, [S/M])

are computed as:

Rm,gra =0 (Eq. 3.6.196)

Rpgra = % (Eq. 3.6.197)

Ry gra = Ru,gra (Eq. 3.6.198)

Cheurp = Max(1076, 1 X u, X (hegn — dosrc)) (Eq. 3.6.199)

where Cp, 1,1 1S the turbulent transfer coefficient for sensible heat.

(2) For leaf boundary layer resistance (Rieaf,bay: [S/M]):

i Dieq
Ricaf bay = —ogindertean ., |Jtea (Eq. 3.6.200)

1_e_cwind,ext,can /2 Ucan
where Dy, [M] is the characteristic leaf dimension (specified in NoahmpTable. TBL).

The Rieqf pay is further limited to a reasonable range (5~50; hard-coded):
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Rieas pay = min(max(Rieas pay, 5) , 50) (Eq. 3.6.201)

6. Compute saturated vapor pressure and derivative w.r.t. vegetation temperature:
Relevant code modules:
Module: VaporPressureSaturationMod.F90

Subroutines: VaporPressureSaturation

The saturation water vapor pressure (e r,, [Pa]) at vegetation temperature (T,,, [K]) is:

esw,Tv Tv > Tfrz

Eg. 3.6.202
esi,Tv Tv < Tfrz ( a )

€sTv = {

where ey, r, [Pa] and eg; ,, [Pa] are the saturation vapor pressure for water and ice, respectively,

at vegetation temperature computed in VaporPressureSaturationMod.F90.

The derivative of saturation water vapor pressure (%, [Pa/K]) at vegetation temperature is:
d(esw,v)
— T, >T,
d(esTv) — d(Ty) v frz (E 36 203)
d(Ty) d(esiv) T <T g.2.0.
d(Ty) v = 1frz

where % [Pa/K] and % [Pa/K] are the derivative of saturation water vapor pressure for

water and ice, respectively, computed in VaporPressureSaturationMod.F90.
To compute the saturation vapor pressure and corresponding derivative w.r.t. temperature for both
water and ice at certain temperature, the VaporPressureSaturation module uses polynomial
empirical parameterizations:

eswr =100 X (Ag+ TX (A + T X (A3 + T X (A3 + T X (A4 + T X (45 + T X 4¢))))))

(Eq. 3.6.204)
esit = 100X (Bo+ T X (By + T X (B + T X (B3 + T X (B4 +T X (Bs + T X B¢))))))

(Eq. 3.6.205)

d

_Ezegf‘) =100 X (Co+ T X (G + T X (G +T X (C3 + T X (C4+ T X (C5 + T X Cs))))))
(Eq. 3.6.206)

d .

c(ze(?")T)= 100 % (Do + T X (Dy +T X (D + T x (D3 + T X (Dy + T % (Ds +T X Dg))))))

(Eg. 3.6.207)
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where A;, B;, C;, D; are polynomial coefficients.

7. Compute leaf stomatal resistance:

Relevant code modules:
Module: ResistanceCanopyStomataBallBerryMod.F90
Subroutines: ResistanceCanopyStomataBallBerry
Module: ResistanceCanopyStomataJarvisMod.F90

Subroutines: ResistanceCanopyStomataJarvis

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptStomataResistance 1* Ball-Berry scheme

2 Jarvis scheme

options for canopy stomatal resistance

There are two schemes to compute stomatal resistances, namely Ball-Berry
(OptStomataResistance = 1) and Jarvis (OptStomataResistance = 2). Note that the stomatal
resistance calculation is only done at the 1% iteration with the energy flux and temperature stability
iteration loop. The scheme is called twice, one for sunlit condition and the other for shaded
condition. The treatments of sunlit and shaded conditions are similar but with different input solar

radiation conditions.

(1) The Ball-Berry stomatal resistance scheme (OptStomataResistance = 1):

The leaf stomatal resistance (Rgiomata, [S/M]) is first initialized to its maximum value and the
photosynthesis rate (Pgy, [umol CO2/m?/s]) is initialized to 0. This is because the calculation of
these two quantities are only done for photosynthesis active radiation (S,4,- > 0 under sunlit or
shaded conditions. Thus, for this initialization:

= CFstom_ (Eq. 3.6.208)

Rstomata K ]
leaf ,min

where Kjeq . min [Umol/m?/s] is the minimum leaf conductance (specified in NoahmpTable. TBL)

and Cr s¢om 1S @ UNit conversion factor defined to convert from [s m?/umol] to [s/m]:

74



Pgfcx108

Cr,stom = 8.314xTss (Eq. 3.6.210)
where P [Pa] and Tsf. [K] are the surface pressure and temperature, respectively.
For Sp,qr > 0, first several intermediate quantities are computed:
The foliage nitrogen fraction (f;, jeqr) IS:
frsear = min(l, Nicas ) (Eq. 3.6.211)

max(10=%,Neaf max)
where Ny, is the foliage nitrogen concentration and Ny may IS the maximum foliage nitrogen
concentration (specified in NoahmpTable. TBL).
The temperature deviation from freezing point (T, g;¢, [K]) is:
Tyair = Ty — Tpry (Eqg. 3.6.212)
The absorb photosynthetic photon flux (Sppr, [umol photons/m?/s]) is:

Sppr = 4.6 X Spar (Eq. 3.6.213)
where Spq, equals Sy sun for sunlit case and Syq, sng for shaded case. S,ur sun aNd Spar sha
[W/m?] are photosynthesis active radiation for sunlit and shaded leaves, respectively, computed in
SurfaceRadiationMod.F90.

The electron transport (J,, [umol CO2/m?/s]) is:

Je = Sppr X Uk 25 (Eq. 3.6.214)
where Qg s [umol CO2 / umol photon] is the photolysis quantum efficiency at 25 degC (specified
in NoahmpTable. TBL).

The CO, Michaelis-Menten constant (K., [Pa]) is:

Tc-25

K¢ = Kc 25 X K¢ 10,cng 1 (Eq. 3.6.215)

where Kc,s [Pa] is the CO: Michaelis-Menten constant at 25 degC (specified in
NoahmpTable. TBL), K¢ 19,cng is the change in CO2 Michaelis-Menten constant for every 10-deg
C temperature change (specified in NoahmpTable.TBL), and T, [degC] is the vegetation (canopy)
temperature in unit of degC.

The Oz Michaelis-Menten constant (K, [Pa]) is:

Tc-25

Ko = Ko,25 X Ko 10,cng 1 (Eq. 3.6.216)

75



where Ky,s [Pa] is the O Michaelis-Menten constant at 25 degC (specified in
NoahmpTable. TBL), Ky 10,chg IS the change in O, Michaelis-Menten constant for every 10-deg C
temperature change (specified in NoahmpTable. TBL).
The factor (F, ., [Pa]) for Rubisco limited photosynthesis is:

E,.=K:x (1+ %2) (Eq. 3.6.217)
where P,, [Pa] is the atmospheric O, partial pressure.
The CO2 compensation point (P, ¢co», [Pa]) is:

P, oz = 0.5 X % X Py, X 0.21 (Eq. 3.6.218)

The maximum rate of carbonylation (Ve 14y, [umol CO2/m?/s]) is:

Tc—25
10

VC,max,lO,chg
—2.2X10° +710 X (T c+273.16)
8314 x(Tc+273.16)

Vemax = Vemax,2s X fn,leaf X Ber X

| (Eq. 3.6.219)

1+e[

where Ve max2s [umol CO2/m?/s] maximum rate of carbonylation at 25 degC (specified in
NoahmpTable. TBL), f,cqar is the foliage nitrogen fraction computed above, B, is the soil
moisture factor computed in the earlier section, and V¢ ;m4x.10,cng IS the change in maximum rate
of carbonylation for every 10-deg C temperature change (specified in NoahmpTable. TBL).
The first guess of the internal CO; partial pressure (Pco2 inie, [Pa]) is:

Peozinit = 0.7 X Poy X Capsn + 0.4 X Poy X (1= Cspsn) (Eq. 3.6.220)
where Pgq, [Pa] is the atmospheric CO; partial pressure, and Cs ;55 is the photosynthetic pathway
(O for C4 plant and 1 for C3 plant; specified in NoahmpTable. TBL).

The converted leaf boundary resistance (R'jeq, pay- [S M?/umol]) is:

R toaf by = —22Lb0 (Eq. 3.6.221)

CF,stom

where Rieqrpay [S/M] is the leaf boundary resistance computed in the earlier subsection, and
Cr stom 1S the conversion factor defined above.
The constrained canopy air vapor pressure (eqqn cons) 1S (Without constraint, the model may crash):
€can,cons = Max(0.25 X €57y X C3psn + 0.4 X €51y X (1 = C3 s ), Min(ecan,air €5,75))
(Eq. 3.6.222)
where eqqn i [P2] is the canopy air vapor pressure, e 1, [Pa] is the saturated vapor pressure at

vegetation temperature.
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Then, iteratively calculate stomatal resistance and related quantities (currently 3 iterations):
The light limited photosynthesis (W}, [umol CO2/m?/s]) is:

max(Pcoz,init—Pc,coz2, 0)XJe

Pco2,init¥2XPc,co2

W, = X C3psn tJe X 1- C3,psn) (Eq. 3.6.223)

The Rubisco limited photosynthesis (W, [umol CO2/m?/s]) is:

max(Pcoz,init—Pc,coz 0)XVc max

PCOz,init +Fwc

We = X C3psn + Vemax X (1= C3psn) (Eq. 3.6.224)

The export limited photosynthesis (W,, [umol CO2/m?/s]) is:

W, = 0.5 X Vi max X Cpsn + 4000 X Ve ymay X 2225 5 (1 = C30,) (Eq. 3.6.225)
sfc

Then, the photosynthesis rate (Psy, [umol CO2/m?/s]) is
Pgy = min(W), W, W,) X I (Eq. 3.6.226)
where I is the indicator for growing season (1 for growing season and 0 for not) computed in the
phenology section.
The CO: pressure at leaf surface (Ccoz,ieqr, [Pa]) is:
Ccoztear = Max(Peoz — 1.37 X R'jeaf pay X Pspe X Psy, 107°) (Eg. 3.6.227)

To update leaf stomatal resistance, several intermediate quantities are computed:

__ FmpXPsn XPsrcXecan,cons ]
A= e Kieapmin (Eg. 3.6.228)
FnpXPsn XPgsfe ,
B = (%f + Kleaf,mm) X R'leafpay — 1 (Eg. 3.6.229)
coz2leaf

C = _R,leaf,bdy (Eq 36230)

—05% [B+VBZ—4x AXC| B>0
Q= (Eg. 3.6.231)

—05% [B—VBZ—4xAXC| B<0

where Pz [Pa] is the surface pressure, Kieqfmin [Umol/m?/s] is the minimum leaf conductance
(specified in NoahmpTable. TBL), F,, is the slope of conductance-to-photosynthesis relationship
(specified in NoahmpTable.TBL).
Then, the leaf stomatal resistance (Rstomatas [S/M]) 1S updated as:

Rstomata = max(;, ) (Eq. 3.6.232)
The initial CO; partial pressure is updated for the next iteration:

PCOZ,init = maX(Or CCOZ,leaf - PSN X Psfc X 1.65 X Rstomata) (Eq- 3-6-233)
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Finally, after the above iterations, the R;omatq 1S CONverted from the unit of [s m?/umol] back to
the original unit [s/m] as:

Rstomata = Rstomata X Cr,stom (Eq. 3.6.234)
Rstomata T€Presents Rgtomata sun fOr sunlit case and Rgiomatra sna fOr shaded case.
The Py computed after the above iteration is the final photosynthesis rate, where Py represents

Psy sun for sunlit case and Psy 54 for shaded case.

(2) The Jarvis stomatal resistance scheme (OptStomataResistance = 2):

This Jarvis scheme (Jarvis, 1976; Chen et al., 1996) is to calculate canopy resistance which
depends on incoming solar radiation air temperature, atmospheric water vapor pressure deficit at
the lowest model level, and soil moisture (preferably unfrozen soil moisture rather than total).
First, the specific humidity (qcqn qir» [K9/kg]) and mixing ratio (weqp qir» [k9/kg]) are computed

as:

0.622Xecqn,air
Qcan,air = (Eq. 3.6.235)

Psfc—0.378%ecqn air

Wean air = o2 (Eq. 3.6.236)

1-4can,air

where ecqn qir [Pa] is the canopy air vapor pressure, Pz, [Pa] is the surface pressure.

The contribution factor (F, s014,) Of incoming solar radiation to stomatal resistance is:

ZXSpar +RS min

Frg sotqr = Max(0.0001, -radstr Jomax, (Eq. 3.6.237)

2XSpar
14222par.

rad,str
where S,q,- equals S,y sun for sunlit case and Sy, snq for shaded case. S,ur sun aNd Spar sha
[W/m?] are photosynthesis active radiation for sunlit and shaded leaves, respectively, computed in
SurfaceRadiationMod.F90. F,., 4 s is the radiation stress factor (specified in NoahmpTable. TBL).
R min and Rg 1max [S/M] are the minimum and maximum leaf stomatal resistances, respectively
(specified in NoahmpTable. TBL).

The contribution factor (Fy.s temp) Of air temperature to stomatal resistance is:

Frs temp = Max(0.0001, 1 — 0.0016 x (Tppe — T,)") (Eq. 3.6.238)
where T, [K] is the optimum transpiration air temperature (specified in NoahmpTable. TBL) and

T, [K] is the vegetation (canopy) temperature.

The contribution factor (F,.,,,4) of vapor pressure deficit to stomatal resistance is:

78



1

Frsypa = max(0.01, (Eq. 3.6.239)

1+Fypd,str XMax(0,Wean,air,sat~Weanair)
where Fy,,q o+ IS the vapor pressure deficit stress factor (specified in NoahmpTable.TBL) and
Wean.air.sat IKI/KQ] is the saturated mixing ratio computed as a function of temperature and
pressure in HumiditySaturationMod.F90.

Finally, the total leaf stomatal resistance (Rstomata: [S/M]) iS computed as:

Rsmin
Rstomata = (Eq. 3.6.240)

Frs,solar XFrs,temp ><Frs,vpd Xﬁtr

where f;, is the soil moisture factor computed in the earlier section. Rgiomara rEPresents
Rstomata,sun TOr sunlit case and Rg;omatrq,sna fOr shaded case.

The photosynthesis rate is not computed by this Jarvis scheme in Noah-MP currently.

8. Prepare canopy heat flux coefficients:

(1) The coefficient for longwave radiation over vegetated ground (Cjgeq) and the multiplier for
longwave radiation over vegetated ground (4, ) are already prepared above.

(2) For sensible heat:
The sensible heat conductance (Csy conaqir» [M/S]) from canopy air to atmosphere at reference

height is:

! (Eq. 3.6.241)

CSH,cond,air =R
h,can

where Ry, cqn [$/M] is the aerodynamic resistance for sensible heat computed from the surface drag
scheme above.

The sensible heat conductance (Csy cona,iear, [M/S]) from leaf surface to canopy air is:

2XEyar

CSH,cond,leaf = (Eq. 3.6.242)

Rieaf bdy
where Ey 4, is the effective vegetation area index computed above and Ryeq 5 pay, [S/M] is the bulk
leaf boundary resistance.

The sensible heat conductance (Csy,cona,gra, [M/S]) from canopy air to below-canopy ground is:

1

Csh,cona,gra = (Eq. 3.6.243)

Rh,grd

where R, g-q [s/m] is the aerodynamic resistance for below-canopy sensible heat exchange
computed above.

Thus, the total sensible heat conductance (Csy conaveg, [M/S]) related to vegetation energy flux is:
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CSH,cond,veg = CSH,cond,air + CSH.cond,leaf + CSH,cond,grd (Eq- 3-6-244)
Then two temporary canopy air temperature factors related to sensible heat (Tsy cqn qir and

Fsy can,air» [K]) are defined:

CSH, d,ai XT +CSH, d, aXT,
TSH can.air = cond,air * 1 sfc cond,gr g (Eq 36245)
’ ’ CSH,cond,veg
_ CSH,cond,leaf
Fsucanair =7 (Eq. 3.6.246)

CSH,cond,veg

The coefficient (Csy cqr) for canopy sensible heat flux is:

Cstcan = (1 = Fsy canair) X Pair X Cpair X Csy cond leas (Eq. 3.6.247)
where pg;, [kg/m3] is the air density and C, 4;,- [J/kg/K] is the heat capacity of dry air.
(3) For latent heat:
The latent heat conductance (Cry cona qir» [M/S]) from canopy air to atmosphere at reference height
is:

! (Eq. 3.6.248)

CLH,cond,air R
w,can

where Ry, .qn [S/M] is the aerodynamic resistance for latent heat computed from the surface drag
scheme above.

The latent heat conductance (Cpy cona,tear: [M/S]) from wet leaf surface to canopy air is:

JwetXEvar,
CLiicondleaf = (Eq. 3.6.249)

Rieaf bay

Where f,,.; is the wetted fraction of canopy computed in the phenology section. Ey ,;; is the
effective vegetation area index computed above and Rieqs pay [S/M] is the bulk leaf boundary
resistance.

The latent heat conductance (Cpy cona,tr [M/S]) due to plant transpiration is:

CLH,cond,tr = (1 - fwet) X “LALsun + FLanhd (Eq 3-6-250)

Rieaf bdytRstomatasun  Rieafbdy tRstomata,shd
where Ep 47 sun @and Ep 47 spq are the effective sunlit and shaded leaf area index computed above,
respectively. Rgtomatasun @4 Rstomatasna [S/M] are the sunlitand shaded leaf stomatal resistance,
respectively.

The latent heat conductance (Cpy,cona,gra: [M/S]) from canopy air to below-canopy ground is:

1

CLH,cond,grd = (Eq. 3.6.251)

Rw,grd+Rgrd,evap
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where Ry, grq [S/M] is the aerodynamic resistance for below-canopy latent heat exchange

computed above. Ryrgevap [S/M] is the surface resistance to ground evaporation/sublimation

computed in ResistanceGroundEvaporationMod.F90.

Thus, the total latent heat conductance (Cpy conaveg: [M/S]) related to vegetation energy fluxis:
Crrconaveg = Crmcondair + Criconatear T Crucond,gra + Crhconatr (Eg. 3.6.252)

Then two temporary canopy vapor pressure factors related to latent heat (epy cqnqir and

Fu canairs [K]) are defined:

_ CrHcond,airX€airtCLH,cond,grdX€s,Tg (Eq 36 253)

e =
LH,can,atr CLH,cond,veg

CLH,cond,leaf TCLH,cond,t
Fiucanair = e ones (Eq. 3.6.254)
’ ’ CLH,cond,veg

where e,;,- [Pa] is the surface air vapor pressure computed in the atmospheric forcing section and
es g [Pa] is the saturation water vapor pressure at ground temperature (T, [K]).

The coefficients for canopy evaporative (Cpy cqn,evap) and transpiration (Cpy cqn,tr) latent heat

fluxes are:
C =(1-F C PairXCpair Eqg. 3.6.255
LH,can,evap ( LH,can,air) X LH,cond,leaf X Yean ( g..0. )
LH,can,tr — ( ILH,can,air) X LH,cond,tr X Yean ( q U )

where pg;, [kg/m3] isthe air density and C,, ;- [J/kg/K] is the heat capacity of dry air. .4, [Pa/K]

is the psychrometric constant for the ground computed in PsychrometricVariableMod.F90.

9. Compute canopy fluxes and temperature change:

(1) The canopy air temperature (Tqp i, [K]) @and vapor pressure (eqqn qir» [Pa]) are computed as:
Teanair = Tshcan,air + Fsucan,air X Ty (Eq. 3.6.257)
€can,air = €LH,canair T FLH canair X €sTv (Eq. 3.6.258)
where e 1, [Pa] is the saturation water vapor pressure at vegetation temperature (75, [K]).
(2) The net canopy longwave radiation (L ¢ cqn, [W/m?]; positive for upward direction) is
Lnetcan = foeg X [Airweg + Cirveg X ] (Eg. 3.6.259)
where f,.4 is the vegetation fraction. A;g .4 and Cig yeq are the absorption and coefficient for
vegetation longwave radiation computed above.

(3) The canopy sensible heat flux (Hs ¢qn, [W/m?], positive for upward direction) is computed:
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HS,can = ﬁieg X Pair X Cp,air X CSH,cond,leaf X (Tv - Tcan,air) (Eq- 3-6-260)
(4) The canopy evaporation latent heat (Hy, cqn evap, [W/M?], positive for upward direction) is:

PairXCp air

HL,can,evap = ﬁ)eg X X CLH,cond,leaf X (es,Tv - ecan,air) (Eq 3-6-261)

Ycan
To further constrain leaf evaporation:
: CLH,can,vap
H min (HL,can,evapr Vl/liq,can X At ) Tv > Tfrz Ed. 3.6.262
Lcan,evap — e W CLH canvap o< (Eq. 3.6. )
min L,can,evap’ "Wice,can X At v =1 frz

where Wi;q,can [MM] and Wi, can [Mm] are the canopy liquid and ice water content, respectively.
At [s] is the model time step. Cpy canvap [I/Kd] is the latent heat of vaporization for canopy
computed in PsychrometricVariableMod.F90.

(5) The canopy transpiration latent heat (LH,q, ¢ [W/m?], positive for upward direction) is:

Pair*XCp air

HL,can,tr = ﬁzeg X X CLH,cond,tr X (es,Tv - ecan,air) (Eq 3-6-263)

Ycan

(6) The canopy heat storage change (AH 4., [W/m?]) is computed through canopy heat capacity
(Cp,can» BIMPIK]):

Wliq,can X C

W ;
p,water + lce,can x C

Cp,can = Chiom X Evapy X Cp,water + Dice piice (Eq. 3.6.264)

Pwater

where Cp;om [M] is the canopy biomass heat capacity factor (set in NoahmpTable. TBL), Ey g4, is
the effective vegetation area index, C, qrer [J/M¥K] and C,, ;.. [J/M3/K] are the specific heat
capacity of water and ice, respectively.

(7) The change of canopy temperature (AT, [K]) due to energy balance is computed as:

Scan,abs - Lnet,can - HS,can - HL,can,evap - HL,can,tr + Hpr,can

AT, =

d(esrv)] , Co,
fveg X [4’ X ClR,veg X Tv3 + CSH,can + (CLH,can,evap + CLH,can,tr) X d('sl’“:g pActan
(Eq. 3.6.265)

where Scqn aps [W/m?] is the total canopy absorbed shortwave radiation computed in the radiation

section. Hy, cqn [W/m?] is the precipitation heat flux advected to canopy computed in the

PrecipitationHeatAdvectMod.F90. d;%f;’) [Pa/K] is derivative of saturation water vapor pressure

at vegetation temperature computed above.

(8) Update different canopy heat fluxes and vegetation temperature:

Lnet,can = Lnet,can + ﬁ;eg X 4 X CIR,veg X Tv3 X ATv (Eq 3-6-266)
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Hg can = Hscan + foeg X Csh,can X AT, (Eq. 3.6.267)

Hy canevap = Hicanevap + foeg * Cutcanevap X g x AT, (EQ. 3.6.268)
Hycangr = Hocaner + foeg X Cuncaner X g X AT, (Eq. 3.6.269)
AHg,cqn = C’”:f" X AT, (Eg. 3.6.270)

T, =T, + AT, (Eq. 3.6.271)

Himp = Pair X Cp air X % (Eq. 3.6.272)

(Tg _Tcan,air)

Rh,grd

Himp,gra = Pair X Cpair X (Eq. 3.6.273)

where Hip,, and Hipy, grq are temporary heat flux variables used by the M-O theory calculation
above (Resistance AboveCanopyMostMod.F90) and below canopy
(ResistanceLeafToGroundMod.F90) and in each iteration.

Then, the canopy air specific humidity (qcqn qir» [K9/Kg]) is then updated as:

0.622Xecqn,air
Acan,air = (Eq. 3.6.274)

Psfc—0.378><€5,Tg X€can,air

10. Iterations over the calculations for the above steps 3-9 to achieve convergence of canopy
temperature:

Currently, Noah-MP does 20 iterations (hard-coded) or until |AT,| < 0.01 to go through the above
3149t steps: 3. Surface roughness length for heat flux; 4. Compute aerodynamic resistances and
exchange coefficients between reference height and the dgsrc + zomspc height level (above
canopy); 5. Compute aerodynamic resistances between the dosrc + Zom,spc aNd Zom, grq height
level (below canopy) and leaf boundary layer; 6. Compute saturated vapor pressure and derivative
w.r.t. vegetation temperature; 7. Compute leaf stomatal resistance; 8. Prepare canopy heat flux

coefficients; 9. Compute canopy fluxes and temperature change.

11. Prepare below-canopy heat flux coefficients:

The ground absorption of longwave radiation (4,g 44) is computed as:

AIR,grd = _‘Sgrd X (1 - Eveg) X LW.down - ggrd X eveg X SB X Tv4 (Eq 36275)
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where the first term of the right-hand side indicates the ground absorbed longwave radiation of
downward atmospheric longwave forcing (Ly, gown, [W/m?]) that passes through canopy, and the
second term indicates the ground absorbed longwave radiation emitted by canopy.
The coefficient for longwave radiation for below-canopy ground (Cig gr4) is:

Cirgrd = €gra X S (Eq. 3.6.276)
where ;4,4 and &,,4 are the ground and canopy longwave emissivity computed above, respectively,
and S is the Stefan-Boltzmann constant defined in ConstantDefineMod.F90.

The coefficient for sensible heat (Csy,grq) IS:

air XCp air
Cspgra = "2 (Eq. 3.6.277)

Rh,grd

The coefficient for latent heat (Cpy grq) IS:

airXCp air
Curgra = 7" (Eq. 3.6.278)

YgraX(Rw,grda*+Rgrd,evap)

The coefficient for ground heat diffusion flux (Cgy grq) is:

CGH,grd — 2 % Kheat,snso(ln,sno+1) (Eq 36279)

DZSTlSO (In,sno +1)

where Kyeqe snso [W/M/K] is the soil/snow thermal conductivity and D,,s, [M] is the soil/snow
layer thickness. I, ¢, is the snow layer indicator defined as (see detail in snow hydrology section

below):

-3, 3layer snow
I _)—2, 2layer snow
msno =) —1, 1 layer snow
0, 0 layer snow

(Eq. 3.6.280)

12. Compute saturated vapor pressure and derivative w.r.t. below-canopy ground
temperature:
Relevant code modules:

Module: VaporPressureSaturationMod.F90

Subroutines: VaporPressureSaturation

The saturation water vapor pressure (esr4, [Pa]) at ground temperature (T, [K]) is:

esw,Tg Tg > Tfrz

Eq. 3.6.281
esi,Tg Tg =< Tfrz ( a )

€srg = {
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where eg,, r4 [Pa] and eg; 1, [Pa] are the saturation vapor pressure for water and ice, respectively,

computed in VaporPressureSaturationMod.F90.

The derivative of saturation water vapor pressure (%, [Pa/K]) at ground temperature is:
)
d(esw,rg)
— T, > T
Uesrg) _ ) AlTa) o (Eq. 3.6.282)
d(Tg) d(esitg) T <T q. 2.5.
d(Tg) g = ‘frz

where % [Pa/K] and % [Pa/K] are the derivative of saturation water vapor pressure for
g g

water and ice, respectively, computed in VVaporPressureSaturationMod.F90.
To compute the saturation vapor pressure and corresponding derivative w.r.t. temperature for both
water and ice at certain temperature, the VaporPressureSaturation module uses polynomial
empirical parameterizations:

eswr =100 X (Ag+ T X (A + T X (A + T X (A3 + T X (A4 + T X (45 + T X 4¢))))))

(Eq. 3.6.283)
esit = 100X (Bo+ T X (B4 +T X (B +T X (B3 +T X (B4 +T X (Bs + T X Bs))))))
(Eq. 3.6.284)
d
Eleg%ﬂ- =100 X (Co+ T X (C1+ T X (Co + T X (C3 + T X (C4 + T X (Cs + T X C5))))))
(Eq. 3.6.285)
d .
.Ezi?)TL 100 % (Do +T X (Dy +T X (D + T x (D3 + T X (Dy + T X (Ds +T X Dg))))))

(Eq. 3.6.286)
where 4;, B;, C;, D; are polynomial coefficients.

13. Compute below-canopy ground fluxes and temperature change:
(1) The net below-canopy ground longwave radiation (Lyetgrq, [W/m?]; positive for upward
direction) is

Lnetgra = Cirgra X Ty + Al gra (Eq. 3.6.287)
(2) The below-canopy ground sensible heat flux (Hs, g4, [W/mZ], positive for upward direction) is

computed as:

Hsrgrd = CSH,gTd X (Tg - Tcan,air) (Eq 3.6.288)
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(3) The below-canopy ground latent heat flux (Hy, 4,4, [W/m?], positive for upward direction) is
computed as:
Hy gra = Ciu,gra X (esrg X RH — €can air) (Eq. 3.6.289)

where eqn i [P2] is the canopy air vapor pressure and RH is the surface relative humidity.
(4) The ground heat flux (Gy 4,4, [W/m?], positive for downward direction) is computed as:

Grgra = Congra X (Ty = Tsnso(nsno + 1)) (Eg. 3.6.290)
where Ts,s0 (Insno + 1) is the first or top snow/soil layer temperature.
(5) The change of below-canopy ground temperature (AT}, [K]) due to energy balance is computed

as:

S -L —-H -H -G +H
__ 9grd,abs "“net,grd S,grd Lgrd H,grd pr.veg,grd
AT, = . T (Eq. 3.6.291)
4XCR,graXTg +CSH,grd+CLH,grdX—d(Tg) +CGH,grd

where S;,.4 aps [W/m?] is the below-canopy ground absorbed shortwave radiation as computed in
the radiation section. Hy, ,eq gra [W/m?] is the precipitation heat flux advected from canopy to

below-canopy ground.

(6) Update different heat fluxes and ground temperature:

Lnetgra = Lnet,gra + 4 X Cir gra X T,° X AT, (Eq. 3.6.292)
Hg gra = Hs gra + Csy gra % AT, (Eq. 3.6.293)

Hy gra = Hygra + Cugra X "‘S(—TS’) X AT, (Eq. 3.6.294)
Gygra = Gugra + Congra X AT, (Eq. 3.6.295)

T, =T, + AT, (Eq. 3.6.296)

14. Iterations over steps 12-13 to achieve convergence of ground temperature:
Currently, Noah-MP does 5 iterations (hard-coded) to go through the above 12t-13™ steps: 12.
Compute saturated vapor pressure and derivative w.r.t. below-canopy ground temperature, 13.

Compute below-canopy ground fluxes and temperature change.

15. Adjust below-canopy ground temperature based on snow conditions:

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptSnowSoilTempTime 1* semi-implicit; flux top boundary condition
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full implicit (original Noah); temperature top boundary
options for snow/soil temperature condition

time scheme (only layer 1) same as 1, but snow cover for skin temperature
calculation (generally improves snow)

For OptSnowSoilTempTime = 1 or 3, if there is snowpack (hg,ew > 0.05m) and ground

temperature is above freezing point (T, > Tf,,), then:

Tery OptSnowSoilTempTime =
T, = : : (Eq. 3.6.297)
9 Trrz X fsnow + Ty X (1 = fsnow) OptSnowSoilTempTime = 3
Then the heat fluxes are re-evaluated based on the adjusted ground temperature as:
Lnet,grd = CIR,grd X Tg4 + AIR,grd (Eg. 3.6.298)
HS,grd = CSH,grd X (Tg - Tcan,air) (Eq 3-6-299)
HL,grd = CLH,grd X (es,Tg X RH — ecan,air) (Eq 3-6-300)
GH,grd = Sgrd,abs + Hpr,veg,grd - Lnet,grd - HS,grd - HL,grd (Eq 3-6-301)

16. Compute above-canopy wind stresses:
The wind stresses (T, /y,yeq, [N/M?]) at x- (east-west) and y- (north-south) directions are:
Ty veg = —Pair X Cmcan X Ures X Uy (Eq. 3.6.302)
Tyveg = —Pair X Cmcan X Urer X Uy, (Eq. 3.6.303)
where p,; [kg/m?] is the air density, Cy, cqn is the above-canopy momentum drag coefficient,
Urer [M/s] is the wind speed at reference height, and U, ,,, [m/s] is the wind speed at x- or y-

direction at reference height.

17. Compute 2-m air temperature for vegetated ground as diagnosis:
For both OptSurfaceDrag = 1 and 2, the 2-m sensible heat exchange coefficient/conductance

(Ch,2mveg» [M/s]) for vegetated ground is computed as:
UXK

V4 +2

Oh,sfc w

Z ~Th,.2m
oh,sfc

Ch2mueg = l < (Eq. 3.6.304)
n

where u, [m/s] is the friction velocity computed from surface drag schemes (M-O or Chen et al.

1997 schemes). k is the von Karman constant, z,, ;¢ [M] is the surface roughness length for heat

flux, and W}, ,, is the 2-m sensible heat stability correction factor (computed in M-O scheme or 0
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for Chen et al. 1997 scheme in this equation). See below for details of M-O and Chen et al. 1997

schemes.
The latent heat exchange coefficient/conductance is assumed to be the same as Cp, zm,veg-
If Cromuveg < 107>, the 2-m temperature (T2meg, [K]) and specific humidity (g2 veq, [K9/kg])
are assumed to the same as the canopy air values:
Tomyveg = Tcan,air (Eq. 3.6.305)
Q2mveg = Gean,air (Eq. 3.6.306)

If Cr2mupeg = 1075, the 2-m temperature and specific humidity are computed as:

HS,can

Hg grq +-—2£0n
Tom veg — Teanair — " veg - (Eq. 3.6.307)
’ ’ PairXCp,air Ch,2m,veg
Hy graq + Hy can,evap tHL can tr
gr freg 1
A2myeg = Ycan,air — XC X c (Eq. 3.6.308)
PairX LH,can,vap h,2m,veg

3.6.12 Surface Fluxes and Temperature of Bare Ground

Description:
This part is to compute surface energy fluxes and update temperature for the bare ground

portion of the pixel. The Newton-Raphson iteration is used to solve for ground temperature.

Relevant code modules:
Module: SurfaceEnergyFluxBareGroundMod.F90
Subroutines: SurfaceEnergyFluxBareGround

Physics:

1. The overall ground level energy balance (bare ground) is:

Sw,down = Sw,up + Lw down = Lw,up + Hpr pare,gra = Hs + H, + Gy (Eq. 3.6.309)
where Sy, and Ly, [W/m?] are the shortwave and longwave radiative fluxes, respectively.
Hy,y pare gra [W/m?] is the net precipitation heat flux advected to the bare ground (computed in the

PrecipitationHeatAdvecMod.F90 in earlier sections). Hg and H, [W/m?] are the ground sensible
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and latent heat fluxes (positive values indicate upward heat fluxes from the ground to the air),
respectively. Gy [W/m?] is the ground heat flux (positive value indicates downward heat flux from
the soil/snow surface into underlying snow/soil layers).
Sensible heat (Hg, [W/m?]) and latent heat (H,, [W/m?]) fluxes are computed based on the
bulk transfer relationships following Garratt (1992):
Hg = pg X Cp X Cp X U X (85 — 04) (Eg. 3.6.310)
H, =pg X CpXCryXUX(qs—qg) (Eq. 3.6.311)
where p, [kg/m?] is the air density, C,, ;- [J/kg/K] is the air heat capacity, C, [J/kg] is the specific
latent heat of water vaporization, and U [m/s] is the wind speed. 6 [K] and 8, [K] are the air
potential temperatures at the surface and in the air, respectively. g, [kg/kg] and g, [kg/kg] are the
specific humidity at the surface and in the air, respectively. C; and C,, are the surface exchange
coefficients for heat and moisture, respectively. Noah-MP assumes that C,, is equal to C,, (Chen
and Zhang, 2009). Based on the Monin-Obukhov (M-O) similarity theory (Brutsaert, 1982), C}, is

formulated as

O = (o )] (F6-36319

In
Lpmo Zoh Lmo

Zom
where k is the von Karman constant, Z is the height above the ground, d, [m] is the zero-
displacement height, and L, [m] is the M-O length. ¢,, and ¢, are the stability functions for
momentum and heat transfer, respectively. z,,, [m] and z,; [m] are the surface roughness length

for momentum and heat, respectively.

2. Prepare heat flux coefficients:
The coefficient for longwave radiation (C;g) is:
CIR = Sgrd X SB (Eq 36313)
where &4, is the ground longwave emissivity computed above and Sg is the Stefan-Boltzmann
constant defined in ConstantDefineMod.F90.

The coefficient for ground heat diffusion flux (Czp) is:

CGH — 2 % Kheat,snso(ln,sno""l) (Eq 36314)

DZSTI.SO (In,sno +1)
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where Kyeqe snso [W/M/K] is the soil/snow thermal conductivity and D,,s, [M] is the soil/snow
layer thickness. I, ¢, is the snow layer indicator defined as (see detail in snow hydrology section

below):

-3, 3layer snow
I ) =2, 2layer snow
msno =) —1, 1 layer snow
0, 0 layer snow

(Eqg. 3.6.315)

3. Ground roughness length for heat flux (Z,,, [M]):

Zongra = Zomgra (Eg. 3.6.316)
where Zg;, grq [M] is the ground roughness length for momentum computed in an earlier section,
which is the theoretical height at which wind speed is zero. By default, Noah-MP assumes Z, to
be equal to Z,,,. However, previous studies pointed out that Z,,, and Z,, are different due to
different mechanisms and resistances controlling momentum and heat transfer (Zilitinkevich,
1995; Chen and Zhang, 2009). Thus, an enhanced version of the Z,;, formulation based on
Zilitinkevich (1995) and Chen and Zhang (2009) is as follows (currently deactivated in Noah-MP)
for non-1% iteration:

Zon = Zom X exCaixyRe) (Eq. 3.6.317)

C,iy = 10704xh (Eq. 3.6.318)
where R, is the roughness Reynolds number, C,; is the empirical parameter represented as a

function of the canopy height (h, [m]).

4. Compute aerodynamic resistances and exchange coefficients between reference height and
the Z o, grq height level:
Relevant code modules:

Module: ResistanceBareGroundMostMod.F90

Subroutines: ResistanceBareGroundMOST

Module: ResistanceBareGroundChen97Mod.F90

Subroutines: ResistanceBareGroundChen97

Relevant Noah-MP namelist options:
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Noah-MP Physics Option Notes (* indicates the default option)
OptSurfaceDrag 1* Monin-Obukhov (M-O) Similarity Theory (MOST)

options for surface layer 2 original Noah (Chen et al. 1997)
drag/exchange coefficient

Based on the ground roughness length (computed above) and some other quantities as input, the
surface drag schemes: OptSurfaceDrag = 1 for the Monin-Obukhov (M-O) Similarity Theory
(MOST) and OptSurfaceDrag = 2 for the Chen et al. 1997 scheme (original Noah), are used then
to compute aerodynamic resistance for sensible heat (R, pqre, [S/M]) and momentum (R, pare:
[s/m]) and the corresponding momentum drag coefficients (C,, pqre) and sensible heat exchange

coefficient (Cp, pqre)- They are connected by:

1

Rp pare = max(1, (Eq. 3.6.319)

Ch,bare X Uref

1

Rm,pare = max(1, (Eq. 3.6.320)

CmppareXUref
where Uy, [m/s] is the wind speed at reference height (computed in the earlier section).
The aerodynamic resistance for water vapor (R, pare, [S/M]) is assumed to be the same as sensible
heat:

Rw pare = Rupare (Eq. 3.6.321)
The Monin-Obukhov (M-O) theory and Chen et al. (1997) schemes are introduced in detail below.

5. Compute saturated vapor pressure and derivative w.r.t. ground temperature:
Relevant code modules:

Module: VaporPressureSaturationMod.F90

Subroutines: VaporPressureSaturation

The saturation water vapor pressure (es r4, [Pa]) at ground temperature (T, [K]) is:

esw,Tg Tg > Tfrz

Eq. 3.6.322
esi,Tg Tg = Tfrz ( k )

€srg = {
where eg,, r4 [Pa] and ey; 1, [Pa] are the saturation vapor pressure for water and ice, respectively,

computed in VaporPressureSaturationMod.F90.

d(esrg)

The derivative of saturation water vapor pressure ( )
)

, [Pa/K]) at ground temperature is:
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d(esw,tg)

T, >T
AT g frz
d(estg) _ ) To) (Eq. 3.6.323)
d(Ty) d(eSl,Tg)
g ANCL2E L T, <T
A(Ty) g = "frz

where ']l((?(—”TV‘T)g) [Pa/K] and % [Pa/K] are the derivative of saturation water vapor pressure for
) g

water and ice, respectively, computed in VaporPressureSaturationMod.F90.

To compute the saturation vapor pressure and corresponding derivative w.r.t. temperature
for both water and ice at certain temperature, the VVaporPressureSaturation module uses polynomial
empirical parameterizations:

swr =100 X (Ag+ T X (A1 +TX (A2 + T X (A3 +T X (A4 + T X (A5 + T X Ag))))))

(Eq. 3.6.324)
esitr =100 X (Bg+ T X (By+TX (B, +T X (B3+TX(By+T X (Bs+ T XBg))))))
(Eq. 3.6.325)
d(esw,T)
W=100><(CO+T><(61+T><(CZ+T><(C3+T><(C4+T><(CS+T><CG))))))
(Eq. 3.6.326)
d(esir)
i - 100 X Dy + T X (D +TX (Dy+T X (D3 +T X (D, +T X (Ds + T x D))
(Eq. 3.6.327)
where A;, B;, C;, D; are polynomial coefficients.
6. Compute ground fluxes and temperature change:
(1) The coefficient for sensible heat (Csy) is:
Con = Pt "pair (Eqg. 3.6.328)

Rh,bare

where pg;,- [kg/m3] is the air density and C, 4, [J/kg/K] is the heat capacity of dry air.

The coefficient for latent heat (C, ) is:

Cop = PairXCpair (Eq. 3.6.329)

YgraX(RpparetRgrd,evap)

where Ry, evap [S/M] is the surface resistance to ground evaporation/sublimation computed in
ResistanceGroundEvaporationMod.F90 in the earlier section. yg,.q [Pa/K] is the psychrometric
constant for the ground computed in PsychrometricVariableMod.F90 in the earlier section.

(2) The net ground longwave radiation (Lye¢ pare, [W/m?]; positive for upward direction) is
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Lnetpare = Cir X Ty* = €gra X Lw down (Eg. 3.6.330)
where Ly gown [W/m?] is the downward longwave radiation from atmospheric forcing, C; is the
longwave radiation coefficient computed above, &4,.4 is the longwave emissivity (i.e.,
absorptivity), and T, [K] is the ground temperature. The first term of the right-hand side of the
equation is the emitted longwave radiation and the second term of the right-hand side of the
equation is the absorbed longwave radiation.

(3) The sensible heat flux (Hs pqre, [W/m?], positive for upward direction) is computed as:
Hspare = Csit X (Ty = Tagr) (Eq. 3.6.331)
where T,;, [K] is the surface air temperature.
(4) The latent heat flux (Hy pqre, [W/m?], positive for upward direction) is computed as:
Hy pare = Coy X (és7g X RH — eg;r) (Eq. 3.6.332)
where e,;,- [Pa] is the surface air vapor pressure and RH is the surface relative humidity.
(5) The ground heat flux (Gy pare, [W/m?], positive for downward direction) is computed as:
Gupare = Con X (Tg = Tsnso(In,sno + 1)) (Eq. 3.6.333)
where Cgy is the coefficient for ground heat flux computed above and T, 50 (I, sno + 1) isthe first
or top snow/soil layer temperature.

(6) The change of ground temperature (AT, [K]) due to energy balance is computed as:

ATg = Sbare,abs_Lnet,bare;HS,bare_HL,l;a(Z;G)H,bare+Hpr,bare (Eq 36334)
4-XCIRXTg +Csy+CrgX d(T,g‘)g +CeH

where Spare aps [W/M?] is the total ground absorbed shortwave radiation computed in the radiation
section.

(7) Update different heat fluxes and ground temperature:

Lnet,bare = Lnet,bare +4 X CIR X Tg3 X ATg (Eq 3.6.335)

H pare = Hspare + Csy X ATg (Eq. 3.6.336)
d(estg)

Hy pare = Hypare + CLu X d(T;;] X ATy (Eg. 3.6.337)

Gypare = GHpare + Con X ATg (Eq. 3.6.338)

T, = T, + AT, (Eq. 3.6.339)

Hemp = Csy X (Tg ~ Tair) (Eq. 3.6.340)
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where Hy,,,, is a temporary heat flux variable used by the M-O theory calculation (OptSurfaceDrag
= 1) in each iteration.

Then, the saturation vapor pressure and corresponding derivative w.r.t. temperature for the updated
ground temperature are also updated by VaporPressureSaturationMod.F90 as described above.
Then,

esw,Tg Tg > Tfrz

esrg = {esw et (Eq. 3.6.341)
The ground specific humidity (g4, [kg/kg]) is then updated as:
_ 0.622Xe57gXRH
Agra = Psfc—0.378xes 1y XRH (Eq. 3.6.342)
The surface moisture flux (Q s, [kg/m3]) is computed as:
Qflx,sfc = (qgrd - Qair,sfc) X CLH X Yord (Eq 3-6-343)

CPgir

where qq;rsrc [Kg/kg] is the surface air specific humidity from atmospheric forcing.

7. Iterations over the calculations for 3-6 to achieve convergence of ground temperature:
Currently, Noah-MP does 5 iterations (hard-coded) to go through the above 3'-6'" steps:

3. Ground roughness length for heat flux, 4. Compute aerodynamic resistances and heat exchange

coefficients, 5. Compute saturated vapor pressure and derivative w.r.t. ground temperature, 6.

Compute ground fluxes and temperature change.

8. Adjust ground temperature based on snow conditions:

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)

1* semi-implicit; flux top boundary condition

full implicit (original Noah); temperature top boundary
condition

same as 1, but snow cover for skin temperature
calculation (generally improves snow)

OptSnowSoilTempTime
2
options for snow/soil temperature

time scheme (only layer 1) 3

For OptSnowSoilTempTime = 1 or 3, if there is snowpack (hsyow > 0.05m) and ground

temperature is above freezing point (T, > Tf,,), then:

T OptSnowSoilTempTime = 1
T = { frz P P (Eq. 3.6.344)

9 Trrz X fsnow + Ty X (1 = fsnow) OptSnowSoilTempTime = 3
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Then the heat fluxes are re-evaluated based on the adjusted ground temperature:

Luetpare = Cir X Tg" = €gra X Ly, down (Eg. 3.6.345)

Hs pare = Csu X (Tg — Taur) (Eq. 3.6.346)

Hy pare = Cou X (esrg X RH — egr) (Eq. 3.6.347)

GHbare = Sbare,abs T Hprpare = Lnet,pare = Hs pare — Hrpare (Eg. 3.6.348)

9. Compute wind stresses:
The wind stresses (Ty/y, pares [N/M2]) at x- (east-west) and y- (north-south) directions are:
Ty pare = ~Pair X Cmpare X Urer X Uy (Eq. 3.6.349)
Ty bare = —Pair X Cmbare X Urer X Uy (Eq. 3.6.350)
where pg;,- [kg/m3 is the air density, Cp, pqre IS the momentum drag coefficient, U,.. [m/s] is the
wind speed at reference height, and U, ,, [m/s] is the wind speed at x- or y-direction at reference

height.

10. Compute 2-m air temperature as diagnosis:
For both OptSurfaceDrag = 1 and 2, the 2-m sensible heat exchange coefficient/conductance

(Ch,2mpare> [M/s]) for bare ground is computed as:

Ch,Zm,bare = ln<Z°h+2 (Eq. 3.6.351)
z

where u, [m/s] is the friction velocity computed from surface drag schemes (M-O or Chen et al.
1997 schemes). k is the von Karman constant, Z,; [m] is the ground roughness length for heat
flux, and W}, ,,, is the 2-m sensible heat stability correction factor (computed in M-O scheme or 0
for Chen et al. 1997 scheme in this equation). See below for details of M-O and Chen et al. 1997
schemes.
The latent heat exchange coefficient/conductance is assumed to be the same as Cp 21 pare-
If Crampare < 107>, the 2-m temperature (Tympare, [KI) and specific humidity (qzmpare
[kg/kg]) are assumed to the same as the ground values:
Tampbare = Tgpare (Eq. 3.6.352)
Gampare = Agra (Eq. 3.6.353)

If Cp,2m pare = 107°, the 2-m temperature and specific humidity are computed as:
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Hgpare 1
T2m,bare = lgpare — 52 X (Eq 3.6.354)

PairXCp,air Ch,2mbare

Hp pare 1
Qempare = dgrd — -0 X ( + Rgrd,evap) (Eq. 3.6.355)

PairXCLH grdvap Ch2mpbare

where  Cppygravap [I/Kg] is the ground latent heat of vaporization computed in

PsychrometricVariableMod.F90.

For urban pixels,

A2mpare = dgrd (Eg. 3.6.356)

3.6.13 Surface Drag Calculation

Description:

This part is to compute momentum and heat flux exchange/drag coefficients and
aerodynamic resistances based on the Monin-Obukhov (M-O) Similarity Theory (MOST) or for
the Chen et al. 1997 scheme (original Noah).

Relevant code modules:
Module: ResistanceBareGroundMostMod.F90
Subroutines: ResistanceBareGroundMOST
Module: ResistanceBareGroundChen97Mod.F90
Subroutines: ResistanceBareGroundChen97
Module: Resistance AboveCanopyMostMod.F90
Subroutines: ResistanceAboveCanopyMOST
Module: Resistance AboveCanopyChen97Mod.F90

Subroutines: ResistanceAboveCanopyChen97

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptSurfaceDrag 1* Monin-Obukhov (M-0) Similarity Theory (MOST)
options for surface layer 2 | original Noah (Chen et al. 1997)
drag/exchange coefficient
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Physics:

1. Monin-Obukhov (M-O) Similarity Theory (OptSurfaceDrag = 1):

First, check if the reference height (z,..r, [m]) is greater than zero plane displacement (d,, [m]).
If z..; < d,, then the model will report an error and stop.

Then, a few intermediate temporary quantities used to compute momentum and heat exchange

coefficient are computed:

Feman = In [2==] (Eq. 3.6.357)
Fenm = In [L2] (Eq. 3.6.358)
Femamn = In [722on (Eq. 3.6.359)
Fenzmin = In [7221] (Eq. 3.6.360)

The friction velocity (u,), M-O turbulent stability parameter ({0 and {yo2m) and M-O
characteristic length (L) are initialized to 0 for the first iteration and then are computed as

follows for the non-first iterations:

Tvir,tmp = (1 + 061 X quC) X TSfC (Eq 36361)
_ -6 kKXg Himp
Fuo,tmp = Max(1076, A28 x ) (Eq. 3.6.362)
Lygo = — —= (Eq. 3.6.363)
FMO,tmp
o = min(1.0,272=%y (Eq. 3.6.364)
Lpo

{vo,2m = min(1.0, 27200 (Eq. 3.6.365)

’ Lpo

If (o changes sign from the last iteration to the current iteration, then the count variable (N¢ s;gn)
is increased by 1: N¢ gign = Ng sign + 1. 1f Ng gi9n = 2, then the {o and M-O stability correction
factor for momentum (W, »0) and sensible heat (), ;o) are all re-set to 0.
The M-O stability correction factors (W, y0, W mo) Weighted by the prior iteration are computed
as:

Xmo = (1 —16 X {3;0)°2° (Eq. 3.6.366)
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1+ 1+ Xumo® U
2XlIn <ﬂ> +In 2o ) _ 2 X arctan(yp) + = {mo <0
Wmmo = 2 2

2
(Eq. 3.6.367)
1+ 2
Wm0 = { 2xn(Z5)  Guo<0 (Eq. 3.6.368)
=5 X {yo 0<dmo =1

The corresponding 2-m stability correction factors are computed similarly:
Xmo2m = (1 =16 X {u0,2m)°?° (Eq. 3.6.369)

1+ m 1+ m2
T { 2 % ln( )(21\40,2 ) n ln( AMo,2 ) 2% arctan()(Mo_Zm) +% {mo2m <0
=5 X Cmo.2m 0<{moam=1
(Eq. 3.6.370)
1+ m?2
W 10,2 =I 2xIn(ZEP2) Gugam <0 (Eq. 3.6.371)
,M0,2m . 3.6.
=5 X {ymo2m 0<{yoom=1

For the 1% iteration, Wy, »0 and Wy, y0 are the values from the computation above, while starting
from the 2" iteration, W}, »0 and Wy, yo are the averaged value of the above calculated new values

and the old values calculated from the previous iteration. Weighting the M-O stability factors from
the previous iteration helps to avoid flip-flops between iterations.

The M-O stability factors are further constrained as:

W o = Min (P 110, 0.9 X Fong ) (Eq. 3.6.372)
Whmo = min(Wy y0,0.9 X Fey 1) (Eq. 3.6.373)
Wrmo,2m = min(Wo, vo,2m 0.9 X Feyom,in) (Eq. 3.6.374)
Whmo,2m = mMin (W m0,2m 0.9 X Fey om,in) (Eg. 3.6.375)

Then, the exchange coefficients for momentum (C,,) and heat flux (C}) are computed as:

K'Z
Cpp = (Eq. 3.6.376)

7
[max(1076, Fcpin—¥mmo)]

K2

[max(1078, Fem in—¥mmo)|x[max(1078, Fepim—¥hmo)]

Ch = (Eq. 3.6.377)

where k is the von Karman constant.

Finally, the friction velocity (u,, [m/s]) is computed as:

U, = Upgp X /Cp = Urer XK (Eq. 3.6.378)

max(1076, Fcpin—%m,mo)
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U XK

Ch2m = 2+ 70n (Eq. 3.6.379)

max(10~6, ln[
Zoh

]—‘Ph,MO,Zm)

where U,..r [m/s] is the wind speed at reference height.

2. Chen et al. 1997 scheme (original Noah; OptSurfaceDrag = 2):

For the initial iteration (1st iteration):

The friction velocity at horizontal (u,, [m/s]) and vertical (w,, [m/s]) directions are adjusted based
on the Beljaars correction (Beljaars and Viterbo, 1998):

0 Ch X (6, — Tspe) =0

2 =
144 X |B X g X hypy X Cy X (8 = Ty )|° € x (60— Tope) 20

(Eq. 3.6.380)

u, = max(0.07,\/Cm X \/W*Z + max(Urefz, 107%)) (EQ. 3.6.381)

where 6, [K] and T [K] are the potential and surface temperature, respectively. C;, and G, are

the exchange coefficients for momentum and heat flux from the prior iteration. g is a parameter

(=1/270 hard-coded). g [m/s2] is the gravity acceleration. hy,,; [m] is the planetary boundary layer
depth (=1000 m, hard-coded). U,..r [m/s] is the wind speed at reference height.

The inverse of M-O characteristic length for the j" iteration (LL, j=1 here) is:
MO,j

1 _ kxXBxgxCnX(6a=Tsrc) (Eq. 3.6.382)

Lmo,j u,’

where k is the von Karman constant.
For all iterations:
Then, the Zilitinkevitch approach is used to adjust surface roughness length for heat (z,p,):

Zop, = Max (1076, zgy, X e(FXCzixyRe) (Eqg. 3.6.383)

R, = “Xiom (Eq. 3.6.384)
e v

v

where R, is the roughness Reynolds number, v is the kinematic viscosity, C,;; is the empirical
Zilitinkevitch parameter.
Then, a few intermediate temporary quantities used to compute momentum and heat exchange

coefficient are computed:

Femn = In [0 (Eq. 3.6.385)

Zom
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Ferm = In [%] (Eq. 3.6.386)

Then, the M-O turbulent stability parameter for the j*™ iteration ({;) is further updated as:

Cp,j = max (Zref-'-ZOh'Zmin) » $min = =5 (Eq. 3.6.387)
] Lmo,j-1
1 Ch,j
= Eg. 3.6.
Los  Zrertzon (Eq. 3.6.388)
(,j = reLom (Eq. 3.6.389)
MO,j

O, = 22 (Eq. 3.6.390)

MO,j
Onj = (Eq. 3.6.391)

MO,j

If ¢ > 0, itis further constrained by a maximum value ({,,,, = 1) as follows:

{h,j = min((h,j'Zmax) (Eq. 3.6.392)
(m,j = min(cm,j' (max) (Eq. 3.6.393)
Cm,j’ = min (Zm,j’, Cmax X ZT;‘;”;O) (Eq. 3.6.394)
Zh,j’ = min (ch,j’: Cmax X zr:c+hzoh) (Eq. 3.6.395)

There are two options for computing the stability correction factors (W, y0, Wh mo): the Paulson’s
surface function (default in Noah-MP) and the Lobocki’s surface function.

If using the Paulson’s surface function,

Xm = (1 =16 X §p ;)02 (Eq. 3.6.396)
xn = (1—16 X, )% (Eq. 3.6.397)
Im' = (1 =16 X {pp ;)02 (Eq. 3.6.398)
xn' = (1—16 % g ;)0 (Eq. 3.6.399)
1+y 1+y? i1

W, () = 2 X In (T)+ln (T)—ZXarctan()()+5 —-5<{<0 (Eq. 3.6.400)

—5x{ 0<¢<1

1+y?
‘Ph(()={2xm( 2 ) m2=¢<0 (Eq. 3.6.401)
—5x%¢ 0<{<1

where ¢ can be {p ;. Cnjr G j » OF ;" In the calculation of C,, and C,, below and hence y in the
above equation will be the corresponding X i, Xn,j» Xm,j» OF Xn; in Wp () and Wy () in the

calculation of C;, and C,,, below.
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If using the the Lobocki’s surface function,

—0.96 X In(1 — 4.5 x {) -5<(<0
(=1 < _ 5076 % [1-2] 0<i<1 (Eq. 3.6.402)
ic 1+¢ - -
—0.96 x In(1 — 4.5 x ) -5<(<0
e~ 2.076 1 H{] 0<¢<1

where R;. (=0.183) is the critical gradient Richardson number, Rz (=0.191) is the critical flux
Richardson number, and ¢,, (=0.8) is the dimensionless velocity gradient for neutral conditions.

Update u, using the Beljaars correction:

u, = max(0.07,\/Cm X \/W*Z + maX(Urefz, 107%)) (Eq. 3.6.404)
Update z,;, using the Zilitinkevitch approach:
R, = ”*szom (Eq. 3.6.405)
Zop, = Max(107°, zg, X e(TKXCaixy/Re) (Eq. 3.6.406)
Then, the exchange coefficients for momentum (C,,) and heat flux (C;,) are computed as:
0.001 KXU
= - y Eqg. 3.6.407
Cm maX(Zref ’ max(lo_e"pm(Zm,j)_lpm(Zm,j )+FCM,ln)) ( d 3.6.40 )
0.001 KXU
— : - Eq. 3.6.408
Ch = max( Zrer | max(1076, Wy (Cp, ;)W (¢n,) )+FCH,ln)) (Eq )

where the specific formulation of ¥,,({) and W,,({) are based on the chosen surface function
(Paulson’s or Lobocki’s) above.

Further update w, based on the Beljaars correction:

0 Crhx (04— Tspe) =0
2 = /s o e (Eq. 3.6.400)
144 X |B X g X hyp; X Cpp X (84 — Tsfe)| Ch % (84 — Tspe) # 0
Then update the inverse of M-O characteristic length (L ! 7):
MO,j
1 KXBXGXCpX(04—Tsfc)
a7 = o (Eq. 3.6.410)
1= 015X ——+ 0.85 X —— (Eq. 3.6.411)
Lpo,j Lpo,j Lyo,j

where the M-O characteristic length is updated using a weighted (15% vs 85%) average of the old

value (Ly,;) from prior iteration and the new value (L, ;") from the current iteration.
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3.6.14 Grid-level Mean Energy Flux and Temperature

Description:
This part is to compute the grid-level mean energy and temperature quantities by averaging
over vegetated and bare portion of each pixel. This is because Noah-MP currently uses a tiled

method to model vegetated and bare subpixel areas.

Relevant code modules:
Module: EnergyMainMod.F90

Subroutines: EnergyMain

Physics:

1. For pixels with non-zero vegetation cover,
(1) At the ground level, the grid mean energy or temperature quantities (Mg,.4 griq) are computed
as:

Mgra.gria = fveg X Myeg,gra + (1 = foeg) X Mpare gra (Eg. 3.6.412)
where f,., is the vegetation fraction computed in PhenologyMainMod.F90. M,.4 4rq and
Mparegra are the quantities for vegetated (below-canopy) and bare portions of the pixel,

respectively computed from the energy processes above.
(2) At the surface (canopy) level, the grid mean energy or temperature state variables (M. griq)
are computed as:

Mgc gria = foeg X Myeg + (1 = freg) X Mpgre (Eg. 3.6.413)
where My, and My, are the quantities for vegetated (canopy-level) and bare portions of the

pixel, respectively computed from the energy processes above.

The surface-level grid mean energy flux variables (Fsf. 4riq) are computed as:

stc,grid = Mgrd,grid + Mveg,can (Eq 3.6.414)
where Mg,q griq 1S the mean ground level flux and My, cqr is the canopy-level flux for vegetated

portion of the pixel.
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2. For pixels without any vegetation fraction, the pixel is essentially bare ground and the grid-level
mean energy or temperature quantities will be the same as the values for bare portion of the pixel:
Msfc,grid = Mpare = Mbare,grd (Eg. 3.6.415)

The canopy-related quantities will then be assigned as 0.

3.6.15 Surface Longwave Emission and Radiative Temperature

Description:

This part is to compute surface emitted longwave radiation and radiative/skin temperature.

Relevant code modules:
Module: EnergyMainMod.F90

Subroutines: EnergyMain

Physics:

1. The total emitted longwave radiation (Ly s ¢ emie, [W/m?]) at the surface is computed as:

Lw sfcemit = Lw,aown + Lw,sfcnet (Eq. 3.6.416)
where Ly, gouwn [W/m?] is the downward longwave radiation from atmospheric forcing and
Ly sfenet [W/m?] is the net surface longwave radiation computed through energy processes above.
The Ly sfcemic includes the originally surface emitted longwave radiation and the reflected
portion of the incoming longwave radiation. If the Ly, s¢¢ emc 1S less than 0, the model will report

the error and stop.

2. The radiative/skin temperature (744, [K]) is computed from the surface longwave radiation and

Stefan-Boltzmann law:

o 025
Trad — Lw sfcemit—(1 szc)XLW,down] (Eq 36417)

gschSB
where & is the net surface longwave emissivity computed above and Sp is the Stefan-Boltzmann

constant defined in ConstantDefineMod.F90.
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3.6.16 Total Photosynthesis Radiation

Description:

This part is to compute the total photosynthesis-related radiation quantities.

Relevant code modules:
Module: EnergyMainMod.F90

Subroutines: EnergyMain

Physics:

1. The total photosynthesis active radiation (Syq; cor, [W/mM?]) is computed as:

Spartot = Sparsun X Evrarsun + Sparsna X Eparsna (Eq. 3.6.418)
where Sp g sun [W/M?] and Sp 4z sna [W/m?] are photosynthesis active radiation for sunlit and
shaded leaves, respectively, computed in SurfaceRadiationMod.F90. E; 4; sy, and Ep 4 spq are the

effective leaf area index for sunlit and shaded leaves, respectively, computed in
SurfaceAlbedoMod.F90.

2. The total photosynthesis rate (Psy ¢o¢, [umol CO2/m?/s]) is computed as:

Psn tot = Psnsun X Eparsun + Psn sha X ELarsha (Eq. 3.6.419)
where Py sun [W/m?] and Py s [W/m?] are photosynthesis rates for sunlit and shaded leaves,
respectively, computed in the Ball-Berry stomatal resistance scheme. Note that currently the Jarvis
stomatal resistance scheme in Noah-MP does not compute photosynthesis rate and hence cannot

be used together with the dynamic vegetation and crop model.

3.6.17 Snow and Soil Temperature Solver

Description:
This part is to compute snow and soil layer temperature based on energy flux calculations

in previous sections.
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Relevant code modules:

Module: SoilSnowTemperatureMainMod.F90

Subroutines: SoilSnowTemperatureMain

Physics:

1. Currently, Noah-MP does not account for solar radiation penetrating (@0, [W/M2]) through

snowpack and soil water, which needs more work in the future. Thus, this part of energy will not

be included in snow and soil temperature calculations.

2. Snow and soil thermal diffusion calculation (SoilSnowThermalDiffusionMod.F90):

This module is to calculate the right hand side of the time tendency term of the snow and soil

thermal diffusion equation. Currently, snow and soil layers are coupled in solving the equations.

This module also computes/prepares the matrix coefficients for the tri-diagonal matrix of the

implicit time scheme.

Relevant code modules:

Module: SoilSnowThermalDiffusionMod.F90

Subroutines: SoilSnowThermalDiffusion

Relevant Noah-MP namelist options:

condition of soil temperature

Noah-MP Physics Option Notes (* indicates the default option)
OptSnowSoilTempTime 1* semi-implicit; flux top boundary condition
P P ) full implicit (original Noah); temperature top boundary
. . condition
options for snow/soil temperature .
- same as 1, but snow cover for skin temperature
time scheme (only layer 1) 3 . .
calculation (generally improves snow)
OptSoilTemperatureBottom 1 zero heat flux from bottom (DepthSoilTempBottom &
TemperatureSoilBottom not used)
options for lower boundary o TemperatureSoilBottom at DepthSoilTempBottom (8m)

read from a file (original Noah)

(1) Calculate the time tendency term of thermal diffusion equation:
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First, the soil and snow thermal conductivity (Keqt snso, [W/M/K]) and heat capacity (Cheqt snsos
[J/m3/K]) are used as input, which are computed in previous sections.

Then, the excess energy flux in the diffusion equations (Eyeqtqirr, [W/m?]) is computed as:

Eneataiff (D)
Kheat,snso(i) X Dh(i) - Gsnso — Psnso (l) [ = In,sno +1
= Kheat,snso(i) X Dh(i) - Kheat,snso (i - 1) X Dh(i - 1) - (Psnso(i) In,sno +1<i< Nsoil
Fbot - Kheat,snso(i - 1) X Dh(i - 1) - (Psnso(i) [ = Nsoil
(Eq. 3.6.420)

where G, [W/m?] is the ground heat flux going into snow/soil layers from air above. ¢, is
the solar radiation penetrating snow/soil layers (currently is 0). I, ¢, is the snow layer indicator

defined as (see detail in snow hydrology section below):

-3, 3 layer snow
-2, 2 layer snow

Insno = 1, 1 layer snow (Eq. 3.6.421)
0, 0 layer snow

Dy, (i) [K/m] is the temperature gradient (derivative) between two neighboring snow/soil layers
defined as:

T. i)—T. i+1
fz y snso (1) 51.150( ) i=1 o +1
—Zsnso(i+ 1) '

TSﬂSO (l) - Tsnso(i + 1)

Dp(@) = 2% - - Iysno +1 < i < Ngy;

h( ) Zinso(l—1) = Zgpso (i + 1) n,sno soil
Tsnso (Nsoil) - Tbot

\ 0.5 X (anso(Nsoil - 1) + anso(Nsoil)) - Zbot

[ = Ngojt

(Eq. 3.6.422)
where Ty,; [K] and Z,,; [m] are temperature and depth of deep soil bottom provided by the input
dataset as forcing. Zg,s, [m] and T,, [K] are the snow and soil layer depth and temperature,
respectively.

Fyor [W/m?] is the heat flux from deep soil bottom defined as:

0 OptSoilTemperatureBottom = 1

Fyor = {—Kheat’snso(Nsoil) X Dy (Ng,;;) OptSoilTemperatureBottom = 2 (Eq. 3.6.423)

(2) Compute (prepare) the matrix coefficients for the tri-diagonal matrix:
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The left-hand side of the matrix coefficients for the tri-diagonal matrix are classified to the three
groups (4;, By, Cp; [1/5]):

For the top snow layer (i = I, s, + 1):

2

Dpz (V) = oD (Eq. 3.6.424)
A;() = 0.0 (Eq. 3.6.425)
Ci(D) = —Kneat,snso(1) X 7 — (i’;jgiimo a (Eq. 3.6.426)
—C, (D) OptSnowSoilTempTime = 1,3

B] (l) = Kheat,snso (l)

-C, () + 05 % Zosa () X Zunea (D) X Coomeonnn D) OptSnowSoilTempTime = 2
(Eq. 3.6.427)
For the middle snow or soil layers (I, sno + 1 <1 < Nsoit):
Dpy (i) = 2 (Eq. 3.6.428)

Zsnso (I—1)~Zspso (I+1)

N . Dpz(i—1)
AI(L) N Kheat,snSO(l 1) X (anso(i_l)_zsnso (i))xcheat,snso (l)

(
|
{I B,(i) = —(4,() + C,(D)) (Eq. 3.6.429)
L

N . Dpz (D)
CI (l) N Kheat'snso (l) X (Zsnso (i—1)=Zsnso (1)) XCheat,snso ()

For the bottom soil layer (i = Nsoil):

. i Dpz(i—1)
AI(L) B _Kheat'snso (l B 1) % (anso(i_l)_zs[:’iol(i))xcheatsnso (l)
B,(1) = —(A;() + C; (D) (Eq. 3.6.430)
¢, (i) =10.0

For all snow and soil layers, the right-hand side (Rys, [1/s]) of the matrix coefficients for the tri-
diagonal matrix is calculated as:

Eneatdiff (1)
Zsnso ()XCheat,snso (i)
Eneat,aiff (1)
(anso (l) _ZSTlSO (l_l)) XCheat,snso (l')

i=Ilsnot1

Rys(i) = (Eq. 3.6.431)

In,sno +1<is< Nsoil

The A, [1/s], B; [1/s], C; [1/s], and Ry [1/s] are used in the following temperature tri-diagonal

matrix solver in SoilSnowTemperatureSolverMod.F90.
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3. Snow and soil temperature solver (SoilSnowTemperatureSolverMod.F90):
This module is to compute snow and soil layer temperatures using a tri-diagonal matrix solution
dependent on the output from SoilSnowThermalDiffusionMod.F90 above.
Relevant code modules:
Module: SoilSnowTemperatureSolverMod.F90

Subroutines: SoilSnowTemperatureSolver

First, update the matrix coefficients based on model timestep (At, [s]) for snow and soil layers:
{RHs(i) = Rys(i) X At
B,(i) = 1+ B,;(i) x At

Then, these matrix coefficients are input to the tri-diagonal matrix solver in

(Eq. 3.6.432)

MatrixSolverTriDiagonalMod.F90 (see below for details), which updates C,(i).
The snow and soil layer temperature (Ts,s0, [K]) is then updated based on C,(i):
Tsnso (D) = Tsnso (D + C1(D),  Insno +1 <0 < Ngoy (Eq. 3.6.433)

4. Tri-diagonal matrix solver in MatrixSolverTriDiagonalMod.F90:
Relevant code modules:
Module: MatrixSolverTriDiagonalMod.F90

Subroutine: MatrixSolverTriDiagonal

INVERT (SOLVE) THE TRI-DIAGONAL MATRIX PROBLEM SHOWN BELOW:

s BER BER BERE BEE HBH
#(1), c(1), @ , @ , 0 , , 0 ## # # #
#A(2), B(2), c(2), @ , o |, ., 0 ## # # #
#0 , A(3),B(3),Cc3), @ , ..., 0 ## # #D(3) #
#0 , o , A(4), B(4), C(4), , 0 ##P(4) # #D(4) #
#0 , o , @ , A(5), B(5), , @ ##P(5) # #D(5) #
# . . ## #=# #
# . . ## # # #
# . R R #
#0 , ..., 0, AM-2), B(MN-2), C(M-2), @ # #P(M-2)# #D(M-2)#
#0 , . ..,0, 0 ,AM-1), B(M-1), C(M-1)# #P(M-1)# #D(M-1)#
#0 , . ..,0, 0 , 0 , AM , B(M ##PMM # #DM #
# B BEE BEE BEE BRE
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The matrix coefficients (A, B, C, D) are inputs (4;, B;, C;, and Rys) coming from the calculations
above in SoilSnowThermalDiffusionMod.F90 and SoilSnowTemperatureSolverMod.F90. To
solve (invert) the tri-diagonal matrix:

First, initialize equation coefficient:

C(Ngp;) = 0.0 (Eq. 3.6.434)
—C(N¢o
P(Nyop) = B(Sv—ttp”)) (Eq. 3.6.435)

where Niop, (= Iy sno + 1) is the top snow layer.

Then, solve the equation coefficients for the top snow layer:

A(Neop) = Zgizg (Eq. 3.6.436)

Solve the equation coefficients for other snow/soil layers i from I, ¢, + 2 through Ng,;;:

PW) = —CO X [spmamas| (Eq. 3.6.437)
AG) = [D@) — A(D) x A(i — 1)] ¥ [m] (Eq. 3.6.438)
Set P to A for the lowest soil layer:
P(Ngoi1) = A(Nsoy) (Eq. 3.6.439)
Adjust P for snow/soil layers i from I, ¢, + 2 through N, ;;:
ii = Nygyg — i + (Npop — 1) + 1 (Eq. 3.6.440)
P(ii) = P(ii) x P(ii + 1) + A(Ngpy) (Eq. 3.6.441)

Here P is the output variable that is further used to update soil and snow temperature as shown

above.

3.6.18 Surface Temperature Adjustments for Snow Condition

Description:
This part is to adjust surface temperature based on snow conditions for
OptSnowSoilTempTime = 2. For OptSnowSoilTempTime = 1 or 3, the adjustments are done in

the surface energy flux and temperature calculations for vegetated and bare grounds above.

Relevant code modules:
Module: EnergyMainMod.F90
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Subroutines: EnergyMain

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)

1* semi-implicit; flux top boundary condition

full implicit (original Noah); temperature top boundary
condition

same as 1, but snow cover for skin temperature
calculation (generally improves snow)

OptSnowSoilTempTime
2
options for snow/soil temperature

time scheme (only layer 1) 3

Physics:

For OptSnowSoilTempTime = 2, if there is snowpack (hg,,. > 0.05 m) and ground temperature
is above freezing point (Ty giq > Tfr), then the ground temperature for both vegetated and bare

portion of the pixel are reset to the freezing point:

Tyweg = Tfra (Eq. 3.6.442)
Typare = Trrs (Eq. 3.6.443)
If the pixel/grid has non-zero vegetation fraction (f,., > 0), then:
Tggria = fveg X Tgweg + (1 = foeg) X Tg pare (Eq. 3.6.444)
Tsre,gria = fveg X Tvegcan + (1 — foeg) X Ty pare (Eq. 3.6.445)

where Tyegq can [K] is the canopy temperature for the vegetated portion of the pixel/grid.
If the pixel/grid has no vegetation fraction (f,., = 0), then:
Tygria = Tgpare (Eq. 3.6.446)
Tstc,gria = Tgpare (Eq. 3.6.447)

3.6.19 Snow and Soil Water Phase Change

Description:
This part is to compute the phase change (melting/freezing) of snow water and soil water

based on snow and soil layer temperature computed in previous sections.

Relevant code modules:
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Module: SoilSnowWaterPhaseChangeMod.F90

Subroutines: SoilSnowWaterPhaseChange

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptSoilSupercoolWater 1* no iteration (Niu and Yang, 2006)
options for soil supercooled liquid 2 Koren's iteration (Koren et al., 1999)
water

Physics:

1. Compute soil supercooled water for soil point/pixel:
(1) if OptSoilSupercoolWater = 1 (No iteration, Niu and Yang 2006 scheme):
Relevant code modules:

Module: SoilWaterSupercoolNiu06Mod.F90

Subroutines: SoilWaterSupercoolNiu06

When T, > Ty, the frozen soil water matric potential (s, 2, [M]) is firstly computed as:

Trrz—Tsoi
lpsoil,frz = CLH,fus x L2l (EQ. 3.6.448)

9XTsoil
where Cpy £5 [J/kg] is the specific latent heat of fusion and g [m/s?] is the gravity acceleration
(defined in ConstantDefineMod.F90). Tr,., and T,,; are the freezing and soil temperatures,
respectively.

Then, the supercooled soil liquid water content (Wy;q supercoot, [M*/M3]) is computed as:
-1

lpsoi, rz W
Vvliq,supercool = esoil,max X i] P (Eq 3.6.449)

¢soil,sat

where 6541 max [M3/m?3] is the maximum (saturated) soil moisture (set in the NoahmpTable. TBL),
B,y is the soil exponential coefficient depending on soil texture (set in NoahmpTable.TBL), and
Ysoirsae [M] is the matric potential of saturated soil (set in NoahmpTable. TBL).
The amount of supercooled liquid water content (My;q supercoor» [MM]) is computed as:

Myiq supercoot = Wiig,supercoot X Dz,soir X 1000 (Eq. 3.6.450)

where D, ¢,;; [m] is the soil layer thickness.

111



(2) if OptSoilSupercoolWater = 2 (Koren’s iteration, Koren et al. 1999 scheme):
Relevant code modules:
Module: SoilWaterSupercool Koren99Mod.F90

Subroutines: SoilWaterSupercoolKoren99

This scheme uses Newton-type iteration to solve the nonlinear implicit equation given in Koren et
al. (1999). A new version of this scheme has been created to accelerate the Newton iteration by
first taking log of the equation cited above and then using the explicit 1-step solution option for
special case of parameter (C;, = 0, see below), which reduces the original implicit equation to a
simpler explicit form known as “Flerchinger Equation”.
If Tr,; > Tsou > Tpr, — 0.001 (soil temperature not significantly below freezing):

Wiiq supercool = Osoir (Eq. 3.6.451)

where 6,,;; [m3/m?] is the soil moisture.

If Tsoi < Tgr, — 0.001 (soil temperature significantly below freezing):

While €, # 0, the soil ice content (W;¢, 5011, [M3/m®]) is computed as:

VVice,soil = Osoi1 — M/liq,soil (Eq 3.6.452)
where Wy, soi [M¥m?] is the soil liquid water content.
Os0u — 0.02 Wice,soil > O50i — 0.02
M/ice,soil - { 0 M/ice,soil <0 (Eq 3.6.453)

Here Wic. 5011 1S the initial guess to start the iteration.

g X l/)soil,sat

ki =In X (1 + Ck X VVice,soil)2 X <

Bex
Qsoil,max > p] —In [Tfrz - Tsoil]

CLH,fus esoil - VVice,soil Tsoil

(Eq. 3.6.454)
_ Ck Bexp
Dnom B 2 % 1+CkXWice,soil + esoil_Wice,soil (Eq 36455)
ki
Wice,soit,emp = Wice,soit — Drom (Eq. 3.6.456)
B0 — 0.02 74 i > By — 0.02
VVice soiltmn = { soil ice,soil,tmp soil (Eq. 3.6.457)
' AP 0 Wice,soil,tmp <0

Iteration ends when soil ice content converges (i.e., |M/ice,soil,tmp - VVice,soil| < 0.005), and the

supercooled liquid water content will be:
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Wiig,supercoot = soit = Wice,soit,tmp (Eq. 3.6.458)
Otherwise (not converged), the iterations continue:
Wice,soit = Wice,soit,tmp (Eq. 3.6.459)
to start a new iteration and re-do the above calculations and update Wic. soi1,emp-

If more than 10 iterations, the explicit method (Flerchinger Equation, C;, = 0 approximation) will

be used:
it
C us Ts0it—T frz |Bex
E = Hsoil,max X —Iljsan::ath X Tlsm_lf b (Eq 3.6.460)
VVliq,supercool = min(Fy, O501) (EQ. 3.6.461)

The amount of supercooled liquid water content (M supercoor, [MM]) is computed as:
Mliq,supercool = Wliq,supercool X Dz,soil x 1000 (Eq 3-6-462)

where D, 5,; [M] is the soil layer thickness.

2. Determine snow and soil melting/refreezing state:

First, define a phase change indicator (/,,4s¢): 0-none;1-melt;2-refreeze.

(1) If snow/soil layer ice content is larger than 0 and snow/soil layer temperature is higher than
freezing point, then the snow/soil layer ice is melting (Ipqse = 1).

(2) If snow/soil layer liquid water content is greater than supercooled water content (note: snow
supercooled water is zero), and snow/soil layer temperature is lower than freezing point, then ice
is refreezing (Ippgse = 2).

(3) If snow exists (SWE > 0) but its thickness is not enough to create an explicit snow layer
(In,sno = 0, see also snow hydrology section below for details), and the first soil layer temperature

is higher than freezing point, snow is melting (I,p45e = 1).

3. Compute energy surplus and loss for melting and refreezing:
If Iynase > 0 (melting or refreezing active), the energy residual (surplus or 10ss) (Huy phase>

[W/m?]) is computed for each snow/soil layer (i) as:

Tsnso (i)_Tfrz
fphase ®

HM,phase(i) = (Eq. 3.6.463)

where f,pqse IS the phase change factor computed in GroundThermalPropertyMod.F90.

Then, the temperature is set to freezing point:
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Tonso (D) = Trrz (Eq. 3.6.464)

If Iynase()) = 1and Hy prase (i) < 0, then

Hy phrase(d) = 0 (Eq. 3.6.465)
Iyhase() =0 (Eq. 3.6.466)
If Lpase(i) = 2 and Hy ppase () > 0, then

Hy phase(D) =0 (Eq. 3.6.467)
Iyhase (D) =0 (Eq. 3.6.468)

The amount of phase-change water (AW, 4., [kg/m?]) is:
AWppase (i) = HHER DAL (Eq. 3.6.469)

fus

4. Compute rate of melting for snow without explicit layer (need more work):
If snow exists (SWE > 0) but its thickness is not enough to create an explicit snow layer (I, 50 =
0, see also snow hydrology section below for details), and AW, ;4.(1) > 0 (i.e., melting), then:

M/;‘now,new = max(0, Wsnow,old - Athase(l)) (Eq 3.6.470)

WSnOW,neW
hsnow,new = max(0, hsnow,old X SRS (Eq 3.6.471)

W snow,old
where W, [mm] is the snow water equivalent (SWE) amount.

Snow height (hsp,ow, [M]) is limited to allow a reasonable snowpack density (50~500 kg/m?3):

—_ 1 Wsnow,new WSTLOW,neW
Rsnow,new = min(max (hsnow,new' 500 " e ) (Eq. 3.6.472)

Then, the updated energy residual (Hy pnase res: [W/M?]) is:

Wsnow,o _Wsnow,new
HM,phase,res = HM,phase(l) - CLH,fus X ldAt (Eq. 3.6.473)

If Hy phaseres > 0 (still energy left for further melting), then:

H aSB,TESXAt
AWppase(1) = M”é‘w—m (Eq. 3.6.474)
HM.PhaSE(l) = Hyphase,res (EQ. 3.6.475)
Otherwise,
AWppase(1) = 0 (Eq. 3.6.476)
Hy phase(1) =0 (Eq. 3.6.477)

The snow melting rate (Q et sno, [MM/S]) is:
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Wsnow,o _Wsnow,new
Qumett,sno = max(0, “ ) (Eqg. 3.6.478)

The total latent heat energy used for phase change (E,ngse snsor [W/M?]):
Ephase,snso = CLH,fus X Qmelt,sno (Eq 3-6-479)
The melted snow here is assigned to a surface ponding term (Wyonaing, [Mm]) for later hydrology

processes:

Wponding = Wsnow,ota = Wsnow,new (Eq. 3.6.480)

5. Compute rate of melting and freezing for snow (1, ,, < 0) and soil:
For each snow/soil layer, if melting or freezing is active (1,450 (i) > 0 and |HM,phase(i)| > 0):
(1) If AW, p g5 (i) > 0 (melting), then the snow/soil ice amount (Wic, snso. [MM]) is updated as:

VVice,snso,new(i) = maX(Or M/ice,snso,old(i) - Athase(i)) (Eq 3-6-481)
The updated energy residual (Hy phase res: [W/m?]) is:

Wice,snso,old(i)_Wice,snso,new(i) (Eq 3 6 482)

HM,phase,res = HM,phase(i) - CLH,fus X At

(2) If AW, pase (D) < 0 (freezing), then:
For snow layers (i < 0),
Wice snsonew (D) = Min(Wice snso,01a (D) + Wiig snso,01a (D) Wice,snso,01a (1) — AWppase (D))
(Eq. 3.6.483)
For soil layers (i > 0),

If Wice snso01a(D) + Wiig snso,01a (D) < Miig supercoor, then
Wice snsonew (i) = 0 (Eq. 3.6.484)
If Wice snso01a(D) + Wiig snso,01a(D) = Miig supercoor» then:
Wice snsonew (D) = max (0, min(Wjce snso,01a () + Wiig snso01a () — Miig supercoots
Wice,snso,01a (1) — AWppgase (D)) (Eqg. 3.6.485)
The updated energy residual (Hy phase res: [W/m?]) is:

Wice,snso,old (i)_Wice,snso,new (l) (Eq 3 6 486)

HM,phase,res = HM,phase(i) - CLH,fus X At

(3) Then, the snow/soil liquid water amount (Wj;q <nso, [MM]) is updated as:

Vl/liq,snso,new(i) = maX(Or I/Vice,snso,old(i) + VVliq,snso,old(i) - l/Vice,snso,new(i)) (Eq- 3-6-487)
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(4) ifthere is still energy residual remaining (i.e., |HM,phase,res| > 0), then further adjust snow/soil
ice content and temperature (Ts,.5,, [K]) as follows:
Tsnso (1) = Tsnso (D) + fpnase(®) X Huphase,res (Eq. 3.6.488)
For snow layers (i < 0),
If both snow ice and liquid exist (i.e., Wi snsonew (D) X Wice snsomew () > 0), then:
Tenso (D) = Tfy, (Eq. 3.6.489)
If there is no snow ice (i.e., melt out entirely, W; e snsonew (i) = 0), then move the energy residual

to the next layer below:

Tsnso (D) = Tpry (Eq. 3.6.490)
HM,phase(i + 1) = HM,phase(i + 1) + HM,phase,res (Eq 3-6-491)
Hp phase(i+1)XAt

AWppase (i + 1) = (Eq. 3.6.492)

CLH,fus
(5) The accumulated latent heat energy used for phase change (Eppqse snsor [W/M?]) is:

Wice,snso,old (l) _Wicesnso,new (l)

Ephase,snso = Ephase,snso + CLH,fus X At (Eq 3-6-493)

The accumulated snow melting rate (Q et sno, [MM/s]) is (i < 0):

Wice,snso,old (l) _Wice,snso ,new (l)
- ) (Eq. 3.6.494)

Qmett,sno = Qmelt,sno + max (0,

6. Update snow and soil ice and water content:

For snow ice (Wice snow, [MM]) and liquid water content (W;;4 cnow » [MM]):

VVliq,snow(i) = Vl/liq,snso(i) i<0 (EQ. 3.6.495)
M/ice,snow(i) = Wice,snso(i) i<0 (EQ. 3.6.496)
For soil liquid water (Wj;q soi» ([M3/m?3]) and total moisture content (85, , [Mm3/mq]):
. Wiig,snso O] ,
Wiigsou( = Toona—o i>0 (Eq. 3.6.497)
esoil(i) — Wice,snso (i)+Wliq.snso(i) i>0 (Eq 36498)

1000XDzsps0 (1)

3.6.20 Heat Flux from Sprinkler Irrigation Evaporation

Description:
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This part is to update surface sensible heat flux by removing the heat flux lost through

sprinkler irrigation evaporation (only done when irrigation is activated over crop lands).

Relevant code modules:
Module: EnergyMainMod.F90

Subroutines: EnergyMain

Physics:

The total surface sensible heat flux (H ¢, [W/m?]) computed through the energy processes above
will be subtracted by the latent heat loss through sprinkler irrigation evaporation (Hy, jrr sprinkier:
[W/m?]):

Hssfe = Hsspe = Hiirr sprinkier (Eqg. 3.6.499)

3.7 Hydrology

Description:

The Noah-MP main water (hydrology) module calculate all the hydrological processes,
including canopy hydrology, snowpack hydrology, irrigation, soil infiltration, surface and
subsurface runoff, and groundwater. The land water processes do not use the “tile” approach (i.e.,
vegetated and bared subgrid pixel) as the energy component. The grid-mean energy fluxes

computed from the energy component are used to drive the grid water processes in Noah-MP.
Relevant code modules:
Module: WaterMainMod.F90

Subroutines: WaterMain

Physics:
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3.7.1 Canopy Hydrology

Description:
This module is to compute canopy hydrology processes for intercepted rain and snow
water, including canopy liquid water evaporation and dew, and canopy ice water sublimation and

frost.

Relevant code modules:
Module: CanopyHydrologyMod.F90
Subroutines: CanopyHydrology

Physics:

1. Maximum canopy liquid and ice water (same as done in CanopyWaterlInterceptMod.F90):

(1) Maximum liquid water held by canopy (W;iq canmax » [mm]):

Wiiq,can,max = Wiig,canhotacap X (Evar + Esar) (Eq.3.7.1)
where Wiiq can,hotacap [MM] is the canopy holding capacity for liquid water as a Noah-MP table
parameter depending on vegetation type, E; 4; is the effective leaf area index after burying by
snow, and Eg,; is the effective stem area index after burying by snow. Both E; 4; and Egy4; are
computed in the PhenologyMainMod.F90.

(2) Maximum ice/snow held by canopy (Wice canmax » [Mm]):

46.0
VVice,can,max = 6.6 X (0.27 +

) X (Epar + Esar) (Eq. 3.7.2)

Psnowfall

where psnowran [kg/m3 is the bulk snowfall density (computed in AtmosForcingMod.F90).

The Wiig,can,max @ Wice canmax @re used in computing the wet fraction of canopy.

2. Canopy evaporation/sublimation, transpiration, and dew/frost:
If the canopy temperature isabove freezing point (T, > Ty, i.e., FlagFrozenCanopy=.false.), then

liquid water processes is activated:

HI trans
Gcan,transp = Max (0, CL't—p) (Eq. 3.7.3)
LH,evap
HL can,eva
ean,evap = max (0, —g £) (Eq. 3.7.4)
LH,evap
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. H ,can,eva
dcan,aew = abs[min (O, LLTWPP> (Eq. 3.7.5)
dcan,subt = 0.0 (Eq. 3.7.6)
dcan, frost = 0.0 (Eq. 3.7.7)

where QCan,transpy qcan,evap' qcan,dew qcan,subl! and qcan,frost [mm/s] are the canopy

transpiration, evaporation, dew, sublimation, and frost water fluxes. Hy ¢rqnsp and Hp, can evap
[W/m?] are the latent heat fluxes (positive for evaporation and negative for dew; computed in
EnergyMainMod.F90) at the canopy surface. Cpyepap [I/Kg] is the specific latent heat of
evaporation.

If the canopy temperature is below freezing point (T, < Tf,.,; i.e., FlagFrozenCanopy=.true.), then

ice processes is activated:

Qcan,transp = Max(0, %) (Eq. 3.7.8)
dcanevap = 0.0 (Eq. 3.7.9)

9can,dew = 0.0 (Eqg. 3.7.10)

dean,subl = maX(O,%) (Eq. 3.7.11)
can,frost = abs[min (OHZT"W”)] (Eq. 3.7.12)

where Cpy syup [I/Kg] is the specific latent heat of sublimation.

3. Canopy water balance

It is most convenient to allow dew or frost to bring canopy liquid water (W;;q cqn, [Mm]) or ice
(Wice,can, [mm]) above the maximum canopy liquid water or ice holding capacity (which is done
in the current Noah-MP).  Otherwise, the canopy drip (computed in
CanopyWaterInterceptMod.F90) needs to be re-adjusted.

: Wiig,can
Qcan,evap = MIN (QCan,evap' th ) (Eq. 3.7.13)
: Wice,can
dean,subl = MIN(Gean subts At ) (Eq. 3.7.14)
The canopy liquid water and ice content are updated as follows:
I/Vliq,can = max (0.0, (qcan,dew — QCan,evap) X At) (Eq. 3.7.15)
Wice,can = max (0.0, (CICan,frost - qcan,subl) X At) (Eq. 3.7.16)
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If Wiiq can OF Wice can [mm] is less than 1076 [mm], then they are reset to 0.

Note that the canopy intercepted liquid water and ice amount have been added to canopy liquid

water and ice content in CanopyWaterInterceptMod.F90.

4. Canopy wetted fraction (same as done in CanopyWaterInterceptMod.F90):
The canopy wet fraction (Fwet) is re-computed/updated here based on the updated canopy ice or

liquid water content:

max(0.0, Wicecan)

M/ice,can > 00

. -6\ ’
maX(Wtce,can,maxJ 107°)

Fyet mazxf:f;ntifuﬁ_ﬁ) \ Wieeean < 0.0 (Eq. 3.7.17)
Fper = (min(1.0, F,,,.))%%¢7 (Eqg. 3.7.18)
5. Canopy phase change
The total canopy water (Weqp ot » [MM]):
Wean,tot = Wiig,can + Wice can (Eq. 3.7.19)

(1) Canopy ice melting: when canopy ice exists (Wjce can > 107 [mm]) and canopy temperature

is above freezing point (Ty > Tsrz):

. Wicecan CiceXWice,can
Geanmete = MIn(—=, ==, (Ty = Tprg) X 220 0n e (Eq.3.7.20)
VVice,can = max(0.0, Vl/ice,can — Qcanmelt X At) (Eq 3-7-21)
M/liq,can = maX(O-O» Wcan,tot - M/ice,can) (Eq 3-7-22)
Ty = Fyer X Trry + (1 = Fyee) X T, (Eg. 3.7.23)

where gcqn,mer: [MM/S] is the canopy ice melting rate, C;., [J/m?/K] is the specific heat capacity
of ice, pjc. [kg/m?] is the density of ice, and Cpy f,,s [I/kg] is the specific latent heat of fusion.
(2) Canopy liquid water freezing: when canopy liquid water exists (Wy;q can > 107% [mm])) and

canopy temperature is below freezing point (Ty < Tfr):

. Wi ,can CwatXWii ,can
Qcan,frz = mln(lAq—t» (Tfrz - Tv) X m) (Eq 3-7-24)
I/Vliq,can = maX(O-O' I/Vliq,can - QCan,frz X At) (Eq 3-7-25)
VVice,can = maX(0.0, Wcan,tot - VVliq,can) (Eq 3-7-26)
Ty = Fyet X Trrz + (1 = Fyer) X T, (Eq. 3.7.27)
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where qeqn £, [MM/s] is the canopy liquid water freezing rate, C,,q, [JJ/m*K] is the specific heat

capacity of liquid water, and p,, 4+ [kg/m?] is the density of liquid water.

6. Update total canopy water and net evaporation:

The total canopy water (Weqp ot » [MM]):
Wean,tot = Wiig,can + Wice can (Eq. 3.7.28)

The net canopy evaporation (qcqn,evap,net » [MM/S]):

CIcan,evap,net = qcan,evap + qcan,subl - CIcan,dew - qcan,frost (Eq 3-7-29)

3.7.2 Ground (snowpack/soil) Surface Water Fluxes

Description:
This part is to compute the ground (soil/snow) surface sublimation, frost, evaporation, and

dew water fluxes, which will be used in the subsequent snowpack and soil hydrological processes.
Relevant code modules:

Module: WaterMainMod.F90

Subroutines: WaterMain

Physics:

The ground (soil/snow) surface evaporation/sublimation and dew/frost rate are computed using the

energy flux from the energy component:

Qpap = Max(0.0, L% (Eq. 3.7.30)
p CLH,vap
Qcona = abs[min (0-0, M)] (Eq. 3.7.31)
LH,vap
Qnet,grd = Qvap — Qcona (Eq.3.7.32)

where Quap s Qcona » aNd Qpeegra [MM/s] are the vaporization (evaporation/sublimation),
condensation (dew/frost), and net water fluxes at the ground (soil/snow) surface. Hy, 4,4 [W/m?] is

the ground surface latent heat fluxes (positive for vaporization and negative for condensation;
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computed in EnergyMainMod.F90) and Cyy 4y [J/Kg] is the specific latent heat of vaporization
(evaporation/sublimation) at the ground surface (computed in PsychrometricVariableMod.F90).

The snow and soil surface are differentiated based on SWE (W, o, [Mm]):

3 Wsnow
ano,subl = {mln (Qvapf At )' VVsnow >0 (Eq 3.7.33)
0.0, Wenow < 0
Qsoil,evap = Qvap - ano,subl (Eq 3-7-34)

where Qgp o supr [MM/s] is the snowpack surface sublimation rate, and Qo1 evap [MM/S] is the soil

surface evaporation rate.

_ Qcond' VVsnow >0
ano,frost - 0.0, VVsnow <0

Qsoil,dew = Qcond - ano,frost (Eq 3-7-36)

where Qgpo frose [MM/s] is the snowpack surface frost rate, and Qs qew [MM/s] is the soil surface

(Eq. 3.7.35)

dew rate.

3.7.3 Snow Hydrology

Description:

This multi-layer snow module is to compute the evolution of snowpack (up to 3 layers)
properties, including snow ice and liquid water content, snow thickness, and water flux out of
snowpack bottom. The snow hydrological processes include snowfall after canopy interception,
snowpack compaction, snow layer combination, snow layer division, and snow water state
updates. These processesare driven by the energy fluxes and snow temperature changes computed
in EnergyMainMod.F90. The change in snowpack SWE is balanced by the input snowfall and frost
and the output snowmelt and sublimation. Only snowpack with explicit snow layers (snow depth

>= 2.5cm) will go through snow layer compaction, combination, and division processes.
Relevant code modules:

Module: SnowWaterMainMod.F90

Subroutine: SnowWaterMain

Physics:
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Overall snowpack water balance:

AWsnow
Z;o = anow + ano,frost - ano,melt - ano,subl (Eq- 3-7-37)

where Qg0 [MM/s] is the snowfall rate below canopy on the snowpack surface, and Qsyo mert

[mm/s] is the total melting snow water driven by snowpack surface energy balance:

ano,melt = (SW,grd,net + LW,grd,net + Hpr,grd - HL,grd - HS,grd - Gsnonoil)

Ciu fus

(Eq. 3.7.38)
where CLH, fus [J/kg] is the specific latent heat of fusion. Sw.,granet » Lw.granet » Hpr,gra » Hi gra »
and Hg grq [W/m?] are the net shortwave radiation flux, net longwave radiation flux, precipitation
advected heat flux, latent heat flux, and sensible heat flux at the snowpack surface. G250
[W/m?] is the heat flux advected from snowpack to soil at the snow-soil interface. Note that current
Noah-MP solves the snow and soil layer temperature together using a tri-diagonal matrix method,
and hence Ggpp250i 1S NOt explicitly represented in the model code. Current Noah-MP neglects
heat transfer by movement of meltwater within the snowpack.

The Noah-MP code convention for snow layer index is as follows: the snow layer index
for vector/matrix dimension starts from -Nsnowt+1 to 0, where Nsnow IS the maximum number of
snow layers (currently is 3 in Noah-MP). So the snow vector quantities have the column dimension
of -2:0 with -2 for top layer index and O for bottom layer index. The purpose of this negative
indexing of snow vector column dimension is to have a continuous index for combined snow and
soil layers (i.e., soil layer index starts from 1 to 4 for 4-layer soil). There is another snow layer

indicator (I, sn,,) in Noah-MP to identify the actual number of snow layers:

-3, 3 layer snow
-2, 2 layer snow

Insmo = -1, 1 layer snow (Eq. 3.7.39)
0, 0 layer snow

Thus, for loops over multiple snow layers, the index for vector column dimension starts at I, s,,, +
1 (top snow layer) and ends at 0 (bottom snow layer).

Note that for shallow snowpack without explicit snow layers (i.e., snow depth < 2.5 cm;
I sno = 0), the prognostic snow state variables are snow water equivalent (Ws,,,, [mm]) and

snow depth (hgnow, [M]). For snowpack with explicit snow layers (i.e., snow depth >= 2.5 cm;
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Insno < 0), the prognostic snow state variables are snow layer liquid water and ice content
(Wice,sno (i) and Wy;g o0 (i), i =0~2, is the snow layer index) and snow layer thickness (D gy, (1),

i =0~2, is the snow layer index), while W, and hg,,,, are diagnostic variables derived from

m/iCE,STlO and VVliq,sno and DZSTLSO'

3.7.3.1 Snowfall Below Canopy

Description:
This module is to update snow water equivalent (W;,,w, [MmM]) and snow depth (hg,ow,

[m]) due to snowfall below canopy computed from CanopyWaterInterceptMod.F90.

Relevant code modules:
Module: SnowfallBelowCanopyMod.F90
Subroutines: Snowfall AfterCanopylntercept

Physics:

1. For shallow (snow depth < 2.5cm) snow without explicit snow layers (i.e., I, s, = 0),
henow = Rsnow + Ahgnow X At (Eq. 3.7.40)
Wenow = Wenow + Qsnow X At (Eqg. 3.7.41)
where hgy, ., [M] is the snow depth, and W;,,,,, [MmM] is the snow water equivalent. Q,,,,, [MM/s]
is the snowfall rate below canopy on the ground, and Ahg,,,, [mm/s] is the snow depth increasing
rate due to snowfall. Q.. and Ahg,,,, are computed in CanopyWaterInterceptMod.F90.

If after snowfall, snow depth is larger than 2.5 cm, then creating a new layer:

Iysno = —1 (Eq. 3.7.42)
D;5ns0(0) = hspnow (Eq. 3.7.43)
hsnow = 0.0 (Eq. 3.7.44)
Tsnso(0) = min(273.16, Ty,) (Eq. 3.7.45)
Wice,sno(0) = Wenow (Eq. 3.7.46)
Wiig,sn0(0) = 0.0 (Eq. 3.7.47)
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Here hg,ow 1S reset to O because hg,,,, becomes a diagnostic state variable for snowpack with
explicit snow layers and will be updated based on D, later. Note that all new snowfall is added

to the top snow as snow ice content.

2. For snowpack with explicit snow layers (I, sp0 < 0, i.€., Snow depth >=2.5cm):
Dzsnso(ln,sno + 1) = Dzsnso(ln,sno + 1) + Ahsnow X At (EQ- 3-7-48)
[/ViCE,STLO(ITL,STLO + 1) = VVice,sno (ITL,STLO + 1) + QS‘I’lOW X At (Eq 3749)
Note that I;, s, + 1 is the snow layer index for top snow and all new snowfall is added to the top

Snow as snow ice content.

3.7.3.2 Snowpack Compaction

Description:
This module is to update snow layer thickness via compaction due to destructive
metamorphism, overburden, & melt. This module is only active for snowpack with explicit snow

layers (snow depth >= 2.5 cm; I, s, < 0). The parameterizations are based on Anderson (1976).
Relevant code modules:

Module: SnowpackCompactionMod.F90

Subroutine: SnowpackCompaction

Physics:

The snow compaction process is only activated for snow layer ice content > 0.1 mm and void

fraction (V4 sno) > 0.001 for each snow layer (i):

Wice,sno(® LWliqd,sno @®

Void,sno(i) =10- Pice Lot (Eg. 3.7.50)

DZSTLSO (l)

where p,,q+ and p;.. [kg/m?] are the density of liquid water and ice, respectively.

1. Snow compaction due to destructive metamorphism/aging:

The snow layer compaction rate (Dpz 4, [1/]) due to destructive metamorphism (“dm”):
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Dpzam = —Cam1 X e [=Cam2xmax(0,T rr;=Tsnso (1))] (Eq. 3.7.51)
where i (=-2~0) is the snow layer index, Cyp,; [1/s] and Cgpo [1/K] are the compaction
parameters due to destructive metamorphism, which are set in the NoahmpTable. TBL.

An upper limit (D max, [kg/m3]) of snow density for destructive metamorphism compaction is
also set in NoahmpTable. TBL. If the partial snow ice density is larger than this upper limit, the

compaction rate is updated as follows:

|f Wice,sno (l)

>D , then
Dzsnso (1) M max

Wi i
[_0-046X(M_DM,max)]

Dpzam = Dpz,am X Dzsnso (D (Eq. 3.7.52)
The liquid water effect is also accounted for:
If Wuq,sno(i) > 0.01 X D,¢,5,(i) , then
Dpz.am = Dpz,am X Cam3 (Eq. 3.7.53)

Cam,3 1S @ compaction parameter due to destructive metamorphism set in the NoahmpTable. TBL.

2. Snow compaction due to overburden:
The snow layer compaction rate (Dpz pq, [1/5]) due to overburden (“bd”):

Wice,sno @

—0.08X% 0,T -T i))—CpqX -
[ max (0,7 gz =Tsnso (D)=Cpgq Dzsmso (D

Dpzpa = ~Wapy + 0.5 X Weo (1)) X = - (Eq. 3.7.54)
Wano (1) = I/I/L'ce,sno(i) + Wiig,sno (@) (Eq. 3.7.55)
Wapy = Z;‘(:top Wsno (k) (Eg. 3.7.56)

where W, [mm] is the total snow burden for snow layers above the current layer, and W, (i)
[mm] is the snow burden of the current layer. C,; [Mm3kg] is a compaction parameter due to
overburden set in the NoahmpTable.TBL. 1, [kg s/m?] is the snow viscosity coefficient at the
freezing point set in the NoahmpTable. TBL optimized by He et al. (2021).

3. Snow compaction due to melt:

If snowpack is undergoing melting, the snow layer compaction rate (Dpz e, [1/5]) due to melt:

(Fice,old(i) —Fice®)
max(o'max(lo_6,Fice_old(i))

DDZ,melt = - At (Eq. 3.7.57)

Wice,sno (l)
Wice,sno (i)+Wliq,sno (l)

Fice (D) = (Eq. 3.7.58)
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Where F.. 514 and F;., are the snowpack ice fraction for each snow layer from last and current

timestep.

4. Change of snow layer thickness due to compaction:

The total fractional change (AFp sn0; [1/s]) of snow layer thickness

AFpz sno = max(—0.5, (Dpzam + Dpzpa + Dpzmeir) X At) (Eq. 3.7.59)
Update snow layer thickness:
Dzsnso(i) = Dzsnso (l) X (1 + AFDZ,sno) (Eq 3-7-60)

Wice,sno (l) + Wliq,sno (l))

ice Pwat

Dsns0 () = max(Dyepg0 (D), (Eq. 3.7.61)

where i (=-2~0) is the snow layer index.

Further limit snow layer thickness to allow a reasonable snowpack density (50~500 kg/m3):

Wice,sno (i)"'Wliq,sno (1)) Wice,sno (i)"'Wliq,sno (l)
)

— — ) (Eg.3.7.62)

Dzsnso(i) = min (max (Dzsnso(i)'

3.7.3.3 Snow Layer Combination

Description:

This module is to compute snowpack layer combination processes to update snow ice,
snow liquid water, snow thickness, and snow temperature. Currently, the minimum thicknesses for
each snow layer from the top to the bottom layers are 2.5 cm, 2.5 cm, and 10 cm, respectively. The
layer combination will be based on this minimum layer thickness threshold. This module is only

active for snowpack with explicit snow layers (Indg,,, < 0).

Relevant code modules:
Module: SnowLayerCombineMod.F90
Subroutine: SnowLayerCombine
Module: SnowLayerWaterComboMod.F90

Subroutine: SnowLayerWaterCombo

Physics:
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1. Combine snow layers with very low snow ice content (W;, sn, < 0.1 mm):
(2) if not the bottom snow layer, the current snow layer (indexed as i) is combined with the layer

below (indexed as i+1):

Wice,sno(l + 1) = Wice sno(i + 1) + Wice 5no (D) (Eq. 3.7.63)
Wiigsno (i + 1) = Wiig sno (i + 1) + Wijg 5no (D) (Eq. 3.7.64)
Dzsnso(i +1) = D;snso (i+1)+ Dzsnso(i) (Eq. 3.7.65)

(2) if the bottom snow layer (i = 0),
For 3-layer or 2-layer snowpack (I, sno < —1), the bottom snow layer (indexed as i=0) is

combined with the layer above (indexed as i-1):

M/ice,sno(_l) = ]/Vice,sno D+ M/ice,sno(o) (Eq. 3.7.66)
VVliq,Sno -1 = Vl/liq,sno(_l) + Wliq,sno(o) (Eq 3767)
Dzsnso(_l) = Dzsnso(_l) + Dysnso (0) (Eg. 3.7.68)

For 1-layer snowpack (I, s, = —1), because of the very low snow ice content, the 1-layer
snowpack gets set to 0-layer snow (i.e., no explicit snow layer).
If Wice sno(0) is larger than O (snow survives earlier sublimation), snow liquid water is assumed

to be ponded on soil surface due to reset to no explicit snow layer:

Wponding,l = Wliq,sno(o) (Eq. 3.7.69)
Wsnow = Wice,sno (0) (Eq. 3.7.70)
hsnow = Dzsnso(0) (Eq. 3.7.71)

If snow ice content is smaller than O (snow ice over-sublimated earlier), all snow liquid water and

ice are assumed to be ponded on soil surface:

Wponding,l = Wliq,sno(o) + M/ice,sno(o) (Eq.3.7.72)
Wsnow =0 (Eq. 3.7.73)
henow =0 (Eqg. 3.7.74)

If Wyonaing,1 <0 (all snow is over-sublimated), the remaining over-sublimated water will be taken

out of top soil layer ice:

Woponding,
Wice,s0it(1) = Wice,sou(1) + Wd)i;oo (Eq. 3.7.75)

Wponding,l =0 (Eq. 3.7.76)
Then, for 1-layer snowpack with very low snow ice (no matter Wi, s,,(0) > 0 or not), the

following bottom snow state variables are reset to O due to the reset to no explicit snow layer:
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Wice,sno(0) =0 (Eq. 3.7.77)

Wiig,sno(0) = 0 (Eq. 3.7.78)

Dns0(0) = 0 (Eq. 3.7.79)

(3) For 3-layer and 2-layer snowpack, all snow quantities for non-bottom layers are shifted down

by one layer due to the layer combination above:

Wice,sno(D) = Wice sno(i — 1) (Eq. 3.7.80)
Wiig,sno (D) = Wiig sno(i — 1) (Eq.3.7.81)
Dysnso(D) = Dysnso(i — 1) (Eq. 3.7.82)
Tsnso (D) = Tgnso(i — 1) (Eq. 3.7.83)

where the current snow layer is indexed as i and the layer above is indexed as i-1.
The snow layer number indicator (I, s,,,) is also updated whenever two snow layers are combined:

Insno = Insno + 1 (Eq. 3.7.84)

2. Conserving water for over-sublimated snow:
Because the over-sublimated snow water is taken out of the soil ice above, when soil ice becomes
lower than zero (Wi s0i:(1) < 0; soil ice is also not sufficient for sublimation), then the remaining
water is further taken out of top layer soil liquid water:
Wiig.s0i(1) = Wiig soir(1) + Wice 50 (1) (Eg. 3.7.85)
Wice,so1(1) = 0 (Eq. 3.7.86)

3. Update snow quantities after combination of layers with very low snow ice above:
If no explicit snow layer exists (1, s,,=0) after combination above, then no further processes will
be done at this point.

If there is still explicit snow layer(s) (I, sn,<0), then
WS‘nOW = Z?=In‘5no+1(vvice,sno (l) + VVliq,sno(i)) (Eq 3787)
hSTlOW = Zg:ln,sno‘*'l Dzsnso (l) (Eq 3788)

If Agpow < 2.5 cm (minimum thickness for top snow layer) and I, ,,,<0, then the snowpack is reset

to no explicit layer and all snow liquid water is assumed to be ponded on soil surface:
Wenow = i1, oro+1 Wice,sno (D) (Eq. 3.7.89)

Wponding,2 = Z?:In_sn0+1 Wiig,sno (D) (Eqg. 3.7.90)
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Iysno = 0 (Eq. 3.7.91)

4. Combine layers for multi-layer snowpack based on minimum layer thickness:

As mentioned above, the minimum snow layer thicknesses (D, s, min) from the top to the bottom
layers are 2.5 cm, 2.5 cm, and 10 cm, respectively. For multi-layer snowpack, if a certain snow
layer thickness is less than this minimum threshold, it will be combined with the layer below,
except for the bottom layer which will be combined with the layer above. For middle snow layers,
if the combined thickness of the current middle layer and the layer above is smaller than the
combined thickness of the current middle layer and the layer below, then the middle layer will be
combined with the layer above.

The specific combination process for the thickness, snow ice, snow water, and snow
temperature of two neighboring layers is done in SnowLayerWaterComboMod.F90. To combine
layer thickness, snow ice, and snow water, it is simply the sum of those in the two neighboring
layers. To combine snow temperature, Noah-MP conserves the enthalpy of the snow ice and water
in the two neighboring layers before and after combination. Thus, the combined snow temperature
is an average weighted by the enthalpy of each layer.

After layer combination, all snow quantities for non-bottom layers are shifted down by one

layer:
Wice,sno() = Wice sno(i — 1) (Eq. 3.7.92)
Wiig,sno (D) = Wiig sno(i — 1) (Eq. 3.7.93)
Dysnso(D) = Dygnso(i — 1) (Eq. 3.7.94)
Tsnso (1) = Tenso (i — 1) (Eq. 3.7.95)

where the current snow layer is indexed as i and the layer above is indexed as i-1.
The snow layer number indicator (I, s,,) is further updated whenever two snow layers are
combined:

Insno = Insno + 1 (Eq. 3.7.96)
If after combination, I, ¢, >= -1 (i.€., no more than one-layer snow), then no further combination

process will be done.

3.7.3.4 Snow Layer Division
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Description:

This module is to compute snowpack layer division process to update snow ice, snow liquid
water, snow thickness, and snow temperature. Currently, the maximum thickness for each snow
layer from the top to the bottom layers are 5 cm, 20 cm, and no limit, respectively. The layer
division will be based on this maximum layer thickness threshold. This module is only active for

snowpack with explicit snow layers (1, s, < 0).

Relevant code modules:
Module: SnowLayerDivideMod.F90
Subroutine: SnowLayerDivide
Module: SnowLayerWaterComboMod.F90

Subroutine: SnowLayerWaterCombo
Physics:
1. For 1-layer snowpack (I, s, = —1):

If the snow layer thickness is larger than 5 cm, then the layer is divided equally into two identical

layers (i.e., snowpack becomes 2 layers):

In,sno = -2 (Eq. 3.7.97)

Dzsnso(o) = DZ%O(O) (Eq. 3.7.98)
Wicesno (0)

VVice,sno (0) = - 5 (Eg. 3.7.99)
Wiig,sno (0)

Wiig,eno(0) = =22 (Eq. 3.7.100)

Dzsnso(_l) = Dzsnso(o) (Eq. 3.7.101)

M/ice,sno(_l) = VVice,sno (0) (Eq. 3.7.102)

Wiig,sno(—1) = Wiig 5no(0) (Eq. 3.7.103)

Tsnso (-1 = Tsnso (0) (Eq. 3.7.104)

After this division, snowpack becomes 2 layers and hence will continue to go through the 2 -layer

snowpack division process (if meet certain threshold) as described in the following subsection.

2. For 2-layer snowpacK (I, spo = —2):
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If the top layer thickness is larger than 5 cm, then the top layer is divided in a way that the top

layer is 5 cm and the remaining is merged with the layer below:
D sno,remain = Dzsnso(_l) —0.05

I/Vice,sno,remain = VViC@,STLO (_1) X

[/Vliq,sno,remain = Wliq,sno(_l) X

Tsnso,remain = lsnso -1

D,snso(—1) = 0.05

M/ice,sno(_l) = M/ice,sno (=1) x

Wiig,sno(—1) = Wiig sno(—1) X

Dz,sno,remain
Dzsnso (_1)

Dz,sno,remain
Dzsnso (_1)

0.05
Dzsnso (_1)
0.05
Dzsnso(=1)

(Eq.
(Eq.

3.7.105)

3.7.106)

(Eq. 3.7.107)

(Eq.
(Eq.
(Eq.

(Eq.

3.7.108)
3.7.109)

3.7.110)

3.7.111)

Thena the remaining part (i-e-’ Dz,sno,remain: VVice,sno,remain’ l/Vliq,sno,remaina Tsnso,remain) after

top layer division will be further combined with the layer below (i.e., bottom layer for 2-layer

snowpack) based on the combination process in SnowLayerWaterComboMod.F90. If after this

combination, the bottom layer thickness is larger than 20 cm, then the bottom layer is further

divided equally into two layers (i.e., snowpack becomes 3 layers) and the original top layer index

is shifted up one layer (i.e., -1 index becomes -2 due to adding a third layer at the bottom):

Dzsnso(—=2) = Dysnso(—1)
Wice,sno(—2) = Wice sno(—1)
Wiig.sno(—2) = Wiig sno(—1)
Tsnso(—2) = Tsnso(—1)
The division of the original bottom layer:

In,sno =-3

ﬂ — Tsnso (=1)—Tsnso (0)

dzsno B %(Dzsnso (=1)+Dz5ns50(0))
Dzsnso (0)
Dysns0(0) = 5

Wice,sno (0)
2

Wi ,SNo (0)
Wiig sno(0) = 1002

Dzsnso(_l) = Dzsnso(o)
I/VL'ce,sno(_l) = M/ice,sno (0)

I/Vice,sno(o) =

(Eq.
(Eq.
(Eq.
(Eq.

(Eq.
(Eq.
(Eq.
(Eq.
(Eq.

(Eq.
(Eq.

3.7.112)
3.7.113)
3.7.114)

3.7.115)

3.7.116)
3.7.117)
3.7.118)
3.7.119)

3.7.120)

3.7.121)
3.7.122)
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Wiig,sno (-1 = Vl/liq,sno(o) (Eq. 3.7.123)

The snow temperature is divided to keep the same temperature layer gradient (% ):
S

no
Tonso(0) = Tynso (1) = 22200 T (Eq. 3.7.124)

If Tgns0(0) = Ty, , then
Tonso(0) = Tongo(—=1) (Eq. 3.7.125)

If Tnso(0) < Tpyp , then
Tonso(—1) = Tepgo (1) + Z2meelT0 5 4T (Eq. 3.7.126)

2 dano
After this division, snowpack becomes 3 layers and hence will continue to go through the 3-layer

snowpack division process (if certain thresholds are met) as described in the following subsection.

3. For 3-layer snowpack (I, sno = —3):

If the top layer thickness is larger than 5 cm, then the top layer will be divided in the same way as
described in the 2-layer snowpack division process above.

If the middle snow layer thickness is larger than 20 cm, then the middle layer will be divided in a
way that the middle layer is 20 cm and the remaining is merged with the layer below (i.e., bottom

layer):

Dy sno,remain = Dzsnso(—1) — 0.2 (Eq. 3.7.127)
Wicesnoremain = Wice,sno(—1) X ~22erematn (Eq. 3.7.128)
Wiiq,snoremain = Wiig,sno(—1) X % (Eq. 3.7.129)
Tsnsoremain = Tsnso(—1) (Eq. 3.7.130)
Dysnso(—1) = 0.2 (Eq. 3.7.131)
Wice,sno(—1) = Wige sno(—1) X % (Eq. 3.7.132)
Wiigsno(—1) = Wiig sno(—1) X ﬁ (Eq. 3.7.133)

Then’ the remaining part (i-e-! Dz,sno,remainf I/Vice,sno,remain’ l/Vliq,sno,rematin! Tsnso,remain) after
the middle layer division will be further combined with the layer below (i.e., the bottom layer)
based on the combination process in SnowLayerWaterComboMod.F90.

Note that there is no maximum thickness threshold for the bottom snow layer in Noah-MP.
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3.7.3.5 Snowpack Hydrological Process

Description:
This module is to update snow ice and liquid water content and snow height based on
snowpack water balance (sublimation, frost, melting) and to compute water fluxes within and out

of snowpack.

Relevant code modules:
Module: SnowpackHydrologyMod.F90
Subroutine: SnowpackHydrology
Module: SnowLayerCombineMod.F90

Subroutine: SnowLayerCombine

Physics:

1. If no snow exists anymore (W, = 0) after snow layer combination process (e.g., due to
earlier over-sublimation):
The snow surface frost flux (Qsno frosc, [MM/s]) and sublimation flux (Qsno supi. [MM/s])

computed from the subsection “Ground surface water flux” above are then applied to soil ice:

(ano, T0S _ano,su )XAt
Wice,s0it(1) = Wice,sou(1) + szsn:o(l)xloobol (EQ. 3.7.134)

If Wice,s0u(1) < 0 (soil ice isalso not sufficient for sublimation), then the remaining water is taken
out of top layer soil liquid water to conserve water:

Wiig.soit(1) = Wiig soir(1) + Wice s0u(1) (Eg. 3.7.135)

Wice,s0i1(1) =0 (Eq. 3.7.136)

2. For shallow snow without an explicit snow layer (I, s, = 0 and W,,,, > 0):
VVsnow,new = Wsnow,old + (ano,frost - ano,subl) x At (Eq 3-7-137)

hnow = Max(0.0, gy gy, X ~2newy (Eq. 3.7.138)

Wsnow,old

The snow depth is further constrained to a reasonable snowpack density (50~500 kg/m?3):

3 WSnOW,neW WSnOW,neW
hsnow = min(max (h'S‘nOWI =00 ), =0 ) (Eq. 3.7.139)
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The snow surface sublimation may be larger than existing snow mass (i.e., Ws,ownew < 0). Inthis
case, to conserve water, excessive sublimation is used to reduce soil water. Smaller time steps

would tend to avoid this problem.

WSTLOW,neW
VVice,soil(l) = Wice,soil(l) + m (Eq 3.7.140)
Wsnow,new = 0 (Eq. 3.7.141)
hsnow = 0 (Eq. 3.7.142)

If Wice,s01(1) < 0 (soil ice isalso not sufficient for sublimation), then the remaining water is taken
out of top layer soil liquid water to conserve water:

Wiig,s0it(1) = Wiiga soit(1) + Wice 50u(1) (Eg. 3.7.143)

Wice,s0i1(1) =0 (Eq. 3.7.144)

3. For deep snow with explicit snow layers (I, s, < 0):
(1) The surface frost and sublimation are applied to the top snow layer:

Wice,snoUnsno + 1) = Wice sno(nsno + 1) + (Qsno,frost = @sno,sup) X At (Eq. 3.7.145)
If Wice sno(Insno +1) <107 (i.e., top snow layer becomes very shallow or even over-
sublimated), then the snow layer combination process (SnowLayerCombineMod.F90) is called
again to merge the top snow layer with the layer below.
Then, if I, ¢, < 0, the rain on snowpack is added to top layer snow liquid water content:

Wiig,sno(Insno + 1) = max (0, Wiig,sno(Insno + 1) + Qrain X At) (Eq. 3.7.146)

where Q,.4i, [MmM/s] is the below-canopy rain rate computed in CanopyWaterInterceptMod.F90.

(2) Compute snow porosity (used in interlayer meltwater movement process):

. : Wice,sno (i
Viee (1) = min(1.0, - cemeD (Eq. 3.7.147)
Peff,sno(i) =1 — Ve (D) (Eq. 3.7.148)

where i is the snow layer index, V., is the ice partial volume, and P,¢f sn, is the snow effective
porosity.

(3) Compute interlayer snow water movement:

The liquid water in each snow layer is computed based on the input water (Qin, [Mm]) and

snowpack liquid water holding capacity (Wj;q cap,sno. @ Parameter in NoahmpTable. TBL):

[/Vliq,sno (l) = Vl/liq,sno (l) + Qin(i) (Eq 3.7.149)
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V. () _ Wliq,sno(i)
lig\t) = D (D
Zsnso Pwat

Qoue (V) = max(0.0, Viq () — Wiig cap,sno X Pesf,sno()) X Dasnso (i) (Eq. 3.7.151)
where i is the snow layer index, V;;, is the liquid water partial volume, and Q,,,; [mm] is the water

(Eq. 3.7.150)

flux out of the snow layer.

For bottom snow layer (i=0):

Qout(o) = [maX ((Vliq (0) - Peff,sno (O)) X Dzsnso(o)' Fret,sno X At X Qout(o))] X Pwat

(Eqg. 3.7.152)
where Fy.q. sno [1/9] is the snowpack water release timescale factor set in NoahmpTable. TBL.
VVlid,sno (l) = Vl/liq,sno(i) - Qout(i) (Eq 37153)

Wliq,sno )

For snow liquid water fraction ( : .
LWiig,sno D+Wice,sno ()

) exceeding the maximum allowed snowpack

liquid mass fraction (f}iq,sno,max, Parameter in NoahmpTable. TBL), the water excess will be added
10 Qout:

. . . fi ,Sno,max .
Qout(l) = Qout(l) + (M/liq,sno (l) — ——dmomax X l/Vice,sno (l)) (Eq- 3-7-154)

(1 _fliq,sno,max)

. fu ,Sno,max .
VVliq,sno (l) = (1_lfl:iq snomax) X Wice,sno(l) (Eq 37155)
Qin(i +1) = Qye (D (Eq. 3.7.156)
This total water flux (Qsnopos, [MM/s]) out of snowpack bottom is:
Qsnobot = Qoz—tt(o) (Eq. 3.7.157)

which includes both snowmelt and rain through snowpack.

(4) Constrain snow layer thickness with snow density:

Wice,sno (l) + Wliq,sno (l))

ice Pwat

Dsns0(1) = max(Dsnso (1), (Eq. 3.7.158)

3.7.3.6 Update Snowpack Diagnostic Properties

Description:
This part is to update some key snowpack quantities after all the snowpack processes,

including snow thickness and SWE.
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Relevant code modules:
Module: ShowWaterMainMod.F90

Subroutine: SnowWaterMain

Physics:

1. For non-melt-out snow region (“glacier” region):
Some regions have non-seasonal snow (i.e., snow never melts out entirely in summer), thus for
those “glacier” regions, Noah-MP sets a maximum SWE (W;,,,w. currently 5000 mm) and adds

any excess water to glacier water flow (Qspo, g1, [MM/s]). S0 if Wy, > 5000 mm, then:

Wice,sno(o)
Psnobulk = 5 4 (Eq. 3.7.159)
Qsnogta = Wsnow — 5000 (Eg. 3.7.160)
VVice,sno(O) = Wice,sno (0) — Usno,gla (Eq. 3.7.161)

QSnO, a
D;5ns50(0) = D550 (0) — ﬁ (Eq. 3.7.162)
QSnO, a

Qsnogla = A—tgl (Eq. 3.7.163)

where psno puik [K9/M?] is the bulk snow density for the bottom snow layer. The Qg 410 Will be

further added to the subsurface runoff for these regions later.

2. Update SWE and snow depth:
The total Weyoy [Mmm] is a sum of W¢, no and Wiq sno [Mm] across all snow layers for snowpack

with explicit layers (I, spo < 0).

The Z,,,5, () [m] (depth of snow and soil layer bottom) is also updated based on D, (i):

ZSTlSO(i) = ZSTLSO (l - 1) + DZSTlSO(i) (Eq 37164)
The snow depth for snow with explicit layers (ind,,, < 0) is updated based on DZg,,, (i):
hsno = ?=In,5n0+1 Dzsnso (D) (Eq. 3.7.165)

3.7.4 Frozen Soil Treatment and Total Water Flux into Soil

Description:
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This part is to adjust soil ice and liquid water content for frozen soil and compute the total

water influx to soil surface after snowpack processes above.
Relevant code modules:

Module: WaterMainMod.F90

Subroutines: WaterMain

Physics:

1. Frozen soil treatment:

If T, < T, (i.e., frozen ground), then update soil surface ice content based on sublimation and

frost rate:
(Qsoit,dew—Qsoil,evap) XAt
VVice,soil(l) = I/Vice,soil(l) + gsnso (1);1003 (Eg. 3.7.166)
Qsoit,dew = 0 (Eq. 3.7.167)
Qsoitevap = 0 (Eq. 3.7.168)

where Qoit,gew aNd Qsoirevap [MM/s] are soil surface dew and evaporation rates computed in
Section 3.4.2. Due to frozen soil, evaporation is in the form of sublimation instead, and dew is in
the form of frost.
If soil ice is over-sublimated (W, 50i:(1) < 0), then the over-sublimated water is taken out of soil
surface liquid water:
Wiig,soit(1) = Wiig s0i(1) + Wice 501 (1) (Eq. 3.7.169)
Wices01(1) = 0 (Eq. 3.7.170)

2. Compute total water flux into soil column from top:

The total water influx (Q, soi, [M/S]) into soil column from top includes snowmelt, surface

ponding, rain through snowpack, and surface dew:

Qin,soil = W”””di”g+Wp°”z;'“g'1+wp°”di”9'2 X 0.001 (Eq. 3.7.171)

where Wyonaing Wponaing,1,» ahd Wyonaing2 [Mm] are surface ponding computed from different

snow water processes above.
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For non-snow case or snow without explicit layers (I, s, = 0):

Qinsoit = Qin,soit + (@snovot + Csoit.dew + Qrain) X 0.001 (Eq.3.7.172)
where Qq,0b0t [MM/s] is the water outflow from snowpack bottom, and Q,.,;,, [mMM/s] is the rain
rate below canopy.

For snowpack with explicit layers (I, s, < 0):

Qin,soit = Qin,soit + (@snobot + Csoit,dew) X 0.001 (Eq.3.7.173)
Note that Q,,, IS not included for snowpack with explicit layers here, because it is already
included in Qq;,050: When computing snow hydrology process (SnowpackHydrologyMod.F90).
The soil surface evaporation water will be accounted for later when solving soil water process
(SoilwaterMainMod.F90), but it is converted from mm/s to m/s here since the water flux input for

soil water processes is m/s:

Qsoit.evap = Qsoit,evap X 0-001 (Eq. 3.7.174)

If running Noah-MP with WRF-Hydro, then the surface water head (H,,qtsfc, [Mm]) from the
WRF-Hydro model is also accounted for:

Qunsoit = Qunsoit + —2° x 0.001 (Eq. 3.7.175)

If flood irrigation and/or micro-irrigation is activated, then the Q;, s,;; and/or surface soil water

content (Wj;q s0i (1)) Will be further updated to include irrigation water influx. Please see below

for irrigation processes.

3.7.5 Soil Water Loss due to Plant Transpiration

Description:
This part is to compute the soil water loss rate due to plant transpiration computed from

the canopy hydrology process.
Relevant code modules:
Module: WaterMainMod.F90

Subroutines: WaterMain

Physics:
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The soil water 10ss (Qsi1, transp: [M/S]) due to plant transpiration is computed as:

Qsoil,transp(i) = Qcan,transp X Fsoil,transp(i) % 0.001 (Eq 3-7-176)
where i is the soil layer index from 1 (top) to the maximum root layer, and Qcqn,transp [MM/S] is
the total plant transpiration computed in CanopyHydrologyMod.F90. Fgy; transp (=0~1) is the soil

transpiration factor computed in SoilWaterTranspirationMod.F90.

3.7.6 Dynamic Irrigation Schemes

Description:

The new dynamic irrigation scheme is developed to represent the main irrigation methods,
and irrigation water management in different countries, including the United States
(Valayamkunnath, 2019; Valayamkunnath et al., 2020; Valayamkunnath et al., 2021). The four
main irrigation questions addressed with our new dynamic irrigation scheme are:

1) Where to irrigate?

2) When to irrigate?

3) What amount of water to irrigate? and
4) How to irrigate?

The dynamic irrigation scheme uses a 250-m resolution Moderate Resolution Imaging
Spectroradiometer (MODIS) Irrigated Agriculture Dataset for the United States (MIrAD-US)
(Pervez and Brown, 2010) to prescribe the irrigated croplands within the Noah-MP dynamic
irrigation scheme. The MIrAD-US is available for 2002, 2007, 2012, and 2017 at 250-m and 1-km
spatial resolutions. The dynamic irrigation scheme uses 30-arc seconds global irrigated area data
from Meier et al. (2018) for the global Noah-MP experiments. This data covers the period from
1999 to 2012. The Noah-MP dynamic irrigation scheme will irrigate all the irrigated croplands if

the irrigated area fraction in a model grid is greater than or equal to user-defined threshold.
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Figure 12. Global irrigated croplands. Both MIrAD-US and Meier et al. (2018) are re-gridded

onto a 0.0833-degree resolution grid for a better data visualization.

Relevant code modules:
Module: IrrigationPrepareMod.F90
Subroutines: IrrigationPrepare
Module: IrrigationTriggerMod.F90
Subroutines: IrrigationTrigger
Submodule: IrrigationSprinklerMod.F90
Subroutines: IrrigationSprinkler
Submodule: IrrigationFloodMod.F90
Subroutines: IrrigationFlood
Submodule: IrrigationMicroMod.F90
Subroutines: IrrigationMicro
Submodule: IrrigationInfilPhilipMod.F90

Subroutines: IrrigationiInfilPhilip

Relevant Noah-MP namelist options:
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Noah-MP Physics Option Notes (* indicates the default option)
0* No irrigation
Optlrrigation 1 Irrigation ON
’ irrigation trigger based on crop season Planting and
options for irrigation harvesting dates
3 irrigation trigger based on LeafArealndex threshold
OptlrrigationMethod 0* method based on geo_em fractions
1 sprinkler method
options for irrigation method, only 2 micro/drip irrigation
works when Optlrrigation > 0 3 surface flooding

Physics:

In the dynamic irrigation scheme, the irrigation water is estimated based on the soil moisture
conditions. The scheme will trigger when the rootzone soil moisture falls below some threshold
soil moisture level. Once the irrigation is triggered, it estimates the amount of water to be irrigated
to bring back the soil moisture to field capacity. Irrigation water estimation by the dynamic

irrigation scheme is summarized as follows.

. Bavai
Iy = {firr X freg X BOumit — Oavaitavie);  if (Qlimitl) < Myp (Eq. 3.7.177)
0 ; otherwise
N oo
Hlimit = Zi=Rl t[esoil,ref - esoil,wp] X AZ (Eq 3'7'178)
N oo
Ouvair = ;00 t[esoil _ gsoil‘wp] x A7 (Eq. 3.7.179)

where I, [mm] is the total irrigation water, f;,.,- and foeg are the irrigated area fraction and
vegetation fraction in a Noah-MP grid, respectively, Ogyqi1, Osoirwp: Osoirrer [MM3] are the
volumetric soil moisture content at porosity, wilting point, and field capacity, respectively, for
each soil layer, AZ [m] is the thickness of each soil layer, Ng,,¢ is the lowest soil layer with crop
root, and M, is the management allowed deficit set in NoahmpTable. TBL

Once the total irrigation water is estimated, the dynamic irrigation scheme supplies the
water using three different irrigation methods: sprinkler, drip, and flood irrigation. The irrigation

scheme uses these methods fractions to estimate the irrigation water applied by each method:

IW,sprinkler = fsprinkler X Ly (Eq. 3.7.180)
Iy micro = fmicro X Iw (Eq. 3.7.181)

1
IW,flood = fflood X Iy % (E) (Eq. 3.7.182)
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where Iy sprinkier [MM] is sprinkler irrigation water, Iy jicro [MM] is micro irrigation water, and
Iy f100a [Mm] is flood irrigation water. To account for the runoff loss of flood irrigation water, we

incorporated a water loss term, e. After the irrigation water is estimated for individual methods,
the dynamic irrigation scheme will apply water on the top of the first soil layer based on user-
specified application rates for flooding and micro irrigations. The sprinkler irrigation water is
treated as “precipitation” process. However, we constraint the application rates based on the
Natural Resources Conservation Service (NRCS) - United States Department of Agriculture
(USDA) irrigation design criteria (Mockus, 1964). The NRCS irrigation scheduling criteria used

in the dynamic irrigation scheme are provided below.

Rsprinkler; if Rsprinkler < If
Qsprinkler - {If : lf If < Rsprinkler (Eq 37183)
RmiC?"O; if Rmic‘ro S 0-5 X If
Qmicro - {0.5 X If : if 0.5 X If < Rmicro (Eq 3.7.184)
Qflooa = If X« (Eq. 3.7.185)

where @ [mm/s] stands for irrigation application rate estimated by different irrigation schemes, I
[mm/s] is the infiltration rate estimated using Philip infiltration equation (Valiantzas, 2010), R
[mm/s] represents the irrigation application rate specified by the user, and « is the flood irrigation
application rate factor (specified in NoahmpTable.TBL). The « is greater than or equal to 1.0.
Additionally, in the dynamic irrigation scheme, we calculate the evaporative loss from
sprinkler droplets (Esprinkier» [MM/s]) using the Bavi et al. (2009) formulation:
Esprinkier = (0.04375 x e%100XU x (e, — €,)7%092 X T, "%1%%) X Qsprinkier  (EQ. 3.7.186)
where u [m/s] is the wind speed, eg [Pa] is the saturation vapor pressure, e, [Pa] is the surface

vapor pressure, and Tz, [K] is the surface temperature.

3.7.7 Lake Surface Treatment

Description:

This part is to treat water and runoff fluxes for lake pixels.

Relevant code modules:
Module: WaterMainMod.F90
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Subroutines: WaterMain

Physics:

For lake land type pixel, the surface runoff (R s iake, [Mm/s]) is computed based on a maximum

lake water storage (Wgke max, [MM]) as set in NoahmpTable. TBL (currently 5000 mm):

0.0, VVlake < l/Vlake max
R = { ' Eq. 3.7.187
sfelake Qin,soil x 1000, Wiake 2 Wlake,max ( | )
Wiake = Wiake + (Qin,soil - Qsoil,evap) X 1000 x At — Rsfc,lake X At (Eq.3.7.188)

where W, [mm] is the lake water storage, Q;, so;; [M/9] is the total water influx to the soil/lake

surface, and Qg1 evap [M/S] is the soil/lake surface evaporation rate.

3.7.8 Soil Hydrology

Description:

This module is to update soil moisture and compute all soil water processes, including
surface runoff, infiltration, soil water diffusion, subsurface runoff, tile drainage, and groundwater.
Note that Noah-MP allows the use of a different (longer) soil process timestep than the main model

timestep. By default, the soil timestep is the same as the main model timestep.
Relevant code modules:
Module: SoilwaterMainMod.F90

Subroutine: SoilWaterMain

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
1 TOPMODEL with groundwater
2 TOPMODEL with an equilibrium water table

OptRunoffSurface 3* Schaake’s surface and subsurface runoff (free drainage)
4 BATS surface and subsurface runoff (free drainage)
options for surface runoff 5 Miguez-Macho&Fan groundwater scheme
6 Variable Infiltration Capacity (VIC) surface runoff scheme
7 Xinanjiang Infiltration and surface runoff scheme
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8 Dynamic VIC surface runoff scheme
1 TOPMODEL with groundwater
OptRunoffSubsurface 2 TOPMODEL with an equilibrium water table
3* Schaake’s surface and subsurface runoff (free drainage)

options for subsurface runoff 4 BATS surface and subsurface runoff (free drainage)
currently tested & recommended 5 Miguez-Macho&Fan groundwater subsurface runoff
the same option# as surface 6 Variable Infiltration Capacity (VIC) subsurface runoff
7
8

runoff XinAnJiang Infiltration and subsurface runoff
Dynamic VIC subsurface runoff
OptTileDrainage 0* No tile drainage
1 simple scheme

options for tile drainage
currently only tested & calibrated 2 Hooghoudt's scheme
to work with surface runoff opt=3

Physics:

Soil water saturation excess and frozen soil treatment:

eff,pores [m3/m3]) is:

eeff,pore = maX(10_4' esoil,max - Vl/ice,soil) (Eq 3-7-189)

For each soil layer, the effective porosity (8

where O, max [M¥M?3] is the maximum (saturated) soil moisture set in the NoahmpTable. TBL
and Wic, soi [M3/m?] is the soil ice content.

The accumulation of the soil water saturation excess (8 excess: [M]) due to too large water out
of snowpack bottom is:

Osoitexcess = Sicy (Max(0, Wiig 5o (D) = Oeppore (1)) X Dyenso@)  (Eq. 3.7.190)
where Wj;q o [M*/m3] is the soil liquid water content, Ny, is the number of soil layers, and
D,¢nso [M] is the soil layer thickness.

The soil liquid water content for each soil layer is:
Wiig,soit = Min(Ocsrporer Wiig,soir) (Eg. 3.7.191)

Then, the impermeable fraction (fi,,s01) due to frozen soil for each soil layer is:

max(0.0, e(_Ax(l_fice,soil))_e(_A))

fimp,soit = (1.0—eCA) (Eq. 3.7.192)
: Wice,soi
fice,soi = min(1.0, Tmai) (Eq. 3.7.193)

where A (= 4.0) is a hard-coded soil impermeability parameter, and f;.. . IS the soil ice fraction.
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The maximum soil ice content ( Wice soimax » [M¥M3]), maximum impermeable fraction
(fimp,soilmax ), and minimum soil liquid water content (Wi;g soimin, [M*M3]) are computed

iteratively looping over all soil layers as:

Wice,soit;max = Wice,soitr if Wice,soit > Wice,soitmax (Eqg.3.7.194)
Wiig soitmin = Wiig,soivr if Wiigsoit < Wiig,soit,min (Eg. 3.7.195)
fimp,soimax = fimp,soivr Uf fimpsout > fimp,soit,max (Eq. 3.7.196)
If over urban pixels, then the first soil layer impermeable fraction is set to:
fimp,soi(1) = 0.95 (Eq. 3.7.197)

All the above quantities will be used in the following surface and subsurface runoff calculations.

3.7.8.1 Surface Runoff and Infiltration

Description:
This part is to compute surface runoff and surface infiltration rates based on different

physics options.

Relevant code modules:
Module: RunoffSurfaceTopModelGrdMod.F90
Subroutine: RunoffSurfaceTopModelGrd
Module: RunoffSurfaceTopModelEquiMod.F90
Subroutine: RunoffSurfaceTopModelEqui
Module: RunoffSurfaceFreeDrainMod.F90
Subroutine: RunoffSurfaceFreeDrain
Module: RunoffSurfaceBatsMod.F90
Subroutine: RunoffSurfaceBATS
Module: RunoffSurfaceTopModelMmfMod.F90
Subroutine: RunoffSurfaceTopModelMMF
Module: RunoffSurfaceVicMod.F90
Subroutine: RunoffSurfaceVIC
Module: RunoffSurfaceXinAnJiangMod.F90
Subroutine: RunoffSurfaceXinAnJiang
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Module: RunoffSurfaceDynamicVicMod.F90

Subroutine: RunoffSurfaceDynamicVic

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)

1 TOPMODEL with groundwater

2 TOPMODEL with an equilibrium water table

3* Schaake’s surface and subsurface runoff (free drainage)

4 BATS surface and subsurface runoff (free drainage)

5 Miguez-Macho&Fan groundwater scheme

6 Variable Infiltration Capacity (VIC) surface runoff scheme
7

8

OptRunoffSurface

options for surface runoff

XinAnJiang Infiltration and surface runoff scheme
Dynamic VIC surface runoff scheme

Physics:

1. OptRunoffSurface = 1 (RunoffSurfaceTopModelGrdMod.F90):
The TOPMODEL with groundwater scheme (Niu et al., 2007) is used to compute to compute
surface runoff and surface infiltration rates. The surface runoff (R, [m/s]) and infiltration rate
(Qinfitsfer [M/s]) are computed when the total water input flux (Q;y soi, [M/S]) into the top soil
surface is greater than zero as follows:
Rsre = Qinsoir X [(1 = fimp,soi(1)) X fsatsoir + fimp,soir (1] (Eq. 3.7.198)
Qinfit,sfc = Qinsoit — Rspe (Eg. 3.7.199)
where Qi s0i IS COMputed in the above processes (rain, snowpack, and irrigation), fimp, sei () 1S
the i soil layer impermeable fraction, and f;4 505 iS the soil saturated fraction of the area

calculated as:

fsat,soil = fsat,soil,max X @7 0-5%FrsdecayXdwe (Eq. 3.7.200)
Bex (1)
Frrdecay = g (Eq. 3.7.201)

where Fyf gecqy [1/m] is the runoff decay factor, B, is the soil B parameter (set in
NoahmpTable.TBL), d,,; [m] isthe water table depth (positive), and f;4¢ soirmax 1S the maximum
saturated fraction of soil surface (=0.38 set in NoahmpTable.TBL). Particularly, the d,,, for

OptRunoffSurface = 1 is computed using the Niu et al. (2007) groundwater scheme

(GroundWaterTopModelMod.F90). Please see the subsurface runoff part below for details.
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2. OptRunoffSurface = 2 (RunoffSurfaceTopModelEquiMod.F90):
The TOPMODEL with equilibrium water table scheme (Niu et al., 2005) is used to compute to
compute surface runoff and surface infiltration rates, which is similar to OptRunoffSurface = 1
due to the use of TOPMODEL surface runoff formulation. The surface runoff (R, [m/s]) and
infiltration rate (Qini,s e, [M/s]) are computed when the total water input flux (Q;p, soi, [M/s])
into the top soil surface is greater than zero as follows:
Rsfe = Qunsoir X [(1 = fimp,sou(1)) X fsatsou + fimp,soi(1)] (Eq.3.7.202)
Qinfitsfc = Qinsoit — Rsge (Eq.3.7.203)
where Q;p 504 IS cOMputed in the above processes (rain, snowpack, and irrigation), fimp, sei(Z) is
the i soil layer impermeable fraction, and fsu¢ 505 IS the soil saturated fraction of the area
calculated as:
fsatsoir = featsoitmax X €S FridecayXdut (Eq. 3.7.204)
where Fy.f gecqy [1/M] is the runoff decay factor (=2.0 for OptRunoffSurface = 2), d,,, [m] is the
water table depth (positive), and f;4¢ soiimax 1S the maximum saturated fraction of soil surface
(=0.38 set in NoahmpTable. TBL). Particularly, the d,,; for OptRunoffSurface = 2 is computed
using equilibrium water table scheme (WaterTableEquilibriumMod.F90). Please see the

subsurface runoff part below for details.

3. OptRunoffSurface = 3 (RunoffSurfaceFreeDrainMod.F90):
This is the Schaake’s free drainage scheme used to compute surface runoff and surface infiltration
rates.
Relevant code modules:
Module: SoilHydraulicPropertyMod.F90
Subroutine: SoilDiffusivityConductivityOpt2

If the water input on soil surface is greater than zero (Q;, so;; > 0), the infiltration calculation is

activated. First, the soil model timestep (Atg;, [S]) is converted to the ratio of a day (Atfrqc):

Atfrac = m (Eq 37205)
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The difference (85oi;m-wp, [M¥M?]) between saturated soil moisture (Ospi;mayx, [M*M?]) and
permanent wilting point soil moisture (841 wire, [M¥MA]) is:
Osoim-wp = Osoitmax — Osouwite (Eq. 3.7.206)
where B4 max and Bgoi wire are parameters set in NoahmpTable. TBL.
For the first (top) soil layer,
Wicesoit,a = —Zsoit(1) X Wice s0u(1) (Eq. 3.7.207)
~ Wig,s0i(1) + Wice,50i1 (1) = Osoiwire (1)

Hsoil,m—wp

Wsoil,d,max(l) = (_Zsoil(l) X esoil,m—wp) x (1

(Eq. 3.7.208)
where Wi, soia [M] is the accumulated soil ice content in the unit of depth, Wssi; g max [M] is the
maximum holdable soil water content in the unit of depth, W 5o [M*/mM3] and Wi;q soi [M3M3]
are the soil ice and liquid water content, respectively.

For the 2" through last (bottom) soil layers:
Wice soit,d = Wice,soit,a + Z?;Z”[(Zsou(i = 1) = Zsou (D)) X Wice sou(] (Eg. 3.7.209)

(Wliq,soiz(i)+Wziq,soiz(i)—QSoiz,wilt(i))

gsoil,m—wp

Wsoil,d,max(i) = [(Zsoil(i - 1) - Zsoil(i)) X esoil,m—wp] X |1-

(Eq. 3.7.210)
Nsoi :
Wsoil,max,tot = Zi:l : Wsoil,d,max(l) (Eq 3-7-211)
where Z,,; [m] is the depth (negative) of each soil layer bottom.
Then, the maximum soil infiltration rate (Qs, i max, [M/9]) is:
. < _e_KthAtfrac
P P M:;jll‘nzax'wt (1(1 _KthAth;c)
xtWsoil,max,tot*(1—¢€
Qinfil,max = At (Eqg. 3.7.212)
P, = max(0, Q;y 5o X At) (Eq. 3.7.213)

where K,; is the coefficient for computing maximum soil infiltration rate and P, [m] is the total
soil surface input water.
The impermeable fraction (fp s0i) due to frozen soil is expressed as:

1.0, if VVice,soil,d < 0.01

fimp,soit = CfiFf] (Eq. 3.7.214)
1—T X el Wicesoita l, if VVice,soil,d >0.01

esoil,max 0.412
gsoil,ref 0.468

FfTZ = Ffrz,g X (Eq 37215)
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(CfrZXFfrz)(Cf”_j)
Wice soil,d

C -1
frz
1><1_[k—]+1

T=1+%""" (Eg. 3.7.216)

where Cg,., is the frozen soil factor (=3, hard-coded currently), Fy,, 4 is the ground frozen factor
(set in NoahmpTable.TBL), and B4, [M¥m?] is the soil moisture field capacity (set in

NoahmpTable.TBL).

The maximum soil infiltration rate is further corrected for frozen soil as follows:

Qinfil,max = Qinfil,max X fimp,soil (Eq. 3.7.217)
Qinfil,max = maX(Qinfil,maxrKsoil,cond) (Eq 3-7-218)
Qinfil,max = min(Qinfil,max; Px/At) (Eq 3-7-219)

where  Kgoiicona [M/S] is  the soil  hydraulic  conductivity — computed in
SoilDiffusivityConductivityOpt2 subroutine in SoilHydraulicPropertyMod.F90 module (see
subsection “Soil hydraulic properties” for details).

Finally, the surface runoff (R, [m/s]) and surface infiltration rate (Qi, ri,s e, [M/s]) are:
Rsfc = max (0, Qin,soit — Qinfil,max) (Eq. 3.7.220)
anfll sfc — Qm soil — Rsfc (Eq- 3-7-221)

4. OptRunoffSurface = 4 (RunoffSurfaceBatsMod.F90):
This is the BATS free drainage scheme used to compute surface runoff and surface infiltration
rates. Most formulations in this scheme are similar to those in OptRunoffSurface=1, except a

different parameterization for the soil saturated fraction of the area (f;4¢50i1)-
If the water input on the soil surface is greater than zero (Qi, oy > 0), the surface runoff (R,

[m/s]) and infiltration rate (Qgfi1,s e, [M/S]) are computed as follows:

sfc Qm soil X [(1 flmp sotl(l)) X fsatsozl + flmp 5011(1)] (Eq 3-7-222)

anfll sfc — Qm soil — Rsfc (Eq- 3-7-223)
Zévzsfil(gg,soiil(i)(i)XDzsnso 3))

fsat,soi = [max(0.01, N (Eq. 3.7.224)

10 Do ()
Note that if the total soil column depth is greater than 2 m, this scheme only computes the f;4; s0ir

for the top 2-m soil layers.
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5. OptRunoffSurface = 5 (RunoffSurfaceTopModelMmfMod.F90):
The TOPMODEL with MMF groundwater scheme (Fan et al., 2007; Miguez-Macho et al. 2007)
is used to compute to compute surface runoff and surface infiltration rates, with similar
formulations to OptRunoffSurface = 1 due to the use of the TOPMODEL surface runoff
formulation. The surface runoff (R, [m/s]) and infiltration rate (Q;fi;,src, [M/S]) are computed
when the total water input flux (Q;, soi, [M/s]) into the top soil surface is greater than zero as
follows:
Rsre = Qunsoir X [(1 = fump,soit(1)) X fsatsou + fimp,soir(1)] (Eq. 3.7.225)
Qinfit,sfc = Qinsoit — Rspe (Eq. 3.7.226)
where Q;p 504 IS COMputed in the above processes (rain, snowpack, and irrigation), fimp, sei(f) is
the i soil layer impermeable fraction, and f;4 505 iS the soil saturated fraction of the area

calculated as:

fsat,soil = fsat,soil,max X e_0'5XFTf'decayXmax(o'(_z_th)) (Eq 3.7.227)

where Fy.¢ gecqy [1/M] is the runoff decay factor (=6.0 for OptRunoffSurface = 5), d,,. [m] is the
water table depth (negative), and fs.¢ soizmax 1S the maximum saturated fraction of soil surface
(=0.38 set in NoahmpTable. TBL). Particularly, the d,,; for OptRunoffSurface = 5 is computed
using the MMF  groundwater  scheme  (ShallowWaterTableMmfMod.F90  and
GroundWaterMmfMod.F90). Please see the subsurface runoff part and groundwater part below

for details.

6. OptRunoffSurface = 6 (RunoffSurfaceVicMod.F90):

This is the Variable Infiltration Capacity (VIC) Model surface runoff scheme (Wood et al., 1992,
JGR). The implementation into Noah-MP is done by McDaniel et al. (2020). This part computes
saturated area, surface infiltration, and surface runoff based on the VIC model runoff scheme
(Wood et al., 1992; Liang et al., 1994). This scheme calculates saturation excess surface runoff.

Fraction of saturated soil in a grid (A) is calculated as

A=1- (1 ~ (2 )b) (Eq. 3.7.228)

Wmax

The maximum infiltration capacity (i,,4,) Within the gridcell is calculated as:
imax = (1 + b) X Wyan (Eq. 3.7.229)

Infiltration capacity i over a gridcell is given by
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i = ipge X (1= (1 —A)YD) (Eq. 3.7.230)
If the effective rainfall on the land surface (P,) is greater than zero, then the surface runoff (R;)
estimated by VIC runoff scheme is given as below:

If i+ P> gy

Ry= P, — Wy + W (Eqg. 3.7.231)
elseifi+ P, < imax
i+ p 1(1+Db)
Ry = Po = Wingx + W + Wiy x [1 = | (Eg. 3.7.232)
elseif i,,,, = 0 (impervious):
R, = P, (Eg. 3.7.233)

where b is a curve shape parameter, W [mm] is the current tension water storage in surface soil
layers (layers 1 and 2), and W,,,,,, [mm] is the maximum tension water storage in surface soil layers

(layers 1 and 2).

7. OptRunoffSurface = 7 (RunoffSurfaceXinAnJiangMod.F90):

This is the XinAnJiang infiltration and surface runoff scheme (Jayawardena and Zhou, 2000). The

implementation into Noah-MP is done by McDaniel et al. (2020). This uses a variable contributing

area to estimate surface runoff (saturation excess runoff). The version of Xinanjiang implemented

here uses a double parabolic curve to simulate tension water capacities within the gridcell

(Jayawardena and Zhou, 2000).

Fraction of precipitation (P;, [mm]) that does not fall on impervious area A;,, is calculated as,
P=(1-A4;) XP (Eq. 3.7.234)

where P [mm] is the total precipitation on the grid.

Surface runoff generated from impervious area (R;,,,, [mm]) is given by

Surface runoff (Rg, [mm]) from permeable soil is estimated as
Ey
R, =R X (1 -(1-) ) (Eg. 3.7.236)
b
P, X [(0.5 — )b x () ] , if——<05-a
R= max max (Eq. 3.7.237)

b
P; x [1 — 0.5+ a)t™? x (1 - ) ], Otherwise

max
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where W [mm] is the current tension water storage in surface soil layers (layers 1 and 2). R [mm]
uses a double parabolic curve to determine the fraction of gridcell area that is at full tension storage
and thus can contribute to runoff generation. This curve relies on shape parameters a and b, and
maximum tension water storage W,,,,, [mm] in surface soil layers (layers 1 and 2). S [mm] is the
current storage of free water in surface soil layers (layers 1 and 2), refilled by runoff R from filled
tension water areas, and drained by surface runoff R; [mm] (see Knoben et al, 2019). Surface
runoff generated depends on a parabolic equation to simulate variable contributing areas of the
catchment, requiring maximum free water storage S,,,, (mm) and shape parameter E,.
Total surface runoff (R, [mm]) is calculated as

Rr = Ry + Ry, (Eq. 3.7.238)

8. OptRunoffSurface = 8 (RunoffSurfaceDynamicVicMod.F90):

This is the Dynamic VIC surface runoff scheme (Liang and Xie, 2001). The
implementation into Noah-MP is done by McDaniel et al. (2020). This scheme computes saturated
area, surface infiltration, and surface runoff based on the VIC model runoff scheme (Liang and
Xie, 2003). This version of the VIC scheme dynamically calculates surface runoff based on

saturation excess for the saturated area fraction (A;) and infiltration excess for the (1-A;) fraction.

Relevant code modules:
Module: SoilWaterInfilPhilipMod.F90
Subroutine: SoilWaterInfilPhilip
Module: SoilWaterInfilGreenAmptMod.F90
Subroutine: SoilWaterInfilGreenAmpt
Module: SoilWaterInfilSmithParlangeMod.F90
Subroutine: SoilWaterInfilSmithParlange
Module: RunoffSurfaceExcessDynamicVicMod.F90

Subroutine: RunoffSatExcessDynamicVic, RunoffinfilExcessDynamicVic

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptDynViclnfiltration 1* Philip infiltration scheme
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2 Green-Ampt infiltration scheme

options for infiltration in dynamic VIC

runoff scheme (i.e., only work with 3 Smith-Parlange infiltration scheme
OptRunoffSurface = 8)

The saturation excess runoff (R,,.) in the surface runoff parameterization is computed over area
Ag. The magnitude of Ry, can be expressed as a function of vertical depth y, which is the

difference between precipitation and infiltration excess runoff over a time step At for a model grid.

; . \b+1 bt

Rse(y) = el [(1 -2 -(-%2) ] 0=y<tm=l (g4 37239)
Rse) ly=i,—iy + ¥ — (i — io) v in—lp <y <P

where i,,, and i, are the maximum point soil moisture capacity and the point soil moisture capacity

corresponding to the initial soil moisture, respectively. b is the soil moisture capacity shape

parameter, and P is the amount of precipitation over a time step At.

For the (1-A;) fraction, the magnitude of infiltration excess runoff R;, is determined as,

P — Ryy(y) = f X At X [1— (1 —M)b“], PRse) 4

fm XAt fm XAt (Eq. 3.7.240)

P—Rse(y)
P — Ry (y) — frum X At ,le

R (y) =

where f,..,, is the average potential infiltration rate over the area of (1-A;), which can be expressed

as,

J—. % (Eq. 3.7.241)

" 1+b

where f,,, is the maximum potential infiltration rate, which is a function of soil moisture at each
time step and, thus, should vary with time.
With the Dynamic VIC scheme, Noah-MP uses three infiltration measurement methods. Users can

select one method using namelist option ‘OptDynViclnfiltration’.

Case OptDynViclnfiltration =1 (Philip’s Method): If Philip infiltration equation is used, the

spatially averaged point infiltration function is calculated as
fom (£) = 2 X £7°5 1+ K, (Eq. 3.7.242)
where S, and K, are the two parameters and can be estimated based on initial soil moisture and

soil properties (Bras, 1990).
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Case OptDynViclnfiltration =2 (Green-Ampt Method):
fnm () = Kgqr + [(

where K,,; is the saturated hydraulic conductivity, f. is the cumulative infiltration, Ky is the K ;

GXAOXAZ

) X (Ksar = Ko)| (Eq. 3.7.243)

c

at soil moisture content 6. G is a parameter set in the NoahmpTable. TBL.

Case OptDynViclInfiltration =3 (Smith-Parlange Method):

From (O = Kogp + —Ksat—Ko) (Eq. 3.7.244)

yx10~5
e(m) 1
where y is equal to 0.82. In the above equations, infiltration rate is estimated based on the first soil
layer of Noah-MP.

3.7.8.2 Soil Hydraulic Properties

Description:
This part is to compute soil hydraulic conductivity and water diffusivity based on two

schemes with different treatments for frozen soil permeability.
Relevant code modules:
Module: SoilHydraulicPropertyMod.F90

Subroutine: SoilDiffusivityConductivityOptl, SoilDiffusivityConductivityOpt2

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptSoilPermeabilityFrozen 1* Linear effects, more permeable (Niu and Yang, 2006, JHM)
options for frozen soil 2 Nonlinear effects, less permeable (old)
permeability
Physics:

1. OptSoilPermeabilityFrozen = 1 (Linear effects, more permeable):
This scheme (SoilDiffusivityConductivityOptl subroutine) is based on Niu and Yang (2006,
JHM).
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The soil water diffusivity (Ag,;, [M?/s]) is expressed as:

Bexp+2

esoi
Asoil = (1 - fimp,soil) X Asat X maX(O-Ol:—Z) (Eq- 3-7-245)

soil,max

where A4, [M?/s] is the saturated soil water diffusivity (set in NoahmpTable. TBL), finp,sou iS the
soil layer impermeable fraction, B,,,, is the soil exponential coefficient depending on soil texture

(set in NoahmpTable. TBL), 85, [M*/m3] and 6544 max [M3/m?] are the actual and saturated soil
moisture, respectively.
The soil hydraulic conductivity (Kjyq s0i, [M/S]) is expressed as:

2XBexp+3

esoi
Khyd,soil = (1 - fimp,soil) X Khyd,sat X maX(0.0l, 9—1) (Eq 3-7-246)

soilmax

where K4 sq¢ [M/S] is the saturated soil hydraulic conductivity (setin NoahmpTable. TBL),

2. OptSoilPermeabilityFrozen = 2 (Nonlinear effects, less permeable):
This scheme is computed in SoilDiffusivityConductivityOpt2 subroutine.
The soil water diffusivity (Ag,;;, [Mm?/s]) is expressed as:

]Bexp‘l'z

Asoit = Asar X [maX(O.Ol,M)

esoil,max

(Eq. 3.7.247)

If soil ice content is greater than zero (Ices,; > 0), the soil water diffusivity

1 Hsoil Bexp 2
Asou = 3| X |Asqe X |max | 0.01, —— +
1+ (500 X I/I/L'ce,soil) soilmax
1 _( 0.05 O \\]57 2
1- 3| X |Asqe X |min { ——, max | 0.01, ———
1+ (500 X M/ice,soil) Hsoil,max Hsoil,max
(Eq. 3.7.248)

where A4, [M?/s] is the saturated soil water diffusivity (set in NoahmpTable. TBL), finp,sou iS the
soil layer impermeable fraction, B,,,, is the soil exponential coefficient depending on soil texture

(set in NoahmpTable.TBL), 85, [M*/m3] and 654 max [M3/m?] are the actual and saturated soil
moisture, respectively.

The soil hydraulic conductivity (Kyyq soi1, [M/S]) is expressed as:
2XBexp+3

esoi
Khyd,soil = Khyd,sat X [max(0.01, 9—1) (Eq. 3.7.249)

soil,max

where K4 sq¢ [M/5] is the saturated soil hydraulic conductivity (setin NoahmpTable. TBL),
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3.7.8.3 Soil Water Diffusion and Drainage

Description:

This part is to iteratively solve soil water diffusion and drainage processes.

Relevant code modules:
Module: SoilwWaterDiffusionRichardsMod.F90
Subroutine: SoilWaterDiffusionRichards
Module: SoilMoistureSolverMod.F90

Subroutine: SoilMoistureSolver

Physics:

1. Noah-MP determines iteration times (N;.,) to solve soil water diffusion and moisture at a

finer timestep:

Atgipe = 21 (Eq. 3.7.250)

The initial number of iterations (Nj:.,) is set to 3 (hard-coded currently). If the total surface
infiltration water amount (Q;p i1 src X Atser) 1S greater than the maximum holdable soil water for
the first (top) soil layer (O5oimax(1) X Dzsnso (1)), then the Ny, is doubled to achieve a higher

accuracy for the soil water solver.

2. Solve soil water diffusion at a finer timestep (Atfipe):

Within each iteration, the following calculations are done to solve and update soil moisture and
soil bottom drainage flux:

(1) If the water input on soil surface is greater than zero (Q;;, so; > 0) and OptRunoffSurface = 3,
6, 7, or 8, then Noah-MP re-calculates the corresponding surface runoff (Rs.) and infiltration
(Qinfisfc) at a finer timestep for these runoff options in every iteration and then computes an

average surface runoff and infiltration rate for the N;;,,. iterations. The other surface runoff option
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schemes (OptRunoffSurface =1, 2, 4, and 5) do not need to be re-calculated because the infiltration

and surface runoff formulation in those schemes are not dependent on timestep.

(2) Calculate the time tendency term of the Richards soil water diffusion equation in
SoilWaterDiffusionRichardsMod.F90:

First, the soil hydraulic conductivity (Kpya soi, [M/s]) and diffusivity (A0, [M?/s]) are computed
based on OptSoilPermeabilityFrozen (see “Soil Hydraulic Properties” above for details), which
are then used in the following soil water diffusion equation calculations. If the MMF groundwater
scheme is used (OptRunoffSubsurface=5), a new variable (81,7, [M3/m?]) for the soil moisture
between soil bottom and the water table is also calculated as follows:

OTowT in OptSoilPermeabilityFrozen = 1
Wiig,soit (Nsoit)
Bs0i1(Nsoit)

where 7oy [M3/m?3] is the input soil moisture between soil bottom and the water table

(Eq. 3.7.251)

OrowT in OptSoilPermeabilityFrozen = 2

Orowr = {
computed from last Noah-MP model timestep.
Then, the excess water flux in the diffusion equations (Qse;; qirr, [M/s]) is computed as:

Qsoiv,airr (V)

lsoil(i) X Ge(l) + Khyd,soil (l) - Qinfil,sfc + Qsoil,transp(i) + Qsoil,evap i=1
= Asoil(i) X GG (l) + Khyd,soil (l) - Asoil(i - 1) X Ge(i - 1) - Khyd,soil (i - 1) + Qsoil,transp (l) 1<i< Nsoil
_/Isoil(i - 1) X GH (l - 1) - Khyd,soil(i - 1) + Qsoil,transp (l) + Qsoil,drain i = Nsoil
(Eq. 3.7.252)

Where A5,; [m?/s] is the soil water diffusivity, Ky, 50 [M/s] is the soil hydraulic conductivity,
Qinfit,src [M/s] is the soil surface infiltration rate, Qs transp [M/S] is the soil water loss due plant
transpiration, Qseievap [M/S] is the soil surface evaporation rate, Qsoiyarain [M/S] is the soil

bottom free drainage rate, and Gy [1/m] is the soil moisture gradient between two neighboring

layers and defined as:
05(1)—05(i+1)

2><—z-(i+1) i=1
Go (D) = B4 (D—5u(i+1) | (Eq. 3.7.253)
2 X Zsoi(i=1)—Zspy (i+1) I<i< NSOil
~_ (Osou(D OptSoilPermeabilityFrozen = 1
05(0) = {Wliq‘soil(i) OptSoilPermeabilityFrozen = 2 (Eq.3.7.254)
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where Z,,;; [m] is the depth (negative) of each soil layer bottom and 6,,; [m%*m?] is the total soil

moisture for each layer. W;, o [M*/m3] is the soil liquid water content for each layer.

Based on the subsurface runoff scheme (OptRunoffSubsurface), Qi1 arain 1S calculated as:

0 OptRunoffSubsurface = 1, 2
Sarain X Knya,soit(Nsoir) OptRunoffSubsurface = 3,6,7,8

(
I

Qsoitdrain = 4' (1 = funp.soitmax) X Knya,soit(Nsour) ~ OptRunoffSubsurface = 4
\ Zsoit (Nsoi) X Gg(Nsoir) + Knya soit OptRunoffSubsurface = 5.

(Eg. 3.7.255)

Where fimp soit,max 1S the maximum soil impermeability fraction throughout the soil column,

Sarain 18 the soil drainage slope index (0~1, set in NoahmpTable.TBL) and Gg(N,,;) for

OptRunoffSubsurface = 5 is computed as:

_ es(Nsoil)_gs,bot
GG(NSOU) N 2 X ZX(Zsoil(Nsoil_1)_Zsoil(Nsoil)) (Eq 37256)

where 6; o, [M¥m?] is the soil bottom moisture.
For shallow water table depth (d,: = 2 X Zspii(Ngoir) — Zs0it(Nsoiz — 1) ; note that d,,; is
negative for OptRunoffSubsurface = 5):
Osbot = Orowr (Eq. 3.7.257)
For deep water table depth (d,,: < 2 X Zg0i1(Nsoit) — Zsoi1t(Nsoir — 1)), linear interpolation from
the water table depth to the middle of auxiliary layer below the soil bottom:
2 X (Zsoit(Nsoit = 1) = Zs0i1 (Nsoi1))
(Zsoit(Nsoit = 1) = Zsoi1(Nsoir)) + Zsoit (Nsoir) — dwe
(Eq. 3.7.258)
Specifically, the d,,; for OptRunoffSurface = 5 is computed using the MMF groundwater scheme

(ShallowWaterTableMmfMod.F90 and GroundWaterMmfMod.F90). Please see the subsurface

es,bot = O (Nsoil) - (95 (Nsoil) - gToWT) X

runoff part and groundwater part below for details.

(3) Compute (prepare) the matrix coefficients for the tri-diagonal matrix of the implicit time
scheme in SoilWaterDiffusionRichardsMod.F90:

The left-hand side of the matrix coefficients for the tri-diagonal matrix are classified to the three
groups (4;, B;, Cy; [1/s]):

For the first soil layer (i = 1):
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2

Dpz (@) = 7o D (Eq. 3.7.259)
A () =0.0
. . D [
Bi()) = Asou(D) x P4 (Eq. 3.7.260)
For the middle soil layers (1 < i < Nsoil):
Dpz (i) = - (Eq. 3.7.261)

Zsoil(i_l)_zsoil(i"'l)

N Dpz(i-1)
Al(l) - ASOll(l 1) X Zsoil(i_l)_ZSOil(i)

(
|
{ B,(i) = —(A; (D) + C,(i)) (Eq. 3.7.262)
\

N Dpz (i)
Cr (D) = —Asou (D) X Zs0i1(i—1)—Zsoy1 (1)

For the bottom soil layer (i = Nsoil):

N Dpz(i—1)
Al(l) - ASOll(l 1) X Zsoil(i—l)_zsoil(i)

B;(i) = —(4,() + C,() (Eq. 3.7.263)
¢; (i) = 0.0

For all soil layers, the right-hand side (Rys, [1/s]) of the matrix coefficients for the tri-diagonal

matrix is calculated as:

soirairr ) i=1
Rys(i) = Zsou (D) (Eq. 3.7.264)
HS Qsoitdiff (D) i <N o
= Vgoil

Zsoil(i)_Zsoil(i_l)
The A;, By, C;, and Ry [1/s] are used in the following soil moisture tri-diagonal matrix solver in
SoilMoistureSolverMod.F90.

(4) Solve the tri-diagonal matrix and update soil moisture in SoilMoistureSolverMod.F90 shown
below.
Relevant code modules:

Module: MatrixSolverTriDiagonalMod.F90

Subroutine: MatrixSolverTriDiagonal

First, update the matrix coefficients to solve the saturation excess water for each soil layer:
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(Rus(D) = Rys (i) X At ine
4 Al(i) = Al(i) X Atfine

B;(i) = 1+ B;(i) X Atfine
k Cl(i) = Cl(i) X Atfine

Then, these matrix coefficients are input to the tri-diagonal matrix solver in

(Eq. 3.7.265)

MatrixSolverTriDiagonalMod.F90 (see below for details), which updates C,(i).
The soil liquid water content (Wj;4 5011, [M3/m?]) for each soil layer is then updated based on C;(i):
Wiig,sou (D) = Wig sou (D) + €;(0) (Eq. 3.7.266)

If OptRunoffSubsurface = 5 (using MMF groundwater scheme), there is also soil moisture in the
auxiliary layer between the soil bottom and water table (6+,,1), which needs to be updated:
For deep water table depth (d,,: < Zs0ii(Ngoir) — Dysnso (Nsoir), NOte that d,; is negative for
OptRunoffSubsurface = 5), Qspi1 arain [M/S] is accumulated to a deep groundwater recharge term
( Wrech,geep » [M]) as follows in order to update water table and soil moisture later in
GroundWaterMmfMod.F90:

Wiech,deep = Wrech,deep T Qsoitdrain X Blfine (Eq. 3.7.267)
For shallow water table depth ( dy¢ = Zs0i(Nsoir) = Dzsnso(Nsoir) ) Qsoivarain [M/S] is

accumulated to the soil moisture in the auxiliary layer (8ouwr):

Qsoi, rain XAlfine
Orowr = Orowr + DZ"SO(NSOJ) (Eq. 3.7.268)

Then the excess water above saturation in the auxiliary layer (W, cess, [M]) 1S

M/excess = max(O, HTOWT - Hsoil,max(Nsoil)) X Dzsnso (Nsoil) (Eq 3-7-269)
The water deficiency in the auxiliary layer (Wgs;, [M]) is
Wdefi = max(0, 107 - O7owr) X Dzsnso(Nsoir) (Eq. 3.7.270)

The soil moisture in the auxiliary layer (6r,yr) 1S further adjusted as:
Orowr = max(10™*, min (BTOWT' O50il,max (Nsoil))) (Eg. 3.7.271)

The excess water from the auxiliary layer (W,,c.ss) IS then added to the soil water content in the

bottom layer:

Wexcess
l/Vliq,soil(Nsoil) = VVliq,soil(Nsoil) + Drorco (Neomd) (Eq. 3.7.272)

Then the drainage flux at the soil column bottom is reduced accordingly:

WexCeSS
Qsoit.arain = Qsoit,drain — At e (Eq. 3.7.273)
fine
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If there is water deficiency, the deep groundwater recharge term (W;.ccp geep, [M]) is also reduced:

Wrech,deep = Wrech,deep — Wdefi

(Eq. 3.7.274)

For all the Noah-MP soil layers (for all runoff schemes), excess water above saturation (W,,cess,

[m]) in each layer is moved to an unsaturated layer like in a bucket (first from the bottom layer to

the top layer and then from the top layer to the bottom layer) as follows:

For the soil layer i from Ng,;; to 2:

PSOll eff — maX(lo sotlmax(L) ice,soil(i))

VVexcess - max(O VVllq SOll(l) sotl eff) X Dzsnso(l)

Wiig.sou(®) = min(Wyig 561 (D), Psoirerr)

w,
Wiigsou(i — 1) = Wyig sou (i — 1) + —exeess_
lig,soil lig,soll Dzsnso (i—1)

where Pg; ¢ [M¥mP] is the effective soil porosity.
For the first soil layer i = 1:
Psoirery = max(10™%, 0505 max (1) — Wice s0u (1))
Wexcess = Max(0, Wiiq s0i1(1) — Psoirerr) X Dzsnso(1)
Wiig.sou(1) = min(Wiig 501 (1), Psoirerr)

(Eq. 3.7.275)
(Eq. 3.7.276)
(Eq. 3.7.277)

(Eq. 3.7.278)

(Eq. 3.7.279)
(Eq. 3.7.280)
(Eq. 3.7.281)

If the excessive water is still greater than zero (W,,..ss > 0), then further move the excessive water

from the top to the bottom soil layer, similar to the process above:

W,
Wiig s0it(2) = Wiig s0i(2) + ﬁ

For the soil layer i from 2 to Ng,; — 1:
Psoiterr = Max(10™%, 051 max (D) — Wice s0i1(0))
Wexcess = Max(0, Wyig s0i (D) = Psoiveff) X Dzsnso(D)
Wiig.sou (1) = min(Wyiq 561 (D), Psoirefr)

P — . (i Wexcess
M/liq,soil(l + 1) - VVllq,sml(l + 1) + Dyeneo (i+1)

For the bottom soil layer i = Ny,
Psoil eff — max(10 sotl max (Nsod) Lce SOll(NSOI.l))

VVexcess maX(O VVllq sod(Nsml) sml eff) X Dzsnso(Nsml)

(Eq. 3.7.282)

(Eq. 3.7.283)
(Eq. 3.7.284)
(Eq. 3.7.285)

(Eq. 3.7.286)

(Eq. 3.7.287)
(Eq. 3.7.288)
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Wiig,soit(Nsoir) = min(Wiig sou(Nsoir), Psoit,ef ) (Eq. 3.7.289)
The remaining excess water above saturation (W,,..ss) Will be accumulated to surface runoff as
shown above.
Finally, the total soil moisture is updated:
Os0i1 = Wiig,soir + Wice,soit (Eg. 3.7.290)

3. Update surface runoff and bottom drainage:
After the soil water solver computation (see above) at a finer timestep through N;;., iteration, the

accumulated soil water saturation excess is:

Wexcess,tot = Zivzltfr Wexcess(t) (Eq. 3.7.291)

the total surface runoff (R, ., [mm/s]) with unit conversion from m/s to mm/s is:

N.
R _ thlier RSfC(t)Xlooo Wexcess,tot X1000
sfc,tot —

(Eq. 3.7.292)

Niter Atsop

The total soil bottom drainage (Qsoir arain,tor: [MM/s]) with unit conversion from m/s to mm/s is:

N
Zt=lt1€T Qsoil,drain (t)X 1000

Niter

(Eq. 3.7.293)

Qsoil,drain,tot =

4. Tri-diagonal matrix solver in MatrixSolverTriDiagonalMod.F90:

INVERT (SOLVE) THE TRI-DIAGONAL MATRIX PROBLEM SHOWN BELOW:
HHH R R R

#(1), c(1), @ , @ , @ , ... , 0 ## # # #
#A(2), B(2), C(2), @ , @ , ... , 0 ## # # #
#0 , A(3),B(3),Cc3), & , ..., 0 ## # #D(3) #
#0 , 0 , A(4), B(4), C(4), ... , 0 ##P(4)# #D(4)#
#0 , @ , @ , A(5), B(5), C e ey @ # # P(5) # # D(5) #
# # # #=# #
# . ## # # #
# . R R #
#0 , ..., 0, AM-2), B(MN-2), C(M-2), @ # #P(M-2)# #D(M-2)#
#0 , . ..,0, 0 ,AM-1), B(M-1), C(M-1)# #P(M-1)# #D(M-1)#
#0 , . ..,0, 0 , 0 , AM , B(M ##PMM # #DM #
# B BEE BEE BEE BRE

The matrix coefficients (A, B, C, D) are inputs (4;, B;, C;, Rys) coming from the calculations above
in SoilWaterDiffusionRichardsMod.F90 and SoilMoistureSolverMod.F90. To solve (invert) the
tri-diagonal matrix:

First, initialize equation coefficient:
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C(Ngpi) = 0.0 (Eq. 3.7.294)

_ =C(Neop)
P(Nyop) = Es] (Eq. 3.7.295)
where N, (= 1) is the first soil layer.
Then, solve the equation coefficients for the first soil layer:
_ D(Neop)
A(Nyop) = o) (Eq. 3.7.296)
Solve the equation coefficients for soil layers i from 2 through N;,;;:
N s 1
P@) = —C@D) % [B(i)+A(i)><P(i—1)] (Eq. 3.7.297)
N N ar . 1
AGD) = [D() = A@) X Al = D] X [ OFyTaee (i_l)] (Eq. 3.7.298)
Set P to A for the lowest soil layer:
P(Ngoi) = A(Ngo) (Eq. 3.7.299)
Adjust P for soil layers i from 2 through Ng,;;:
ii = Nyoy — i+ (Npop — 1) + 1 (Eq. 3.7.300)
P(ii) = P(ii) x P(ii + 1) + A(Nspi1) (Eq. 3.7.301)

Here P is the output variable that is further used to update soil liquid water content as shown above.

3.7.8.4 Tile Drainage

Description:

This part is to compute the tile drainage process and update soil moisture and tile drainage
discharge. The purpose of the tile drainage scheme is to estimate tile drainage discharge from the
2-m soil column. Currently, there are two tile drainage schemes in Noah-MP. The simple tile
drainage scheme estimates the amount of water drained based on field capacity of Noah-MP soil
layers whereas the Hooghoudt’s tile drainage computes steady-state flow into the tile by applying
Dupuit-Forchheimer assumptions for horizontal flow in an unconfined aquifer and Darcy's

equation (Valayamkunnath et al., 2022).
Relevant code modules:

Module: TileDrainageSimpleMod.F90

Subroutines: TileDrainageSimple
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Module: TileDrainageHooghoudtMod.F90
Subroutines: TileDrainageHooghoudt
Submodule: TileDrainageEquiDepthMod.F90
Subroutines: TileDrainageEquiDepth

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptTileDrainage 0* No tile drainage
1 on (simple scheme)

options for tile drainage

currently only tested & calibrated 2 on (Hooghoudt's scheme)
to work with runoff option=3

Physics:

1. Simple Tile Drainage Scheme (TileDrainageSimpleMod.F90)
The simple model estimates tile drainage as the excess water above field capacity of the
soil and removes it from the user specified layer/layers as follows:

Effective field capacity in the i layer, 8¢ (i) (volumetric fraction) is calculated as

Orcerr() = Opc (1) — Oice (1) (Eq. 3.7.302)
Saturation water, Q. (i) [mm], is calculated as
Qsat(D) = Ocpr(i) = Opcerr(i) X Frp X AZ (Eq. 3.7.303)

Tile drained water [mm] is calculated as

P Quar (i) 0 < Quqe (i) < D,
Qrp = 0 Qsqt () < 0 (Eq. 3.7.304)

where 65 is the field capacity (volumetric), 6., is the frozen soil moisture fraction (volumetric),
Frp is the multiplier factor for effective field capacity (volumetric), AZ [mm] is the thickness of
the soil, and D, is the tile drainage coefficient (provided in NoahmpTable. TBL). When the simple
tile drainage scheme is used, a user can specify the layer to drain using “DrainSoilLayerind”

parameter provided in the NoahmpTable. TBL.

| Physical Processes | Options | Details
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**0 from one specified layer using ‘TileDrainTubeDepth’
from layers 1 & 2

from layer layers 1, 2, and 3

from layer 2 and 3

from layer layers 3, 4

from all the four layers

DrainSoilLayerind

option for layer to drain

Gl bW N -

2. Hooghoudt’s Tile Drainage Scheme (TileDrainageHooghoudtMod.F90):

Hooghoudt's model computes steady-state flow into the tile by applying Dupuit-Forchheimer
assumptions for horizontal flow in an unconfined aquifer and Darcy's equation (Valayamkunnath
et al., 2022). The Hooghoudt's tile-drainage model is computationally simple, and therefore is
commonly used to compute the tile drainage runoff in hydrology models. The Hoogoudt’s tile
drainage formulation implemented into the Noah-MP/WRF-Hydro is as follows:

(1) Water table depth from land surface (Zy,+, [m]): Water table depth estimated by Noah-MP is
employed.
(2) Effective lateral hydraulic conductivity of the soil column (Kj,¢, [m/s]) is computed as follows:

Thickness of saturated zone (T5):

(0.0 Zuwr > Zsou (D)
Te(i) = { , wr ~ Zsollh” Eq. 3.7.305
S( ) Zsoil(l) - ZWT ZWT < Zsoil(l) ( q )
Ty = Lot Ty(0) (Eq. 3.7.306)

where Z,,; () [m] is the depth to it soil layer bottom from land surface.

Total lateral flow through the saturated thickness per unit width of the soil column (q,):

Qe = Ti59" Kige (1) X Ty (i) (Eq. 3.7.307)
Kiar = 7* (Eq. 3.7.308)

(3) Equivalent depth calculation:

The tile drainage equivalent depth is calculated as

TTXL

1
x = 20 (Eq. 3.7.310)
% +1n (ﬁ) x <05
F(x) = (Eq. 3.7.311)

—2XNXX
oo 4x e

n=1 nx(1—e~2Xnxx)

x>05 (n=135...)
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where r [m] is the tile radius,
(4) Tile drainage estimation (q, [m/s]) using Hoogoudt’s equation:
0 Zyr > Tile depth
= 8XKjge XDXh + 4XKjq Xh?
L2

Zyr < Tile depth

Tile flow per model time step:

Q =qgxAt
where At [s] is the model time step.
(5) Amount of water above field capacity (Qg,;):
Qsqe In each soil layer:

N gsoi (l) -0 (l) Hsoi (l) >0 (l)
Qe = 3" T 2 o

(Eq. 3.7.312)

(Eq. 3.7.313)

(Eq. 3.7.314)

where 8,;; [Mm3/m3] and 6z [m3/m?] are the soil moisture and the volumetric field capacity of the

soil, respectively.

Qsqe inall the soil layers:

Qsar = Z?I:STZ Qsat (D) X AZgy (1)
Limit tile flow Q with Q.: if (Q > Qg4¢), then
Q = Qsat
QTD =Q
where Qp [mm] is the tile drainage flow per model timestep.
(6) Update WRF-Hydro/NWM soil moisture after tile drainage:
Loop over each soil layer fromi = 1toi = Ny,
QRM(i) = Qsat(i) -Q
If (Qgp > 0.0):

] , Qrm (1)
Osou (i) = Opc (i) + %

else:
esoil(i) = BFC(i)
Q =Q — Qsqt (D)

(Eq. 3.7.315)

(Eq. 3.7.316)
(Eq. 3.7.317)

(Eq. 3.7.318)

(Eq. 3.7.319)

(Eq. 3.7.320)
(Eq. 3.7.321)

where Qg is the temporary variable in the soil moisture update loop, AZ,,; [mm] is the soil layer

thickness, and i is the soil layer index from 1 to N,;;.
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3.7.8.5 Subsurface Runoff

Description:

This part is to compute subsurface runoff fluxes based on different physics options.

Currently, Noah-MP is only tested for selecting the same surface and subsurface runoff options.

Relevant code modules:

Module: RunoffSubSurfaceEquiWaterTableMod.F90
Subroutine: RunoffSubSurfaceEquiWaterTable
Module: RunoffSubSurfaceGroundwWaterMod.F90

Subroutine: RunoffSubSurfaceGroundWater
Module: RunoffSubSurfaceDrainageMod.F90
Subroutine: RunoffSubSurfaceDrainage

Module: RunoffSubSurfaceShallowMmfMod.F90
Subroutine: RunoffSubSurfaceShallowWaterMMF

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
1 TOPMODEL with groundwater
OptRunoffSubsurface 2 TOPMODEL with an equilibrium water table
3* Drainage-dependent subsurface runoff
Option for subsurface runoff 4 Drainage-dependent subsurface runoff
currently tested & 5 Miguez-Macho&Fan groundwater subsurface runoff
recommended the same option# 6 Drainage-dependent subsurface runoff
as surface runoff 7 Drainage-dependent subsurface runoff
8 Drainage-dependent subsurface runoff

Physics:

1. OptRunoffSubsurface = 2 (RunoffSubSurfaceEquiWaterTableMod.F90):
The TOPMODEL with an equilibrium water table scheme (Niu et al., 2005) is used. This scheme

is to calculate subsurface runoff using equilibrium water table depth.

Relevant code modules:

Module: WaterTableEquilibriumMod.F90
Subroutine: WaterTableEquilibrium
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(2) The equilibrium water table depth is computed in WaterTableEquilibriumMod.F90 as follows:
The initial value of the water table is assumed to be at a depth (d,,;, [m], positive) of 3 times the
default Noah-MP soil column depth (1Z,;; (Ngoi) |, [M]):

dye = =3 X Zsoiy(Ngoi) — 0.001 (Eq. 3.7.322)
where Z,; (i) [m] is the depth (negative) of it" soil layer bottom.
The original Noah-MP soil columns with Nsai layers are then extended to a hypothetical finer,

deeper soil column with Nrine (=100 hard-coded currently) layers with a depth of |3 X Z,,;;(Ngoi)|:

—3XZsoi (Nsoi )
Dy fine = # (Eq. 3.7.323)
Zfine () =ix DZ,fine (Eq. 3.7.324)

where Dy ¢in. [M] is the finer soil layer thickness (set to equal for each layer), Z;n.(0) [m] is the
depth (positive) of i" fine soil layer bottom.
The total water deficit (Dgorg, [M]) for the original (coarse) soil column with a depth of
1Z50u(Nsoy) | @nd Ny layers is:

Do org = Zis" ((Bsoimax = Wiig,soit (D) X Dzenso (1)) (Eq. 3.7.325)
The total water deficit (Dg o4, [M]) accumulated until the L™ layer for the hypothetical finer,

deeper soil column with Nrine layers with a depth of |3 X Zg,; (Ngoi) | is:
1

1-(1+ M)_BP] x Dz,ﬁne} (Eq. 3.7.326)

Psat

DG,fine (L) = %:1 {Hsoil,max X

where O,i; max [M¥M3] is the maximum (saturated) soil moisture, @4, [M] is the saturated soil
matrix potential, and Be,,, is the soil B parameter. Each of these three parameters is set in the
NoahmpTable. TBL.
If |Dg fine (L) — Do org| < 0.01, then

dwe = Zfine(L) (Eq. 3.7.327)

(2) Compute subsurface runoff (Rsub, [mmM/s]) based on the equilibrium water table depth (d,,;):
Rsub = (1 - fimp,soil,max) X Cbaseflow X e_pro X e(_FTf'decadeWt) (Eq 3-7-328)
Where fimp soit,max 15 the maximum impermeable fraction due to frozen soil, Cpgsefiow [MM/S] is

the base flow coefficient (=4.0 for OptRunoffSubsurface = 2), F.f 4ecqy [1/m] is the runoff decay
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factor (=2.0 for OptRunoffSubsurface = 2), and I;,y, is the gridcell mean topographic index (=10.5
set in the NoahmpTable.TBL).

(3) After the soil moisture solver iteration described in Sect 3.4.9.3, removal of soil water due to
groundwater flow is needed for OptRunoffSubsurface = 2 as follows:

At each soil layer, the amount of soil water removed (W.,,,, [mm]) is:

. Khyd,soil (1)XDzsnso (1)
Wy () = Reyp X Atgon X ; Eqg. 3.7.329
rm (1) sub sott Zj-vzsgll(l(hyd,soil(j)XDzsnso(j)) (Eq )

where K4 50i [M/$] is the soil hydraulic conductivity.

Then the soil liquid water content (W4 s0i, [M¥m?]) for each layer is updated as:

, . Wy (D)
Wiig,soit (D) = Wiig sou (D) — m (Eq. 3.7.330)

2. Treatment for too low soil water for OptRunoffSubsurface = 1:

Noah-MP limits the soil liquid water above a minimum threshold (W, min = 0.01 mm,
currently hard-coded). If the soil water is too low, then water from a lower layer will be brought
to increase the water to the minimum threshold.

First, the current soil water amount (Ws,;; 154, [Mm]) is calculated as:
Wioit,ig (D) = Wiig s0i1(1) X Dyzgnso (i) X 1000 (Eq. 3.7.331)
Then, for soil layers from 1 (top) to Ng,; — 1:
If Wioir,1iq(1) < 0.0, then the water is brought to this layer from the lower layer to reach Wi min:
Wioitiq (D = Wsoi1iq (D) + Wsoit,min — Wsoitiig (D) (Eg. 3.7.332)
Wsoitiig(i + 1) = Weoip1ig (0 + 1) — Wit min — Weoiriiq (D) (Eg. 3.7.333)
For the last soil layer (i = Ng;1):
If Woir,1ig(Nsoir) < Wsoir,min then the water is brought to this layer from the subsurface runoff to

reach W, min-

Wsoil,liq (Nsoil) = Wsoil,liq (Nsoil) + (Wsoil,min - Wsoil,liq (Nsoil)) (Eq- 3-7-334)
Roup = Ry — 280t = (Eq. 3.7.335)

For OptRunoffSubsurface = 5, the water is taken from the deep recharge (W;.ccn, deep, [M]) instead:

Wrech,deep = Wyrech,deep — (Wsoil,min - Wsoil,liq(Nsoil)) x 0.001 (Eq 3-7-336)
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Note that Ry,,;, has no physical meaning and should not be used for OptRunoffSubsurface = 5. The
subsurface runoff uses another variable “QRF” in GroundWaterMmfMod.F90 for
OptRunoffSubsurface = 5.

Finally, the soil volume liquid water content (W);, 501 (i), [m*m?]) is updated:

Wsoit1iq (1)

Wiy sop (1) = —zoitia® _
llq,SOLl( ) Dzsnso (1)x1000

(Eq. 3.7.337)
3. OptRunoffSubsurface = 3, 4, 6, 7, 8 (RunoffSubSurfaceDrainageMod.F90):
For OptRunoffSubsurface = 3, 4, 6, 7, 8, the simple drainage-dependent subsurface runoff scheme
is used:

Reyp = Reup + Qsoil,drain (Eg. 3.7.338)

where Qo1 arain [MM/9] is the soil water drainage computed in earlier sections.

4. OptRunoffSubsurface = 1 (RunoffSubSurfaceGroundwWaterMod):

The TOPMODEL with groundwater scheme (Niu et al., 2007) is used in
RunoffSubSurfaceGroundWaterMod. This scheme is to calculate subsurface runoff using
groundwater discharge.

Relevant code modules:
Module: GroundWaterTopModelMod.F90
Subroutine: GroundWaterTopModel

y
...... T, =====: 7, =mmceclf =caae
______ T,=====: I, mmmeme Y, =====
B F---- Iy===-=-=* ly mmmaa. Wi ===me
w
""" T* mmmmey Dy mmmmmn Yy e e Whor—Zhar
)
:
v ?
o
B Cormeamne -
o
< Wg anduanhe
| R

171



Figure 13. A demonstration of four soil layers and an aquifer layer for the OptRunoffSubsurface
=1 (TOPMODEL with groundwater) in Noah-MP. Adapted from Niu et al. (2007).

As shown in the figure above, an unconfined aquifer is defined as the part below the soil column

in Noah-MP. The dynamics of water storage in the aquifer (W gy, [MM]) can be expressed as:

= Qrech — Quis (Eq 3-7-339)

where Q,..., [Mm/s] and Q4 [mm/s] are the recharge to and discharge from the aquifer,

AWaquifer
Atsoir

respectively, which are computed below.

(1) Prepare for calculations of recharge and discharge fluxes:

Calculate soil layer thickness (dzs,;;, [mm]):

dZgou (i) = { ._ZS"”(D 8 10.00 i. -1 (Eq. 3.7.340)
(Zsou(i = 1) = Zgou () X 1000 i = 2~Ny,y

Calculate the node (middle point) depth (Z,,,4e, [M], positive) of each soil layer:
Znoae (D) = _ZTI(D = Eq.3.7.341
node (1) = 7 u(i—1) + Zsoil(i—lz)—Zsoil(i) i = 2~Nypy (Eq.3.7.341)

Calculate soil water quantities:

Os0it = Wiig,soit + Wice,soit (Eg. 3.7.342)
Wsoitiig = Wiig,soit X dZsout (Eq. 3.7.343)
Psoirerr = max(0.01, Osoi1,max — Wice,soir) (Eq. 3.7.344)

where 68,; [m3/m3] is the total soil moisture, Wi;q soi [M3M®] and W, 505 [M3/mP] are the soil
liquid water and ice content, respectively, Ws,;; 1;; [mm] is the soil liquid water amount, Py 07
[m%mq] is the effective soil porosity, and O, max [M3/M3] is the maximum (saturated) soil

moisture (set in NoahmpTable. TBL).

(2) Compute the layer index of first unsaturated layer (the layer above water table):
Looping over soil layer from 2 to N,,;;, if the water table depth (d,,;, [m], positive) is lower than
or equal to the depth of a certain soil layer, then the layer index of first unsaturated layer (1,,54¢)
right above water table is assigned:

Linsat = 1z if dye < —Zso51(i2) (Eq. 3.7.345)
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(3) Compute groundwater discharge (Qg;s, [mm/s]) and subsurface runoff (R, [mm/s]):

Qais = (1 = fump,soitmax) X Chasefiow X € 'topo x el~FrrecayXdwt] (Eq. 3.7.346)
Frf.aecay = BT” (Eq. 3.7.347)

Chasefiow = Knya,soit (Tunsae) X 1000 x 3 (Eq. 3.7.348)

Rsub = Qais (Eq. 3.7.349)

Where fimp soit,max i the maximum impermeable fraction due to frozen soil, Cpqsefi0w [MM/S] is
the base flow coefficient, Ky, q 05 [MM/s] is the soil water conductivity, Fy¢ gecqy [1/M] is the
runoff decay factor, Be,,, is the soil exponential B parameter (set in the NoahmpTable. TBL), /1oy,

is the global gridcell mean topographic index (=10.5 set in the NoahmpTable. TBL).

(4) Compute soil matric potential at the layer above the water table (first unsaturated layer):

. gsoi Iunsa
frataegsoit (hunsas) = max(0.01, min (1.0, —soitlunsat)_y, (Eq. 3.7.350)

esoil,max (Iunsat)

Wsoit(unsar) = ~Wsottsat (unsat) X 1000 X [fraraeg o (hunsad)] " (EQ. 3.7.351)

Ysoit (Tunsat) = max(—=120000, Crnicropore X Wsoit (Tunsat)) (Eq. 3.7.352)

Where fsataeg,soir 1S the soil saturation degree for a certain soil layer, ., [mm] is the soil matric
potential, ¥, sq¢ [M] is the matric potential of saturated soil (set in NoahmpTable. TBL), By, is
the soil exponential B parameter (set in NoahmpTable.TBL), Cpyicropore IS the soil micropore

content, and I,,,,54¢ 1S the layer index of first unsaturated layer right above water table.

(5) Compute recharge (Q,-¢cn, [mMm/s]) to groundwater based on Darcy’s Law:

_dw ><103_("»0501' (Iunsa )_Zno e(lunsa )X103)
Qrech = _Khyd,aquifer(lunsat) X - (dwt_;node(ltunsat))dxlos : (Eq 3.7.353)
_ 2X[Khyd,soil(Iunsat)XKhyd,soil,sat(Iunsat)]
Khyd’aquifer (Iunsat) N Khyd,soil (Iunsat)+Khyd,soil,sat(Iunsat) (Eq 37354)
-10 . 10
Qrecn, = max(z-, min (5=, Qrecn) (Eq. 3.7.355)

where Kpyq aquirer [MM/s] is the aquifer hydraulic conductivity, Kpyq s0u [MM/s] is the soil water

conductivity, Kpygsoirsee [MM/s] is the saturated soil water conductivity (set in
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NoahmpTable.TBL), d,,; [m] is the water table depth, and Z,,,4. [M] is the node (middle point)

depth of each soil layer.

(6) Compute water storage in the aquifer and saturated soil:

The total water storage in the aquifer + saturated soil (W gy +s0i, [MMY]) is first updated as:

Waqu+soit = Waqusoit + (Qrech — Qais) X Atson (Eg. 3.7.356)
Then both the total water storage and the water storage in the aquifer (Wgqy,;rer» [MM]) are updated
based on the location of water table depth as follows:
If Iinsat = Ngoir (1.€., water table is below the bottom of entire soil column and none of the soil

layers is saturated), then

Waquifer = Waquifer + (Qrech - Qdis) X Atsoil (Eq 3-7-357)
Waqu+soil = Waquifer (Eg. 3.7.358)

Waquifer
dwe = (~Zson(Nson) + 25) = 340 (Eq. 3.7.359)

where Yy, is the specific groundwater yield (= 0.2 set in NoahmpTable. TBL). Then the soil water

amount (W11, [mm]) in the last soil layer is updated as:

Wsoil,liq (Nsoil) = Wsoil,liq (Nsoil) - Qrech X Atsoil (Eq- 3-7-360)
Wsoil,liq (Nsoil) = Wsoil,liq (Nsoil) + max(0, Waquifer —5000) (Eq 3-7-361)
Waquiger = min(Wogyifer, 5000) (Eq. 3.7.362)

Here, a maximum aquifer water amount of 5000 mm is set (Niu et al., 2007).

If Linsat = Ngoiz — 1 (i.€., water table is within the bottom/last soil layer), then

Waqu+soil=YgwX 10°x25

dyt = _Zsoil(Nsoil) - Psoiteff(Nsoir) X103 (Eq 3-7-363)
where Pg; ¢ [M¥m?] is the effective soil porosity.
If Lynsar < Nsoir — 1 (i.€., water table is above the bottom/last soil layer), then
W aqu+soil—Y, WX103><25_ZIiV:SOil [Psoi eff (D)XdZgp; (l)]
dor = —ZsouUunsar + 1) — —2 9 lunsac+2 ORI l (Eq. 3.7.364)

Psoil,eff(lunsat +1)%x103
Then, for I;5q: < Nsoi (i.€., Water table is above the bottom soil layer), the soil water amount
(Wsoit1ig» [mm]) is further updated by removing subsurface runoff:

QaisXAtsoitXKnyd aquifer (D xdzsoi (1)

Nc,; . .
2i=Sle [Khyd,aquifer (D%Xdzspi1 (l)]

Wsoitiig (1) = Wsoi1iq (D) — (Eq. 3.7.365)
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d,; = max(1.5,d,,) (Eq. 3.7.366)

(7) Treatment for too-low soil water:

Noah-MP limits the soil liquid water to above a minimum threshold (W, min = 0.01 mm,

currently hard-coded). If the soil water is too low, then water from a lower layer will be brought

to increase the water to the minimum threshold.

Then, for soil layers from 1 (top) to Ng,; — 1:

If Wioir,1iq(1) < 0.0, then the water is brought to this layer from the lower layer to reach Wi min:

Wioit,lig (D) = Wsoiriiq (D) + Wsoir,min — Wsoit,1ig (D) (Eq. 3.7.367)

Wsoitiig(i + 1) = Weoi11ig (0 + 1) — Weoir,min — Wsoit,iiq (D) (Eg. 3.7.368)

For the last soil layer (i = Ng;1):

If Woir,1ig(Nsoir) < Wsoir,min» then the water is brought to this layer from the aquifer water storage

to reach W1 min:

Wsoil,liq (Nsoil) = Wsoil,liq (Nsoil) + (Wsoil,min - Wsoil,liq (Nsoil)) (Eq- 3-7-369)
Waquifer = Waquifer — (Wsoil,min - soil,liq(Nsoil)) (Eq- 3-7-370)
Waqu+soil = Waqu+soil - (m/soil,min - Wsoil,liq (Nsoil)) (Eq 3-7-371)

(8) Update the soil volume liquid water content (Wj;q 50, (2), [M3/m3]):

W soit1iq (1)

s (Eq. 3.7.372)

M/liq,soil(i) =

5. OptRunoffSubsurface = 5 (RunoffSubSurfaceShallowWaterMmfMod.F90):
This module is to diagnose water table depth and computes recharge when the water table is
shallow (within the Noah-MP soil column layers) based on the MMF groundwater scheme (Fan et
al., 2007; Miguez-Macho et al. 2007). The computations for deep water table and lateral
groundwater flow are done outside the Noah-MP column model in GroundWaterMmfMod.F90.
Relevant code modules:

Module: ShallowWaterTableMmfMod.F90

Subroutine: ShallowWaterTableMMF
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Figure 14. Adapted from Miguez-Macho et al. (2007). Soil water fluxes in LSM soil column (G,
gravitational drain; C, capillary flux; R, water table recharge) and the extended soil column to the

water table.

General description:

When the initial water table is shallow (within the Noah-MP soil column layers), as shown
by “Water Table 1” in the above figure, within this soil layer, water content in the upper
unsaturated portion is obtained by assuming that flux between this layer and the layer below is
zero (no vertical flow between two saturated layers). This water content is used to compute the
layer mean water content, which is needed to compute the water table recharge (leading to water
table rise or drop). The recharge will fill or drain the pore space between saturation and the current
water content in the unsaturated part of the layer.

When the initial water table is relatively deep (below the Noah-MP soil column bottom),
as shown by “Water Table 2” in the above figure, a bottom layer is added that extends the soil
bottom to the water table (shaded area in the above figure). The thickness of this layer (centered
at point C) is spatiotemporally variable. Since this extended layer can be much thicker than the
layer above (causing numerical issue for finite difference schemes), an auxiliary layer is added

which contains point B (defined by a dashed line in the above figure). This auxiliary layer has
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equal thickness to the layer above which contains point A. The water content of point B is obtained
by linear interpolation between A and C. Given the water content at A and B, the flux between the
two can be calculated. In the same manner, an auxiliary layer is added below the water table,
containing point D and having equal thickness to the layer containing C. The gradient between C

and D determines the recharge flux between the two.

Specific code processes:

(1) Find the layer where the water table is currently located:
Looping over soil layer from N;,;; (bottom) to 1 (top), if the water table depth (d,,+, [M], negative)
meets that d,,; + 1076 < Z¢,;;(i2), then ;a0 = iz, Where ¢4 IS the the layer index of first
unsaturated layer right above the water table depth.
Then the layer index for water table (1,,¢4) is:

Lyea = lynsar + 1 (Eq. 3.7.373)

(2) If the current water table is within the model soil layers (i.e., I,,:q < Ngpi1):

dwtod = Awe (Eq.3.7.374)
(2a) For 0505 (Ita) > Osoireq(Iwea) » Where Ogq04 [M3m3] is the equilibrium soil moisture
computed in the MMF groundwater initialization process
(drivers/NoahmpGroundwaterInitMod.F90), then:

If 0505 (Twta) = OsoirmaxUwea), the water table has moved to the layer above:

dwt = Zsoi(lunsat) (Eq. 3.7.375)

Wiecnsha = —(we.ota — dwt) X [Osoirmax Twea) — Osoireq Twea)] (Eq. 3.7.376)
Lynsat = Tunsat — 1 (Eq. 3.7.377)

Iyta = Iwea — 1 (Eq. 3.7.378)

where 65411 max [M3/mM3] is the maximum (saturated) soil moisture (set in NoahmpTable.TBL), and
Whecn,sha [M] 1s the shallow groundwater recharge water amount.
Then if I,rg = 1 and 565 (Iyea) > Osoir,eq Twea): 1.6,

Aweod = Ayt (Eq. 3.7.379)

gsoil(lwtd) X Dzsnso (thd) - Hsoil,eq (thd) X Zsoil(lunsat) + Qsoil,max(lwtd) X Zsoil(lwtd)

esoil,max (thd) - esoil,eq (thd)

dy =

(Eqg. 3.7.380)
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dye = min(Zsoy unsar) dwe) (Eq.3.7.381)

Wrech,sha = Wyech,sha — (dwt,old - dwt) X [esoil,max(lwtd) - esoil,eq (thd)] (Eq 3-7-382)
Note that Z,,;;(0) = 0 in this case.

If 0501 (Twta) < OsoimaxUwea), the water table stays at the current soil layer:

gsoil(lwtd) X Dzsnso (thd) - Hsoil,eq (thd) X Zsoil(lunsat) + Qsoil,max(lwtd) X Zsoil(lwtd)

e = Osoitmax Uwea) — Osoit,eq (Iwea)

(Eq. 3.7.383)
dye = min(Zsoi (Tunsat), dwe) (Eq. 3.7.384)
Wiecnsha = —(dwe.ota = dwe) X [OsottmaxTwea) — OsoireqTwea)] (Eq. 3.7.385)

(2b) For 6565 (Iyta) < Bspireqwea), the water table has moved to the layer below:
dywt = Zsoi(wea) (Eq. 3.7.386)
Wrech,sha = —(dweota = dwe) X [Osoimax (wea) = Osoiteq wea)] (Eq. 3.7.387)
Lunsat = Tunsat +1 (Eq. 3.7.388)
Iyta = Iyta +1 (Eq. 3.7.389)

If the updated water table is still within the model soil layers (i.e., I,ytqg < Noi1):

dwtola = Awt (Eq. 3.7.390)

For Hsoil(lwtd) > Gsoil,eq (thd)i

Qsoil(lwtd) X Dzsnso (thd) - Hsoil,eq (thd) X Zsoil(lunsat) + gsoil,max(lwtd) X Zsoil(lwtd)

e = Osoit,maxUwea) — Osoit,eq Uwea)
(Eq. 3.7.391)
dwe = min(Zsoi Uunsar) dwe) (Eq. 3.7.392)
For O50i(Iwea) < OsoiveqUwea):
dywt = Zsoi(wea) (Eq. 3.7.393)

Then for both cases,
Wiechsha = Wreensha — (dweoa — dwe) X [Osoimax Uwea) — OsoireqUwea)]  (EQ. 3.7.394)
If the updated water table is below the model soil layers (i.e., I,,tq > Nsoir):
Aweod = Ayt (Eq. 3.7.395)

The equilibrium soil moisture in a hypothetical auxiliary layer below soil bottom is computed as:

1

~Ysoit,sat (Nsoil) Bexp (Nsoil) (Eq 37 396)

0. : =0 (N .))(
sotleq,deep sot;max . soil _wsoil,sat(Nsoil)_Dzsnso(Nsoil)
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where ¥, sq¢ [M] is the saturated soil matric potential (set in NoahmpTable.TBL) and B,,,, is
the soil B exponential parameter (set in NoahmpTable. TBL).
Then, water table depth is updated:

d _ ‘9T0WT X Dzsnso (Nsoil) - esoil,eq,deep X Zsoil (Nsoil) + gsoil,max(Nsoil) X (Zsoil(Nsoil) - Dzsnso (Nsoil))
wt —

gsoil,max (Nsoil) - gsail,eq,deep

(Eq. 3.7.397)
dwe = min(Zsoi (Nsoir), die) (Eq.3.7.398)
where O7,r [M3/mM] is the soil moisture between soil column bottom and the water table

computed in the soil water diffusion part above. Then the recharge is updated:
Wrech,sha = Wrech,sha - (dwt,old - dwt) X [esoil,max(Nsoil) - gsoil,eq,deep] (Eq 3-7-399)

(3) If the current water table is already below the model soil layers, but not by too much, in a
hypothetical auxiliary layer below the soil bottom (i.e., I,,;q > Nsoi but dy,r = Zgpi;(Nepir) —
Ds5nso(Nsoir)):

dwtola = Awe (Eq. 3.7.400)

1
~Psoit,sat Nsoil) Bexp (Nsoil)
Eqg. 3.7.401
_lpsoil,sat(Nsoil)_Dzsnso(Nsoil) ( q )

esoil,eq,deep = Qsoil,max(Nsoil) X

(33) If Orowr > Ospiteqaeep: 1-€., Water table is still in this hypothetical auxiliary layer below the
soil bottom, then

_ eToWT X Dzsnso (Nsoil) - esoil,eq,deep X Zsoil (Nsoil) + gsoil,max(Nsoil) X (Zsoil(Nsoil) - Dzsnso (Nsoil))

d
e gsoil,max (Nsoil) - gsoil,eq,deep
(Eq. 3.7.402)
dy: = min(Zsoil(Nsoil)r dwt) (Eq. 3.7.403)
Wrech,sha = _(dwt,old - dwt) X [esoil,max(Nsoil) - gsoil,eq,deep] (Eq 3-7-404)

(Bb) If Orowr < Osoiteqaeep 1-€., the water table is at the lower border of this hypothetical
auxiliary layer, then

Wrech,sha = _(dwt,old - (Zsoil(Nsoil) - Dzsnso(Nsoil))) X [esoil,max(Nsoil) - esoil,eq,deep]

(Eq. 3.7.405)
Awtold = Zs0i1(Nsoi1) = Dzsnso (Nsoir) (Eq. 3.7.406)
th — dwt,old _ (esoil,eq,deep_eToWT)XDzsnso(Nsoil) (Eq 37407)

Gsoil,max (Nsoil ) _esoil,eq,deep
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(Qsoil,eq,deep - HTOWT) X Dzsnso (Nsoil)

W, = - Osoitmax (Nsoir) — Osor
rech,sha rech,sha esoil,max(Nsoil) . esoil,eq,deep [ soilmax\‘Vsoil sotl,eq,deep]
(Eq. 3.7.408)
Orowr = esoil,eq,deep (Eq. 3.7.409)
(4) Further adjust @1,y r:
Qsoil max(lunsat) if 0< Iunsat < Nsoil

0 = ’ . Eg. 3.7.410
rowr { Qsoil,max(l) if Iynsat <0 (Eq )

(5) Update key water state and subsurface runoff:
VVliq,soil = Og0i — Wice,soil (Eq 3-7-411)
Rsyup = Reyp + Qsoil,drain (Eq 3-7-412)
Waquifer = 0 (Eq 37413)

where Qo1 arain [MM/S] is the soil water drainage computed in earlier sections. Note that Ry,
has no physical meaning and should not be used for OptRunoffSubsurface = 5. The subsurface
runoff for OptRunoffSubsurface = 5 uses another variable “QRF” in GroundWaterMmfMod.F90.
The total water balance analysis for Noah-MP soil column plus MMF groundwater column will

be presented below in the “MMF groundwater with lateral flow” section.

6. Update subsurface runoff for all options with glacier excess water flow:
Rgyp = Rsup + ano,gla (Eq. 3.7.414)

where Qgno,g1a [MM/s] is the excess glacier water flow computed from snowpack hydrology parts.

3.7.9 MMF Groundwater with Lateral Flow

Description:

This module is to compute lateral groundwater flow and the flux between groundwater and
rivers as well as to update soil moisture and water table due to those fluxes based on the Miguez-
Macho and Fan (MMF) groundwater scheme (Fan et al., 2007; Miguez-Macho et al. 2007). The
implementation of the MMF groundwater scheme into Noah-MP is done by Barlage et al. (2015).

This model is a 2-D (lateral flow only) and steady-state (equilibrium) groundwater module to

180



estimate equilibrium water table. Note that this scheme is only activated when
OptRunoffSubsurface = 5 and is outside the Noah-MP column model source code due to the
treatment of lateral flow. This module is typically called in the parent/host model driver level
instead of Noah-MP column model driver level. Thus, only brief descriptions of this MMF
groundwater scheme are presented in this technical note. Interested readers are referred to those
two original references for details. The refactor of the main MMF module
(GroundWaterMmfMod.F90) is not conducted since it is not part of the core Noah-MP column

model code, which will be completed in the future.

Relevant code modules:
Module: GroundWaterMmfMod.F90
Subroutine: WTABLE_mmf_noahmp, LateralFlow, UpdateWTD

Physics:

The general workflow for this model is to (1) compute groundwater lateral flow, (2) compute
discharge flux (subsurface runoff) from groundwater to rivers in the same grid cell, (3) compute
groundwater recharge for the deep water table (note that the shallow water table situation is
handled within Noah-MP column model in ShallowWaterTableMmfMod.F90), (4) compute total
water flux to or from groundwater in the grid cell, and (5) update water table depth and soil

moisture.
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Figure 15. Adapted from Fan et al. (2007). (a) Groundwater store, Sy, and associated fluxes, cross-
section view; (b) plan view of lateral groundwater flow to neighboring cells, Qn (n = 1. . .8); (c)
replacing the square grid cells with octagons to calculate the width (w) of flow cross section
between two cells; and (d) calculating flow transmissivity (T) assuming exponential decay in

hydraulic conductivity (K).

1. Groundwater mass balance:
As shown in the above figure, for a specific model grid box of size Ax x Ay [m?], the groundwater

mass balance is expressed as:

Atsg = AxAyR + ¥2_, 0, — 0, (Eq. 3.7.415)

At gy
where S, [m*] is the groundwater storage, Atg,, [s] is the groundwater timestep, R [m/s] is the net
recharge flux between unsaturated soil and the groundwater, Q,, [m®/s] is lateral flow to/from the
neighboring grids, and Q,- [m?/s] is the groundwater-river exchange.

For equilibrium groundwater state,
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% =0 (Eq. 3.7.416)
then

AxAyR = —¥8_,Q, + Q, (Eq. 3.7.417)
Thus, the groundwater recharge balances the lateral flow to surrounding grids and discharge to

the rivers within the grid.

2. Lateral flow (LateralFlow subroutine):
The lateral flow (Q,,, [m%/s]) is computed using Darcy’s Low as follows:

Rp—h

Q,=wxXxTX (Eq. 3.7.418)

where Q,, is positive for flow entering the cell, w [m] is the width of flow cross section, T [m?/s]
is the flow transmissivity, h,, [m] is the water table head in the n™" neighbor, h [m] is the water
table head in the center cell, and | is the distance between neighboring grids (I = Ax for x-/y-
direction, and [ = v/2Ax for diagonal direction). As shown in the above figure, currently it
assumes equal chance of flow in all 8 directions by replacing the square cell (Ax = Ay) with

octagons of same surface area, and hence it gives:

w = Ax /%tan(g) (Eq. 3.7.419)

To compute flow transmissivity, there are two cases as shown in the above figure panel (d).

(1) When the water table is above 1.5 m depth, the transmissivity is:

T=T,+T, (Eq. 3.7.420)
Ty = ¥ Kpya(0) X Az(i) = Knyao X (dye — (—1.5)) (Eq. 3.7.421)
Ty = Jy Knyadz = [, Knyao X € 7dz' = Kpyao X f (Eq. 3.7.422)

where d,,. [m] is the water table depth (negative). Kj,,q [M/s] is the soil hydraulic conductivity,
which is assumed to be the same (Kj,,q,0) for layers between the water table and the 1.5 m depth,

and decay exponentially with depth below 1.5 m depth as follows:

z!

Knya = Knya,o X e f (Eq. 3.7.423)
Khya,o [m/s] is the hydraulic conductivity in the bottom soil layer of the 1.5 m column, z' is the

depth below 1.5 m, and f is the e-folding length. Thus,
T = Kpyao X (dye + 1.5+ f) (Eq. 3.7.424)
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(2) When the water table is below the 1.5 m depth by a distance of d [m], the transmissivity is:

z! z—h-1.5

Tz = fdoo KhyddZ, = fdoo Khyd,() X e_?dZ, = Khyd,O X f X e_ f (Eq 37425)

where z [m] is the topographic elevation,d = -1.5-d,; =z—h—-15and h =d,,; + z. Note
that the water table head (h) and depth (d,,;) are all negative values.
To ensure the flow from grid A to B is the same as from B to A under the same hydraulic potential,
the final transmissivity for both grids is the average of the transmissivity values for these two grids.
The hydraulic conductivity is computed based on the saturated values:

Knya,0 = Knya,sat X frcor (Eq. 3.7.426)
where K4 sq¢ [M/5] is the saturated soil hydraulic conductivity (set in NoahmpTable.TBL) and
fr.cor 1S @ correction/scaling factor (hard-coded currently). The e-folding length (f) is read from

the input static dataset.

3. River conductance and groundwater discharge (WTABLE_mmf_noahmp subroutine):

The groundwater-river exchange flux depends on three factors: the elevation difference between
the water table and the river stage, the hydraulic connection between the two reservoirs (river bed
thickness and permeability), and the contact area (length times width of the river segment,
neglecting depth).

According to Darcy’s Law, the groundwater flux to river (Q,., [m%/s]) is expressed as:

0, = (dy; — 2,) X 2290 5 (W x L) for (dyr—2,) > 0 (Eq. 3.7.427)

n
Azrb

where d,,; [m] is the water table depth, z, [m] is the river bed depth from surface instead of sea
level (note that the raw riverbed data read from input static data is the depth from sea level instead
of surface and an adjustment of topography is conducted within the code), Kyyq -, [M/S] is the
river bed hydraulic conductivity, d, .., [m] is the thickness of river bed sediments, w, [m] is the
river width, and L, [m] is the total river length. Further defining a parameter called river hydraulic

conductance or river conductance (R, [m?/s]) as follows:

Rp = “harb o (v, x L) (Eq. 3.7.428)

dz,rb
Qr = (dwe —zr) X R (Eq. 3.7.429)
Note that because R is difficult to obtain from observations depending on river geometry and bed

sediments, a parameterization of R is used as described below.
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For river flux going to groundwater ((d,,; — z,) < 0), the flux is expressed as:

Qr = Knyarp X W X L) for (dy, —2,) <0 (Eq. 3.7.430)
This means that leakage from river to groundwater is at a constant rate. Note that the MMF scheme
in Noah-MP currently does not allow water flux to go from river to groundwater, which needs
more work in the future.
The river conductance (R.) is parameterized as a product of an equilibrium part and a dynamic
part. The equilibrium river conductance (R¢ eq, [Mm?/s]) is linked to the equilibrium water table and
represents the equilibrium capacity of river in meeting the land drainage demand. At equilibrium,

the R¢ ¢4 is expressed as:

8
Re oq = Z22R*En=1On (Eq. 3.7.431)

Awteq—2r

The equilibrium water table (d,,;.q) is derived by solving the following equation iteratively,
updating water table depth and soil moisture:

AxAyR = —-¥8_, Q, (Eq. 3.7.432)
This is because if model grid cells are fine enough so that a cell is either a hillslope or a river cell,
but not both, then Q,- may be dropped for a hillslope cell.
Then, define a dynamic river conductance factor (Fgc qyn) as an exponential function of the
deviation of water table from equilibrium as:

Fre,ayn = €@ (@we=dwteq) (Eq. 3.7.433)
where the parameter a (=1.0, currently hard-coded) determines how fast R responds to deviations
from equilibrium, which is function of local terrain.

Thus, the total river conductance (R.) is

RC,eq X FRC,dyn if dwt > Zy and dwt,eq > Zy

Rc.eq otherwise (Eq. 3.7.434)

|

4. Recharge for deep water table (WTABLE_mmf_noahmp subroutine):

Note that the situation for shallow water table is handled within the Noah-MP column model in
ShallowWaterTableMmfMod.F90 shown above. This module here is to handle deep water table
(dwe < Zsou(Nsoir) — Dz,50i(Nsoyr)) recharge.

The soil matric potential (,;;, [M]) is computed as
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OrowT

Ysoir = _lpsoil,sat X [9

_Bexp
] (Eq. 3.7.435)

soil,max
where Yo 5q¢ [M] is the saturated soil matric potential (set in NoahmpTable. TBL), O,y 1
[m3/m?3] is the soil moisture between soil column bottom and the water table, 6, ma, [M3¥M3] is
the saturated soil moisture (set in NoahmpTable.TBL), and B,,, is the soil B exponential

parameter (set in NoahmpTable. TBL).

The hydraulic conductivity for deep soil (Kyq geep) IS cOMputed as

2XB, +3
GTOWT +Gsoil,max:| exp

Khyd,deep = Khyd,sat X [ (Eq. 3.7.436)

2 ><‘9soil,max

where K4 sq: [M/S] is the saturated soil hydraulic conductivity (setin NoahmpTable. TBL).

Then, the amount of water across the water table interface (Wgeep we, [M]) is computed as

—Psoi ,sa —Ysoi
Waeepwt = —Knya,deep X Atgw X [m - 1] (Eq. 3.7.437)

Then, 01,y 1S further updated based on the water flux across water table:

Wiech,deep —W deep,wt
o Wit W Eq. 3.7.438
ToWT ToWT Zsoit(Nsoit) —Awt ( ! )

where Wy.ech geep [M] s the temporary recharge for deep water table computed from Noah-MP
column soil processes.

The water excess (Weycess, [M]) and deficit (Weicie, [M]) are then computed as:

Wexcess = max(0, Orowr — Osoitmax) X (Zsou(Nsoir) — diwe) (Eg. 3.7.439)
Waesicie = max(0,10™* = Orowr) X (Zsou(Nsoir) — dye) (Eq. 3.7.440)
The O7rowr and Wyeep we are further adjusted as
Orowr = max(107%, min(eToWT' Qsoil,max)) (Eq. 3.7.441)
Waeepwt = Waeepwt + Wexcess = Waeficit (Eq. 3.7.442)

Then, the recharge for deep water table is updated as:
Wrech,deep = Wdeep,wt (Eqg. 3.7.443)

5. Total flux from/to groundwater (WTABLE_mmf_noahmp subroutine):
Based on the groundwater mass balance equation above, the total net water amount from/to

groundwater (Wy,, ¢, [M]) is computed as:

Atgw
AxxAy

Wgw,net = (Z%=1 Qn — Qr) X

+ Whrech deep (EqQ. 3.7.444)

186



6. Update water table and soil moisture (UpdateWTD subroutine):

Land Surface

Soil
column

7 Water table 1

Typical layer

El E configuration
A
B

New layers to extend the soil
column to the water table

Variable
thickness|

Water table 2

3

D
Figure 16. Adapted from Miguez-Macho et al. (2007). Soil water fluxes in LSM soil column (G,
gravitational drain; C, capillary flux; R, water table recharge) and the extended soil column to the

water table.

When the initial water table is shallow (within the Noah-MP soil column layers), please see the
descriptions in the “RunoffSubSurfaceShallowWaterMmfMod.F90” section.

When the initial water table is deep (below the Noah-MP soil column bottom), as shown by “Water
Table 2” in the above figure, a bottom layer is added that extends the soil bottom to the water table
(shaded area in the above figure). The thickness of this layer (centered at point C) is
spatiotemporally variable. Since this extended layer can be much thicker than the layer above
(causing numerical issue for finite difference schemes), an auxiliary layer is added which contains
point B (defined by a dashed line in the above figure). This auxiliary layer has equal thickness as
the layer above which contains point A. The water content of point B is obtained by linear
interpolation between A and C. Given the water content at A and B, the flux between the two can

be calculated. In the same manner, an auxiliary layer is added below the water table, containing
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point D and with equal thickness as the layer containing C. The gradient between C and D

determines the recharge flux between the two.

(6a) When water table goes up (Wyy net > 0):

(6a-1) If the water table (d,,;, [m], negative) is already in the Noah-MP soil column layers (d,,; =
Z0i1(Ngoir)), then first identify the layer index where the water table is located:

Looping over each soil layer from Ng,;-1to 1, if d,,,; < Zsp;1(i2), then [0 = iz, Where [, ,q0:
is the the layer index of first unsaturated layer right above the water table depth. Then the layer

index for water table (I,,+4) IS:

Iwta = lunsas + 1 (Eq. 3.7.445)

Then the maximum amount of water that fills the water table soil layer is:
Wmax,wtd = dZ,SOil(IWtd) X (esoil,max - gsoil(lwtd)) (Eq 3-7-446)

If Wywnet < Winaxwea (N0t €nOUgh water to saturate the layer), then
W w,ne
Osoit (Iwea) = Osoi(lwea) + g,—t (Eq. 3.7.447)
dZ,SOll(IWtd)

esoil(lwtd) = min (Hsoil(lwtd)'esoil,max) (Eq. 3.7.448)
Wywnet = 0 (EQ. 3.7.449)

If Os0i1(Twea) > Osoireq(Iwea), Where B4 0q [M3/m3] is the equilibrium soil moisture computed
in the MMF groundwater initialization process (drivers/fNoahmpGroundwaterinitMod.F90), then
the water table is updated as

Hsoil(lwtd) X dZ,soil(thd) - esoil,eq (]Wtd) X Zsoil (Iunsat) + esoil,max X Zsoil(lwtd)

we ™ OsoimaxUwea) — Osoireq Uwea)
(Eq. 3.7.450)
dye = min(Zsoi ynsar), dwe) (Eg. 3.7.451)
If Wywnet > Winaxwea (Enough water to saturate the layer), then
Oso0it (Iwta) = Osoimax (Eq. 3.7.452)
Wownet = Wownet = Wimaxwed (Eq. 3.7.453)

Then, move the water table up one layer at a time by looping over soil layers from I,,,,4,: t0 the
top layer via iterating the above (6a-1) processes of updating soil moisture and water table in each

soil layer loop until W, ... become zero.
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(6a-2) If the water table (d,,;, [m], negative) is already below the Noah-MP soil column layers but
not by too much in a hypothetical auxiliary layer below the soil bottom (i.e., Z,;;(Nsoir) > dyi =
Zs6i1(Nsoi1) — dz50i1(Nsoi1)), then the equilibrium soil moisture for deep water table (641 ¢, geep)

is computed as:

1

—Ysoil,sa Bex
esoil,eq,deep - esoil,max % _wsoilsat_d; sojl(Nsoil) ’ (Eq 37454)
Hsoil,eq,deep = max(esoil,eq,deep; 10_4) (Eq 3-7-455)

Then the maximum amount of water that fills the water table soil layer is:
Wmax,wtd = dZ,soil(Nsoil) X (Qsoil,max - eTOWT) (Eq 3-7-456)
Similarly to (6a-1), the soil moisture in this auxiliary layer (8;,u7) is updated as follows.

If Wyw net < Winaxwea (NOt water enough to saturate the layer), then

w, w,ne
Orowr = Orowr + m (Eq. 3.7.457)
Orowr = Min(Orowr, Osoit;max) (Eq. 3.7.458)
Wownet = 0 (Eq. 3.7.459)

If Orowr > Osoireq,aeep: then the water table is updated as

_ QTOWT X dZ,soil(Nsoil) - esoil,eq,deep X Zsoil(Nsoil) + gsoil,max X (Zsoil(Ndoil) - dZ,soil(Nsoil))

e = Osoitmax — Osoil,eq deep
(Eq. 3.7.460)
dye = Min(Zsoi1(Nsoir), dut) (Eq. 3.7.461)
If Wyw net > Winaxwea (ENOUgh water to saturate the layer), then
Orowr = Osoit,max (Eq. 3.7.462)
Wownet = Wywnet — Winaxwta (Eqg. 3.7.463)

Then, move the water table up one layer at a time by looping over soil layers from N,;; to the top
layer via iterating the above (6a-1) processes of updating soil moisture and water table in each soil

layer loop until Wy, ».: become zero.

(6a-3) If the water table (d,,;, [m], negative) is already very deep (i.e., d; < Zsoit(Nsoir) —

dz soit(Nsoir)), then the maximum amount of water that fills the water table auxiliary soil layer is:

Wmax,wtd = (Hsoil,max - QTOWT) X (Zsoil(Nsoil) - dZ,soil(Nsoil) - dwt) (Eq 3-7-464)
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If Wow net < Winaxwea (NOt enough water to saturate the layer), then the water table depth is

updated as:

dyp = dyyy + 22 (Eq. 3.7.465)

esoil,max_eToWT
Wownet = 0 (Eq. 3.7.466)

If Wy net > Winaxwea (€nough water to saturate the layer), then move water table up by one

layer:
Wownet = Wywnet = Winaxwta (Eq. 3.7.467)
dywe = Zsoit(Nsoi) — dz,50i1(Nsoir) (Eq. 3.7.468)
Winaxwta = 4z,s0i(Nsou) X (Osoitmax — Orowr) (Eq. 3.7.469)

Then, similarly to (6a-2), check the updated W,qx weq and Wy, »e: and repeat the above (6a-2)

processes.

For all the three situations (6a-1, 6a-2, and 6a-3) above, if Wy,, . is still larger than 0 after looping
over all the Noah-MP soil layers from the bottom to the top layer, then the remaining Wy, ;. is

assigned to the surface water springing (Qspring, [M]):

Qspring = Wgw,net (Eq. 3.7.470)

(6b) When water table goes down (Wg,, ne¢ < 0):
(6b-1) If the water table (d,,, [m], negative) is already in the Noah-MP soil column layers (d,,,; >
Z.0i1(Nsoin)), then first identify the layer index where the water table locates:
Looping over each soil layer from Ng,;-1t0 1, if d,,; < Zs0;1(i2), then [0 = iz, Where [, ;q0:
is the the layer index of the first unsaturated layer right above the water table depth. Then the layer
index for water table (I,,+4) is:
Ipea = lunsae + 1 (Eq. 3.7.471)

Then the maximum amount of water that can be yielded by the current water table soil layer is:

Winax,yieta = dz.s0uUwea) X Osour(Iwea) — Max(Osoireq(wea) Wice,soit (Iwea))) (EQ. 3.7.472)

If —Wyw net < Winax,yieta (N0t €nough water loss to dry out the layer), then

w, w,ne
Os0it(Iwea) = Osou(wea) + 22— (Eq. 3.7.473)

dZ,soil(thd)
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If Os0i(Iwea) > Osoireq(Iwea), then the water table is updated as

_ Hsoil (thd) X dZ,soil(thd) - esoil,eq (]Wtd) X Zsoil(lunsat) + esoil,max X Zsoil(lwtd)

wnet =0 (Eq. 3.7.474)

mee Osoit,maxUwea) = OsoiteqUwea)
(Eq. 3.7.475)
If O50u(Iwea) < Osoireq(Iwea), then the water table is updated as (move one layer down)
dwe = ZsouUwea) (Eq. 3.7.476)
Lynsat = Tunsat +1 (Eq. 3.7.477)
If —Wyw net > Winax,yieta (Enough water loss to dry out the layer), then move water table down
by one layer:
dwi = Zsoi(Iwta) (Eq. 3.7.478)
lunsat = lunsat +1 (Eq. 3.7.479)
If Winax yieta = 0, then
Os0it(hwta) = Osou(lwea) + % (Eq. 3.7.480)
Wownet = Wow,net + Wmax,yietd (Eq. 3.7.481)

Then, repeat the above (6b-1) processes by looping over soil layer from the initial I,,;4 t0 Ng,i;
until Wy,, .. become zero.
If after looping to Ny (i-€., Lynsat = Nsoir) and Wy, ne; IS still lower than 0, then further move

the water table down to the auxiliary layer as follows:

First, compute the deep soil equilibrium moisture:

1

—Wsoil,sa Bex
Hsoil,eq,deep = Osoil,max X il sat_lesozl(Nsoil) P (Eq. 3.7.482)
gsoil,eq,deep = max(esoil,eq,deep' 10_4) (Eq 3-7-483)

Then the maximum amount of water that can be yielded by the current water table soil layer is:

Wmax,yield = dZsoil (Nsoil) X (BTOWT - esoil,eq,deep)

If —Wyw net < Winax,yieta (N0t enough water loss to dry out the layer), then

w, w,ne
Orowr = Orowr + m (Eq. 3.7.484)

HTOWT X dZ,soil(Nsoil) - Bsoil,eq,deep X Zsoil(Nsoil) + esoil,max X (Zsoil(Ndoil) - dZ,soil(NsoilD

Hsoil,max - esoil,eq,deep

dwe =

(Eq. 3.7.485)
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dwt = min(Zsoil(Ndoil) - dZ,soil(Nsoil)' dwt) (Eq- 3-7-486)

If —Wyw net > Winax,yieta (EnOugh water loss to dry out the layer), then move water table down

by one layer:
dwt = Zsoit(Nsoir) — dz soit (Nsoir) (Eq. 3.7.487)
W w,ne
Orowr = Orowr + m (Eq. 3.7.488)
th — th _ (Bsoil,eqdeep —OTowr)*dz 5011 (Ns0il) (Eq 37489)

gsoil,max _esoil,eq,deep

Orowr = Hsoil,eq,deep (Eq 3-7-490)

(6b-2) If the water table (d,,+, [m], negative) is already below the Noah-MP soil column layers but
not by too much in a hypothetical auxiliary layer below the soil bottom (i.e., Z,;;(Ngoi) > dyyr =
Z50i1(Nsoi1) — dz50i1(Nsoi1)), then the equilibrium soil moisture for deep water table (654 ¢ geep)

is computed similarly to the above:

1

—Wsoil,sat Bexp
0.0 = 0,; X - Eg. 3.7.491
soil,eq,deep soil,max —¢saiz,sat—dz,sou(Nsoil) ( q )

Then the maximum amount of water that can be yielded by the current water table soil layer is:
Wmax,yield = dZ,soil(Nsoil) X (BTOWT - esoil,eq,deep) (Eq 3-7-492)
Similarly to (6b-1), the soil moisture in this auxiliary layer (61, 1) is updated as follows:

If —Wyw net < Winax,yieta (N0t enough water loss to dry out the layer), then

w, w,ne
Orowr = Orowr + 22— (Eqg. 3.7.493)

dZ,soil(Nsoil)

_ HTOWT X dZ,soil(Nsoil) - esoil,eq,deep X Zsoil(Nsoil) + esoil,max X (Zsoil(Ndoil) - dZ,soil(Nsoil))

e = Osoit,max — Osoiteq,deep
(Eq. 3.7.494)
dwe = min(Zsoq(Naoir) — dz,s0i(Nsoiw), dwt) (Eg. 3.7.495)
If —Wywnet > Winax,yieta (EnOugh water loss to dry out the layer), then move water table down

by one layer:

dwe = Zsoit(Nsoi) — dz,s0u(Nsoir) (Eq. 3.7.496)
Browr = Orowr + 2 (Eq. 3.7.497)
dyp = dyyp — (Osoiteqdeep —OTowT) XAz 5011 (Ns0i1) (Eq. 3.7.498)

gsoil,max _esoil,eq,deep
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Orowr = esoil,eq,deep (Eq. 3.7.499)

(6b-3) If the water table (d, ., [m], negative) is already very deep (i.e., d; < Zsoi1(Ngoir) —

dz s0il(Nsoir)), then the very deep soil equilibrium moisture (8541 eq aeeppor) IS COMputed as

1

Bsoiteqdeepbor = Osoitmax X |52ttt |77 (Eq. 3.7.500)
OsoiL,eqaeepbor = MAX(Ospireq aeceppots 107%) (Eg. 3.7.501)

dwtola = Awe (Eq. 3.7.502)

dwe = dwtota + —gwner (Eq. 3.7.503)

Hsoil,max _esoil,eq,deepbo t

QTOWT — gToWTX(Zsoil(Nsoil)_dwt,old)+esoil,eq,deepbatX(dwt,old_dwt) (Eq 37504)
Zsoil(Nsoil)_dwt

For all the three situations (6b-1, 6b-2, and 6b-3) above, the surface water springing (Qspring, [M])
is set to O:
Qspring = 0 (Eq. 3.7.505)

7. Total model column water balance (Noah-MP soil column+MMF groundwater column):

The MMF groundwater scheme adds an auxiliary layer and an unconfined aquifer below the
original 2-m (currently as default) soil layers in Noah-MP and is called in a different timestep in
the host model driver module (e.g., HRLDAS and WREF driver). These modifications are beyond
the Noah-MP column model water balance check subroutine calculation, hence, complicating the
water balance analysis. The column soil structure can now be divided into two parts, the 2-m soil
layers as in default Noah-MP and the below 2-m part containing the auxiliary layer and the

saturated aquifer.

(1) For the default 2-m soil, the water balance remains the same as in the Noah-MP column model:
The fluxes to the top storage include precipitation (P), evapotranspiration (Qgr), surface runoff
(Rsf¢) and subsurface runoff (Rg,,;,) as the causes of storage change (AS;,):

ASym = P — Qpr — Rsrc — Rsup (Eqg. 3.7.506)

A residual term can be defined for the top 2-m layers:
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reSym = P — Qpr — Rgpe — Royp — A(Osoi X 2 + Wiig,can + Wiig,can + Winow)  (EQ. 3.7.507)

This water balance is checked by every soil timestep in Noah-MP column model.

(2) For the water balance below 2-m soils, Ry, leaving 2-m soil column becomes the water fluxes
across the 2-m soil bottom boundary and the input (recharge) to the auxiliary layer below the soil
bottom (positive for downwards and negative for upwards). Other fluxes include lateral fluxes
(Qiqe; positive for convergence, negative for divergence), discharge to river (Q,; positive for
discharge from aquifer to river network), and surface water springing (Qspring):

ASgw = Rsup + Quat — @r — Qspring (Eg. 3.7.508)
The storage for below 2-m soil contains two parts, the water in the auxiliary layer and water in
aquifer.
The depth of this auxiliary layer is variable with a minimum depth of 1-m if water table is above
3-m, and stretching to the water table (-2-d,,;) if the water table is below 3-m. The depth of this
auxiliary layer (d g, [m]) can be represented as:

aux —2- dwt (dwt < _3)

The figure below shows examples for deep groundwater and shallow groundwater scenarios.

(Eg. 3.7.509)

Noah-MP LSM
_ MMF scheme
1 r]
%) !
de """"""""""" N
53 A 4
E‘g Zaux
g Y
RIV _______________
-~
v i Qlat
Q-

Figure 17. The structure diagram for the Noah-MP with MMF groundwater scheme. The four red

layers indicate the 2-mresolved soil layers in Noah-MP. The two blue layers indicate the auxiliary
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layer below the 2-m boundary and from 3-m to riverbed. Two water tables are shown with two

blue dashed line, indicating two scenarios, deep and shallow groundwater (Zhang et al., 2020).

Scenario 1 — Deep water table (d,,; < -3):
For the deep groundwater scenario (d,; <-3), the below 2-m storage contains the stretching
auxiliary layer and the water in aquifer. The storage in the auxiliary layer is:

Saux = Orowr X dauxs daux = —2 = dyyt (Eq. 3.7.510)
The storage in the unconfined aquifer is the water in saturated soil from water table depth to its
riverbed (d,-, [m]):

Saquifer = (dwe = drp) X Osoimax (Eg. 3.7.511)

Riverbed is given by a spatially varied map in the input static file. The soil is completely saturated,
so uses B4 max- Combining these two storage terms becomes the storage for below 2-m:

Sgw = Orowr X daux + (dwt - drb) X gsoil,max (Eg. 3.7.512)

ASgw = Reup + Quat — @r — Qspring = A(Orowr X (—2 — dy)) + Aldy: — drp) X Osoit,max
(Eq. 3.7.513)
And the residual term for the below 2-m Noah-MP soil column storage is:
resgw = Rsup + Quat — Qr — Qspring — A(Orowr X (=2 — dwe) + (dwe — drp) X Osoi1,max)
(Eq. 3.7.514)

Scenario 2 — shallow water table (d,,; > -3)
If the water table is above 3-m, in this case the auxiliary layer depth is 1-m and below the auxiliary
layer is completely saturated. For this case, the auxiliary layer storage is:
Saux = Orowr X 1 (Eq. 3.7.515)

The water from below the auxiliary layer and riverbed is completely saturated:

Saquifer = (=3 = dyp) X Osoirmax (Eg. 3.7.516)
Although the water table has already moved up above 3-m, the term Sg gy if¢r 18 still used here to
indicate the water between auxiliary layer and riverbed. To calculate the total aquifer water, the
depth between d,,; and -3 m needs to be considered, which is also completely saturated.
The residual term for the below 2-m soil column storage is:

reSgw = Rsup + Quac — @r — Qspring — AOrowr X 1+ (=3 — dpp) X Osoit,max)

(Eq. 3.7.517)
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Please also note that there is an internal flux, W,...p, crossing the water table depth between the
unsaturated layer and saturated layer. The location of this W, flux also depends on water table

depth. If the water table is below 3-m (d,,; <-3), the Wy.¢cp, flux (i.e., Wyech geep) 18 between the
auxiliary layer and the unconfined aquifer. If the water table depth is above 3-m, the W,.,., flux
(i.e., Wyecn,sna) 1s between the layer containing water table and the above unsaturated layer. This
internal flux W,..., crossing water table depth is omitted when considering the water balance for

the whole column soil.

Finally, the combined residual term for both above 2-m soil and below 2-m storage is:

TeStotal = (P - QET - Rsfc + Qlat - Qr - Qspring) - A(esoil X2+ HTOWT X daux +
(dwt - drb) x esoil,max + VVliq,can + I/Vice,can + VVsnow) (Eq 3-7-518)

3.8 Biochemical Processes

Description:

There are currently two parts for the Noah-MP biochemical processes, one for dynamic
vegetation treatment of generic natural vegetation land type and the other for explicit crop
modeling for several specific crop types. Both are only for carbon-related processes, so treatments
of other biochemical processes (e.g., nitrogen and phosphorus cycles) are needed in the future. The
nitrogen dynamics has been developed in non-community Noah-MP versions managed by
individual research groups (e.g., Cai et al., 2016), and will be integrated into the community Noah-
MP version in the future.

Relevant code modules:
Module: BiochemNatureVegMainMod.F90
Subroutines: BiochemNatureVegMain
Module: BiochemCropMainMod.F90

Subroutines: BiochemCropMain
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Relevant Noah-MP namelist options:

Explicit crop modeling

Noah-MP Physics Option Notes (* indicates the default option)
1 Off (use table LAI; use FVEG=SHDFAC from input)
OptDynamicVeg 2 On (together with OPT_CRS=1)
3 Off (use table LAI; calculate FVEG)
Dynamic Vegetation 4* Off (use table LAI; use maximum FVEG)
5 On (use maximum FVEG)
6 On (use FVEG=SHDFAC from input)
7 Off (use input LAI; use FVEG=SHDFAC from input)
8 Off (use input LAI; calculate FVEG)
9 Off (use input LAI; use maximum FVEG)
OptCropModel 0* No explicit crop model
1 Liu et al. (2016) crop scheme

3.8.1 Carbon Process for Generic Vegetation

Description:

This is the dynamic vegetation carbon process module (BiochemNatureVegMainMod.F90)

to handle generic vegetation types (including generic crop land types identified by MODIS/USGS

land type data) as opposed to the explicit crop scheme in Sect 4.2. Currently, it only includes

carbon processes based on Dickinson et al. (1998) and Niu et al. (2004). This dynamic vegetation

carbon scheme is only activated for OptDynamicVeg = 2,5,6. The flag to activate this dynamic

vegetation model is handled in PhenologyMainMod.F90.

Relevant code modules:

Module: BiochemNatureVegMainMod.F90
Subroutines: BiochemNatureVegMain
Module: CarbonFluxNatureVegMod.F90

Subroutines: CarbonFluxNatureVeg

Physics:

1. Prepare for carbon processes:
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The soil water stress (Ws;ress; 1.0 for wilting) used for leaf respiration and death calculation is
computed as:

Watress = 1 = 2008 Foot transp (i) (Eq.3.8.1)
where Ny, is the number of soil layers for root zone (set in NoahmpTable. TBL), and Fsi; transp
(= 0~1) is the soil transpiration factor computed in SoilWaterTranspirationMod.F90.

The total water amount in the root zone (Wyootzone, [M3/M?]) used for soil respiration calculation

is computed as:

esoi ] Dzsnso [
Wrootzone = ZNTOM( o X © ) (Eq 3.8.2)

=1 \Osoimax(® ~ ~Zsoit(Nroot)
where 8,; [m¥m?3] is the soil moisture, 54 max [M3/M?] is the saturated soil moisture (set in
NoahmpTable.TBL), D,¢,s, [M] is the thickness of snow/soil layer, and Z,; [m] is the depth of
each soil layer bottom from the surface (negative).

2. Carbon processes (CarbonFluxNatureVegMod.F90):

(1) Maintenance respiration rate for leaf, stem, root, and wood:

The maintenance respiration rate depends on several key factors, including the respiration
reduction factor, the temperature factor, the foliage nitrogen factor, and the water stress factor.

The respiration reduction factor (Rs ,..4) is computed based on growing season:

_ (0.5 non — growing season
Rs,prea = {1 growing season (Eq.3.8.3)
where the growing season indicator is determined in PhenologyMainMod.F90.
The foliage nitrogen factor (Fyf) is
Fof.rs = min(L0, Cpm ) (Eq. 3.8.4)

max(1076, Cfpmax)
where C¢, [%] is the foliage nitrogen concentration (=1 currently hard-coded in Noah-MP) and
Crnmax 18 the maximum foliage nitrogen concentration when Cpq, =1% (set in
NoahmpTable.TBL).

The temperature factor (Tf ) is

Ty—298.16

Tf,rs = (RS,qlo) 10 (Eq 3.8.5)
where Rg 414 is the change in maintenance respiration for every 10 degC temperature change and

T, [K] is the vegetation temperature.
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Thus, the leaf respiration rate (Rg jeqf mor, [umol CO2/m?/s]) is computed as:

Rsteafmol = Rs,ieafmaint2sc X Trrs X Fufrs X LAl X Rg £ req X (1 — Wstress)  (EQ. 3.8.6)
where LAI [m?/m?] is the leaf area index, W, iS the water stress factor computed above, and
Rs teaf maint.2sc [umol CO2/m?/s] is the leaf maintenance respiration rate at 25 degC (set in
NoahmpTable.TBL).

The leaf maintenance respiration rate (Rs jeq f maint: [9C/M?/s]) is computed as:

Mleaf,min

. Mleaf_
RS,leaf,maint = min( AL

RS jearmor X 12 X 1076) (Eq. 3.8.7)

where My, [gC/m?] is the leaf mass and Miqq ¢ min [9C/M?] is the minimum allowed leaf mass.

The “12 X 107 is a unit conversion factor from umol CO3 to gC.

The leaf mass is initialized as:

1000

Mleaf = maX(LAI, 005) X m (Eq 388)
where Mg, , [kg/m?] is the single-sided leaf area per mass (set in NoahmpTable. TBL).
The minimum leaf mass is computed as:
1000
Mieafmin = LALmin X Mera (Eq. 3.8.9)
SLA

where LAI,;, is the minimum LAI (=0.05, currently set in NoahmpTable. TBL).

The root maintenance respiration rate (Rs oot maine> [9C/m?/s]) is computed as:

Rs oot maint = Rsrootmaint.zsc X (Myoot X 1073) X T o X Rg rreq X 12 X 107¢  (Eq. 3.8.10)

where Rg o0t maint,25¢ [UMol CO2/kgC/s] is the root maintenance respiration rate at 25 degC (set

in NoahmpTable.TBL) and M,.,,; [gC/m?] is the root mass initialized to 500.0 gC/m?

The stem maintenance respiration rate (Rs stem maint: [9C/M?/s]) is computed as:

Rs stemmaint = Rsstemmaint.2sc X ((Mstem — Mstemmin) X 107%) X Tg s X Rg p req X 12 X 107°

(Eq. 3.8.11)

where Rs stem maint,2sc [UMol CO2/kgC/s] is the stem maintenance respiration rate at 25 degC (set

in NoahmpTable. TBL).

Mt em [9C/m?] is the stem mass initialized as:

Mgiem = max(0.1 X LA, 0.05) x == (Eq.3.8.12)

Mgtemmin [9C/m?] is the minimum stem mass computed as:

1000

Mstem,min = SALuin
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where SAI,;, is the minimum SAI (=0.05, currently set in NoahmpTable. TBL).
The wood maintenance respiration rate (Rs wood,maint: [C/M?/s]) is computed as:
Rswoodmaint = Cwood,rs X €208 v29816) 5t M 04 X Lyooa (Eq.3.8.14)
where Cy,00ars [1/5] is the wood respiration coefficient, T, [K] is the vegetation temperature,
Iyooa [=1 or 0] is the wood pool index depending woody or not (set in NoahmpTable.TBL), and

M,,,, [gC/m?] is the wood mass (including woody roots) initialized to 500.0 gC/m?.

(2) Carbon assimilation rate:
The total carbon assimilation rate (Cgssim o, [9C/M?/s]) is computed as:

Cassimtor = Psn tor X 12 X 107¢ (Eq. 3.8.15)
where Pgy ¢o¢ [umol CO2/m?/s] is the total photosynthesis rate computed in the energy component
(EnergyMainMod.F90).

(3) Carbon allocation to leaf, stem, root, and wood:

The fraction of carbon flux goes into leaf (f; ;o) is computed as:

fetear = [0.01xLAIX(1~-e®75*LAl)] (Eq. 3.8.16)

except when the vegetation type is evergreen broadleaf forest, then the “0.75” coefficient should
be replaced by “0.5”.

The fraction of carbon flux goes into stem (f; s¢em) IS cOMputed as:

festem = =2 X fotear (Eq. 3.8.17)
Then the f, eqr is further updated by removing f¢ sterm as follows:
fetear = fetear = festem (Eq. 3.8.18)
The fraction of carbon flux goes into wood (¢ ,,004) IS COMputed as:
fewooa = (1 = fejear = fe,stem) X fracwood (Eq. 3.8.19)
(_Fwood,allocXRWZTXg‘;izzz)
fracwood =3 |~ Frood.alior X hwooa  Mwooa > 107° (Eq. 3.8.20)
Lyooa Myooq < 107°

where f,.qcwooa 1S the wood carbon fraction in wood and root pools, Fy,04 aioc 1S the wood carbon
allocation factor (set in NoahmpTable.TBL), and R,.,, is the wood to root ratio (set in
NoahmpTable.TBL).
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The fraction of carbon flux goes into root (f ;-o¢) is computed as:

fc,root = (1 - fc,leaf - fc,stem) X (1 - frac,wood) (Eq 3-8-21)

(4) Turnover rates for leaf, stem, root, and wood:

The turnover rates (R nover» L9C/M?/s]) for different components are computed as:

Rivrnover,jear = Ceurnover,ieas X 5 X 1077 X Myqr (Eqg. 3.8.22)
Riyrnover stem = Crurnovertear X 5 X 1077 X Mgpom (Eq. 3.8.23)
Rturnover,root = Cturnover,root X Mroot (Eq.3.8.24)
Reurnoverwood = 9-5 X 10710 X Myy404 (Eg. 3.8.25)

where Cryrnoveriear [1/S] and Ciyrnoverroor [1/S] are leaf and root turnover rate coefficient,

respectively (set in NoahmpTable.TBL).

(5) Seasonal death rate for leaf and stem:
The seasonal leaf and stem death rates are based on temperature and water stress. Water stress
(Wstress, COmputed above) is set to 1 at permanent wilting point.

The death coefficients due to temperature and water stress are computed as:

- - Mieq
frempaearn = el= 03 M OTvTateap)l  Zeal (Eq. 3.8.26)

fwaterdeatn = elWstress=D*Cawater] (Eq. 3.8.27)

Where fiemp,aeath AN fiyater aeatn @ré the death coefficients due to temperature and water stress,

respectively. Ty eqr [K] is the characteristic temperature for leaf freezing (set in
NoahmpTable.TBL), and Cg ,4¢.r IS the water stress coefficient (set in NoahmpTable. TBL).
Then, the seasonal death rates for leaf (D, ;o r, [9C/m?s]) and stem (D, serm, [9C/M?/s]) are:

Dy teas = Mieas X 107° X (fremp,acatn X Catiear + fwater,aeatn X Caw,iear) (Eg. 3.8.28)

Dy,stem = Mgtem X 10_6 X (ftemp,death X Cd,t,leaf + fwater,death X Cd,w,leaf) (Eq- 3-8-29)

where Cy ¢ ieqr [1/5] and Cqyw 1eqr [1/s] are the temperature and water coefficients for leaf death,

respectively (set in NoahmpTable. TBL).

(6) Growth respiration for leaf, stem, root, and wood:

The growth respiration rates (Rg, grow: [gC/m?/s]) for leaf, stem, root, and wood are computed as:
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RS,leaf,grow = maX(Or P:qrow X (fc,leaf X Cassim,tot - RS,leaf,maint) (Eq- 3-8-30)

RS,stem,grow = maX(O; Egrow X (fc,stem X Cassim,tot - RS,stem,maint) (Eq 3-8-31)
RS,root,grow = maX(O, Egrow X (fc,root X Cassim,tot - RS,root,maint) (Eq 3-8-32)
RS,wood,grow = max(O, Egrow X (fc,wood X Cassim,tot - RS,wood,maint) (Eq- 3-8-33)

where Cgssim,cor [9C/M?/s] is the total carbon assimilation rate computed above and Fy,.,, is the

growth respiration fraction (set in NoahmpTable. TBL).

(7) Adjustment for low temperature limit for photosynthesis:
The added net primary productivity (Npp 444, [9C/mM?/s]) to leaf and stem after respiration is:
Npp aaatear = MaxX(0, feiear X Cassimtor — Rs teaf,grow — Rs leaf,maint) (Eq. 3.8.34)
Npp aada,stem = Max(0, f¢ stem X Cassimtor — Rs,stem grow — Rs,stemmaint) (Eq. 3.8.35)
When the vegetation temperature (T, [K]) is below the minimum temperature for photosynthesis
(Tmin,photosyn, [K]), then
Nppaadgjear =0 if Ty < Tinphotosyn (Eq. 3.8.36)
Nppadastem =0 if Ty < Thinphotosyn (Eg. 3.8.37)

(8) Limit death rate for leaf and stem to avoid reducing mass below the minimum threshold:
The seasonal death rates of leaf and stem are further updated to ensure leaf and stem mass are not

below their minimum values ( Mjeqrmin and Mgtemmin COMputed above) with the mass

conservation:

Miear—Miea ,min
A1\4leaf,max = % (Eg. 3.8.38)
Mstem—Ms em,min
A1V[stem,max == Att (Eq. 3.8.39)
Dy,leaf = min (Dy,leaf' A1V[leaf,max + NPP,add,leaf - Rturnover,leaf) (Eq 3-8-40)
Dy,stem = min (Dy,stemv A]\/Istem,max + NPP,add,stem - Rturnover,stem) (Eq 3-8-41)

(9) Compute net primary productivities for leaf, stem, root, and wood:

The total net primary productivity (Npp, [gC/m?/s]) is computed as:
NPP,leaf = maX(NPP,add,leafr _AMleaf,max) (Eg. 3.8.42)
NPP,stem = maX(NPP,add,stem' _AMstem,max) (Eq- 3-8-43)

202



NPP,root = fc,root X Cassim,tot - RS,root,grow - RS,root,maint (Eq- 3-8-44)

NPP,WOOd = fc,wood X Cassim,tot - RS,Wood,grow - RS,wood,maint (Eq 3-8-45)

(10) Update mass for leaf, stem, root, and wood:

Based on the above mass change, the masses for leaf, stem, root, and wood are updated as:

Mieqr = Miear + (Nppiear — Reurnoveriear — Dy teaf) X At (Eg. 3.8.46)
Mstem = Mstem + (Npp stem — Rewrnover,stem — Dy,stem) X At (Eq. 3.8.47)
Myoot = Moot + (Npproot — Reurnoverroot) X At (Eq. 3.8.48)
Myo0a = [Mwooa + (Nepwooa — Reurnoverwooa) X At] X Lyooa (Eq. 3.8.49)
If M,.,,: < 0, then re-adjust root mass to zero as:
Rewrnover,root = Npp,root (Eq. 3.8.50)
Myppr = 0 (Eq. 3.8.51)

(11) Compute soil carbon budget:

The short-lived soil carbon pool (typically in shallow soil layers, P ¢qs:, [gC/m?]) is:
Pc,fast = Pc,fast + (Rturnover,leaf + Rturnover,stem + Rturnover,root + Rturnover,wood +
Dy ieas + Dy stem) X At (Eq. 3.8.52)

The soil temperature factor for microbial respiration (Fresp micro,temp) 1S:

[Tsoil(l)—283.16]

Fresp,micro,temp =2 0 (Eg. 3.8.53)
where Tg,; (1) is the soil temperature for the first layer.
The soil water factor for microbial respiration (Fyesp microwater) iS:
_ 0.23XWrootzone
Fresp‘micro‘water N (0'2+WTOOCZOTI€)X(0'23+WTOOtZOTI€) (Eq. 3.8.54)

where W,,otz0ne [M3/M3] is the root-zone soil water computed above.
Thus, the soil microbial respiration rate (Rs soi1micro, [9C/M?/s]) is computed as:
— -6 -3
RS,soil,micro — Yresp,micro,temp X Fresp,micro,water x 12 x 10 X maX(O; Pc,fast x 10 ) X

fresp,micro (Eg. 3.8.55)

Where frespmicro [UMOI/KQC/s] is the microbial respiration coefficient (set in NoahmpTable. TBL).
The rate for short-lived carbon decay to long-lived/stable carbon (R; gecay, [9C/m?/s]) is:

Rc,decay =0.1x RS,soil,micro (Eq. 3.8.56)
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Then, both short-lived and long-lived (stable, typically in deep soil) carbon storage are updated:
Pe rast = P fast — (Rs,soit;micro T Re,decay) X At (Eg. 3.8.57)
P stabie = Pestabte T Re decay X At (Eg. 3.8.58)
The net carbon flux from land to the atmosphere (F. janazatmos, [9C/M?/S]) is:
Feandzatmos = —Cassim,tot T Rs leaf,grow T Rs leafmaint + Rs stem,grow t Rs stemmaint +

RS,root,grow + RS,root,maint + RS,wood,grow + RS,wood,maint + 0.9 X RS,soil,micro (Eq 3-8-59)

(12) Compute diagnostic output variables and update LAI and SAI:
The total gross primary productivity (Gpp, [gC/m?/s]) is:
Gpp = Cassimtot (Eq. 3.8.60)
The total net primary productivity (Npp to, [gC/M?/s]) is:
Npp tot = Npp,ieas + Npp,stem + Npproot + Nppwood (Eg. 3.8.61)

The total plant respiration (net ecosystem respiration) rate (Rs piane ot [9C/M?/S]) is:

RS,plant,tot = RS,leaf,grow + RS,leaf,maint + RS,stem,grow + RS,stem,maint + RS,root,grow +

RS,root,maint + RS,wood,grow + RS,wood,maint (Eq- 3-8-62)

The total soil (organic) respiration rate (Rs soi1 tor» [JC/M?/s]) is:

Rs soitor = 0.9 X Rs soit;micro (Eq. 3.8.63)
The net ecosystem exchange (Ngg, [gCO2/m?/s]) is:
Ngg = (Rspianttot + Rssoiveor = Gpp) X = (Eq. 3.8.64)
The total soil carbon storage (P g1, [9C/m?]) is:
Pesoit = Pe fast + Pe stavie (Eg. 3.8.65)

The total living (biomass) carbon storage (P, jye, [gC/M?]) is:
Pc,live = Mleaf + Mstem + Mroot + Mwood (Eq 3866)
Finally, the LAI and SAI are further updated:

LAI = max (LAlin, Miay X 7o) (Eq. 3.8.67)
3

SAI = max(SAlyin, Mgtem X m)

(Eq. 3.8.68)

3.8.2 Carbon Process for Explicit Crop Modeling
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Description:

This is the dynamic crop carbon process module (BiochemCropMainMod.F90) to handle
explicit crop types. Currently, it only includes carbon processes based on Liu et al. (2016) and
Zhang et al. (2020). This dynamic crop carbon model is only activated for OptCropModel = 1 and
CropType >0 (explicit crop type instead of generic crop from MODIS/USGS). The flag to activate
this crop model is handled in PhenologyMainMod.F90. The initial model development and
specific details on model parameters have been well documented in Liu et al. (2016), in which two
major crops in the U.S., corn and soybean, were incorporated from two sites in Bondville, IL, and
Mead, NE, respectively. Further, Zhang et al. (2020) attempted to transfer the site-scale modeling
study to large regional simulation in the U.S. cornbelt and lower Mississippi river valley. The
modeling capability for spring wheat is currently under development. Note that although there are
also sorghum, rice, and winter wheat crop types in the NoahmpTable.TBL, they are not used
currently because parameters are incorrect. There is recent study developing new spring wheat
crop dynamics (Zhang et al., 2023), which will be implemented in the community Noah-MP

version in the future.

Relevant code modules:
Module: BiochemCropMainMod.F90
Subroutines: BiochemCropMain
Module: CarbonFluxCropMod.F90
Subroutines: CarbonFluxCrop
Module: CropGrowDegreeDayMod.F90
Subroutines: CropGrowDegreeDay
Module: CropPhotosynthesisMod.F90

Subroutines CropPhotosynthesis

Physics:
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Figure 18. Flowchart of the Liu et al. (2016) crop model (adapted from Liu et al. (2016)).

1. Prepare for carbon processes:
Similar to the generic dynamic vegetation model shown above in Sect. 4.1, the soil water stress

(Wstress: 1.0 for wilting) used for leaf respiration and death calculation is computed as:

Z?I:ri()t Fsoil,transp(i) (Eq. 3.8.69)

where N, is the number of soil layers for root zone (set in NoahmpTable. TBL), and Fgy; transp

VVstress -

(= 0~1) is the soil transpiration factor computed in SoilWaterTranspirationMod.F90.
The total water amount in the root zone (Wyo¢zone, [M3/M?3]) used for soil respiration calculation
is computed as:

Gsoil (l)

esoil,max (1)

Dzsnso ) ) (Eq. 3.8.70)

NT‘OO
WmOtzone - Zi:l t( —Zs0il(Nroot)
where 6,; [m¥m?3] is the soil moisture, 854 max [M/M?] is the saturated soil moisture (set in
NoahmpTable.TBL), D,¢,s, [M] is the thickness of snow/soil layer, and Z,; [m] is the depth of

each soil layer bottom from the surface (negative).

2. Crop photosynthesis (CropPhotosynthesisMod.F90):
Note that currently this module is not used by Noah-MP, whereas the crop photosynthesis rate
( Psytor [umol CO2/m?s]) comes from the computation in the energy component

(EnergyMainMod.F90) for the consideration of model consistency in photosynthesis and energy
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balance calculations. Such treatment is the same as the dynamic vegetation scheme for generic
vegetation in the above section.

However, for completeness, here the crop photosynthesis scheme (an empirical parameterization)
is also briefly described below, though not used currently.

(1) Compute the maximum CO2 assimilation rate (4¢oz max: [0 CO2/M?/s]):

( 10_10 if Tair,Zm < Tassim,min

| Tair,Zm - Tassim,min

T —T X ACOZ,ref,max lf Tassim,min < Tair,Zm < Tassim,max
ACOZ,max = assim,max assim,min

| Acozrefmax if Tassimmax < Tair2m < Tmax—assimmax

Acozrefmax = 0.2 X (Tairzm — Tmax-assimmax)  if Tairam 2 Tmax-assimmax

(Eqg. 3.8.71)

Acozmax = Max(Acoz max 0.01) (Eg. 3.8.72)

where Tg;p 2m [degCl] is the 2-m air temperature, Tgggim min [d€gC] is the minimum temperature

for COz assimilation, Tgssim max [d€9C] is the maximum temperature until which CO; assimilation

linearly increases, Tpax—assimmax [d€9C] is the maximum temperature until which CO:

assimilation remains at the maximum reference CO, assimilation rate (Acoz ref.max: [ACO2/M?/s]).
All these parameters except T, ., are set in NoahmpTable. TBL.

(2) Compute light extinction coefficients:

L, = 0.1127 X LAI (Eq. 3.8.73)
L, = 0.5 x LAI (Eq. 3.8.74)
L, = 0.8873 x LAI (Eq. 3.8.75)

where LA is the leaf area index, which is set to 0.05 if smaller than 0.05.

The light extinction parameters are computed as:

I; = max (10710, Copy X Rpporo X € Cext™l1) (Eq. 3.8.76)
I, = max( 10710, Copy X Rpporo X € Cext*l2) (Eq. 3.8.77)
I3 = max( 10710, Copy X Rpporo X € Cext*la) (Eq. 3.8.78)

Rpnoto = fonoto X Saown X 0.0036 (Eq. 3.8.79)

where R0, [MI/M?/h] is the photosynthetically active radiation, C,,. is the light extinction
coefficient (set in NoahmpTable.TBL), fynoto is the fraction of incoming solar radiation to

photosynthetically active radiation (set in NoahmpTable.TBL), and S;,,, [W/m?] is the

downward shortwave radiation (from forcing).
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(3) Compute actual photosynthesis coefficients:

_Lu,effXIl
Ay = Acozmax X (1 — e Acozmax) (Eg. 3.8.80)
_Lu,effXIZ
AZ = ACOZ,max X (1 —e ACOZ,max) X 16 (Eq 3881)
_Lu‘effxl:,»
Az = Acozmax X (1 — e “cozmax) (Eq. 3.8.82)

where L, . is the light use efficiency (set in NoahmpTable. TBL).

(4) Compute photosynthesis rate (i.e., CO; assimilation rate, [g CO2/m?/h]):
Ai+A,+A3

ACOZ,tOt = X LAI (Eq 3883)
0.05 if LAI <0.05
LAI = LAI if 0.05<LAI <4 (Eq. 3.8.84)
4 if LAI > 4.
ACOZ,tot = ACOZ,tot X Fassim,red (Eq 3-8-85)

where Fyggimreqa 1S the CO2 assimilation reduction factor (0-1) (caused by e.g., pest and weeds;
set in NoahmpTable. TBL).
The final crop photosynthesis rate (Psy crop,tor [UMOl CO2/m?/s]) is:

10°
44%3600

(Eq. 3.8.86)

PSN,crop,tot = Acoztor X

3. Crop growing stages (CropCrowDegreeDayMod.F90):

This part is to determine the crop growing stage based on day of year and temperature.

(1) Compute planting and harvest indices:

The planting index (I,;4n.) is initialized to 1 (turned on) and harvest index (Ipgrves) 1S initialized
to 1 (turned off). If the current model day of the year is earlier than the planting date (set in
NoahmpTable. TBL), then the planting is turned off (I,;4,, = 0). If the current model day of the

year is later than the harvest date (set in NoahmpTable.TBL), then the harvest is turned on

(Iharvest = 0)-

(2) Compute growing degree days based on temperature:

0 if Tair,Zm < ngd,base
Tdiff = Tair,Zm - ngd,base if ngd,base < Tair,Zm < ngd,max (Eq- 3-8-87)
ngd,max - ngd,base if LTair,Zm 2 ngd,max
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where Ty;¢r [degC] is the temperature difference, Ty [degC] is the 2-m air temperature,

Ty

[degC] is the maximum temperature for growing degree day accumulation.

adpase [d€gC] is the base temperature for growing degree day accumulation, and Tygq max

Then the growing degree day (Gpp) and is computed as:

Goo = (Gop + Taigr X =) X Iptane X Inarvest (Eq. 3.8.88)
The Gpp count (Gpp cpe) IS cOMputed as:
Gppent = Gpp (Eq. 3.8.89)
(3) Compute crop growing stage (Gs,crop) based on Gpp:
The growing stage is first initialized to the “before planting” stage (Gs crop = 1).
(2 if Gpp,ent >0
3 if Gpp,ent = Gppemerg

lf GDD,cnt = GDD,init,veg

G _ if GDD,cnt 2 GDD,post,veg Eq. 3.8.90
S,crop—< if G >G (Eg. 3.8.90)
lf DD,cnt = YDD,reprod
if GDD,cnt 2 GDD,mature
if DOY 2 Dharvest

if DOY < Dplant

where Gpp emerg 1S the Gpp from seeding to emergence stages, Gpp initveg 1S the Gpp from

_ 0 N O 1 Db

\

seeding to initial vegetative stages, Gpp postveg 1S the Gpp from seeding to post-vegetative stages,
Gpp reproa 1S the Gpp from seeding to initial reproductive stages, Gpp mature IS the Gpp from
seeding to physical maturity. Dpgypese aNd Dy;qn, are the dates for harvest and planting. All these

parameters are set in NoahmpTable. TBL. D,y is the current model day of the year.

4. Crop carbon processes (CarbonFluxCropMod.F90):
This part is to compute all carbon processes for crop, which is similar to the treatment of the
generic vegetation above with additional treatment for crop grains.
(1) Carbon and carbohydrate assimilation rate:
The total carbon ( Cussimeor» [9C/M?/s]) and carbohydrate ( Cyz0assimeor [GCH20/m?/s])
assimilation rates are computed as:
Cassimtor = Psn tor X 12X 1076 (Eq. 3.8.91)
Chz0,assimtot = Psn,tor X 30 X 107° (Eg. 3.8.92)
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where Py ;o¢ [umol CO2/m?/s] is the total photosynthesis rate computed in the energy component

(EnergyMainMod.F90).

(2) Maintenance respiration rate for leaf, stem, root, and grain:
The maintenance respiration rate depends on several key factors, including the temperature factor,
the foliage nitrogen factor, and the water stress factor.

The foliage nitrogen factor (F, ) is

Fof.rs = min(L0, $m ) (Eq. 3.8.93)

max(107%,C p max)
where Cr,, [%] is the foliage nitrogen concentration (=1 currently hard-coded in Noah-MP) and
Ctnmax 1S the maximum foliage nitrogen concentration when Cr, =1% (set in
NoahmpTable.TBL).

The temperature factor (T ) is

Tp—298.16

Trrs = (RS,qlo) 10 (Eq. 3.8.94)

where Rg 41, is the change in maintenance respiration for every 10 degC temperature change and

T, [K] is the vegetation temperature.

Thus, the leaf respiration rate (Rg jeqf mor, [umol CO2/m?/s]) is computed as:

Rs1eafmot = Rsjiearmaint,2sc X Trrs X Fpprs X LAL X (1 — Wetregs) (Eg. 3.8.95)
where LAl [m?/m?] is the leaf area index, W, is the water stress factor computed above, and
Rs jeaf maint,25c [Umol CO2/m?/s] is the leaf maintenance respiration rate at 25 degC (set in
NoahmpTable.TBL).

The leaf maintenance respiration rate (Rs jeq fmaint: [CH20/m?/s]) is computed as:

. Mieaf—Mieq ,min —
RS,leaf,maint = mm(%, RS,leaf,mol x 30 x10 6) (Eq 3-8-96)

where My, [JCH.0/m?] is the leaf massand Myq ¢ min [9CH20/m?] is the minimum allowed leaf

mass. The “30 X 107%” is a unit conversion factor from umol CO2 to gCH.O.

The leaf mass is initialized as:
1000

Mieqr = max(LAI, 0.05) X (Eq. 3.8.97)

MgLa
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where Mg, , [kg/m?] is the single-sided leaf area per mass (=15 for corn, 30 for soybean, and 35
for other crop types).

The minimum leaf mass is computed as:

Micafmin = LALngn X == (Eq. 3.8.98)
where LA, is the minimum LAI (=0.05, currently set in NoahmpTable. TBL).
The root maintenance respiration rate (Rs oot maint: [ICH20/m?/s]) is computed as:

Rs oot maint = Rsrootmaint,zsc X (Myoor X 1073) X T s X 30 X 107° (Eg. 3.8.99)
where Rs o0t maint25¢ [UMOl CO2/kgC/s] is the root maintenance respiration rate at 25 degC (set
in NoahmpTable.TBL) and M,.,,; [JCH20/m?] is the root mass initialized to 500.0 gCH,O/m?.
The stem maintenance respiration rate (Rs stem maine: [9CH20/m?/s]) is computed as:

Rs stemmaint = Rs stemmaint.2sc X (Mstem X 1073) X Tf s X 30 X 107° (Eq. 3.8.100)
where Rs stem maint,2sc [UMol CO2/kgC/s] is the stem maintenance respiration rate at 25 degC (set
in NoahmpTable. TBL).

Mj¢em [9CH20/m?] is the stem mass initialized as:
1000

Mstem = max(0.1 x LAI 0.05) X —= (Eg. 3.8.101)
Mgtemmin [9CH20/m?] is the minimum stem mass computed as:
1000
Mstem,min = SAImin X T (Eq 38102)

where SAI,;, is the minimum SAI (=0.05, currently set in NoahmpTable. TBL).

The grain maintenance respiration rate (Rs gy qin mainte: [JCH20/m?s]) is computed as:
RS,grain,maint = RS,grain,maint,ZSC X (Mgrain X 10_3) X Tf,rs x 30 x 107° (Eq 3-8-103)

where Rg grqinmaint,2sc [UMol CO2/kgC/s] is the stem maintenance respiration rate at 25 degC (set

in NoahmpTable.TBL), and Mg,.4;, [JCH20/m?] is the grain mass.

(3) Growth respiration for leaf, stem, root, and grain:
The growth respiration rates (Rg, 40w, [JCH20/m?/s]) for leaf, stem, root, and grain are computed
as:

RS,leaf,grow = maX(O; Egrow X (fc,leaf(GS,crop) X CHZO,assim,tot - RS,leaf,maint

(Eq. 3.8.104)

RS,stem,grow = maX(O, Egrow X (fc,stem(GS,crop) X CHZO,assim,tot - RS,stem,maint)
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(Eg. 3.8.105)

Rs root,grow = Max(0, Fyrow X (fe root (Gs,crop) X Cuz0,assimtot — Rsrootmaint)
(Eg. 3.8.106)
Rs graingrow = Max(0, Fyrow X (fe,grain(Gs,crop) X Crzo,assimtot = Rs,grainmaint)

(Eq. 3.8.107)
where Cy20,assim,tor [ICH20/m?/s] is the total carbohydrate assimilation rate computed above and
Fyrow is the growth respiration fraction (set in NoahmpTable.TBL). fc iear, fo stem: feroot: @Nd
fe,grain are the fraction of carbohydrate flux goes into crop leaf, stem, root, and grain, respectively
(set in NoahmpTable.TBL), as a function of crop growing stage (Gs crop) COmputed above in

CropCrowDegreeDayMod.F90.

(4) Turnover rates for leaf, stem, and root:

The turnover rates (R;yrnover» [JCH20/m?/s]) for different components are computed as:

Rturnover,leaf = Cturnover,leaf(GS,crop) X 10_6 X Mleaf (Eq 3-8-108)
Rturnover,stem = Cturnover,leaf(GS,crop) X 10_6 X Mstem (Eq- 3-8-109)
Rturnover,root = Cturnover,root(GS,crop) X 10_6 X Mroot (Eq- 3-8-110)

where Ciyrnover,ieafs Cturnoverstem» @Nd Ceyrnover.root [1/S] are the turnover rate coefficients for
leaf, stem, and root, respectively (set in NoahmpTable.TBL), as a function of crop growing stage
(Gs,crop)-

(5) Seasonal death rate for crop leaf:
The seasonal leaf death rate is based on temperature and water stress. Water stress (Ws¢ress,
computed above) is set to 1 at permanent wilting point.

The death coefficients due to temperature and water stress are computed as:
frempdeath = ol —0.3xmax(0.Ty~Tatear)| x % (Eq. 3.8.111)
fwater,aeath = el Wstress=DXCawater] (Eq. 3.8.112)
Where fiemp, aeath AN fwater,aeatn are the death coefficients due to temperature and water stress,

respectively. Tyeqr [K] is the characteristic temperature for leaf freezing (set in

NoahmpTable.TBL), and Cg ,q¢er iS the water stress coefficient (set in NoahmpTable. TBL).
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Then, the seasonal death rate for leaf (D, joq, [JCH20/m?/s]) is:

Dy,leaf = Mleaf X 10_6 X (ftemp,death X Cd,t,leaf(GS,crop) + fwater,death X Cd,w,leaf(GS,crop))
(Eq. 3.8.113)
where Cy ¢ ieqr [1/5] and Cqy 1eqr [1/5] are the temperature and water coefficients for leaf death,

respectively (set in NoahmpTable.TBL), as a function of crop growing stage (G crop)-

(6) Allocation of carbohydrate flux to leaf and stem at each growing stage:
The added net primary productivity (Npp gqq, [JCH20/m?/s]) to leaf and stem after respiration is:
NPP,add,leaf = fc,leaf(GS,crop) X CHZO,assim,tot - RS,leaf,grow - RS,leaf,maint (Eq 3-8-114)

NPP,add,stem = fc,stem(GS,crop) X CHZO,assim,tot - RS,stem,grow - RS,stem,maint (Eq 3-8-115)

(7) Limit leaf death rate and leaf and stem turnover rates to avoid reducing mass below the
minimum threshold:
The seasonal death rate and turnover rates are further updated to ensure leaf and stem mass are not

below its minimum value (Mieqf min aNd Mgtem min COMputed above) with the mass conservation:

AMieqf max = W (Eq. 3.8.116)

AMggom may = —2em—stemmin (Eq. 3.8.117)

Reurnovertear = MIN(Riyrnoverteafs AMieafmax + Npp.add leaf (Eg. 3.8.118)
Reurnover,stem = MiN(Reyrnover,stem AMstemmax + Npp,add,stem (Eq. 3.8.119)
Dy 1ear = min(Dy, 1oq, AMieafr max + Nppaddiear — Reurnover,iear) (Eg. 3.8.120)

(8) Compute net primary productivities for leaf, stem, root, and grain:

The total net primary productivity (Npp, [JCH20/m?/s]) is computed as:

Nppiear = Nppaddleaf (Eq. 3.8.121)
Npp stem = Nppadd,stem (Eq. 3.8.122)
NPP,root = fc,root(GS,crop) X CHZO,assim,tot - RS,root,grow - RS,root,maint (Eq 3-8-123)

NPP,grain = fc,grain(GS,crop) X CHZO,assim,tot - Rs,grain,grow - RS,grain,maint (Eq- 3-8-124)

(9) Update mass for leaf, stem, root, and grain:
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Based on the above mass change, the masses ([gCH>0/m?]) for leaf, stem, root, and grain are

updated as:
Mieas = Miear + (Npp iear — Reurnover,iear — Dy lear) X At (Eq. 3.8.125)
Mstem = Mstem + (Npp stem — Returnover,stem) X At (Eq. 3.8.126)
Moot = Myoot + (Npproot — Reurnover,root) X At (Eq. 3.8.127)
Mgrain = Mgrain + Npp grain X At (Eq. 3.8.128)

Then, compute the carbohydrate translocation (Cyzgrgin, [JCH20/m?]) from leaf, steam and root

to grain:
Cieafagrain = Micar X frearzgrain(Gs.crop) X 7 (Eq. 3.8.129)
Cstemzgrain = Mstem X fstemzgrain(Gs crop) %X % (Eg. 3.8.130)
Crootzgrain = Mroot X frootzgrain(Gs.crop) X ec= (Eq. 3.8.131)

Where fieqr2grain 1S the fraction of carbohydrate translocation from leaf, stem, or root to grain (set
in NoahmpTable. TBL) as a function of crop growing stage (Gs crop)-

Then, the masses ([gCH20/m?]) for leaf, stem, root, and grain are further updated:

Miear = Mieas — Cieag2grain (Eg. 3.8.132)
Mstem = Mstem — Cstemagrain (Eg. 3.8.133)
Myo0t = Mroot — Croot2grain (Eqg. 3.8.134)
Mgrain = Mgrain + Cieagagrain + Cstemzagrain + Croot2grain (Eg. 3.8.135)
If M,00r < 0, then

Rturnover,root = Npp,root (Eq. 3.8.136)
M, por = 0 (Eq. 3.8.137)

If Mg,qin < 0, then
Mgpain = 0 (Eq. 3.8.138)

(10) Compute soil carbon budget:
The short-lived soil carbon pool (typically in shallow soil layers, P ¢qs¢, [gC/m?]) is:

12
Pc,fast = Pc,fast + (Rturnover,leaf + Rturnover,stem + Rturnover,root + Dy,leaf) X At X %

(Eg. 3.8.139)
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The soil temperature factor for microbial respiration (Fyesp micro,temp) 1S:

[Tsoil(l)—283.16]
=2 10

Fresp,micro,temp (Eq. 3.8.140)
where T,,;;(1) is the soil temperature for the first layer.
The soil water factor for microbial respiration (Fresp microwater) IS:
— 0.23XWrootzone
Frespmicrowater = Go oy x(0.23 Wrgatzone) (Eq. 3.8.141)

where W,.,0ez0ne [M3/M?] is the root-zone soil water computed above.

Thus, the soil microbial respiration rate (R soi1 micro» [9CH20/m?/s]) is computed as:

— -6 -3
RS,soil,micro — fresp,micro,temp X Fresp,micro,water x30x10 X max(O, Pc,fast x 10 ) X fresp,micro
(Eq. 3.8.142)

Where frespmicro [UMOI/KQC/s] is the microbial respiration coefficient (set in NoahmpTable. TBL).

The rate for short-lived carbon decay to long-lived/stable carbon (R; gecqy, [ICH20/m?/s]) is:

Rc,decay =0.1X RS,soil,micro (Eq 38143)
Then, both short-lived and long-lived (stable, typically in deep soil) carbon storage ([gC/m?]) are
updated:
12
Pc,fast = Pc,fast - (RS,soil,micro + Rc,decay) X At x 30 (EQ- 3-8-144)
12
P stabte = Pe stavie T Re decay X At x 30 (Eq. 3.8.145)

The net carbon flux from land to the atmosphere (F. juna2atmos, [9C/M?/s]) is:

Fc,landZatmos = _Cassim,tot + (RS,leaf,grow + RS,leaf,maint + RS,stem,grow + RS,stem,maint +

12

RS,root,grow + RS,root,maint + RS,grain,grow + RS,grain,maint + 0.9 X RS,soil,micro) X 5 (Eq 38146)

(11) Compute diagnostic output variables and update LAI and SAI:

The total gross primary productivity (Gpp, [gC/m?/s]) is:

12
Gpp = CHZO,assim,tot X 30 (Eq. 3.8.147)

The total net primary productivity (Npp to, [gC/M?/s]) is:

12
NPP,tot = (NPP,leaf + NPP,stem + NPP,root + NPP,grain) X 5 (Eq 3-8-148)

The total plant respiration (net ecosystem respiration) rate (Rs piant o, [9C/M?/S]) is:
RS,plant,tot = (RS,leaf,grow + RS,leaf,maint + RS,stem,grow + RS,stem,maint + RS,root,grow +

12
RS,root,maint + RS,grain,grow + RS,grain,maint) X 5 (EQ- 3-8-149)
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The total soil (organic) respiration rate (Rs soi1 tor, [9C/M?/s]) is:

12
RS,soil,tot =09 Xx RS,soil,micro X 30

The net ecosystem exchange (Ngg, [gCO2/m?/s]) is:

44
Ngg = (RS,plant,tot + R soittor — Gpp) X 12

The total soil carbon storage (P 501, [9C/m?]) is:

Pc,soil = Pc,fast + Pc,stable

The total living (biomass) carbon storage (P, jiye, [gC/M?]) is:

12
Pc,live = (Mleaf + Mstem + Mroot + Mgrain) X 5

The LAI and SAI are further updated:
LAI = max(LALyp, Mleaf X Chioziai)

3

SAI = max(SAlnn, Mstem X =)

Further updates for post-harvest stage (if Gg crop = 8):
LAI = 0.05
SAI = 0.05
Miear = Mieas min

Mstem = Mstem,min
Moot = 0
Mgrain =0

5. Key crop parameter descriptions (for crop parameters in NoahmpTable. TBL):

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.
(Ea.

(Eq.
(Eq.
(Eq.
(Ea.
(Ea.
(Ea.

The table below presents an example for corn and soybean parameters

3.8.150)

3.8.151)

3.8.152)

3.8.153)

3.8.154)
3.8.155)

3.8.156)
3.8.157)
3.8.158)
3.8.159)
3.8.160)
3.8.161)

listed in

NoahmpTable.TBL. The stomata parameters are shaded in green background and dynamic

vegetation/crop parameters are shaded in orange background. The parameters that have been

modified are highlighted with stars and their values are in bold text. Their references are provided

after the table below.
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Subroutine/Parameter MP default Liu et al. (2016) Zhe Zhang
1 STOMATA generic crop cormn soybean corn soybean
2 | C3PSN (C3=1, C4=0) 1 0 1 0 1
3 KC25 30.0 300 30.0 30.0 30.0
4 AKC 2.1 2.1 2.1 2.1 21
5 KO25 3 E4 3 E4 3 E4 3E4 3 E4
6 AKO 1.2 12 12 1.2 1.2
7 AVCMX 24 24 24 24 24
8 VCMX25% 80.0 80.0 80.0 60.0 80.0
9 BP* 2.E3 2.E3 2.E3 4.E4 1.E4
10 MP* 9. 0. 9. 4. 9.
11 FOLNMX 1.5 1.5 15 15 15
12 QE25%* 0.06 0.06 0.06 0.05 0.06
13 KP* 4000.¥*Vemx 4000.*Vemx - 20000.*Vemx -
14 CARBON/ generic crop corn soybean corn soybean

CARBON_CROP*

15 | C3C4(C3=1,C4=2) - 2 1 2 1
16 QI10MR 20 20 20 20 20
17 FOLN_MX 1.5 1.5 1.5 1.5 1.5
18 QIOMR 20 20 20 20 20
19 | LFEMR25(RMEF25%) 1.0 1.0 1.0 0.8 1.0
20 STMR25(RMS25) 0.1 0.05 0.05 0.05 0.05
21 RTMR25(RMR25) 0.0 0.05 0.05 0.05 0.05
22 GRAINMR25 - 0.0 0.0 0.0 00
23 GDD parameters - Same as Liu Same as Liu Same as Liun Same as Liu
24 | DILE_FC(DILEFC) 0.50 Same ... Same ... Same ... Same ...
25 | DILF_FW(DILEFW) 0.20 Same ... Same ... Same ... Same ...
26 | LF_OVRC(LTOVRC) 1.6 Same ... Same ... Same ... Same ...
27 ST OVRC - Same ... Same ... Same ... Same ...
28 RT OVRC - Same ... Same ... Same ... Same ...
29 LFPT - Same ... Same ... Same ... Same ...
30 STPT - Same ... Same ... Same ... Same ...
31 RTPT - Same ... Same ... Same ... Same ...
32 GRAINPT - Same ... Same ... Same ... Same ...
33 STCT* - 0.00005 0.00005 0. 0.
34 RTCT* - 0.0005 0.0005 0. 0.

Reference for the parameter table above:

VCMX25%*: 60 for corn is adjustable according to Bonan et al. (2011);
BP*: 4.0E4 for corn and 1.0E4 for soybean, are from Sellers et al. (1996);

MP*: 4 for corn, is from Collatz et al. (1992) and Sellers et al. (1996);

KP*: 20000 x Vcmx for corn, is from CLM4.5 tech note;
LFRM25*: 0.8 for corn is from Collatz et al. (1992);

From table rows #23-32: These parameters have different names in BiochemNatureVegMainMod

and BiochemCropMainMod modules. GDD and biomass partition parameters are the same as

those in Liu et al. (2016);
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STCT and RTCT* are two parameters for translocation of stem and root to grain, which are used

in BiochemCropMainMod code but not documented in Liu et al. (2016). They are adjustable.

3.9 Energy and Water Balance Check

Description:
This part is to check the surface energy and water balance for each model timestep. The

water balance is for 2-m Noah-MP soil column without the MMF groundwater terms if activated.

Relevant code modules:
Module: BalanceErrorCheckMod.F90
Subroutines: BalanceWaterCheck, BalanceEnergyCheck

Physics:

1. Water balance check (BalanceWaterCheck subroutine):

First, if irrigation is activated for cropland pixels (FlagCropland = true and f;,; = fiyyi ¢nr» Where
firri 1S the irrigation fraction for each grid and f;,; 1, is the minimum threshold for grid irrigation
fraction to activate irrigation), then aggregating total irrigation water to the precipitation (as total

input water) for subsequent water balance check:

1000
Ptot = Ptot + (M/irri,sprinkler + I/Virri,micro + M/irri,flood) X At (Eq 3-9-1)

where Py, [mm/s] is the total precipitation rate. Wi,y sprinkier s Wirrimicros aNd Wirri fi004a
[m/timestep] are the water amounts for sprinkler, micro, and flood irrigation per timestep (At),
respectively.

The water balance is only checked over land points:

The water storage after all Noah-MP processes (Wend, [MM]) are computed as:

Wend = I/Vice,can + Wliq,can + VVsnow + Waquifer + Wsoil (Eq- 3-9-2)
Nsoi . .
Wsoil = Zi=1l[950il(1) X Dzsnso(l) X 1000] (Eq- 3-9-3)

where Wice can [mm] is the canopy ice, Wi;q cqn [MM] is the canopy liquid water, We,, 4, [Mm] is

the snow water equivalent, Weqy,;re [MM] is the aquifer water storage, Ws,; [mm] is the soil
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column water storage, 6,,;; [m3/m?] is the soil moisture for each soil layer, and D, [M] is the
thickness for each snow and soil layer.

Thus, the water balance error/residual (W,,--o-» [MM]) is computed as:

Vl/error = Wend - Wbeg - (Ptot - Qevap,can - Qtransp - Qevap,soil - Rsfc - Rsub - Qtiledrain) x At
(Eq. 3.9.4)

where Qgyap,can [MM/S] is the canopy evaporation rate, Qurqnsp [MM/s] is the plant transpiration
rate, Qepap,soir [MM/s] is the net soil evaporation rate, Rgs. [mm/s] is the surface runoff, Ry,
[mm/s] is the subsurface runoff, and Qjieqrqin [MM/s] is the tile drainage rate. Wy, [mm] is the
initial water storage before any Noah-MP processes computed at the beginning of the model code
(BalanceWaterlnit subroutine) as described above (also repeat here):

Wheg = Wice,can + Wiig,can + Wsnow + Waquirer + Wsour (Eq.3.9.5)
If the water balance error/residual (W,,.-,,-) is greater than 0.1 mm for a model timestep, then Noah-

MP will stop and report error information.

2. Energy balance check (BalanceEnergyCheck subroutine):
(1) Check surface shortwave radiation balance error/residual (E¢;ror sy, [W/M?]):

Eerrorsw = Sw,aown = (Swsfcabs + Sw.sferest) (Eq. 3.9.6)
where Sy, 4own [W/m?] is the total downward shortwave radiation (from input forcing), Sy sfcaps
[W/m?] and Sy, srcreri [W/m?] are the total surface absorbed and reflected shortwave radiation,
respectively.

If this energy error (E¢ror.sw) iS greater than 0.01 W/m?, then Noah-MP will stop and report error
information.

(2) Check total surface energy balance error/residual (E o7 ¢or, [W/M?]):

Eerror,tot = SW,veg,abs + SW,grd,abs + Hpr,tot - (LW,sfc,net + HS,sfc + HL,can + HL,grd +

Hy transp + HLirrievap + Ggra) (Eq.3.9.7)
where Sy pegaps [W/M?] and Sy grqaps [W/M?] are the absorbed shortwave radiation by
vegetation and ground (soil/snow), respectively. H,, ., [W/m?] is the total heat flux advected
from precipitation to land surface. Ly, srcner [W/m?] is the total net surface longwave radiation.
Hs s¢c [W/m?] is the total surface sensible heat flux. G ;.4 [W/m?] is the ground heat flux into

soil/snow layers. Hy, cqn, Hy, gras Hi transp: aNd Hy, i evap [W/M?] are the latent heat flux caused
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by canopy evaporation, ground evaporation, plant transpiration, and irrigation water evaporation,
respectively.
If this energy error (Egrortor) IS greater than 0.01 W/m2, then Noah-MP will stop and report error

information.

4. Noah-MP Glacier

Description:

The purpose of the Noah-MP glacier module is to compute the glacier surface water and
energy balance and  fluxes. Currently, the Noah-MP glacier process in
NoahmpMainGlacierMod.F90 is treated in a very similar way to bare grounds in the main Noah-
MP non-glacier processes described in the previous sections, such that all the vegetation-related
processes have been removed and a special treatment of glacier ice phase change has been added.
As a result, the glacier ice layer is defined the same as the soil layer in non-glacier processes. The
glacier processes include processing atmospheric forcing, precipitation heat advection, surface
energy balance calculation, surface water balance calculation, and finally energy and water balance
checks. However, more systematic treatments for glacier ice processes (e.g., Crocus glacier model)

are needed in the future.
Relevant code modules:
Module: NoahmpMainGlacierMod.F90

Subroutines: NoahmpMainGlacier

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptGlacierTreatment 1* include phase change of glacierice

. . 2 Glacier ice treatment more like original Noah
options for glacier treatment

Physics:
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4.1 Atmospheric Forcing Processing for Glacier

Description:

This module is exactly the same as the one used in the main Noah-MP non-glacier column
model (Section 3.1), which is to process the input atmospheric forcing variables (surface
temperature, precipitation, surface pressure, wind, specific humidity, downward shortwave and

longwave radiation) for use in Noah-MP glacier physics.
Relevant code modules:
Module: AtmosForcingMod.F90

Subroutines: ProcessAtmosForcing

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptRainSnowPartition 1* Jordan (1991) scheme
2 BATS: when Temperature AirRefHeight < freezing point+2.2
options for partitioning 3 Temperature AirRefHeight < freezing point
precipitation into rainfall 4 Use WRF microphysics output
& snowfall 5 Use wetbulb temperature (Wang et al., 2019)

Physics:

Please see Section 3.1 (“Atmospheric forcing processing”) for details.

4.2 Initialization of Key Glacier State Variables

Description:

These two Noah-MP initialization modules are to initialize key state variables, including
glacier and snow layer thickness and initial glacier surface water storage. Note that because the
glacier ice layers mimic the soil layers of non-glacier grids, most treatments of the glacier ice layer
properties (e.g., number of layers, layer thickness and depth, etc.) will be the same as those of the

soil layers of non-glacier grids.

Relevant code modules:
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Module: GenerallnitGlacierMod.F90
Subroutines: GenerallnitGlacier
Module: BalanceErrorCheckGlacierMod.F90

Subroutines: BalanceWaterlInitGlacier
Physics:

1. Initialize snow and glacier ice (equivalent to soil layer in the current Noah-MP glacier setting)
i layer thickness (D snso, [M]):

D (i) = { —Zsnso(1), 1=—Ngpo+1
zsmso anso (i - 1) - anso(i) , [ = _Nsno + 21 'Nice

where Z,.,(i) [m] is the depth (negative) of snow or glacier ice i layer bottom from snow

(Eq. 4.2.1)

surface, Ng,, Is the actual number of snow layers, and N;.. is the number of glacier ice layers.

Note that N, is the same as N,; in Noah-MP currently.

2. Initialize water storage before any Noah-MP processes (Wheg, [MM]):

Wpeg = Wsnow (Eq. 4.2.2)
where W, [Mm] isthe snow water equivalent (SWE). Note that for the current Noah-MP glacier
treatment, the glacier ice is not accounted for in glacier surface water balance check and hence not

included in the initial water storage term.

4.3 Precipitation Heat Advection for Glacier

Description:
This module is to estimate heat flux advected from precipitation (snowfall and rainfall) to

glacier ground.
Relevant code modules:

Module: PrecipitationHeatAdvectGlacierMod.F90

Subroutines: PrecipitationHeatAdvectGlacier
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Physics:

1. Heat advection from rainfall:

Cwat

Hpr,aingrd = Prgin X 1000 X (Tsfc - Tgrd) (Eq.4.3.1)

where H,y,. 4ir2gra [W/m?] is the heat advection from air to glacier ground. P,.q;, [mm/s] is the total
liquid precipitation from forcing processed in Sect. 6.1. C,,4¢ [J/m3/K] is the volumetric heat
capacity of water (defined in ConstantDefineMod.F90). T,z [K] and T4 [K] are the temperature

for surface air (assumed to equal to precipitation temperature) and ground.

2. Heat advection from snowfall:

Cice

Hpr,aingrd = Hpr,aingrd + Psnow X 1000 X (Tsfc - Tgrd) (Eq-4-3-2)

where C;., [J/m3/K] is the volumetric heat capacity of ice (defined in ConstantDefineMod.F90).

Pinow [Mmm/s] is the total liquid precipitation from forcing processed in Sect. 6.1.

3. Net heat advection:
The heat advection from rainfall and snowfall are merged together first and then:

Hyy paregra = Hpr airzgrd (Eq.4.3.3)
where Hyy,. paregra [W/m?] is the net precipitation heat advected flux for bare ground. Currently,
the net precipitation advection flux (which is typically very small) are limited to -20~20 W/m? for

the model stability consideration.

4.4 Energy for Glacier Ground

Description:

The Noah-MP glacier energy module is very similar to the energy process for bare grounds
in the main Noah-MP non-glacier grids, so that all the vegetation-related processes have been
removed (canopy radiative transfer and longwave emission, stomatal resistance and transpiration)

and a different treatment of glacier ice phase change is added.

Relevant code modules:
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Module: EnergyMainGlacierMod.F90

Subroutines: EnergyMainGlacier

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptSnowSoilTempTime 1* semi-implicit; flux top boundary condition
2 full implicit (original Noah); temperature top boundary condition

options for snow/soil
temperature time scheme 3
(only layer 1)

same as 1, but snow cover for skin temperature calculation
(generally improves snow)

Physics:

4.4.1 Glacier Snow Cover Fraction

Description:

This module is to compute glacier ground snow cover fraction, which is currently set to 1.0
whenever these is snow on the glacier ice (SWE>0), and is treated differently from the snow cover
parameterization (Niu and Yang, 2007) used in the non-glacier grids. Some improvement and

unification of the glacier snow cover treatment needs to be done in the future.

Relevant code modules:
Module: SnowCoverGlacierMod.F90

Subroutines: SnowCoverGlacier

Physics:
When there is snow on the glacier ground (W;,,,,, > 0), then 100% snow cover is assumed:
fsnow = 1.0 if Wepow >0 (Eq.4.4.1)

where f.,ow IS the snow cover fraction.

4.4.2 Glacier Ground Roughness Property

Description:
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This module is to compute the glacier ground roughness length, displacement height, and

surface reference height.

Relevant code modules:
Module: GroundRoughnessPropertyGlacierMod.F90

Subroutines: GroundRoughnessPropertyGlacier

Physics:

The glacier ground roughness length for momentum (zo, g-q, [M]) is given as
Zom,grd = Z0,snow (Eg. 4.4.2)
where zg g0 [M] is the snow surface roughness length (set in NoahmpTable. TBL).
The surface roughness length (zo., s, [M]) is then given by
Zom,sfc = Zom,grd (Eq. 4.4.3)
The zero-plane displacement height for ground (d 4.4, [M]) and surface (dg s ., [M]) is calculated
as
do,gra = Msnow (Eq. 4.4.4)
dosfe = do,gra (Eq. 4.4.5)
where hg,, ., [M] is the snow height.

The surface reference height above ground (z,.r, [m]) is calculated as
Zref = dO,sfc + 24 (Eq. 4.4.6)
where z; [m] is the reference height above surface zero plane received from atmospheric models

or set in the host model namelist.

4.4.3 Glacier Ground Thermal Property

Description:

This module is to estimate thermal conductivity and heat capacity of snow and glacier ice.

Relevant code modules:
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Module: GroundThermalPropertyGlacierMod.F90
Subroutines: GroundThermalPropertyGlacier
Submodule: SnowThermalPropertyMod.F90
Subroutines: SnowThermalProperty

Submodule: GlaicerlceThermalPropertyMod.F90

Subroutines: GlacierlceThermalProperty

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptSnowThermConduct 1* Stieglitz(yen,1965) scheme
pronowThermt.onduc 2 Anderson, 1976 scheme
options for snow thermal 3 constant
P L 4 Verseghy (1991) scheme
conductivity a
5 Douvill(Yen, 1981) scheme

Physics:

1. Snow thermal properties (SnowThermalPropertyMod.F90):
The snow thermal property calculation is the same as the one used for the main Noah-MP non-
glacier grids in SnowThermalPropertyMod.F90. Please see the description of the subroutine

“SnowThermalProperty” above in the main Noah-MP Energy section.

2. Glacier ice thermal properties (GlaicerlceThermalPropertyMod.F90):
Thermal properties of glacier ice are estimated based on the old Noah empirical parameterizations.
The heat capacity of glacier ice (C,, 514, [J/m*K]) is calculated as:

Cpgia(@) = 10° X (0.8194 + 0.1309 X Zpniq (i) (Eq. 4.4.7)
where Z,,;4 [m] is the depth of the middle point of the it glacier ice layer.
The thermal conductivity of glacier ice (kg;,, [W/m/K]) is calculated as:

kgia (i) = 0.32333 + (0.10073 X Zpmq(i)) (Eq. 4.4.8)

3. Glacier ice and snow interface:
A temporary phase change factor used for melting/freezing of snow and glacier ice is computed

as:

226



At

Cp,gla/sno (l) XDzsnso (l)

fphase(i) = (Eq. 4.4.9)

where i is the snow and glacier ice layer indeX, Cp g1q/sno [J/m3/K] is the heat capacity of snow or
glacier ice computed above, and D,,, [M] is the thickness for each snow and glacier ice layer.
The thermal conductivity of snow and glacier ice interface (ksp,,414({ = 1)) is estimated as:
When there is explicit snow layer on the glacier ice (I, s, < 0):

kgla (1) ><l)ZSTlSO (1)+k5n0W (O)XDZSTISO (O)

Ksno/gra(l = 1) = Dzsms0 (1) +Dzsns0 (0) (Eq. 4.4.10)
When there is no explicit snow layer on the glacier ice (I, s, = 0):
. k a(l)XDzsnso(1)+0-35thnow

Ksnojgia(i = 1) = -2 (Eq. 4.4.11)

DZSTLSO (1)+hSTlOW

where kgp 4, (0) [W/m/K] is the thermal conductivity for the bottom snow layer, kg, (1) [W/m/K]
is the thermal conductivity for the top glacier ice layer, hg,,,, [m] is the snow height, and I, ¢, is

the snow layer index (see the snow section for details above).

4.4.4 Glacier Surface Albedo

Description:
This module is to estimate glacier surface albedo, which is similar to the main non-glacier
Noah-MP process except that the soil albedo treatment is replaced by land ice albedo and there is

no canopy two stream radiative transfer.

Relevant code modules:
Module: SurfaceAlbedoGlacierMod.F90
Subroutines: SurfaceAlbedoGlacier
Submodule: SnowAgingBatsMod.F90
Subroutines: SnowAgingBats
Submodule: SnowAlbedoBatsMod.F90
Subroutines: SnowAlbedoBats
Submodule: SnowAlbedoClassMod.F90
Subroutines: SnowAlbedoClass
Submodule: GroundAlbedoGlacierMod.F90
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Subroutines: GroundAlbedoGlacier

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptSnowAlbedo 1* BATS snow albedo scheme
options for ground snow 2 CLASS snow albedo scheme
surface albedo

Physics:

When there is no sunlight (i.e., solar zenith angle is 90deg or larger), all the snow and ground

albedo quantities are set to zero. The albedo calculations are only activated when there is sunlight.

1. Snow albedo and aging (SnowAgingBatsMod.F90, SnowAlbedoBatsMod.F90, and
SnowAlbedoClassMod.F90):

The snow albedo (ag,,,) calculation will be the same as that used for the main Noah-MP non-
glacier grids in SnowAgingBatsMod.F90, SnowAlbedoBatsMod.F90, and

SnowAlbedoClassMod.F90. Please see the earlier descriptions in this document above for details.

2. Glacier ground albedo (GroundAlbedoGlacierMod.F90):

The glacier ground albedo (a4q grq) is @ Weighted average of land ice albedo and snow albedo
based on snow cover fraction (fsnow):

agla,grd = Qjce X (1 - fsnow) + Asnow X ﬁsnow (Eq 4-4-12)
where a;., isthe land ice albedo specified in NoahmpTable. TBL. Noah-MP accounts for two solar
bands (visible and NIR) and two light conditions (diffuse and direct radiation) for snow, ground,

and surface albedo calculations.

3. Glacier surface albedo (SurfaceAlbedoGlacierMod.F90):

The glacier surface albedo (@ gq,sc) is the same as ground albedo:

Agla,sfc = Agla,grd (Eq. 4.4.13)
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4.45 Glacier Surface Shortwave Radiation

Description:
This module is to estimate glacier surface radiation, which is similar to the main non-

glacier Noah-MP process except that no canopy-related radiative fluxes are accounted for.

Relevant code modules:
Module: SurfaceRadiationGlacierMod.F90

Subroutines: SurfaceRadiationGlacier
Physics:

The total shortwave radiation absorbed by glacier ground (S grgaps. [W/m?]) and surface
(Sw.sfc,aps: [W/m?]) are computed as:
SW,grd,abs = 2j=dif,dir Zi=vis,nir[SW,down,j(i) X (1 - agla,grd,j(i))] (Eq- 4-4-14)

SW,sfc,abs = SW,grd,abs (Eqg. 4.4.15)

The total shortwave radiation reflected by glacier ground (Sw grareri, [W/m?]) and surface
(Sw.sferesr, [W/m?]) are computed as:
SW,grd,refl = Zj:dif,dir Zi:vis,nir[SW,down,j(i) X agla,grd,j(i)] (Eq 4-4-16)

Sw,sferefl = Sw.grdrefl (Eq.4.4.17)

4.4.6 Glacier Surface Longwave Emissivity

Description:
This module is to estimate glacier surface longwave radiation emissivity, which is similar

to the main non-glacier Noah-MP process except that no canopy emissivity is included.
Relevant code modules:

Module: SurfaceEmissivityGlacierMod.F90

Subroutines: SurfaceEmissivityGlacier
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Physics:

The effective glacier ground (e44) and surface emissivity (&gz.) are computed as a weighted

average of snow emissivity (g5,0) @nd land ice emissivity (&;..) based on snow cover fraction

(.f;'nOW):
Egrd = Eice X (1- f:enow) + Esnow X fsnow (Eqg. 4.4.18)
szc = ggrd (Eq 4419)

where &5,,w and €;., are parameters set in the NoahmpTable. TBL.

4.4.7 Glacier Surface Resistance for Ground Evaporation

Description:
This module is to estimate glacier surface resistance to ground evaporation and
sublimation, which represents the resistance imposed during the molecular diffusion by the surface

(as opposed to aerodynamic resistance).

Relevant code modules:
Module: ResistanceGroundEvaporationGlacierMod.F90

Subroutines: ResistanceGroundEvaporationGlacier
Physics:
The glacier ground resistance to evaporation/sublimation (Ry,q evap) 1S Sét to 1.0.

The relative humidity in surface glacier/snow air space (RHgyq,g14) IS Sét t0 1.0,

4.4.8 Glacier Ground Psychrometric Variables

Description:

This module is to estimate psychrometric variables for glacier ground.

Relevant code modules:
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Module: PsychrometricVariableGlacierMod.F90

Subroutines: PsychrometricVariableGlacier
Physics:

The latent heat of vaporization for the glacier ground (Cpy gravap, [3/K9]) is:
CLH,grd,vap = CLH,subl (Eg. 4.4.20)
where  Cryeupr [J/kg]l is the specific latent heat of sublimation (defined in

ConstantDefineMod.F90).

The psychrometric constant for the glacier ground (yg,q, [Pa/K]) is:

Cp,airXPsfc
Vora = ——L (Eq. 4.4.21)

0'622XCLH,grd,vap

where Cp, 4 [J/kg/K] is the air heat capacity (defined in ConstantDefineMod.F90) and Psf [Pa]

is the surface air pressure.

4.4.9 Glacier Ground Energy Flux and Temperature

Description:
This module is to compute glacier surface energy fluxes and balance as well as update
ground temperature. The calculation is very similar to the bare ground energy computation for

non-glacier Noah-MP grids (SurfaceEnergyFluxBareGroundMod.F90).

Relevant code modules:
Module: SurfaceEnergyFluxGlacierMod.F90
Subroutines: SurfaceEnergyFluxGlacier
Module: VaporPressureSaturationMod.F90
Subroutines: VaporPressureSaturation
Module: ResistanceBareGroundMostMod.F90
Subroutines: ResistanceBareGroundMOST

Relevant Noah-MP namelist options:
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Noah-MP Physics Option Notes (* indicates the default option)
OptGlacierTreatment 1* include phase change of glacier ice

. . 2 Glacier ice treatment more like original Noah
options for glacier treatment

Physics:

The majority of the calculations are exactly the same as those of bare ground energy flux and
balance calculations in SurfaceEnergyFluxBareGroundMod.F90 (see above for details). The
following are several differences that are specific to glacier ground treatments.

(1) Only one surface resistance scheme, Monin-Obukhov Similarity Theory (MOST), is used for
glacier, as opposed to the two options (MOST and Chen et al. (1997) schemes) for the non-glacier
grids.

(2) If snow depth is zero (i.e., no snowpack on glacier ice) and OptGlacierTreatment = 2 (i.e.,
original Noah type of glacier ice treatment), then the ground latent heat coefficient is set to 0,

which means Noah-MP does not allow any sublimation of glacier ice in OptGlacierTreatment = 2.

4.4.10 Grid Mean Glacier Energy Quantities

Description:
This part is to compute the grid-level mean energy fluxes and temperatures for glacier

surfaces, which are treated the same as the bare ground in the non-glacier Noah-MP processes.
Relevant code modules:

Module: EnergyMainGlacierMod.F90

Subroutines: EnergyMainGlacier

Physics:

The grid-level mean energy quantities are assigned values of those for glacier bare ground, in the

same way as the bare ground treatment for non-glacier processes in EnergyMainMod.F90.

232



4.4.11 Glacier Surface Longwave Emission and Radiative Temperature

Description:
This part is to compute the glacier surface total emitted longwave radiation and

radiative/skin temperature based on the glacier surface emissivity computed in Sect. 6.4.6.

Relevant code modules:
Module: EnergyMainGlacierMod.F90

Subroutines: EnergyMainGlacier

Physics:

The glacier surface emitted longwave radiation and radiative/skin temperature are computed in the
same way as the non-glacier Noah-MP grid calculations (see EnergyMainMod.F90 for details),

except that the glacier surface emissivity is computed without canopy effects in Sect. 6.4.6.

4.4.12 Glacier Snow and Ice Temperature Computation

Description:

This part is to compute the snow (if it exists) and glacier ice temperatures. Note that snow
temperatures during melting seasons may exceed melting point but later in
GlacierPhaseChangeMod.F90, the snow temperatures are reset to melting point for melting snow.
The calculations of glacier surface snow and ice temperatures are treated in the same way as those

of non-glacier grid calculations (SoilSnowTemperatureMainMod.F90).

Relevant code modules:
Module: GlacierTemperatureMainMod.F90
Subroutines: GlacierTemperatureMain
Module: GlacierTemperatureSolverMod.F90
Subroutines: GlacierTemperatureSolver
Module: GlacierThermalDiffusionMod.F90

Subroutines: GlacierThermalDiffusion
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Physics:

First, the solar penetration through snow and glacier ice are ignored, which needs more work.

1. Glacier thermal diffusion calculation (GlacierThermalDiffusionMod.F90):

This module is to calculate the right-hand side of the time tendency term of the glacier ice and
snow thermal diffusion equation. Currently, snow and glacier ice layers are coupled in solving the
equations. This module also computes/prepares the matrix coefficients for the tri-diagonal matrix
of the implicit time scheme.

This GlacierThermalDiffusionMod module is the same as the SoilSnowThermalDiffusionMod
module (see above for details), except soil layers are replaced with glacier ice layers and using the
glacier ice thermal properties (computed in GroundThermalPropertyGlacierMod.F90 above) to

replace soil thermal properties.

2. Glacier temperature solver (GlacierTemperatureSolverMod.F90):

This module is to compute glacier snow and ice layer temperatures using a tri-diagonal matrix
solution dependent on the output from GlacierThermalDiffusionMod.FO0 above. This
GlacierTemperatureSolverMod module is the same as the SoilSnowTemperatureSolverMod

module (see above for details), except treating soil layers as glacier ice layers.

4.4.13 Glacier Surface Temperature Adjustments for Snow Condition

Description:
This part is to adjust surface temperature based on snow conditions for
OptSnowSoilTempTime = 2. This is treated the same as for non-glacier grid calculations except

that the canopy temperature adjustment is removed.
Relevant code modules:

Module: EnergyMainGlacierMod.F90

Subroutines: EnergyMainGlacier

234



Physics:

For OptSnowSoilTempTime = 2, if there is snowpack exist and the ground temperature is above

freezing point, then both the glacier ground and surface temperatures are reset to the freezing point.

4.4.14 Glacier Phase Change

Description:

This part is to compute the phase change (melting/freezing) of snow and glacier ice. The
snowpack phase change is treated the same way as that of non-glacier grids
(SoilSnowWaterPhaseChangeMod.F90), whereas some specific treatments for glacier ice phase

changes have been added.
Relevant code modules:
Module: GlacierPhaseChangeMod.F90

Subroutines: GlacierPhaseChange

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptGlacierTreatment 1* include phase change of glacier ice
. . 2 Glacier ice treatment more like original Noah
options for glacier treatment

Physics:

1. Snowpack phase change above glacier ice:

The snowpack phase change is treated first in the same way as that of non-glacier grids in
SoilSnowWaterPhaseChangeMod.F90.

For the melting/freezing of snow without an explicit layer, if OptGlacierTreatment = 2, then the
snow melting/freezing treatment is the same as that of non-glacier grids in

SoilSnowWaterPhaseChangeMod.F90. If OptGlacierTreatment = 1, the snow melting/freezing
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treatment is still the same but in the place of glacier ice treatment because very shallow snowpack
melting/freezing may affect the top glacier ice layer in contact with this shallow snowpack for

OptGlacierTreatment = 1.

2. Glacier ice phase change:
For OptGlacierTreatment = 2, there is no glacier ice phase change treatment.
For OptGlacierTreatment = 1, the glacier ice phase change is treated as follows:
(1) The liquid water (Wgq,1i4, [mm]) and ice (Wy,q ice, [Mm]) mass for each glacier ice layer are
computed before melting/freezing:
Waia,tiq (D) = Wiig,gia (1) X Dzsnso (i) X 1000 (Eq. 4.4.22)

Wyia,ice(®) = (1 = Wiig,g1a (D)) X Dysnso (i) % 1000 (Eq. 4.4.23)
where i starts from 1 to N, (i.e., N,,;;; note that currently the Noah-MP glacier model simply
replaces soil layers with glacier ice layers), and D,,, 1S the thickness for each snow and glacier
ice layer.
(2) Determine melting or freezing states (similar to snowpack treatment):
When Wyq ice > 0 and Ty, = Ty, the glacier ice melts (L, = 1).
When W41 > 0 and Ty, < Tfyp, the glacier liquid water freezes (Iye;r = 2).
where I,,,.;; 1S the snow melt indicator.
(3) Compute energy residual (surplus or 10ss; Egq res, [W/m?]) for melting or freezing (similar to

snowpack treatment):

T a_T rZ
Egla,res =-ga Iz (Eq 4-4-24)

fphase
where fppase 1S the phase change factor for glacier computed in the above module
“GroundThermalPropertyGlacierMod.F90”.

If Ineir = 1and Egyq 05 < 0, then both quantities are reset to 0.
If Imere = 2 and Egyq 05 > 0, then both quantities are reset to 0.

The potential water mass change (AW, [mm]) is:

_ Egla,res XAt

AW, = (Eq. 4.4.25)

CLH,fus

where Cpyrys [J/Kg] is the specific latent heat of fusion of water (defined in

ConstantDefineMod.F90).

236



(4) Treatment of snow without an explicit layer: see part 1 above.

(5) Compute the rate of melting/freezing for glacier ice layers:

This part is the same as the treatment for snowpack by looping from the top glacier ice layer to the
bottom ice layer to compute the melted/frozen water mass, energy residuals, and layer
temperatures based on the melting/freezing state and ice/liquid water mass for each glacier ice
layer.

(6) Adjust glacier ice melting/freezing state and temperature for additional energy residuals:

First, if there are still two or more glacier ice layers with temperatures both above and
below the freezing point (i.e., temperature imbalance among different glacier ice layers), then
further loop from the top to bottom glacier ice layers to reduce temperature for the layer (“Layer
Warm”) with temperature above freezing point and move excess heat (E,..5) to the layer (“Layer
Cold”) with temperature below freezing point. If the “Layer Cold” is cold enough to absorb all the
E,.s, then the “Layer Cold” temperature is increased according to the E, ., and the E,..¢ is reset to
0. Ifthe “Layer Cold” is not cold enough to absorb all the E,.¢, then the “Layer Cold” temperature
is set to freezing point, and the E,.. is further updated by accounting for the “Layer Cold”
temperature increase. The “Layer Warm” temperature is updated based on the updated E,..;.

Then, similar to above, the cold layer temperature is increased to remove the temperature
imbalance among different glacier ice layers.

Finally, after the above excess heat redistribution among different glacier ice layers, if there
is still a layer with temperature above freezing point and another layer with ice mass larger than
zero, then the excess heat that layer has above freezing point will be redistributed to another layer
and contribute to melting the ice. Both layer temperatures will be updated accordingly based on
whether the ice melting is enough to absorb all the excess heat. This treatment is similar to the case
where there is still a layer with temperature below freezing point and another layer with liquid
water mass larger than zero. In this case, the excess cold from this layer is redistributed to freeze

the liquid water in another layer.

3. Update snow and glacier ice content:
Based on the melting and freezing treatments in the above two parts, the snowpack and glacier ice
and liquid water content are updated. Particularly, for OptGlacierTreatment = 2, the total glacier

moisture is always set to 1.0 and glacier liquid water content is always set to 0, which assumes the
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glacier ice is frozen forever and there is no glacier ice phase change. For OptGlacierTreatment =
1, the total glacier moisture is always set to 1.0 but it accounts for the glacier liquid water within

ice layers as described in part 2 above (i.e., allow glacier ice to melt).

4.5 Hydrology for Glacier

Description:
The Noah-MP glacier water (hydrology) module calculates snowpack hydrology, glacier
ice water, and surface and subsurface runoff. The treatments are very similar to the non-glacier

Noah-MP hydrological processes show above (WaterMainMod.F90).
Relevant code modules:
Module: WaterMainGlacierMod.F90

Subroutines: WaterMainGlacier

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptGlacierTreatment 1* include phase change of glacier ice
. . 2 Glacier ice treatment more like original Noah
options for glacier treatment

Physics:

4.5.1 Glacier (snow/ice) Surface Water Fluxes

Description:
This part is to compute the ground (snow/ice) surface sublimation, frost, evaporation, and
dew water fluxes, which will be used in the subsequent snowpack and glacier ice hydrological

processes.

Relevant code modules:
Module: WaterMainGlacierMod.F90
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Subroutines: WaterMainGlacier

Physics:

This part is the same as the treatment for the non-glacier model grids (see WaterMainMod.F90).

The ground surface evaporation/sublimation and dew/frost rates are computed using the energy

flux from the glacier energy component:

Qpap = Max(0.0, —L2rL) (Eq. 4.5.1)
LH,vap
Qcona = abs[min (O.O,M)] (Eq. 4.5.2)
LH,vap
Qnet,grd = Qvap — Qcona (Eqg. 4.5.3)

where Quap s Qcona » aNd Qpet gra [MM/s] are the vaporization (evaporation/sublimation),
condensation (dew/frost), and net water fluxes at the ground surface. Hy, 4,-4 [W/m?] is the glacier
surface latent heat fluxes (positive for vaporization and negative for condensation; computed in
EnergyMainGlacierMod.F90) and C,p,qp [J/kg] is the specific latent heat of vaporization
(evaporation/sublimation) at the glacier surface (computed in
PsychrometricVariableGlacierMod.F90).

The total sublimation and frost rates for snow and surface ice:

ano/ice,subl = Qvap (Eq. 4.5.4)
where Qgno/ice,supt [MM/S] is the snow and ice surface sublimation rate.
ano/ice,frost = Qcond (Eq 4-5-5)

Where Qsnoice,rrost [MM/s] is the snow and ice surface frost rate.
The snow depth increase rate (Ahg,ow, [M/S]) due to snowfall is computed as:

PSTLOW
ARgppyy = —H0W. (Eq. 4.5.6)

Psnow

where P, [mm/s] is the total snowfall rate on the ground (from AtmosForcingMod.F90) and

Psnow [K9/M?] is the bulk snowfall density (from AtmosForcingMod.F90).

4.5.2 Snow Hydrology for Glacier

Description:
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This multi-layer snowpack module is the same as that for non-glacier grid treatments
(Please see Section 3.7.3 (SnowWaterMainMod.F90) for details). Specifically, this part is to
compute the evolution of snowpack (up to 3 layers) properties, including snow ice and liquid water
content, snow thickness, and water flux out of the snowpack bottom. The snow hydrological
processes include snowpack compaction, snow layer combination, snow layer division, and snow
water state updates. These processes are driven by the energy fluxes and snow temperature
changes computed in EnergyMainGlacierMod.F90. The change in snowpack SWE is balanced by
the input snowfall and frost and output snowmelt and sublimation. Only snowpack with explicit
snow layers (snow depth >= 2.5 cm) will go through snow layer compaction, combination, and

division processes.

Relevant code modules:
Module: SnowWaterMainGlacierMod.F90

Subroutine: SnowWaterMainGlacier
Physics:

Overall snowpack water balance (same as non-glacier grid treatment):

AVVSTI.OW

At = anow + ano,frost - ano,melt - ano,subl (Eq 4-5-7)
where Qs,on [MmV/s] is the snowfall rate on the snowpack surface, and Qg merr [MM/S] is the

total melting snow water driven by snowpack surface energy balance:

ano,melt = (SW,grd,net + LW,grd,net + Hpr,grd - HL,grd - HL,grd - GsnoZgla)

Crh fus
where Cpy s [J/kg] is the specific latent heat of fusion. Sy, granet » Lw . granet » Hpr.gra » Hi grd »
and Hg, 4.4 [W/m?] are the net shortwave radiation flux, net longwave radiation flux, precipitation
advected heat flux, latent heat flux, and sensible heat flux at the snowpack surface. Gspozgia
[W/m?] is the heat flux advected from snowpack to glacier ice at the snow-ice interface. Note that
Gsnozgia 1S ONly implicitly expressed in Noah-MP due to the use of a coupled snow and glacier ice
layer temperature solver based on a tri-diagonal matrix solution. Currently, Noah-MP neglects heat

transfer by movement of meltwater within the snowpack.
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The Noah-MP code convention for snow layer index is as follows: the snow layer index for
vector/matrix dimension starts from -Nsnow+1 to 0, where Nsnow 1S the maximum number of snow
layers (currently is 3 in Noah-MP). The snow vector quantities have the column dimension of -2:0
with -2 for top layer index and O for bottom layer index. The purpose of this negative indexing of
snow vector column dimension is to have a continuous index for combined snow and glacier ice
layers (i.e., glacier ice layer index starts from 1 to 4 for 4-layer ice, same as soil treatment for non-
glacier grids). There is another snow layer indicator (I, s,,) in Noah-MP to identify the actual
number of snow layers:

-3, 3layer snow
I _)—2, 2layer snow
mwsno ) —1, 1 layer snow
0, 0 layer snow

(Eq. 4.5.8)

Thus, for loops over multiple snow layers, the index for vector column dimension starts at I, ¢,,, +
1 (top snow layer) and ends at 0 (bottom snow layer).

Note that for shallow snowpack without explicit snow layers (i.e., snow depth < 2.5cm; I, ¢ =
0), the prognostic snow state variables are W,,,,,, and snow depth (hs,,. ). FOr snowpack with
explicit snow layers (i.e., snow depth >= 2.5cm; I, 5., < 0), the prognostic snow state variables
are snow layer liquid water and ice content (Wjce sno (i) and Wy;q ¢,0(i), i =0~2, is the snow layer

index) and snow layer thickness (D,¢ns0 (i), | =0~2, is the snow layer index), while W, and

hsnow are diagnostic variables derived from Wi, sno and Wiig sno aNd Dygp50-

4.5.2.1 Snowfall over Glacier

Description:

This module is to update snow water equivalent (SWE) and snow depth due to snowfall on
the glacier ground. The treatment is the same as that for non-glacier snowpack
(SnowfallBelowCanopyMod.F90).

Relevant code modules:

Module: SnowfallGlacierMod.F90

Subroutines: SnowfallGlacier
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Physics:

The treatment is the same as that for non-glacier snowpack (SnowfallBelowCanopyMod.F90).

4.5.2.2 Snowpack Compaction

Description:
This module is to update snow layer thickness via compaction due to destructive
metamorphism, overburden, & melt. This module is only active for snowpack with explicit snow

layers (snow depth >= 2.5 cm; I, ¢, < 0). The treatment is the same as that for non-glacier

snowpack (SnowpackCompactionMod.F90).

Relevant code modules:
Module: SnowpackCompactionMod.F90

Subroutine: SnowpackCompaction

Physics:

The treatment is the same as that for non-glacier snowpack (SnowpackCompactionMod.F90).

4.5.2.3 Snow Layer Combination

Description:

This module is to compute snowpack layer combination processes to update snow ice,
snow liquid water, snow thickness, and snow temperature. Currently, the minimum thicknesses for
each snow layer from the top to the bottom layersare 2.5 cm, 2.5 cm, and 10 cm, respectively. The
layer combination will be based on this minimum layer thickness threshold. This module is only
active for snowpack with explicit snow layers (I, s», < 0). The treatment is the same as that for

non-glacier snowpack (SnowLayerCombineMod.F90).

Relevant code modules:
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Module: SnowLayerCombineMod.F90
Subroutine: SnowLayerCombine
Module: SnowLayerWaterComboMod.F90

Subroutine: SnowLayerWaterCombo

Physics:

The treatment is the same as that for non-glacier snowpack (SnowLayerCombineMod.F90).

4.5.2.4 Snow Layer Division

Description:

This module is to compute snowpack layer division processes to update snow ice, snow
liquid water, snow thickness, and snow temperature. Currently, the maximum thicknesses for each
snow layer from the top to the bottom layers are 5 cm, 20 cm, and no limit, respectively. The layer
division will be based on this maximum layer thickness threshold. This module is only active for
snowpack with explicit snow layers (I, s,o < 0). The treatment is the same as that for non-glacier

snowpack (SnowLayerDivideMod.F90).

Relevant code modules:
Module: SnowLayerDivideMod.F90
Subroutine: SnowLayerDivide
Module: SnowLayerWaterComboMod.F90
Subroutine: SnowLayerWaterCombo

Physics:

The treatment is the same as that for non-glacier snowpack (SnowLayerDivideMod.F90).

4.5.2.5 Snowpack Hydrological Process
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Description:

This module is to update snow ice and liquid water content and snow height based on
snowpack water balance (sublimation, frost, melting) and to compute water fluxes within and out
of snowpack. The treatment is similar to that for non-glacier snowpack
(SnowpackHydrologyMod.F90), with some slightly different treatments based on glacier ice

treatment options (OptGlacierTreatment).

Relevant code modules:
Module: SnowpackHydrologyGlacierMod.F90
Subroutine: SnowpackHydrologyGlacier
Module: SnowLayerCombineMod.F90

Subroutine: SnowLayerCombine

Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptGlacierTreatment 1* include phase change of glacier ice
. . 2 Glacier ice treatment more like original Noah
options for glacier treatment

Physics:

1. If no snow exists anymore (Wg,,,=0) after snow layer combination process (e.g., due to
earlier over-sublimation):
(1) For OptGlacierTreatment = 1 (allow glacier ice to melt and sublimate):

The snow surface frost flux (Qsno, rost) @nd sublimation flux (Qsy supi) cOMputed above are then

applied to glacier ice:

(ano, T0S _ano,su )XAt
VVice,gla(l) = VVice,gla(l) + [fzsn:o(l)xlool;)l (Eq. 4.5.9)

(2) For OptGlacierTreatment = 2 (does not allow glacier ice to melt and sublimate):
The latent heat flux for snow surface frost flux (Qspe,frose) @nd sublimation flux (Qspo, supi) are

assigned to surface sensible heat flux and the frost and sublimation fluxes are set to 0:

HS,gla = HS,gla - (ano,frost - ano,subl) X CLH,subl (EQ- 4-5-10)
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Qsno,frost = 0 (Eg. 4.5.11)

Qsnosupt = 0 (Eq. 4.5.12)
where Cpy sy [I/KQ] is the specific latent heat for ice sublimation.

2. For shallow snow without an explicit snow layer (I, s, = 0 and W, ,,,>0):

For OptGlacierTreatment = 1 (allow glacier ice to melt and sublimate), the treatment is the same

as for the non-glacier snowpack (SnowpackHydrologyMod.F90):

M/snow,new = Wsnow,old + (ano,frost - ano,subl) X At (Eq 4-5-13)
Wsnow,new
hsnow = maX(O-O; hsnow X m) (Eq 4514)

The snow depth is further constrained to a reasonable snowpack density (50~500 kg/mq):

. WSnOW new WSnOW new
hsnow = min(max (hsnow’ 50(') ): 50' ) (Eq. 4.5.15)

For OptGlacierTreatment = 2 (does not allow glacier ice to melt and sublimate):
The latent heat flux for Qs rrost aNd Qsno supr are assigned to surface sensible heat flux and the

frost and sublimation fluxes are set to O:

HS,gla = HS,gla - (ano,frost - ano,subl) X C‘LH,subl (Eq 4-5-16)
Qsno,frost = 0 (Eq. 4.5.17)
Qsnosupt = 0 (Eg. 4.5.18)

The snow surface sublimation may be larger than existing snow mass (i.e., W, ownew < 0). Inthis
case, to conserve water, excessive sublimation is used to reduce glacier ice. Smaller time steps

would tend to avoid this problem.

WSnOW,neW
Vvice,gla(l) = I/Vice,gla(l) + Dyenso (1)X1000 (Eg. 4.5.19)
Wsnownew = 0 (Eg. 4.5.20)
hsnow = 0 (Eqg. 4.5.21)

If Wice,g1a(1) < 0 (glacier ice is also not sufficient for sublimation), then the remaining water is
taken out of top layer glacier liquid water to conserve water:

Wiig,g1a(1) = Wiiggia(1) + Wice g1a(1) (Eq. 4.5.22)

Wice,gia(1) =0 (Eq. 4.5.23)
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The above part may need more work since glacier ice change is only allowed for

OptGlacierTreatment = 1, but now it is applied to both options.

3. For deep snow with explicit snow layers (I, s, < 0):

This part is the same as the non-glacier grid snowpack treatment (SnowpackHydrologyMod.F90),
except that in the calculation of interlayer snow water flux, there is no treatment for snow water
retention in the bottom snow layer and maximum allowed snowpack liquid mass fraction. This is
because the snow water retention in the bottom snow layer was only added to better simulate

streamflow over non-glacier snow basins.

4.5.2.6 Update Snowpack Diagnostic Properties

Description:

This part is to update some key snowpack quantities after all the snowpack processes,
including snow thickness and SWE. The treatment is the same as that for non-glacier snowpack
(SnowWaterMainMod.F90).

Relevant code modules:
Module: ShowWaterMainGlacierMod.F90
Subroutine: SnowWaterMainGlacier
Physics:
The treatment is the same as that for non-glacier snowpack (SnowWaterMainMod.F90).

4.5.3 Glacier Surface Runoff

Description:
This part is to compute glacier surface runoff based on the water flux balance computed

from previous glacier snowpack processes.
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Relevant code modules:
Module: WaterMainGlacierMod.F90

Subroutines: WaterMainGlacier
Physics:

First, the ponding water from different snowpack processes above are added to the glacier surface

runoff (R [mm/s]):

sfc,glar

WPonding +WPonding,1+WPonding,2
Rsfc,gla = AL (Eqg. 4.5.24)

where Wponaings Weonding,1» ad Wponaing,2 [mm] are surface ponding from different snow water
processes above (i.e., ponding water from thin snow melting, thin snow layer combination, and
transition from multilayer snow to thin snow, where thin snow means snow without explicit
layers).

For non-snowpack case or snowpack without explicit layers (I, ¢, = 0):

Rsfegia = Rspegia T Qsnobot + Prain (Eq. 4.5.25)
where Qg,ob0t [MM/S] is the water outflow from snowpack bottom, and P,,;, [mm/s] is the rain
rate on the glacier surface.

For snowpack with explicit layers (I, s, < 0):
Rsfegia = Rsfegia T Qsnobot (Eq. 4.5.26)
Note that P,,;, IS not included for snowpack with explicit layers here, because it is already

included in Qq;,0p0: When computing snow hydrology process (SnowpackHydrologyMod.F90).

4.5.4 Glacier Subsurface Runoff

Description:

This part is to compute glacier subsurface runoff.
Relevant code modules:

Module: WaterMainGlacierMod.F90

Subroutines: WaterMainGlacier
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Relevant Noah-MP namelist options:

Noah-MP Physics Option Notes (* indicates the default option)
OptGlacierTreatment 1* include phase change of glacier ice
. . 2 Glacier ice treatment more like original Noah
options for glacier treatment

Physics:

Overall, the subsurface runoff here is used as a water balancer for the excess glacier water flow
(over the maximum snow height) and the sublimation loss.

(1) For OptGlacierTreatment = 1 (allow glacier ice to melt and sublimate):

First, compute the water (W4 1055, [MM/s]) that is required from ice layers below to replace glacier
loss due to sublimation:

Nice . . . . .
nga,loss = Zi=1 [Vl/ice,gla(l) + I/Vliq,gla(l) - VVice,gla,old (l) - M/liq,gla,old(l)] X Dzsnso(l) (Eq 4527)

w _ W gla,l0ss %1000

glaloss = Ao (Eq. 4.5.28)

The glacier ice content is updated as:
Wice,gia = min(1.0, Wice g14,01a) (Eg. 4.5.29)
Wiig.gta = 1.0 = Wice gia (Eg. 4.5.30)
Thus, the subsurface runoff is computed as:

Rsup,gia = Qsnogia + Wyia,ioss (Eg. 4.5.31)
where Qgp o g1a [MM/s] is the excess glacier water flow computed from snowpack hydrology parts.
(2) For OptGlacierTreatment = 2 (does not allow glacier ice to melt and sublimate):

The glacier ice content is set to always 1.0:
Wice.gia = 1.0 (Eq. 4.5.32)
Wiig.gia = 1.0 = Wice gia = 0 (Eq. 4.5.33)
Thus, the subsurface runoff is the glacier excess flow:
Reub,gia = Qsnogla (Eq. 4.5.34)

where Qsn0,q1a [MM/s] is the excess glacier water flow computed from snowpack hydrology parts.
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4.6 Glacier Energy and Water Balance Check

Description:
This part is to check the glacier surface energy and water balance for each model timestep.

Note that the glacier ice layer is not included in the water and energy balance check.

Relevant code modules:
Module: BalanceErrorCheckGlacierMod.F90
Subroutines: BalanceWaterCheckGlacier, BalanceEnergyCheckGlacier

Physics:

1. Water balance check (BalanceWaterCheckGlacier subroutine):
The water storage after glacier processes (Wend, [MM]) is computed as:

Wena = Wsnow (Eq. 4.6.1)
Thus, the water balance error/residual (W,,--o-» [MM]) is computed as:

Werror = Wena — Wheg — (Prot — Qevap,gia — Rsfe,gia — Rsub,gia) X At (Eq. 4.6.2)
Where Py, [mm/s] is the total precipitation, Qeyap,g1a [MM/s] is the net glacier sublimation/frost
rate, Rgsc gia [MM/s] is the surface runoff, and Ry, 41 [Mm/s] is the subsurface runoff. W,
[mm] is the initial water storage before any glacier processes computed at the beginning of the
model code (BalanceWaterInitGlacier subroutine).

If the water balance error/residual (W,,.-,,-) is greater than 0.1 mm for a model timestep, then Noah-

MP will stop and report error information.

2. Energy balance check (BalanceEnergyCheckGlacier subroutine):

(1) Check surface shortwave radiation balance error/residual (E¢;ror s, [W/M?]):

Eerrorsw = Sw,aown = (Swsreabs + Swisfererft) (Eq.4.6.3)
where Sy, 4own [W/m?] is the total downward shortwave radiation (from input forcing), Sy sfcaps
[W/m?] and Sy, srcreri [W/Mm?] are the total surface absorbed and reflected shortwave radiation,

respectively.
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If this energy error (Egyror.sw) iS greater than 0.01 W/m?, then Noah-MP will stop and report error
information.
(2) Check total surface energy balance error/residual (Epror ¢or, [W/M?]):

Eerrortot = Sw.gra,abs + Hprtot = (Lw spemet + Hsspe + Hy gra + Ggia) (Eq. 4.6.4)
where Sy, 5rq aps [W/m?] is the absorbed shortwave radiation by glacier ground. H,. ¢, [W/m?] is
the total heat flux advected from precipitation to glacier surface. Ly s ¢ ner [W/m?] is the total net
surface longwave radiation. Hg . [W/m?] is the total surface sensible heat flux. Gg;, [W/m?] is
the ground heat flux into snow/ice layers. Hy 4,4 [W/m?] is the latent heat flux caused by ground
sublimation/frost.

If this energy error (Egyrorto¢) iS greater than 0.01 W/m?, then Noah-MP will stop and report error

information.

5. Noah-MP Code Archiving and Contribution

The Noah-MP model code is regularly released to the public at:
https://github.com/NCAR/noahmp. This is the official Noah-MP unified GitHub repository for

code downloading and contribution. The GitHub above archives the core Noah-MP source code,
Noah-MP driver, and parameter tables in a unified Noah-MP GitHub repository.

Note that Noah-MP is a community model, developed through contributions from the entire
Noah-MP scientific community. For questions related to code contribution, maintenance, or

release of the NCAR GitHub repository above, please contact: Cenlin He (cenlinhe@ucar.edu)

and/or Fei Chen (feichen@ucar.edu).

The host/parent models that use Noah-MP as their land component are archived in their
respective host model GitHub repositories. At NCAR, we also maintain and release the driver and
interface of the coupling between Noah-MP and host models. At NCAR, we also maintain and
release the HRLDAS host model (https://github.com/NCAR/hrldas). The HRLDAS and WRF host

model GitHub repositories are linked to the unified community Noah-MP GitHub repository
(https://github.com/NCAR/noahmp). We recommend host models (e.g., UFS, NWM, LIS, etc.)
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establish similar links to the unified community Noah-MP GitHub repository to allow seamless
updating and synthesizing of Noah-MP code.
Model developers can make code developments based on the “develop” branch and create
a pull request to the “develop” branch. The pull request will be reviewed by the Noah-MP review
committee and release team and, if everything looks good, the new code development in pull
request will be merged to the “develop” branch. Eventually, new code in the “develop” branch will
be merged to the “master” branch during regular updates to the official Noah-MP model release.
Some suggestions for model developers to contribute to the community Noah-MP code
through the GitHub repository (typical procedures):
Step (1): Create a fork of the official Noah-MP repository to your own GitHub account;
Step (2): Make code updates based on the "develop” branch of the forked repository under your
own account;
Step (3): Finalize and test the code updates you make;
Step (4): Submit a pull request for your model updates from your own forked GitHub repository
to the develop branch of the official community Noah-MP GitHub repository;
Step (5): The Noah-MP review committee and release team will review and test the model updates
in the submitted pull request and discusses with the developer if there is any problem;
Step (6): The Noah-MP review committee and release team confirms the pull request and merges
the updated code to the develop branch in the official Noah-MP GitHub repository;
Step (7): The Noah-MP release team will merge the updated develop branch to the master branch

and version-release branch during the regular annual model release.

6. Noah-MP Input, Preprocessing, and Setup

To run Noah-MP offline as a data-driven land surface model, users need to provide several
input datasets to drive the model, including the geographical static data (e.g., land type,
domain/grid information, topography, vegetation and soil static properties) and atmospheric
forcing data (e.g., downward shortwave and longwave radiation, wind speed, specific humidity,

surface pressure, surface temperature, and precipitation). The above core Noah-MP model code

251



needs to be embedded in a host/parent model framework to run, e.g., HRLDAS, WRF.
NOAA/UFS, NASA/LIS, NWM.
Here, the HRLDAS/Noah-MP offline simulation set up is briefly described.
(1) Create your geo_em file (including geographical static input for your study domain) through
WRF/WPS: https://www2.mmm.ucar.edu/wrf/OnLineTutorial/Basics/geogrid.php
(2) Download HLRDAS/Noah-MP code:
git clone --recurse-submodules https://github.com/NCAR/hrldas
(3) Compile HRLDAS/Noah-MP code:

Go to /root_path/hridas/, type: ./configure (which generates user_build_options file);

Modify the user_build_options file to be consistent with the compiler and related software package
version and path in your machine;

type: make all (which does the compilation);

If successfully, there should be two executables created: “HRLDAS forcing/create forcing.exe”

and “run/hrldas.exe”. If you want to re-compile, type “make clean”, then “make all”.

(4) Prepare atmospheric forcing and initial condition data:

Get the raw forcing data from an external website (e.g., NLDAS, GLDAS, ERADS, etc.);

Extract the needed initial conditions and forcing variables;

Convert the initial conditions and forcing variables to the netcdf format;

Re-grid the initial conditions and forcing data to the study domain and grids;

Several instructions for commonly used forcing data have been provided at

https://github.com/NCAR/hridas, under the /root_path/hrldas/docs/ directory. Particularly, the

HRLDAS _forcing directory provides the necessary scripts to pre-process these typically used
forcing data.

If successful, this step should generate the initial file: HRLDAS_setup_*.nc file and the forcing
files: LDASIN_*datetime*, where *datetime* would be yyyymmddhh.

(5) Run HRLDAS/Noah-MP:

Go to the /root_path/hrldas/run/ directory

Copy and edit the namelist:

cp examples/*/namelist.hrldas.* namelist.hrldas

edit the namelist for the simulation time period and physics options

then type: ./hrldas.exe
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Particularly, for activated irrigation, tile drainage, or crop modeling, users also need to
provide specific static input data (e.g., the maps of irrigation fraction and type, crop type, tile
drainage fraction). These can be added through the WRF/WPS package. Also, for explicit crop
modeling, users need to edit DEFAULT_CROP option in the NoahmpTable. TBL to choose a
specific crop type. Users can also modify the parameter values listed in the NoahmpTable. TBL for

specific studies.

7. Noah-MP Outputs File Description

The HRLDAS/Noah-MP  output file will by default be named as:
*datetime*.LDASOUT_DOMAINL1, where *datetime* would be yyyymmddhh. Users can also
change the output frequency in the namelist.hrldas. There is also a restart file output: RESTART.
*datetime* _DOMAINL1 if users activate the restart file output in the namelist.hrldas.

The specific output variables can be modified in
/root_path/hrldas/IO_code/module_NoahMP_hrldas_driver.F. The output variable names and

filenames can be different for different host models coupled with Noah-MP.

8. Noah-MP Variable Glossary

Noah-MP model constants

Variable physical Original Variable .
. s New name Unit
meaning/definition name Type
gravity acceleration ConstGravityAcc GRAV Real m/s?
Stefan-Boltzmann constant ConstStefanBoltzmann SB Real W/m?/K4
von Karman constant ConstVVonKarman VKC Real
freezing/melting temperature point | ConstFreezePoint TFRZ Real K
latent heat of sublimation ConstLatHeatSublim HSUB Real JIkg
latent heat of evaporization ConstLatHeatEvap HVAP Real J/Ikg
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latent heat of fusion ConstLatHeatFusion HFUS Real J/kg
specific heat capacity of water ConstHeatCapacWater CWAT Real JIm3/K
specific heat capacity of ice ConstHeatCapaclce CICE Real JIm3/K
specific heat capacity of dry air ConstHeatCapacAir CPAIR Real JIm3/K
thermal conductivity of water ConstThermConductWater TKWAT Real W/m/K
thermal conductivity of ice ConstThermConductlce TKICE Real W/m/K
thermal conductivity of air ConstThermConductAir TKAIR Real W/m/K
gas constant for dry air ConstGasDryAir RAIR Real JIkg/K
gas constant for water vapor ConstGasWaterVapor RW Real JIkg/K
density of water ConstDensityWater DENH20 Real kg/m?3
density of ice ConstDensitylce DENICE Real kg/m?
pi value ConstPlI PAI Real -
graupel bulk density ConstDensityGraupel RHO_GRPL Real kg/m?
hail bulk density ConstDensityHail RHO_HAIL Real kg/m?
Noah-MP configuration type
Varlgble ph_ygt_:al New name Original name Variable Unit
meaning/definition Type
Namelist

options for dynamic vegetation OptDynamicVeg OPT_DVEG Integer -
opt_lons for canopy stomatal OptStomataResistance OPT_CRS Integer -
resistance
options for soil moisture factor for . A

. OptSoilWaterTranspiration OPT_BTR Integer -
stomatal resistance
options for surface runoff OptRunoffSurface OPT_RUNSRF Integer -
options for subsurface runoff OptRunoffSubsurface OPT_RUNSUB Integer -
options for surface layer drag coeff | OptSurfaceDrag OPT_SFC Integer -
options fqr superc.ooled liquid OptSoilSupercoolWater OPT_FRZ Integer -
water (or ice fraction)
options for frozen soil permeability | OptSoilPermeabilityFrozen OPT_INF Integer -
options for canopy radiation OptCanopyRadiationTransfer | OPT_RAD Integer -
transfer
options for ground snow surface OptSnowAlbedo OPT ALB Integer )
albedo
options for partitioning
precipitation into rainfall & OptRainSnowPartition OPT_SNF Integer -
snowfall
optlo_n_s for Iower boundary OptSoil TemperatureBottom OPT_TBOT Integer -
condition of soil temperature
options for snow/soil temperature | (o o iiTemoTime OPT STC Integer | -
time scheme (only layer 1)
options for surfa(?e re.s Istent to OptGroundResistanceEvap OPT_RSF Integer -
evaporation/sublimation

254



options for defining soil properties | OptSoilProperty OPT_SOIL Integer
options for pedotransfer functions
(used when OPT SOIL = 3) OptPedotransfer OPT_PEDO Integer
options for crop model OptCropModel OPT_CROP Integer
options for irrigation Optlrrigation OPT_IRR Integer
options for irrigation method OptlrrigationMethod OPT_IRRM Integer
options _fo_r snow thermal OptSnowThermConduct OPT_TKSNO Integer
conductivity schemes
options for infiltration in dynamic e
VIC runoff scheme OptDynViclnfiltration OPT_INFDV Integer
options for tile drainage (currently
only tested & calibrated to work OptTileDrainage OPT_TDRN Integer
with opt_run=3)
options for glacier treatment OptGlacier Treatment OPT_GLA Integer
Domain
landuse data name (USGS or .
MODIS._IGBP) LandUseDataName LLANDUSE String
flag to identify croplands FlagCropland CROPLU Logical
flag to identify urban points FlagUrban URBAN_FLAG Logical
12%2? activate dynamic vegetation FlagDynamicVeg DVEG_ACTIVE | Logical
flag to activate crop model FlagDynamicCrop CROP_ACTIVE Logical
grid index | GridIndexI ILOC Integer
grid index J GridIndexJ JLOC Integer
vegetation type VegType VEGTYP Integer
crop type CropType CROPTYP Integer
maximum number of snow layers NumSnowLayerMax NSNOW Integer
| f |
actua .number ot snowlayers NumSnowLayerNeg ISNOW Integer
(negative)
number of soil layers NumSoilLayer NSOIL Integer
ber of short diati
nuMber ot shortwave radiation NumSWRadBand NBAND Integer
bands
yeL;Tber of days in the particular NumbDayInYear YEARLEN Integer
soil type for each soil layer SoilType SOILTYP Integer
surface type 1-soil; 2-lake SurfaceType IST Integer
soil texture type SoilColor SOILCOLOR Integer
indicator for sea-ice and land ice
surface/point (1=sea ice; -1=land IndicatorlceSfc ICE Integer
ice; O=non-ice)
land type index for water point IndexWaterPoint ISWATER Integer
:)Ti(ri]ttype Index for barren fand IndexBarrenPoint ISBARREN Integer
land type index for ice point IndexIcePoint ISICE Integer
land type index for cropland point | IndexCropPoint ISCROP Integer
land type index for evergreen IndexEBLForest EBLFOREST Integer

broadleaf (EBL) Forest
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number of crop growth stages NumCropGrowStage NSTAGE Integer -
underground runoff slope term RunoffSlopeType SLOPETYP Integer -
Julian day of year (floating point) DayJulianinYear JULIAN Real -
latitude Latitude LAT Real deg
main Noah-MP model time step MainTimeStep DT Real sec
model grid spacing size GridSize DX Real m
:ZLCeI:ness of lowest atmosphere ThicknessAtmosBotLayer Dz8wW Real m
cosine solar zenith angle (0-1) CosSolarZenithAngle C0osz Real -
layer-bottom depth from soil DepthSoilLayer ZSOIL Real m
surface
Reference I-_|e|ght gbove surfz?ce RefHeight AboveSfc ZREF Real m
zero plane (including vegetation)
depth from S_OII surface for Iovv_er DepthSoilTempBottom ZBOT Real m
boundary soil temperature forcing
soil layer thickness ThicknessSoilLayer ZLAYER Real m
snow/soil layer thickness ThicknessSnowSoilLayer DZSNSO Real m
Iayer-bottom Fjepth from snow DepthSnowSoilLayer ZSNSO Real m
surface (positive)
logical flag to determine if . . .

. . FlagSoilProcess calculate_soil Logical -
calculating soil processes
nu_mber of time step for calculating NumSoil TimeStep soil_update_steps | Integer -
soil processes
i f Iculati il - .
time step for calculating sol SoilTimeStep dt_soil Real sec
processes

Noah-MP forcing type
Varlz.able ph.ys-lt?al New name Original name Variable Unit

meaning/definition Type
specific humidity (water vapor / - .
moist air) at reference height SpecHumidityRefHeight Q2 Real ka’kg
air temperature at reference height TemperatureAirRefHeight | SFCTMP Real K
wind speed in eastward direction at WindEastwardRefHeight UU Real s
reference height
wind speed in porthward direction WindNorthwardRefHeight | VV Real m/s
at reference height
bottom boundary condition for soil .

y TemperatureSoilBottom TBOT Real K
temperature
h iati .

downward > ortwave radiation at RadSwDownRefHeight SOLDN Real W/m?
reference height
downward Ic_mgwave radiation at RadLwDownRefHeight LWDN Real W/m?
reference height
convective precipitation rate at PrecipConvRefHeight PRCPCONV Real mm/s

reference height
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non-convect_l ve precipitation rate at PrecipNonConvRefHeight PRCPNONC Real mm/s
reference height
shallow convectlve_ precipitation PrecipShConvRefHeight PRCPSHCV Real mm/s
rate at reference height
snow rate at reference height PrecipSnowRefHeight PRCPSNOW Real mm/s
graupel rate at reference height PrecipGraupelRefHeight PRCPGRPL Real mm/s
hail rate at reference height PrecipHailRefHeight PRCPHAIL Real mm/s
air pressure at reference height PressureAirRefHeight SFCPRS Real Pa
airpressure ?t the surface- PressureAirSurface PSFC Real Pa
atmosphere interface level
Noah-MP Biochemistry type
Varlgble ph_ys_n?al New name Original Variable Unit
meaning/definition name Type
State
plant growing stage PlantGrowStage PGS Integer -
Planting index (0=off, 1=0n) IndexPlanting IPA Integer -
Harvest index (0=on,1=0ff) IndexHarvest IHA Integer -
growing season index (0=off, 1=on) | IndexGrowSeason IGS Real -
total soil carbon CarbonMassSoil Tot TOTSC Real gC/m?
total living carbon CarbonMassLiveTot TOTLB Real gC/m?
foliage nitrogen concentration NitrogenConcFoliage FOLN Real %
leaf mass LeafMass LFMASS Real 9c HZZO or
C)/m
. CH0O
mass of fine roots RootMass RTMASS Real ?:() /m22 or
CH.0
stem mass StemMass STMASS Real o 22 or
C)/m
. CH,O or
mass of wood (incl. woody roots) WoodMass WOOD Real ?:() /m22
stable carbon in deep soil CarbonMassDeepSoil STBLCP Real gC/m?
short-lived carbon in shallow soil CarbonMassShallowSoil FASTCP Real gC/m?
leaf area per unit mass LeafAreaPerMass LAPM Real m2/g
stem area per unit mass StemAreaPerMass SAPM Real m2/g
minimum leaf mass LeafMassMin LFMSMN Real 33()3,:220 or
- . CH;O
minimum stem mass StemMassMin STMSMN Real ?:() /m22 or
fraction of carbon flux allocated to CarbonFracToLeaf LEAEPT Real )
leaves
fraction of carbon flux allocated to CarbonEracToRoot ROOTPT Real i

roots
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fraction of carbon flux allocated to

CarbonFracToStem STEMPT Real -
stem
fraction of carbon flux allocated to
CarbonFracToWood WOODPT Real -
wood
wood carbon fraction in WoodCarbonFrac WOODF Real -
(root+wood) carbon
fraction of carbon to root and wood | CarbonFracToWoodRoot NONLEF Real -
growing degree days GrowDegreeDay GDD Real -
mass of GRAIN GrainMass GRAIN Real gCH,O/m?
soil water factor for microbial . .
! W . I I MicroRespFactorSoilWater | FSW Real -
respiration
soil temperature factor for microbial . .
- MicroRespFactorSoilTemp | FST Real -
respiration
folla.ge T""Oge“ adjustemt factor to RespFacNitrogenFoliage FNF Real -
respiration (<= 1)
temperature factor for respiration RespFacTemperature TF Real -
respiration reduction factor (<= 1) RespReductionFac RF Real -
Flux
. umol
total photosynthesis [+] PhotosynTotal PSN Real COMils
2
. . . umol
sunlit leaf photosynthesis PhotosynLeafSunlit PSNSUN Real COMPls
2
. I
shaded leaf photosynthesis PhotosynLeafShade PSNSHA Real grgo 2l
2
. umol
crop photosynthesis rate PhotosynCrop PSNCROP Real COJils
2
net instantaneous assimilation GrossPriProduction GPP Real gC/m?/s
net ecosystem exchange NetEcoExchange NEE Real gCO,/m?/s
net primary productivity NetPriProductionTot NPP Real gC/m?/s
. . . . CH;O
leaf net primary productivity NetPriProductionLeaf NPPL Real g() /m22/s or
. L . . CH,O or
root net primary productivity NetPriProductionRoot NPPR Real ?:() /m22/s
wood net primary productivity NetPriProductionWood NPPW Real g()(/:r:zf or
stem net primary productivity NetPriProductionStem NPPS Real gC()C/:;;/(: or
grain net primary productivity NetPriProductionGrain NPPG Real gCH,O/m?/s
carbon flux to atmosphere CarbonToAtmos CFLUX Real gC/mé/s
growth respiration rate for leaf GrowthRespLeaf GRLEAF Real g:()(/:r:l;/g or
— H
growth respiration rate for root GrowthRespRoot GRROOT Real g()imzf or
growth respiration rate for wood GrowthRespWood GRWOOD Real gC()C/::ZZ/S or
— H
growth respiration rate for stem GrowthRespStem GRSTEM Real ?:()(/:m;/(s) or
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growth respiration rate for grain GrowthRespGrain GRGRAIN Real gCH,O/mé/s
maximum leaf mass available to LeafMassMaxChg LFDEL Real g(C H220 or
change C)Iméls
maximum stem mass available to CHxO or
StemMassMaxChg STDEL Real o 22
change C)mdls
d te of fast carbon to sl CH,O
ecay Tate of Tast carbon to siow CarbonDecayToStable STABLC Real o 22 or
carbon C)/mé/s
leaf respiration RespirationLeaf RESP Real urmol
P P CO./m?/s
A . g(CHO or
stem respiration RespirationStem RSSTEM Real C)inls
soil respiration per time step RespirationSoil RSSOIL Real 9(CHO or
C)Im?/s
total plant resplratlon (Jeaf, root, RespirationPlantTot AUTORS Real gC/mé/s
stem, wood, grain)
il heterotrophi i " .
sol . ¢ (_aro rophic (organic) RespirationSoilOrg HETERS Real gC/m?/s
respiration
_— — CH0 or
wood respiration rate RespirationWood RSWOOD Real gC() /m22/s
. - N CHO or
fine root respiration rate RespirationRoot RSROOT Real o 22
C)Iméls
grain respiration rate RespirationGrain RSGRAIN Real gCH,O/mé/s
. — — . H
leaf maintenance respiration rate RespirationLeafMaint RSLEAF Real g:()imzzl(s) or
root to grain conversion ConvRootToGrain RTCONVERT | Real gCH,O/m?/s
stem to grain conversion ConvStemToGrain STCONVERT | Real gCH,O/m?/s
leaf to grain conversion ConvLeafToGrain LFCONVERT | Real gCH,O/m?/s
leaf turnover rate TurnoverLeaf LFTOVR Real 9(C HZZO or
C)Iméls
stem turnover rate TurnoverStem STTOVR Real gc szO or
C)/mé/s
wood turnover rate TurnoverWood WDTOVR Real 9(C HZZO or
C)méls
root turnover rate TurnoverRoot RTTOVR Real 9(C szO or
C)méls
grain turnover rate TurnoverGrain GRTOVR Real gCH,O/m?/s
death rate of leaf mass DeathL eaf DIELF Real gl HZZO or
C)Iméls
death rate of stem mass DeathStem DIEST Real 9(C HZZO or
C)Iméls
carbon assimilated rate CarbonAssim CARBFX Real gC/m?/s
carbohydrate assimilated rate CarbohydrAssim CBHYDRAFX | Real gCH,O/mé/s
Parameters
Planting date DatePlanting PLTDAY Integer -
Harvest date DateHarvest HSDAY Integer -
Base temperature for GDD TempBaseGrowDegDay GDDTBASE Real degC

accumulation

259




Maximum temperature for GDD

. TempMaxGrowDegDay GDDTCUT Real degC
accumulation
growing degree day from seeding to GrowDegDayEmerg GDDS1 Real )
emergence
grgyvmg degr«?e day from seeding to GrowDegDayInitVeg GDDS2 Real -
initial vegetative
growing degree day from seeding to GrowDegDayPostVeg GDDS3 Real -
post vegetative
grgyvmg degree gay from seeding to GrowDegDayInitReprod GDDS4 Real -
initial reproductive
grovv.lng degreg day from seeding to GrowDegDayMature GDDS5 Real -
physical maturity
refgrep Ce. maximum CO2 CarbonAssimRefMax AREF Real gCO,/m?/s
assimilation rate
CO2 assimilation reduction
factor(0-1) (caused by non- CarbonAssimReducFac PSNRF Real -
modeling part,e.g.pest,weeds)
Fraction of mcqmmg solar radiation PhotosynRadFrac I2PAR Real i
to photosynthetically
Minimum temperature for CO2 TempMinCarbonAssim TASSIMO Real degC
assimilation
Maxmum Fem.pera.ture o \.NhICh . TempMaxCarbonAssim TASSIM1 Real degC
CO2 assimilation linearly increasing
CO2 assmilation rate remain at
CarbonAssimRefMax until reaching | TempMaxCarbonAssimMax | TASSIM2 Real degC
this temperature
light extinction coefficient LightExtCoeff K Real -
initial light use efficiency LighUseEfficiency EPSI Real -
change in maintenance respiration
for every 10-deg C temperature RespMaintQ10 Q10MR, ARM | Real -
change
foliage nitrogen concentration when . . FOLN_MX,
NitrogenConcFoliageMax - Real %
f(n)=1 rog '3 FOLNMX °
characteristic T for leaf freezing TemperaureLeafFreeze LEFREEZ, Real K
TDLEF
coefficient for temperature leaf LeafDeathTempCoeffCrop DILE_FC Real 1/s
stress death for crop
coefficient for water leaf stress LeafDeathWaterCoeffCrop | DILE_FW Real 1/s
death for crop
coefficient for leaf temperature
. LeafDeathTempCoeffVeg DILEFC Real 1/s
stress death for generic veg
fficient for leaf
coefficient for _ea water stress LeafDeathWaterCoeffVeg DILEFW Real 1/s
death for generic veg
. — FRA GR,
fraction of growth respiration GrowthRespFrac FRAGR Real -
leaf turnover coefficient for crop TurnoverCoeffLeafCrop LF_OVRC Real 1/s
leaf turnover coefficient for generic TumoverCoeffLeafVeg LTOVRC Real 1s

vegetation
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stem turnover coefficient for crop TurnoverCoeffStemCrop ST_OVRC Real 1/s
root turnover coefficient for crop TurnoverCoeffRootCrop RT OVRC Real 1/s
root tur_nover coefficient for generic TurnoverCoeffRootVeg RTOVRC Real 1/s
vegetation
grain maintenance respiration at RespMaintGrain25C GRAINMR25 | Real umol CO2/kg
25C bio/s
fraction of h fl leaf
raction of carbohydrate flux to lea CarbohydrFracToLeaf LFPT Real -
for crop
fraction of carbohydrate flux to
I Y W CarbohydrFracToStem STPT Real -
stem for crop
fraction of carbohydrate flux to root CarbohydrFracToRoot RTPT Real i
for crop
frac.tlon of carbohydrate flux to CarbohydrFracToGrain GRAINPT Real -
grain for crop
leaf area per living leaf mass LeafAreaPerBiomass BIO2LAI Real m?/g
C3 photosynthetic pathway
- Phot PathC3 C3PSN Real -
indicator: 0.0 = ¢4, 1.0 = c3 olosynre e
- - umol CO;, /
quantum efficiency at 25¢ QuantumEfficiency25C QE25 Real umol photon
maximum rate of carboxylation at umol
25¢ CarboxylRateMax25C VCMX25 Real COL/MJs
change in maximum rate of
carboxylation for every 10-deg C CarboxylRateMaxQ10 AVCMX Real -
temperature change
slope of conductance-to- SlopeConductToPhotosyn | MP Real -
photosynthesis relationship
. - . LFMR25 umol
leaf 2 RespMaintLeaf2 ' Real
eaf maintenance respiration at 25C espMaintLeaf25C RME25 ea COLNPls
. - . STMR25, umol CO;, /
stem maintenance respiration at 25C | RespMaintStem25C RMS25 Real kgCHOls
. N . RTMR25, umol CO;
root maintenance respiration at 25C | RespMaintRoot25C RMR25 Real kg biols
minfmum ten_1perature for TemperatureMinPhotosyn TMIN Real K
photosynthesis
single-side leaf area per mass LeafAreaPerMass1side SLA Real m?/kg
wood to non-wood ratio WoodToRootRatio WRRAT Real -
wood pool index (0~1) depending WoodPoolIndex WDPOOL Real -
on woody or not
. . - - . umol CO;
microbial respiration coefficient MicroRespCoeff MRP Real /kgCl s
minimum stem area index StemArealndexMin XSAMIN Real m?/m?
minimum leaf area index LeafArealndexMin LAIMIN Real m?/m?
present wood allocation factor WoodAllocFac BF Real -
water stress coeficient WaterStressCoeff WSTRC Real -
wood respiration coeficient WoodRespCoeff RSWOODC Real 1/s
fraction of carbohydrate flux CarbohydrLeafToGrain LFCT Real -

transallocate from leaf to grain
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fraction of h fl .
faction of carbohydrate flux . CarbohydrStemToGrain STCT Real -
transallocate from stem to grain
fraction of carbohydrate flux .
Y . CarbohydrRootToGrain RTCT Real -
transallocate from root to grain

Noah-MP water type

Va”?ble ph_ys-lt?al New name Original name variable Unit
meaning/definition Type
State

wetted or snowed fraction of canopy | CanopyWetFrac FWET Real -
canopy intercepted liquid water CanopyLiqWater CANLIQ Real mm
canopy intercepted ice Canopylce CANICE Real mm
fg’fﬁ{égtfggﬁﬁ é‘;‘a' Water CanopyTotalWater cMC Real mm
f:anopy c.a pacity for snow CanopylceMax MAXSNO Real mm
interception
f:anopy C.a pacity for liquid water CanopyLigWaterMax MAXLIQ Real mm
interception
ice fraction at previous timestep SnowlceFracPrev FICEOLD_SNOW Real -
ice fraction in snow layers SnowlceFrac FICE_SNOW Real -
bulk density of snowfall SnowfallDensity BDFALL Real kg/m?
snow cover fraction SnowCoverFrac FSNO Real -
partial volume ice of snow SnowlceVol SNICEV Real m3/m?
partial volume lig of snow SnowLigWaterVol SNLIQV Real m3/m?
snow effective porosity SnowEffPorosity EPORE_SNOW Real m3/m?
snow layer ice Snowlce SNICE Real mm
snow layer liquid water SnowLiqWater SNLIQ Real mm
snow mass at previous time step SnowWaterEquivPrev SNEQVO Real mm
snow water egivalent SnowWaterEquiv SNEQV Real mm
snow depth SnowDepth SNOWH Real mm
ice fraction in soil layers SoillceFrac FICE_SOIL Real -
equilibrium soil water content SoilMoistureEqui SMCEQ Real m3/mé
soil water content between bottom SoilMoistureToWT SMCWTD Real m3/m?
of the soil and water table
soil moisture (ice + lig.) SoilMoisture SMC Real mé/m?
maximum soil ice content SoillceMax SICEMAX Real mé/m?
soil ice content Soillce SICE Real m/mé
minimum soil liquid water content SoilLigWaterMin SH20MIN Real mé/mé
liquid soil moisture SoilLigwater SH20 Real mé/mé
soil effective porosity SoilEffPorosity EPORE_SOIL Real mé/m?
supercooled water in soil SoilSupercoolWater SUPERCOOL Real kg/m?
saturation excess of the total soil SoilSaturationExcess WPLUS Real m
soil matric potential SoilMatPotential PSI Real m
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Soil water transpiration factor (0 -

1) SoilTranspFac BTRANI Real -
accumulated soil water transpiration .
SoilTranspFacAcc BTRAN Real -
factor (0 - 1)
soil hydraulic/water conductivity SoilWatConductivity WCND Real m/s
soil water diffusivity SoilWatDiffusivity WDF Real m?/s
i ili i .
maX|_mum SOl Imperviotisness SoillmpervFracMax FCRMAX Real -
fraction
|mperV|0L'aness fraction due to SoillmpervErac FCR Real )
frozen soil
Frgctlonal Saturated area from soil SoilSaturateFrac ESAT Real i
moisture
root zone soil water SoilWaterRootZone WROOT Real mé/m?
soil water stress SoilWaterStress WSTRES Real -
water table from WRF-hydro model | WaterTableHydro WATBLED Real m
depth to water table WaterTableDepth ZWT Real m
lake water storage (can be neg.) WaterStoragelake WSLAKE Real mm
water storag_e in aquifer and WaterStorageSoil Agf WT Real mm
saturated soil
water storage in aquifer WaterStorage Aquifer WA Real mm
roundwater recharge to or from the
g g RechargeGwDeepWT DEEPRECH Real m
water table when deep
dwat h to or from th
groundwater recharge fo or from the RechargeGwShallowWT | RECH Real m
water table when shallow
water balance error WaterBalanceError ERRWAT Real mm
total water storage at the begining
W TotB BEG WB Real

before Noah-MP process aterStorageTotBeg G_ ea mm
total water storage at the end of

g WaterStorage TotEnd END_WB Real mm
Noah-MP process
phase change index [0-none;1- IndexPhaseChange IMELT Real -
melt;2-refreeze]
s_urfz_jlce po_ndlng from thl_n sn_ow PondSfcThinSnwComb PONDING1 Real mm
liquid during layer combination
surface ponding from thin snow
liquid during transition from PondSfcThinSnwTrans PONDING2 Real mm
multilayer to no layer
surface ponding from snowmelt PondSfcThinSnwMelt | PONDING Real mm
when thin snow has no layer
fraction of irrigated portion of grid L
under flood irrigation (0 to 1) IrrigationFracFlood FIFAC Real -
fraction _Of |rr|g_ateq portion of grid IrrigationFracMicro MIFAC Real -
under micro irrigation (O to 1)
fraction o_f |rr|ge_1tefj p(?rtlon of grid IrrigationFracSprinkler SIFAC Real -
under sprinkler irrigation (0 to 1)
;c;:gl input irrigation fraction of a IrrigationFracGrid IRRFRA Real -
flood irrigation water amount IrrigationAmtFlood IRAMTFI Real m
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micro irrigation water amount IrrigationAmtMicro IRAMTMI Real m
Sprinkler irrigation water amount IrrigationAmtSprinkler IRAMTSI Real m
irrigation event number, Flood IrrigationCntFlood IRCNTFI Integer -
irrigation event number, Micro IrrigationCntMicro IRCNTMI Integer -
irrigation event number, Sprinkler IrrigationCntSprinkler IRCNTSI Integer -
tile drainage fraction map TileDrainFrac TDFRACMP Real -
surface water head WaterHeadSfc sfcheadrt Real mm
fraction of the gridcell that i .
rac .|o.n 0. & gnidcetl that recenves PrecipAreaFrac FP Real -
precipitation
fract.lo.n O.f snowfallin total FrozenPrecipFrac FPICE Real -
precipitation
Flux
snowfall on the ground SnowfallGround QSNOW Real mm/s
rain at ground surface RainfallGround QRAIN Real mm/s
net evaporation of canopy
intercepted total (lig+ice) water EvapCanopyNet ECAN Real mm/s
transpiration rate Transpiration ETRAN Real mm/s
ground (soil/snow) evaporation rate | EvapGroundNet EDIR Real mm/s
surface runoff RunoffSurface RUNSRF Real (Ttn;é“
. mm /
baseflow (saturation excess) RunoffSubsurface RUNSUB Real dt soil
total water (snowmelt + rain
through pack) out of snowpack SnowBotOutflow QSNBOT Real mm/s
bottom
total convec'Flve precipitation at PrecipConvTotRefHeight | QPRECC Real mm/s
reference height
large-scale precipitation PrecipLargeScIRefHeight | QPRECL Real mm/s
f:tr;opy liquid water evaporation EvapCanopyLiq QEVAC Real mm/s
canopy water dew rate DewCanopyLiq QDEWC Real mm/s
canopy ice frost rate FrostCanopylce QFROC Real mm/s
canopy ice sublimation rate SublimCanopylce QsuBC Real mm/s
canopy ice melting rate MeltCanopylce QMELTC Real mm/s
canopy water refreezing rate FreezeCanopyLiq QFRZC Real mm/s
depth i i te due t
SnOW Cepth Increasing rate dueto | o swhepthiner SNOWHIN Real s
snowfall
water input on soil surface SoilSfcinflow QINSUR Real mm/s
groundwater recharge rate RechargeGw QIN Real mm/s
groundwater discharge rate DischargeGw QDIS Real mm/s
rate of compaction of snowpack due . .
to destructive metamorphism/aging CompactionSnowAging DDZ1 Real 1/s
rate of compaction of snowpack due .
pact WP ! CompactionSnowBurden | DDZ2 Real 1/s
to overburden
rate of compaction of snowpack due .
CompactionSnowMelt DDZz3 Real 1/s
to melt
snow surface ice frost rate FrostSnowSfclce QSNFRO Real mm/s
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snow surface ice sublimation rate SublimSnowSfclce QSNSUB Real mm/s
soil surface water dew rate DewSoilSfcLiq QSDEW Real mm/s
soil surface water evaporation EvapSoilSfcLig QSEVA Real mm/s
ground vapor condense rate total CondenseVapGrd QDEW Real —.
(dew+frost)
ground vap_orlze rate total VaporizeGrd QVAP Real mm/s
(evap+sublim)
glacier snow excess flow GlacierExcessFlow SNOFLOW Real mm/s
flood irrigation water rate IrrigationRateFlood IRFIRATE Real Sr;it[;me
L _— . m/time
micro irrigation water rate IrrigationRateMicro IRMIRATE Real step
. S — . m/time
sprinkler irrigation water rate IrrigationRateSprinkler IRSIRATE Real step
loss rate of irrigation water to . . m/time
. g IrriEvapLossSprinkler IREVPLOS Real
evaporation,sprinkler step
infiltration rate at surface Soillnfil PDDUM Real mm/s
soil bottom drainage DrainSoilBot QDRAIN Real m/s
. . . . mm/
tile drainage TileDrain QTLDRN Real dt_soil
transpiration water loss from soil TranspWatLossSoil ETRANI Real mm/s
layers
evaporation of sprinkler irrigation EvaplrriSprinkler EIRR Real s
water
“q.wd rainfall rate at reference RainfallRefHeight RAIN Real mm/s
height
snowfall rate at reference height SnowfallRefHeight SNOW Real mm/s
tot'al precipitation at reference PrecipTotRefHeight PRCP Real mm/s
height
canopy interception rate for rain InterceptCanopyRain QINTR Real mm/s
interception (loading) rate for
snowfall InterceptCanopySnow QINTS Real mm/s
drip rate for rain DripCanopyRain QDRIPR Real mm/s
(sjrrllop V\funloadmg) rate for intercepted DripCanopySnow QDRIPS Real —
throughfall for rain ThroughfallRain QTHROR Real mm/s
throughfall of snowfall ThroughfallSnow QTHROS Real mm/s
snowmelt rate MeltGroundSnow QMELT Real mm/s
total surface water vapor flux to WaterToAtmosTotal QFX Real mm/s
atmosphere
rate of total snow compaction CompactionSnowTot PDzZDTC Real Lrtacr:;)ir;/
. : m/s *
ZCCH mula_t:e(:_ watfr fluxinto soil SoilSfcinflowAcc ACC_QINSUR Real dt_soil/
uring soil timestep dt_main
accumulated soil surface o mis *
. . . EvapSoilSfcLigAcc ACC_QSEVA Real dt_soil/
evaporation during soil timestep dt main
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accumualted transpiration water loss

m/s *

. . o TranspWatLossSoil Acc ACC_ETRANI Real dt_soil/
from soil layers during soil timestep dt main
accumulated snow,soil canopy SfcWaterTotChgAce ACC_DWATER Real mm/
water change per soil timestep dt_soil
accumulated precipitation per soil PrecinTotAce ACC PRCP Real mm /
timestep P - dt_soil
accumulated net canopy evaporation EvapCanopyNetAcc ACC ECAN Real mm/
per soil timestep - dt_soil
accumulated transpiration per soil TranspirationAcc ACC ETRAN Real mm /
timestep P - dt_soil
accumulated net ground (soil/snow) EvapGroundNetAcc ACC EDIR Real mm /
evaporation per soil timestep - dt_soil
mean soil surface evaporation . .

. o P EvapSoilSfcLigMean QSEVA avg Real m/s
during each soil timestep
mean vv_ate_r flux into soil during SoilSfcinflowMean QINSUR_avg Real m/s
each soil timestep
mgan transplra}tlon vyat?r loss from TranspWatLossSoilMean | ETRANI_avg Real m/s
soil layers during soil timestep

Parameters

Reference Soil Conductivity
parameter (used in runoff SoilConductivityRef REFDK Real -
formulation)
Reference Soil Infiltration
Parameter (used in runoff SoilInfilFacRef REFKDT Real -
formulation)
Parameter in infiltration N
parameterization SoillnfilMaxCoeff KDT Real -
parameter to calculate frozen soil .
impervious fraction SoillmperviFracCoeff FRZX Real
Frozen ground parameter to frozen GroundFrzCosff FRZK Real )
soil impervious fraction
slope index for soil drainage SoilDrainSlope SLOPE Real -
soil exponent B parameter SoilExpCoeffB BEXP Real -
dry soil moisture threshold (not SoilMoistureDry SMCDRY Real m/m?
used)
wilting point soil moisture SoilMoisturewilt SMCWLT Real m/m?
(volumetric)
refere_nce soil molsture (field SoilMoistureFieldCap SMCREF Real m3/m?
capacity) (volumetric)
porosity, saturated value of soil SoilMoistureSat SMCMAX Real mé/m?
moisture (volumetric)
saturated soil matric potential SoilMatPotentialSat PSISAT Real -
saturated soil hydraulic conductivity | SoilWatConductivitySat DKSAT Real m/s
gridcell mean topgraphic index GridTopoIndex TIMEAN Real i
(global mean)
maximum surface soil saturated SoilSfcSatFracMax FSATMX Real -

fraction (global mean)
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liquid water holding capacity for

SnowLigHoldCap SSlI Real m3/mé
snowpack
Zﬁgv\;now mass to fully cover old SnowMassFullCoverOld | SWEMX Real mm
mameum.lnte-r cepted liquid water CanopyLigHoldCap CH20P Real mm
per unit lai+sai
snowmelt m parameter SnowMeltFac MFSNO Real -
overburden snow compaction SnowCompactBurdenFac | C2_SnowCompact Real m3/kg
parameter
i hi .
snow de;ctructlve metamorphism SnowCompactAgingFacl | C3_SnowCompact Real 1/s
compaction parameterl
Snow degctructwe metamorphism SnowCompactAgingFac2 | C4_SnowCompact Real 1/K
compaction parameter2
snow degctructlve metamorphism SnowCompactAgingFac3 | C5_SnowCompact Real -
compaction parameter3
upper Limit on destructive .
PP . . SnowCompactAgingMax | DM_SnowCompact Real kg/m?
metamorphism compaction
L - L kgs/
snow viscosity coefficient SnowViscosityCoeff ETAO_SnowCompact Real ng
i liquid water fraction i .
:r']ixv:/mum QUIdWater Traction I o owLigFracMax SNLIQMAXFRAC Real -
:2;‘(’)":’““ water release timescale | g1 iqReleaseFac SNOW_RET FAC Real 1/s
flood irrigation application rate .
IrriFloodRateFac FIRTFAC Real -
factor
saturated soil hydraulic diffusivity SoilWatDiffusivitySat DWSAT Real m?/s
micro irrigation rate IrriMicroRate MICIR_RATE Real mm/hr
DVIC heterogeniety parameter for . .
o InfilHeteroDynVic BBVIC Real -
infiltration
PYIC Mean Capillary Drive for InfilCapillaryDynVic GDVIC Real m
infiltration models
DVIC model infiltration parameter InfilFacDynVic BDVIC Real -
VIC model infiltration parameter InfilFacVic BVIC Real -
Tension water distribution inflection TensionWatDistrInfl AXAJ Real i
parameter
Tension water distribution shape TensionWatDistrShp BXAJ Real i
parameter
Free water distribution shape FreeWatDistrShp XXAJ Real i
parameter
soil layer index for tile drainage DrainSoilLayerind DRAIN_LAYER_OPT | Real -
depth of drain tube from the soil TileDrainTubeDepth TD_DEPTH Real m
surface for simple scheme -
Depth of drain for Hooghoudt TileDrainDepth TD_DDRAIN Real m
scheme
drainage coefficent for Hooghoudt TileDrainCoeff TD_DCOEF Real miday

scheme
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drainage coefficient for simple

TileDrainCoeffSp TD DC Real mm/day

scheme
drainage factor for soil moisture DrainFacSoilWat TDSMC_FAC Real -
Actual depth of tile drai t .
. clual depth 0T e drainage to DrainDepthTolmperv TD_ADEPTH Real m
impermeable layer form surface
?illztsance between two drain tubes or DrainTubeDist TD_SPAC Real m
effective radius of drain tubes DrainTubeRadius TD_RADI Real m
depthto i ious | f .

ep. 0 Imperviouis fayer from DrainWatDepTolmperv TD_D Real m
drain water level
multiplication factor to determine

. . LateralWatCondFac KLAT_FAC Real -

lateral hydraulic conductivity -
runoff decay factor RunoffDecayFac FFF Real 1/m
baseflow coefficient BaseflowCoeff RSBMX Real mm/s
specific yield for groundwater .

pecttic y1 . groundw SpecYieldGw ROUS Real -
scheme option=1
microprore content (0.0—_l.O) for MicroPoreContent CMIC Real -
groundwater scheme option=1
maximum lake water storage WaterStoragelL akeMax WSLMAX Real mm
maximum SWE at glaciers SnoWatEgvMaxGlacier SWEMAXGLA Real mm
number of soil layers with root NumSoilLayerRoot NROOT Real i
present
snow cover factor SnowCoverFac SCFFAC Real m
maximum fresh snowfall density SnowfallDensityMax SNOWDEN_MAX Real kg/m?
mm/h, sprinkler irrigation rate IrriSprinklerRate SPRIR_RATE Real mm/hr
;rrrilgatlon Fraction threshold in a IrriFracThreshold IRR_FRAC Real -

recipitation threshold to sto . .
.p . p. . P IrriStopPrecipThr IR_RAIN Real mm/hr
irrigation trigger
number of days before harvest date | | ;o0 payBfHarvest | IRR_HAR Real | -
to stop irrigation
minimum lai to trigger irrigation IrriTriggerLaiMin IRR_LAI Real -
management allowable deficit (0-1) | SoilWatDeficitAllow IRR_MAD Real -
fraction of flood irrigation loss (0-1) | IrriFloodLossFrac FILOSS Real -
:‘;’i'n;"amc potential for wilting SoilMatPotentialWilt PSIWLT Real m

Noah-MP energy type
Varlr.;\ble ph.ys.l(.:al New name Original name variable Unit
meaning/definition Type
State

canopy air temperature TemperatureCanopyAir TAH Real K
surface radiative temperature TemperatureRadSfc TRAD Real K
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grid mean surface temperature TemperatureSfc TS Real
iarrrtl air temperature over vegetated TemperatureAir2mveg T2MV Real K
2-mair temperature over bare TemperatureAir2mBare T2MB Real K
ground part
density of air at reference height DensityAirRefHeight RHOAIR Real kg/m?

tential t t t ref .
Egigﬂtla emperature &t reference TemperaturePotRefHeight THAIR Real K
2-meter air temperature grid mean | TemperatureAir2m T2M Real K

ir at refi .

ZZE);hrtpressure airat reference PressureVaporRefHeight EAIR Real Pa
canopy air vapor pressure PressureVaporCanAir EAH Real Pa
vegetation/canopy temperature TemperatureCanopy TV Real K
ground temperature vegetated TemperatureGrdVeg TGV Real K
ground temperature bare ground TemperatureGrdBare TGB Real K
snow/soil temperature TemperatureSoilSnow STC Real K
green vegetation fraction [0.0-1.0] | VegFrac FVEG Real -
surface albedo AlbedoSfc ALBEDO Real -
snow albedo (direct) AlbedoSnowDir ALBSND Real
snow albedo (diffuse) AlbedoSnowDif ALBSNI Real -
sunlit leaf area index LeafArealndSunlit LAISUN Real m?/m?
shaded leaf area index LeafArealndShade LAISHA Real m?/m?
between canopy gap fraction for GapBtwCanopy BGAP Real i
beam

ithin canopy gap fraction for
Wil Py gap : GapInCanopy WGAP Real -
beam
wind stress: east-west bare ground | WindStressEwBare TAUXB Real N/m?

i : h-south .
wind stress: north-south bare WindStressNsBare TAUYB Real N/m?
ground
wind stress: e-w above canopy WindStressEwVeg TAUXV Real N/m?
wind stress: n-s above canopy WindStressNsVeg TAUYV Real N/m?
wind stress: e-w grid mean WindStressEwSfc TAUX Real N/m?
wind stress: n-s grid mean WindStressNsSfc TAUY Real N/m?
effec_tlve leat area index, after LeafArealndEff ELAI Real m?/m?
burying by snow
effective stem area index, after _—

. StemArealndEff ESAI Real m*/m
burying by snow
leaf area index LeafArealndex LAI Real m?/m?
stem area index StemAvrealndex SAl Real m?/m?
frozen canopy identifier (logical)
used to define latent heat pathway FlagFrozenCanopy FROZEN_CANOPY | Real
frozen ground identifier (logical) | o oo o Ground FROZEN_GROUND | Real -
used to define latent heat pathway
Surface emissivity EmissivitySfc EMISSI Real -
I lumetri ifi

SnOW fayer VOTUMELriC Specific HeatCapacVolSnow CVSNO Real Jm3/K

heat capacity
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soil layer volumetric specific heat

; HeatCapacVolSoil CVSOIL Real Jm3/K
capacity
snow layer thermal conductivity ThermConductSnow TKSNO Real W/m/K
soil layer thermal conductivity ThermConductSoil TKSOIL Real W/m/K
heat capacity for snow and soil .
layers pacity W ! HeatCapacSoilSnow HCPCT Real JIm¥/K
h | ivity f .
t (?rma conductivity for snow and ThermConductSoilSnow DF Real W/m/K
soil layers
hase change energy factor for .

P g. 9y PhaseChgFacSoilSnow FACT Real -
snow and soil
snow age factor SnowAgeFac FAGE Real -
non-dimensional snow age SnowAgeNondim TAUSS Real -
g:?)”nd albedo (direct beam: vis, | 1 edoGrdDir ALBGRD Real -
ground albedo (diffuse: vis, nir) AlbedoGrdDif ALBGRI Real -
soil albedo (direct) AlbedoSoilDir ALBSOD Real -
soil albedo (diffuse) AlbedoSoilDif ALBSOI Real -
effective one-sided leaf+stem area _
index = ELA+ESAI VegArealndEff VAI Real m?/m
leaf/stem reflectance weighted by
fraction LAl and SAI ReflectanceVeg RHO Real -
leaf/stem transmittance weighted .
by fraction LAl and SAI TransmittanceVeg TAU Real -
surface albedo (direct) AlbedoSfcDir ALBD Real -
surface albedo (diffuse) AlbedoSfcDif ALBI Real -

- " -
proJ ec_ted leaf+stem area in solar VegAreaProjDir GDIR Real m?/m?
direction
gap fraction for diffue light GapCanopyDif KOPEN Real -
total gap fraction for direct beam .
(<=1-shafac) GapCanopyDir GAP Real -
vegetation emissivity EmissivityVeg EMV Real -
ground emissivity EmissivityGrd EMG Real -
snow albedo at last time step
(CLASS type) AlbedoSnowPrev ALBOLD Real -
sunlit fraction of canopy CanopySunlitFrac FSUN Real -
shaded fraction of canopy CanopyShadeFrac FSHA Real -
canopy saturation vapor pressure
derivative with temperature VapPresSatCanTempD DESTV Real Pa/K
d(es)/dt at TV
below-canopy saturation vapor
pressure derivative with VapPresSatGrdVegTempD | DESTG Real Pa/K
temperature d(es)/dt at TG
bare ground saturation vapor
pressure derivative with VapPresSatGrdBareTempD | DESTB Real Pa/K
temperature d(es)/dt at TG
canopy saturation vapor pressure at VapPresSatCanopy ESTV Real Pa

TV
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below-canopy saturation vapor

pressure at TG VapPresSatGrdVeg ESTG Real Pa
bare ground saturation vapor VapPresSatGrdBare ESTB Real Pa
pressure at TG

atmospheric co2 partial pressure PressureAtmosCO2 CO2AIR Real Pa
atmospheric 02 partial pressure PressureAtmosO2 02AIR Real Pa
bulk leaf boundary layer resistance | ResistanceLeafBoundary RB Real s/m
reference height above ground RefHeightAboveGrd ZLVL Real m?/m?
ground temperature TemperatureGrd TG Real K
sunlit leaf stomatal resistance ResistanceStomataSunlit RSSUN Real s/m
shaded leaf stomatal resistance ResistanceStomataShade RSSHA Real s/m
fraction of canopy buried by snow | CanopyFracSnowBury FB_snhow Real -
root-zone averaged temperature TemperatureRootZone TROOT Real K
zero plane displacement bare ZeroPlaneDispGrd ZPDG Real m
ground

zero plane displacement surface ZeroPlaneDispSfc ZPD Real m
aerodynamic resistance for

momentum, between zlvl and ResistanceMomAbvCan RAMC Real s/m
zpd+z0, above canopy

aerodynamic resistance for water

vapor, between zlvl and zpd+z0, ResistanceLhAbvCan RAWC Real s/m
above canopy

aerodynamic resistance for

sensible heat, between zlvl and ResistanceShAbvCan RAHC Real s/m
zpd+z0, above canopy

aerodynamic resistance for

momentum, between heights ResistanceMomUndCan RAMG Real s/m
zpd+z0h and z0Ohg, below canopy

aerodynamic resistance for

sensible heat, between heights ResistanceShUndCan RAHG Real s/m
zpd+z0h and z0Ohg, below canopy

aerodynamic resistance for water

vapor, between heights zpd+z0h ResistanceLhUndCan RAWG Real s/m
and z0hg, below canopy

aerodynamic resistance for ResistanceMomBareGrd RAMB Real s/m
momentum, bare ground

aerO(_iynamlc resistance for ResistanceShBareGrd RAHB Real s/m
sensible heat, bare ground

aerodynamic resistance for water ResistanceLhBareGrd RAWB Real s/m
vapor, bare ground

roughness ength, momentum, RoughLenMomGrd ZOMG Real m
ground

roughness length, sensible heat, RoughLenShVegGrd Z0HG Real m
ground, vegetated

roughness length, sensible heat, RoughLenShCanopy Z0HV Real m

canopy
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roughness length, sensible heat,

RoughLenShBareGrd Z0HB Real m
ground
roughness length, momentu, RoughLenMomSfc Z0M Real m
surface
canopy height [note:
CanopyHeight >= CanopyHeight HCAN Real m
RoughLenMomGrd]
wind speed at top of canopy WindSpdCanopyTop uc Real m/s
canopy wind extinction coefficient | WindExtCoeffCanopy CWPC Real -
wind speed at reference height WindSpdRefHeight UR Real m/s
specific humidity at 2m bare SpecHumidity2mBare Q2B Real ka/kg
ground
specific humidity at 2m vegetated SpecHumidity2mVeg Q2v Real ka/kg
specific humidity at 2m grid mean | SpecHumidity2m Q2E Real ka/kg
specific humidity at surface SpecHumiditySfc QSFC Real ka/kg
specific humidity at the surface .
grid mean SpecHumiditySfcMean Q1 Real ka/kg
roughness length, momentum,
surface, sent to coupled RoughLenMomSfcToAtm ZO0WRF Real m
atmospheric model
ral.tlve hum!dlty in ground RelHumidityGrd RHSUR Real -
soil/snow air space
ground r_eswtancg to s_0|I/snow ResistanceGrdEvap RSURF Real s/m
evaporation/sublimation
hf face for | .

depth from s_now surtace for oyver DepthSoilTempBotToSno ZBOTSNO Real m
boundary soil temperature forcing

psychrometric constant, canopy PsychConstCanopy GAMMAV Real Pa/K
psychrometric constant, ground PsychConstGrd GAMMAG Real Pa/K
latent heat of vaporization/subli, LatHeatVapCanopy LATHEAV Real Jikg
canopy

| h f izati li

atent heat of vaporization/subli, || 1\ /anGrd LATHEAG Real Iikg
ground
fricti locity i tical .

r_|c Io.n velocrty in vertica FrictionVelVertBare WSTARB Real m/s
direction, bare ground
fr_lctlo_n velocity in vertical FrictionVelVertVeg WSTARV Real m/s
direction, vegetated above canopy
friction velocity, bare ground FrictionVelBare FVB Real m/s
friction velocity, vegetated FrictionVelVeg FVV Real m/s
exchange coefficient for ExchCoeffMomAbvCan CMV Real m/s
momentum, above ZPD, vegetated
exchange coefficient for sensible

heat, 2-m, vegetated (from ExchCoeffSh2mVeg CHV2, CAH2 Real m/s
diagnostic)
exchange coefficient for sensible

heat, 2-m, vegetated (from MOST | ExchCoeffSh2amVegMo CH2V, CH2 Real m/s

scheme)
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exchange coefficient for sensible
heat, above ZPD, vegetated

ExchCoeffShAbvCan

CHV

Real

exchange coefficient for sensible
heat, leaf level

ExchCoeffShLeaf

CHLEAF

Real

exchange coefficient for sensible
heat, under canopy

ExchCoeffShUndCan

CHUC

Real

exchange coefficient for sensible
heat, 2m, bare ground (from
MOST scheme)

ExchCoeffSh2mBareMo

CH2B

Real

exchange coefficient for sensible
heat, above ZPD, bare ground

ExchCoeffShBare

CHB

Real

exchange coefficient for sensible
heat, 2m, bare ground (from
diagnostic)

ExchCoeffSh2mBare

EHB2

Real

exchange coefficient for
momentum, above ZPD, bare
ground

ExchCoeffMomBare

CMB

Real

exchange coefficient for
momentum, surface grid mean

ExchCoeffMomSfc

CM

Real

exchange coefficient for sensible
heat, surface grid mean

ExchCoeffShSfc

CH

Real

exchange coefficient for latent
heat,, canopy air to ZLVL air

ExchCoeffLhAbvCan

CAW

Real

exchange coefficient for latent
heat, ground to canopy air

ExchCoeffLhUndCan

CGW

Real

exchange coefficient for
transpiration latent heat, leaf to
canopy air

ExchCoeffLhTransp

CTW

Real

exchange coefficient for leaf
evaporation latent heat, leaf to
canopy air

ExchCoeffLhEvap

CEW

Real

M-O momentum stability
correction, above ZPDG bare
ground

MoStabCorrMomBare

FMB

Real

M-O sensible heat stability
correction, above ZPDG bare
ground

MoStabCorrShBare

FHB

Real

M-O momentum stability
correction, 2m, bare ground

MoStabCorrMomBare2m

FM2B

Real

M-O sen heat stability correction,
2m, bare ground

MoStabCorrShBare2m

FH2B

Real

Monin-Obukhov stability
parameter (z/L), above ZPD, bare
ground

MoStabParaBare

MOZB

Real

Monin-Obukhov stability
parameter (2/L), 2m, bare ground

MoStabParaBare2m

MOZ2B

Real

Monin-Obukhov length, above
ZPD, bare ground

MoLengthBare

MOLB

Real
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M-O momentum stability

correction, above ZPD, vegetated MoStabCorrMomAbvCan FMV Real i
M-O rrpmentum stability MoStabCorrMomVeg2m FM2V Real -
correction, 2m, vegetated
M-O sen heat stability correction, MoStabCorrShAbvCan oy Real i
above ZPD, vegetated
M-O sensible heat stability MoStabCorrShVeg2m FH2V Real -
correction, 2m, vegetated
Monin-Obukhov stability MoStabParaVeg2m MOZ2V Real -
parameter (2/L), 2m, vegetated
Monin-Obukhov stability MoStabParaAbvCan MOZV Real .
parameter (z/L), surface, vegetated
Monin-Obukhov length, vegetated | MolLengthAbvCan MOLV Real m
M-O s§n5|ble heat stability MoStabCorrShUndCan FHG Real -
correction, below canopy ground
Monin-Obukhov stabilit

onin-tbukhov stabtiity MoStabParaUndCan MOZG Real -
parameter, below canopy ground
Monin-Obukhov length, bel

onin-Obukhov fength, below MoLengthUndCan MOLG Real m
canopy ground
error in surface energy balance EnergyBalanceError ERRENG Real W/m?
error in shortwave radiation RadSwBalanceError ERRSW Real W/m?
balance

lacier ice | I i
g aC|.e_r Ice layer volumetric HeatCapacGlalce CVGLAICE Real Jm3/K
specific heat
glacier ice thermal conductivity ThermConductGlalce TKGLAICE Real W/m/K
Flux
incoming downward direct solar | o4\ pownDir SOLAD Real Wi
radiation
incoming diffuse solar radiation RadSwDownDif SOLAI Real W/m?
solar raQ|at|0n absorbed by RadSwAbsVeg SAV Real Wi
vegetation
solar radiation absorbed by ground | RadSwAbsGrd SAG Real W/m?
total absorbed solar radiation RadSwAbsSfc FSA Real W/m?
canopy net longwave radiation [+ RadLwNetCanopy IRC Real Wit
to atm]
tated ground net lon

vegeta ed ground net longwave RadLwNetVegGrd IRG Real W/m?
radiation [+ to atm]
bare ground net longwave RadLwNetBareGrd IRB Real W/n?
radiation [+ to atm]
total net LW radiation [+ to atm] RadLwNetSfc FIRA Real W/

fl | iati
e ecte.d solar radlation by RadSwReflVeg FSRV Real W/m?
vegetation
reflected solar radiation by ground | RadSwReflGrd FSRG Real W/m?
total reflected solar radiation RadSwReflSfc FSR Real W/m?
emitted outgoing IR RadLwEmitSfc FIRE Real W/m?
total sensible heat flux [+ to atm] HeatSensibleSfc FSH Real W/m?
canopy latent heat flux [+ to atm] HeatLatentCanopy FCEV Real W/m?
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total ground latent heat [+ to atm] HeatLatentGrd FGEV Real W/m?
latent heat flux from transpiration HeatLatentTransp FCTR Real Wi
[+ to atm]
canopy sensible heat flux [+ to .
atm] Py [ HeatSensibleCanopy SHC Real W/nm?
ible heat fl .
vegetated ground sensible heat flux HeatSensibleVegGrd SHG Real W/m?
[+ to atm]
bare ground sensible heat flux [+ HeatSensibleBareGrd SHB Real W/m?
to atm]
latent heat flux from bareground [+ HeatLatentBareGrd EVB Real W/m?
to atm]
Zf;(])py evaporation heat flux [+ to HeatLatentCanEvap EVC Real W/m?
— -
Z?::])py transpiration heat [+ to HeatLatentCanTransp TR Real W/m?
+
ba_re ground heat flux [+ to HeatGroundBareGrd GHB Real W/m?
soil/snow]
tated ground heat flux [+ =t
vegeta ed ground heat flux [+ = to HeatGroundVegGrd GHV Real W/m?
soil/snow]
+ =
total ground heat flux [+ = to HeatGroundTot SsoIL Real Wi
soil/snow]
“g.ht penetrating through snow and RadSwPenetrateGrd PHI Real W/m?
soil water
- =
ground evaporation heat flux [ HeatLatentVegGrd EVG Real W/m?
to atm]
total photosynthesis active energy 5
RadPhotoActAbsCan APAR Real W/m
absorbed by canopy
fg’:\::ge absorbed par for sunlit RadPhotoActAbsSunlit PARSUN Real Win?
average absorbed par for shaded
o P RadPhotoActAbsShade PARSHA Real Wi
wn_ganon latent he_atlng due to HeatLatentIrriEvap FIRR Real W/m?
sprinkler evaporation
precipitation advected heat - . 5
HeatPrecipAdvCanopy PAHV Real W/m
canopy net
precipitation advected heat - HeatPrecipAdvVegGrd PAHG Real W/m?
vegetated ground net
precipitation advected heat - bare HeatPrecipAdvBareGrd PAHB Real W/m?
ground net
precipitation advected heat - total HeatPrecipAdvSfc PAH Real W/m?
solar radiation flux abs by RadSwAbsVegDir FABD Real |-
vegetation per unit direct flux
solar radliation flux abs by RadSwAbsVegDif FABI Real .
vegetation per unit diffuse flux
solar radiation fIL_Jx r_eﬂected by RadSwRefIVegDir FREVD Real i
veg layer (per unit direct flux)
solar radiation flux reflected by RadSwReflVegDif EREVI Real )

veg layer (per unit diffuse flux)
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solar radiation flux reflected by

ground (per unit direct flux) RadSwReflGrdDir FREGD Real -
solar radiation flux reflected by | o o oo fGrdDif FREGI Real -
ground (per unit diffuse flux)
downward solar direct flux below . .
- RadSwDirTranGrdDir FTDD Real -
veg per unit direct flux
downward solar direct flux below | p. e\ pirTranGraDif FTDI Real .
veg per unit diffue flux (= 0)
downward solar diffuse flux below | ¢ piTranGrapir FTID Real |-
veg (per unit dir flux)
downward solar diffuse flux below | oo\ pifTrancrapit FTII Real .
veg (per unit dif flux)
energy influx from soil bottom HeatFromSoilBot EFLXB Real Jim?
W/m? *
lated d heat fl
accumulfated ground heat Hux HeatGroundTotAcc ACC_SSOIL Real dt_soil /
during soil timestep q :
t_main
mean ground heat flux during soil 5
. HeatGroundTotMean SSOIL_avg Real W/m
timestep
canopy heat storage change HeatCanStorageChg CANHS Real W/
Parameters
soil quartz content SoilQuartzFrac QUARTZ Real -
volumetric soil heat capacity SoilHeatCapacity CSOIL Real JIm¥/K
Zilitinkevich Coefficient for ZilitinkevichCoeff cziL Real |-
exchange coefficient calculation
emissivity 1-soil; 2-lake EmissivitySoilLake EG Real -
saturated soil albedos: 1=vis, 2=nir | AlbedoSoilSat ALBSAT Real -
dry soil albedos: 1=vis, 2=nir AlbedoSoilDry ALBDRY Real -
albedo land ice: 1=vis, 2=nir AlbedoLandlce ALBICE Real -
albedo frozen lakes: 1=vis, 2=nir AlbedoLakeFrz ALBLAK Real -
green vegetation fraction [0.0-1.0] | VegFracGreen SHDFAC Real -
annual max vegetation fraction VegFracAnnMax SHDMAX Real -
characteristic leaf dimension LeafDimLength DLEAF Real m
height of canopy top HeightCanopyTop HVT Real m
Height of canopy bottom HeightCanopyBot HVB Real m
no. of
tree density TreeDensity DEN Real trunks
per m?
tree crown radius TreeCrownRadius RC Real m
;?gg;hly stem area index, one- StemArealndexMon SAIM Real m?/m?
monthly leaf area index, one-sided | LeafArealndexMon LAIM Real m2/m?
Scattering coefficient for snow ScatterCoeffSnow OMEGAS Real -
Upscaltering parameters for snow |, erc oeffSnowDir BETADS Real -
for direct radiation
Upscattering parameters for snow UpscatterCoeffSnowDif BETAIS Real -

for diffuse radiation
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snow aging parameter for BATS

SnowAgeFacBats TAUO Real -

snow albedo
vapor diffusion snow growth factor
for BATS snow albedo SnowGrowVapFacBats GRAIN_GROWTH Real
exira snow growth factor near SnowGrowFrzFacBats EXTRA GROWTH | Real |-
freezing BATS snow albedo -
dirtand soot effect factor BATS SnowSootFacBats DIRT_SOOT Real -
snow albedo
zenith angle snow albedo . .

. larZenithAdjB BAT: 4 Real -
adjustment for BATS SolarZenithAdjBats S_COS ea
new snow visible albedo for BATS | FreshSnoAlbVisBats BATS VIS NEW Real -
new snow NIR albedo for BATS FreshSnoAlbNirBats BATS_NIR_NEW Real -
age factor for diffuse visible snow A
albedo for BATS SnoAgeFacDifVisBats BATS_VIS_AGE Real
age factor for diffuse NIR snow -
albedo for BATS SnoAgeFacDifNirBats BATS_NIR_AGE Real
cosz factor for direct visible snow L
albedo for BATS SzaFacDirVisBats BATS_VIS_DIR Real -
cosz factor for direct NIR snow L
albedo for BATS SzaFacDirNirBats BATS_NIR_DIR Real -
reference snow albedo in CLASS | ¢\ AlbRefClass CLASS_ALB_REF | Real :
scheme - -
snow aging e-folding time in
CLASS scheme SnowAgeFacClass CLASS_SNO_AGE | Real S
fresh snow albedo in CLASS SnowAlbFreshClass CLASS_ALB_NEW | Real .
scheme
mlnl.mum stomatal resistance in ResistanceStomataMin RSMIN Real s/m
Jarvis scheme
max.l mal stomatal resistance in ResistanceStomataMax RSMAX Real s/m
Jarvis scheme
surface resistance for snow ResistanceSnowSfc RSURF_SNOW Real s/m
expon_ent ”.] the shape- parameter ResistanceSoilExp RSURF_EXP Real -
for soil resistance option 1
ice surface emissivity EmissivitylceSfc EICE Real -
snow emissivity EmissivitySnow SNOW_EMIS Real -
empirical canopy wind parameter CanopyWindExtFac CWPVT Real -
snow surface roughness length RoughLenMomSnow Z0SNO Real m
(0.002)
Bare-soil roughness length (under RoughLenMomSoil 70SOIL Real m
the canopy)
momentum roughness length RoughLenMomVeg Z0MVT Real m
vegetated surface
lake surface roughness length RoughLenMomLake ZOLAKE Real m
co2 Michaelis-Menten constant at Co2MmMConst25C KC25 Real Pa

25¢
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change in co2 Michaelis-Menten
constant for every 10-deg C Co2MmConstQ10 AKC Real -
temperature change
g:cmlchaells-menten constant at 02MmConst25C KO25 Real Pa
change in 02 michaelis-menten
constant for every 10-deg C 02MmConstQ10 AKO Real -
temperature change
.. . umol /

minimum leaf conductance ConductanceLeafMin BP Real /s
Parameter used in radiation stress -

L u .I tatt RadiationStressFac RGL Real -
function in Jarvis scheme
Optimum tra_nsplrat_lon ar AirTempOptimTransp TOPT Real K
temperature in Jarvis scheme
Par.a meter U?Ed !n vapqr pressure VaporPresDeficitFac HS Real -
deficit function in Jarvis scheme
leaf/stem orientation index CanopyOrientindex XL Real -
leaf reflectance: 1=vis, 2=nir ReflectancelLeaf RHOL Real -
stem reflectance: 1=vis, 2=nir ReflectanceStem RHOS Real -
leaf transmittance: 1=vis, 2=nir TransmittanceLeaf TAUL Real -
stem transmittance: 1=vis, 2=nir TransmittanceStem TAUS Real -
canopy biomass heat capacit

Py pactty HeatCapacCanFac CBIOM Real m
parameter
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