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ARTICLE INFO ABSTRACT

Dataset link: github.com/gbonan, doi.org/10.5 Land surface models simulate fluxes exchanged between the land and atmosphere in weather and climate
281/zenodo.17426258 models. The prevailing modeling paradigm uses a big-leaf canopy parameterization that is not vertically-
Keywords: resolved. Multilayer canopy models have received interest over the past several years as a means to improve
Multilayer model surface fluxes and enable new science. We present results from a comparison of the Community Land Model
Canopy turbulence (CLM) multilayer canopy model (CLM-ml v2) and observations of air temperature, specific humidity, wind
Observation needs speed, and fluxes (net radiation, sensible heat, latent heat, momentum) at multiple heights in and above
Land surface model a walnut orchard during the Canopy Horizontal Array Turbulence Study (CHATS). The dataset provides a
benchmark with which to test multilayer models. Above-canopy sensible heat, latent heat, and momentum
fluxes are well simulated under a range of atmospheric regimes spanning strongly unstable, weakly unstable,
near-neutral, weakly stable, and strongly stable, as are vertical profiles of fluxes within the canopy. Vertical
profiles of wind speed closely match the observations under all stability regimes. Vertical profiles of air
temperature and specific humidity are well simulated except for strongly stable conditions, when the first-order
turbulence closure cannot represent within-canopy non-local vertical mixing that would otherwise transport the
cool air produced by radiative cooling of the upper canopy downward to the lower canopy. Our model-data
comparison highlights the potential of multilayer models to simulate the surface air space. The multilayer
canopy model is simpler and more consistent with theory than is the CLM big-leaf canopy model, and it
modernizes the canopy physics for theoretical and computational advances compared with CLM’s outdated ad-
hoc parameterizations. Nonetheless, our analysis points to further modeling needs and identifies observations
central to model testing. Measurements of within-canopy micrometeorology and leaf gas exchange are needed
in addition to above-canopy fluxes.

1. Introduction multilayer canopy has been developed for the ORCHIDEE land sur-
face model (Chen et al., 2016; Ryder et al., 2016), and likewise for
Since the advent of land surface models for coupling with the the Community Land Model (Bonan et al., 2018, 2021). Multilayer

atmosphere in weather and climate models, plant canopies have been canopies have been implemented in the Weather Research and Fore-
modeled as a big-leaf without vertical structure (Deardorff, 1978; casting model (Smallman et al., 2013; Falk et al., 2014; Xu et al.,
Dickinson et al., 1981, 1986; Sellers et al., 1986). An alternative was 2014) and in large eddy simulations (Patton et al., 2016; Ma and
to model multiple layers in a vertically-resolved canopy (Cowan, 1968; Liu, 2019; Pedruzo-Bagazgoitia et al., 2023). The JULES land surface

Waggoner and Reifsnyder, 1968; Goudriaan and Waggoner, 1972;
Shawecroft et al., 1974; Goudriaan, 1977). Big-leaf canopies were a
rejection of multilayer canopies, which were deemed impractical (Rau-
pach and Finnigan, 1988; Bonan et al., 2021).

There has been renewed interest in the use of multilayer canopies
coupled to atmospheric models as theoretical advances, new datasets of
leaf traits and canopy structure, and computational efficiency remove parameterizations used in big-leaf land surface models. Version 5 of the
the impediments to model implementation (Bonan et al., 2021). A~ Community Land Model (CLM5), for example, uses simplified ad-hoc

model (Mercado et al., 2007; Wiltshire et al., 2020) and the FATES
vegetation demography model (Koven et al., 2020) have a multilayer
implementation of radiative transfer for photosynthesis and stomatal
conductance, though not turbulent fluxes and scalar profiles.
Multilayer canopy models provide an opportunity to reconsider the
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parameterizations of within-canopy turbulent processes that are 30-40
years old and date to the early origins of land surface models, and
the latest version (CLM6) maintains these parameterizations (Lawrence
et al., 2018). The fundamental framework to model plant canopies
as a single layer of leaves with additional fluxes from the soil was
put forth by Deardorff (1978), who formulated fluxes from the leaves
to the canopy air, the soil to the canopy air, and the canopy air to
the overlying atmosphere. Dickinson (1984) retained the framework,
but modified some of the specifics of the model. His equations for
wind speed in the canopy, under-canopy aerodynamics, and canopy air
temperature are still used in CLM5/6.

Further rationale for multilayer canopy models is found in the bene-
fit of forest microclimates for biological conservation. The cooler under-
story temperatures compared with the overstory or outside the forest in
open fields help to mitigate the deleterious effects of hot temperatures
on forest organisms (De Frenne et al., 2019, 2021; De Lombaerde
et al., 2022). For example, climbing lizards regulate body temperature
by their location in the canopy (Zlotnick et al., 2024). The current
generation of big-leaf land surface models lacks sufficient detail of the
within-canopy environment to study forest buffering. Hes et al. (2024),
for example, used CLM5.1 to contrast the buffering capacity of forests
and grasslands, but noted the model’s inability to adequately resolve
the canopy air space. The model’s canopy parameterization reflects the
heritage of land surface models as providing flux boundary conditions
to the atmosphere (Manabe et al., 1965; Kasahara and Washington,
1967) rather than modeling the surface air. Observational analyses
of forest influences on temperature likewise neglect air temperature
within the canopy and instead focus on radiative land surface tempera-
ture or air temperature above the canopy (Li et al., 2025). The canopy
physics of land surface models must be modernized for theoretical and
computational advances and to enable study of forest microclimates.

Land surface models are routinely evaluated in comparison with
observations of above-canopy fluxes obtained at eddy covariance flux
towers, seen, for example, in the development of CLM (Stockli et al.,
2008; Burns et al., 2018) and as model benchmarking exercises (Best
et al,, 2015; Haughton et al.,, 2016; Abramowitz et al., 2024). If
multilayer canopy models are to become a useful alternative to big-
leaf models, comprehensive measurements of fluxes and scalar profiles
within canopies are needed to identify model strengths and weaknesses
and to advance theory and numerical parameterizations.

Here, we describe a dataset of flux and scalar measurements within
and above a tree canopy and use the data to test a multilayer canopy
model developed for CLM. Previous testing of the model demonstrated
its performance in comparison with measurements of above-canopy
fluxes and CLM5 (Bonan et al., 2018, 2021). For the current study, we
use the high vertical resolution profile observations of air temperature,
humidity, wind speed, and turbulent fluxes within and above the
canopy of a walnut orchard obtained during the Canopy Horizontal
Array Turbulence Study (CHATS; Patton et al., 2011). The CHATS
campaign’s design, instrument deployment strategy, horizontally ho-
mogeneous terrain and canopy, ample fetch, and range of wind speeds
sampled provide a comprehensive dataset to evaluate fluxes and scalars
simulated under a variety of stability regimes.

Our study targets evaluation of canopy processes in simulations
forced with the observed meteorology above the canopy. We pre-
pare a dataset of 30-min average statistics from 5-min average data
and perform simulations for the May 2007 observational period. The
dataset provides a benchmark with which to test multilayer canopy
models. Our model-data comparison identifies the observations needed
to test multilayer models, provides guidance to parameter estimation,
highlights the potential of multilayer models to simulate the complex
micrometeorology of forest canopies, and points to further research
needs.
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2. Methods

Simulation of the walnut orchard requires several steps: prepar-
ing the observations to evaluate the model; modifying the model to
improve numerical methods; configuring the model for the walnut
orchard; and running the model for the observational period, including
sensitivity analyses to evaluate parameter choices.

2.1. Observations

2.1.1. CHATS field campaign

Turbulent exchange was measured within and above a walnut or-
chard (Juglans regia ‘Chandler’) located in Dixon, California during
the Canopy Horizontal Array Turbulence Study (CHATS) from mid-
March to mid-June 2007 (Patton et al., 2011). Measurements over the
field campaign spanned the time before leaf emergence, the green-
up transition, and after leaf emergence. The average canopy height
was about 10m. The cumulative plant area index was about 0.7 m?
m~2 before leaf emergence, increasing to about 2.5m? m~?2 after leaf
emergence. The soil is Yolo silty clay loam. Patton et al. (2011) describe
the study. Several additional publications provide further information
about CHATS (Dupont and Patton, 2012a,b; Shapkalijevski et al., 2016,
2017; Brown et al., 2020; Pan and Patton, 2017, 2020; Pan et al., 2025).

We use data from the 30-m tower, with 13 measurement levels
located within the canopy, at the canopy top, and above the canopy
(Table S.1). Winds and turbulent fluctuations were measured with
sonic anemometers, and water vapor fluctuations were measured with
krypton hygrometers. Incoming and outgoing shortwave and longwave
radiation were measured at 16 m and 2 m. Precipitation was measured
with a tipping bucket located in a clearing between rows of trees.
Barometric pressure was measured at a height of 1m on the tower.
Soil moisture and soil heat flux were measured at 5 cm depth. For
instrument model numbers and other deployment details, see Patton
et al. (2011).

We focus on the month of May, when leaves were fully emerged,
so as to include the effects of leaf physiology on turbulent fluxes.
Figs. 1 and 2 show meteorological conditions for May. Conditions were
generally clear sky, with incoming solar radiation above the canopy
equal to 800-1000 W m~2 and few periods of rain. Soil moisture
generally decreased over time (Fig. 2). Near the end of the month, the
soil was irrigated at several times in a block pattern throughout the
orchard.

2.1.2. Data processing

We use 5-min statistics generated from version 2 of the NSF National
Center for Atmospheric Research (NSF NCAR) Earth Observing Labora-
tory (EOL) high-rate CHATS data (Horst and Oncley, 2019). Version 2
includes a sonic anemometer tilt-correction (Wilczak et al., 2001) and
shadow-correction for the CSAT3 transducers (Horst et al., 2015). The
tilt-correction was applied uniquely at every sonic level, and the EOL-
determined planar-fit coefficients for each sonic anemometer are shown
in Table S.1. More specific details about the CHATS instruments, EOL
quality-control, and data processing can be found on the CHATS project
webpage (2007). From the EOL 5-min means and covariances, we
calculate 30-min statistics (including turbulent fluxes) following the
procedures described in ISFS (2025). The 30-min data are centered
in the averaging period (15 or 45 min past the hour) and times are
Coordinated Universal Time UTC. Results are shown in CHATS local
standard time (Pacific Standard Time; PST) which is 8 h behind UTC.

Corrections are applied to data collected by those instruments for
increased accuracy. A brief summary of the corrections applied to
calculate the turbulent fluxes is as follows: (1) The Schotanus correction
is applied to correct the sensible heat flux for water vapor fluctua-
tions (Schotanus et al., 1983; Foken et al., 2012), (2) water vapor
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Fig. 1. Time series for May 2007 of observed 30-min mean above-canopy (a) 16-m incoming solar radiation (Riw) and longwave radiation (Rllw; blue), (b) 23-m
air temperature (7,), (¢) 23-m specific humidity (¢), and (d) 23-m horizontal wind speed (U). The points shown in red are those eliminated due to footprint and
wind direction considerations. In (a), the time periods shown in red also apply to Rllw. Data gaps are due to either precipitation, maintenance work being done

to instruments on the tower, or instrument problems.

fluctuations measured using the krypton hygrometers are corrected for
oxygen absorption following Oncley et al. (2007), and (3) The Webb—
Pearman-Leuning correction is used to correct latent heat flux for
sensible heat flux variations (Webb et al., 1980; Fuehrer and Friehe,
2002). The moist air density (p), specific heat (e, and latent heat of
vaporization (1) vary with air temperature, pressure, and humidity.

Further details on the flux calculations and other data details are
provided in Appendix A.

2.1.3. Data analysis
We screen the data to eliminate time periods during which the tower
footprint was outside the boundary of the walnut orchard and also for
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Fig. 2. Time series for May 2007 of observed cumulative precipitation and volumetric water content at 5-cm depth. Irrigation of the orchard is indicated by the
text and light blue squares. The water was typically applied overnight (between 18:00 PST and 06:00 PST). Watering on the night of day 145 occurred near the
instrumented tower, as noted by the sharp increase in soil moisture. The watering on the nights of days 136 and 137 occurred in other sections of the orchard.
Spraying of the Dupont insecticide Asana XL on the nights of days 143 and 144 is highlighted by the red boxes.

strong advective conditions. We bin the remaining data into stability
regimes based on the bulk Richardson number.

Footprint considerations. The 30-m tower was located about 130m
from the northern edge of the orchard to focus on winds from the
south (Patton et al., 2011). We use 23-m measurements to examine
footprint contours of the source area for 80% of the flux based on the
footprint model from Kljun et al. (2015, https://footprint.kljun.net/).
The analysis shows that winds from the north primarily sample outside
the walnut orchard (Fig. S.1) while winds from the south sample the
walnut orchard (Fig. S.2). Therefore, we exclude data when the above-
canopy wind direction was from the north (0-90°, 270-360°). We use
measurements at the 23-m height instead of 29-m to ensure that the
orchard remains within the sensor’s fetch during periods with stable
stratification.

Figure S.3a provides a time series of above-canopy wind direction.
At the orchard, the wind patterns are affected by the coastal mountain
ranges to the west and Sierra Nevada mountains to the east, as well
as sea-breezes that flow into the San Joaquin Valley, primarily through
San Francisco Bay following the Sacramento River (Zaremba and Car-
roll, 1999; Mayor, 2011, 2017). For the May observations, high-wind
periods (i.e., U > 10 ms~1) were exclusively from the north (Fig. S.3b).
The wind direction also had a strong time-of-day dependence. Winds
for a typical four-day period in May were often from the north early in
the morning (Fig. S.4). For the entire month of May, about 70% of the
30-min periods between 08:00-10:00 PST were north winds while only
20%-30% of the afternoon and evening periods were north winds (Fig.
S.3c). Therefore, the flux footprint restriction removes all high wind
periods and most of the early morning periods (i.e., those shown in red
in Fig. 1) from our analysis.

Stability considerations. We stratify the remaining data by the above-
canopy bulk Richardson number (Ri,) to compare the model with
observations for particular stability regimes. We calculate Ri, from the
30-min observations using:

_& Oy = 0)(zy —2;)
6 (Uy-U?

where z;; and z; are the 23-m and 10-m measurement heights, respec-
tively, 6;; and 6, are the potential air temperature at the measurement

Ri, (€8]

level, 6 is the average of 6, and 6;, U, and U, are the horizontal
scalar mean wind speed, and g is gravitational acceleration. For our
analysis, we bin the observations and model output into five broad
stability regimes based on the observed Ri,: strongly unstable (SU;
—10 < Ri, < -0.1), weakly unstable (WU; —-0.1 < Ri, < —0.01), near-
neutral (NN; —0.01 < Ri, < 0.01), weakly stable (WS; 0.01 < Ri, <0.2),
and strongly stable (SS; 0.2 < Rij, < 100). We use the observed Ri, to
bin both the observations and the model so that the measurements and
the model output correspond in time.

The bin boundaries are based on apparent changes in the observa-
tions. There is a well-known transition from weakly stable to strongly
stable conditions at around Ri, = 0.2 (Businger, 1973; Galperin
et al., 2007; Burns et al., 2011). Previous work with CHATS data used
h/L, where h is the canopy height and L is the Obukhov length, as
the stability parameter (Dupont and Patton, 2012a,b). Both h/L and
Ri, change with stability, and relationships between them have been
considered in many past studies (Businger et al., 1971; Mauritsen and
Svensson, 2007; Burns et al., 2011).

Advection. Examination of the observed fluxes in relation to Ri, reveal
counter-intuitive fluxes for a small number of 30-min time intervals
that are highlighted by the colored circles in Fig. S.5. First, there are
stable periods (Ri, > 0) with positive net radiation (R, > 0), which
in combination suggests non-stationary or advective conditions. Stable
periods are usually nighttime phenomenon, but these few periods occur
in the late afternoon. They coincide with the arrival of the density
current fronts documented by Mayor (2011). Therefore we exclude
these data points (34 samples) from our analysis, though they do not
significantly impact our model-observation comparison.

The other counter-intuitive fluxes highlighted in Fig. S.5 are unsta-
ble data with negative net radiation (Ri, < 0 and R, < 0). These data
periods occur later in the evening than the sea-breeze frontal passages.
They are periods with wind speed on the order of 4-6 ms™! and the
temperature gradient is small. These periods are similar to the near-
neutral points with Ri, > 0 and because the near-neutral category
includes both unstable and stable points, we include these data in our
analysis.


https://footprint.kljun.net/

G.B. Bonan et al.
2.2. The multilayer canopy model

2.2.1. Model description

CLM-ml is a multilayer canopy model parameterizing the rela-
tionship between state variables and fluxes designed for inclusion in
the Community Land Model (Bonan et al., 2018, 2021). The canopy
model uses an implicit solution to solve the flux—profile calculations
as a system of linear equations. One-dimensional (vertical) continuity
equations for potential temperature and water vapor concentration
(equal to vapor pressure divided by surface pressure) are combined
with equations for leaf and soil energy balances and are solved as
an implicit system of tridiagonal equations for potential temperature,
water vapor concentration, and leaf temperatures (sunlit and shaded
leaves) at each layer in the canopy, as well as ground temperature.
The scalar continuity equations balance the vertical flux divergence and
storage in the canopy air space with leaf source/sink fluxes and ground
fluxes. The model uses a first-order turbulence closure combined with
the Harman and Finnigan (2007, 2008) roughness sublayer parame-
terization to calculate wind speeds and scalar diffusivities within and
above the canopy. Leaf fluxes of sensible and latent heat are calculated
from the leaf energy balance (including a heat storage term) for sunlit
and shaded leaves at each canopy layer. Leaf gas exchange is calcu-
lated using principles of water-use efficiency optimization and plant
hydraulics. Optimization is attained when further stomatal opening
does not yield sufficient carbon gain per unit water loss (defined by
a marginal water-use efficiency parameter) and with the constraint
that stomata close as leaf water potential decreases. Leaf nitrogen (per
unit leaf area) decreases from the top to the bottom of the canopy,
resulting in a decrease in photosynthetic capacity at lower levels in
the canopy. Bonan et al. (2014) provide the equations for leaf gas
exchange, stomatal conductance, and plant hydraulics, Bonan et al.
(2018) give the roughness sublayer parameterization and the flux—
profile solution, and Bonan et al. (2021) describe the generalization of
the model to any number of canopy layers. The model has been tested
against above-canopy flux data at several AmeriFlux sites (Bonan et al.,
2018, 2021).

For the CHATS simulations, we modify the model source code from
CLM-ml vl (Bonan et al., 2021) and denote the revised model CLM-
ml v2. An overarching goal is to reduce, or at least provide rationale
for, numerical constraints used in the canopy flux parameterization so
that they are implemented in a less arbitrary manner (Table 1). We
contrast the numerical methods in CLM-ml with those used in version
5 of the Community Land Model (CLM5) and the forthcoming version 6
(CLMS6) to highlight key approximations and constraints in the models.
The changes between CLM-ml v1 and CLM-ml v2 are:

State updates. A numerical challenge in calculating canopy fluxes is
that the fluxes depend on state variables, but the state variables depend
on fluxes. More formally, the time change in state variable y depends on
y at time ¢ (i.e., dy/dt = f'(¢,y)). For example, net radiation and stom-
atal conductance, which are needed to calculate leaf fluxes, depend on
leaf temperature, which itself changes over a model timestep. Stomatal
conductance likewise depends on leaf water potential, which depends
on transpiration. A key timestepping dependency occurs among the
Obukhov length, sensible heat flux, and latent heat flux. Additional
dependencies are: the wetted fraction of the canopy depends on evap-
oration, but evaporation depends on the wetted fraction; and leaf
boundary layer conductance varies with wind speed.

CLMS5 resolves these interdependencies using an iterative solution
to simultaneously solve the equation set over a timestep 4t = 30
min (Lawrence et al., 2018). A maximum of 40 iterations is allowed, but
convergence is not guaranteed. Ad-hoc corrections that set atmospheric
stability to near-neutral conditions if it switches between stable and
unstable values during the iteration, repartition energy between latent
and sensible heat, and limit the change in vegetation temperature to
<1 K are encoded in the numerical solution (Table 1). CLM6 retains
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the 40 iteration maximum in its standard configuration and has a fast
configuration with 3 iterations.

CLM-ml v1 uses the Euler method to advance the canopy state from
time n to n+ 1 with Ar = 5 min (i.e., y,,; = y,+4y). The 5-min step size
lessens the temporal mismatch between state variables and fluxes. CLM-
ml v2 replaces the Eulerian solution with a fourth-order Runge-Kutta
method. Runge-Kutta methods provide a robust numerical solution to
a differential equation in which Ay depends on y. The equation set is
solved for Ay using four Runge—Kutta substeps: (1) y, from the previous
timestep is used to obtain Ay;; (2) y, + 0.54y, is used to obtain Ay,;
(3) yy + 0.54y, is used to obtain Ay;; and (4) y, + Ay; is used to
obtain Ay,. The weighted average of the four Runge-Kutta substeps,
Yo+ (4y; + 24y, + 24y + Ay,) /6, is used in a 5th call to the flux-profile
equation set in the final solution. State variables updated this way are
air temperature, vapor pressure, leaf temperature (sunlit and shaded),
leaf water potential (sunlit and shaded), intercepted water, and ground
temperature.

Meteorological forcing. CLM5/6 uses a 30-min timestep for coupling
with its host atmosphere model as part of the Community Earth System
Model (Danabasoglu et al., 2020). When running CLM5/6 at tower sites
uncoupled from the atmosphere model, tower meteorology replaces
the atmospheric model. CLM-ml v1 retains CLM5/6’s 30-min timestep.
The atmospheric forcing is provided at 30-min resolution and is held
constant over the six 5-min steps. Model output is averaged over the
six 5-min steps and reported as 30-min values.

CLM-ml v2 interpolates the 30-min forcing data to the 5-min steps.
The interpolation is linear over the six 5-min steps using values at the
previous, current, and next 30-min timesteps. For the CHATS data,
the 30-min forcing is centered in the time interval (i.e., 15 min or
45 min), and the 5-min interpolation is likewise centered in its time
interval (e.g., 2.5, 7.5, 12.5, 17.5, 22.5, 27.5 min). Precipitation is not
interpolated. A three-point interpolation is possible because the mete-
orological data is available for the full time series. In coupling to the
host atmospheric model, where forcing values are known backwards in
time but not forward, the interpolation could only use the current and
previous values of the 30-min forcing variable.

CLMS restricts the forcing height wind speed to >1 m s~! to prevent
sensible and latent heat fluxes from being small with calm condi-
tions (Lawrence et al., 2018), and CLM6 retains this restriction. CLM-ml
vl likewise uses the same restriction. In CLM-ml v2, we lower the
minimum wind speed threshold to 0.5 m s~!, which is representative
of calm air on the Beaufort scale, without a degradation in model
performance.

Universal similarity functions. CLM-ml v1 uses the universal functions
¢,, and ¢, and the roughness sublayer modified functions $,,, and $c
from Harman and Finnigan (2007, 2008) (see Bonan et al., 2018, their
Egs. A10, A11, Al4, A18). These are used to obtain the associated
v, and y, functions and the roughness sublayer modified functions
¥,, and @, (see Bonan et al., 2018, their Eqs. A12, A13, Al17). The
g functions are evaluated numerically, with values obtained from a
lookup table (see Bonan et al., 2018, their Eq. A21). For CLM-ml v2,
we reevaluate the lookup table from that used in Bonan et al. (2018,
2021) for more numerical precision.

¢,, and ¢, become increasingly large with more strongly stable
conditions, which produces excessively cold canopy temperatures at
night. CLM-ml v1 restricts the value of the Obukhov length (L) used in
the similarity functions under strongly stable conditions. The restriction
is imposed as { = (z — d)/L < 1 on the stable side, where z is the
atmosphere forcing height and d is the displacement height. At the
walnut orchard, with z = 23 m and d ~ 8 m, this means that L > 15
m. The ¢ restriction originates with CLM5, which imposes ¢ < 0.5 in
the stable regime; CLM6 increases the limit to ¢ < 2 when biomass
heat storage is enabled. In CLM-ml v2, we revise the constraint on L
based on applicability of the roughness sublayer theory across a range
of stability regimes.
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Constraints imposed on canopy flux calculations in CLM5, CLM6, CLM-ml v1, and CLM-ml v2. Notation: 4t, timestep; z, atmospheric forcing height; d, displacement
height; L, Obukhov length; u,, forcing height wind speed; L., canopy length scale; u,, friction velocity; U(h), wind speed at canopy height; U,,;, CLM canopy
wind speed; U;, wind speed at each layer in the canopy; p,, molar density; g,,,, leaf boundary layer conductance for heat at each layer in the canopy; g,;,
aerodynamic conductance at each layer in the canopy. The minimum restriction to u,.;, maximum cap to ¢ under stable conditions, and maximum iterations in
CLM6 are user-specified parameters. Shown are supported model configurations. N/A denotes the constraint is not relevant to the particular model, and — means

the constraint is not imposed.

Constraint CLM5 CLM6 CLM-ml v1 CLM-ml v2
Timestep At =30 min As in CLM5 At =5 min At =5 min
Numerical methods for Iterative: 40 maximum As in CLM5 with 40 Euler Runge-Kutta
canopy solver (standard) or 3 (fast) methods (4th-order)
Atmospheric stability If ¢ changes sign four or more times As in CLM5 - -
{=(z-d)/L during the iteration, set { = —0.01
Latent heat flux (A1E) If AE changes sign from the previous As in CLM5 - -
iteration, AE is constrained to 10% of
the computed value and the difference is
added to sensible heat (H)
Latent heat flux (AE) If canopy evaporation exceeds the As in CLM5 - -
intercepted water, the energy error is
added to H
Vegetation temperature The change in vegetation temperature is As in CLM5 - -
constrained to <1 K during an iteration
and the energy error is added to H
Meteorological forcing 30-min As in CLM5 30-min 30-min interpolated
to 5-min
Forcing height wind Uee > 1 m st As in CLM5 U =1 ms! Uper > 0.5 m 571
Obukhov length (L) L constrained with As in CLM5 with As in CLM5 with -2<L,/L<1
<05 <2 -2<¢<1
p=u,/U(h) N/A N/A 02<p<05 -
Canopy wind speed, leaf Uy =u, As in CLM5 U; 201 ms! Pl 8y <211 s m7!

boundary layer conductance

Aerodynamic conductance -

- P/ 8a; <500 s m™! Pn/8ai <500 s m!

Applicability of roughness sublayer theory. For stable conditions, the
roughness sublayer theory is applicable for L./L < 2.2x/(yf), where
L. = (c;@)7! is the canopy adjustment length scale (m) with canopy-
element-level drag coefficient ¢, and frontal plant area density a, x =
0.4 is the von Ké&rman constant, and g = u, /U (h) is the ratio of friction
velocity to mean horizontal wind speed at the canopy top (see Harman
and Finnigan, 2007, their Eq. 25). y is the turbulent Prandtl number
at canopy top and has a value in the range 0.5-1. The Harman and
Finnigan (2007) constraint means that L./L < 2.5-5.0 in weakly stable
regimes (in which g = 0.35 is representative) and L./L < 3.5—7.0 in
strongly stable regimes (with g = 0.25). Harman and Finnigan (2008)
simplified the constraint to —2 < L./L < 2, including unstable regimes,
and Harman (2012) noted that —1 < L./L < 1 is appropriate for the
Tumbarumba OzFlux site, a tall eucalyptus forest.

At the walnut orchard, L, = 14.8 m with the leaves emerged. The
constraint L./L < 2 means that L > 7.4 m on the stable side, which
allows for more stable conditions that in CLM-ml v1. L./L < 1 gives
L > 14.8 m, which is similar to the restriction imposed in CLM-ml v1.
Given uncertainty in the limits to the roughness sublayer theory on the
stable side, we impose the restriction -2 < L./L < 1 in CLM-ml v2.
The observations show that L./L rarely reaches a value of 2, and the
bulk of the measurements are between -1 and 1 (Fig. 3).

Harman (2012) parameterization of f. Calculating f is a key compo-
nent of the Harman and Finnigan (2007, 2008) roughness sublayer
parameterization (see Bonan et al., 2018, their Eqs. A22-A24). p de-
pends on L,/L and can attain excessively large values with strongly
unstable conditions (large negative values of L./L). Harman (2012)
revised the parameterization so that # does not increase indefinitely
with increasing unstable conditions (see his Eq. 13). The modification
recognizes that g deviates from the Harman and Finnigan (2007, 2008)
roughness sublayer value with increasingly unstable conditions and
instead is closer to the value attained when neglecting roughness

sublayer influences. The revised parameterization is:

5= Pur for L./L > a, @
ﬂnorsl + % for LL‘/L < a)

Pyr is the roughness sublayer value as in Harman and Finnigan (2007,
2008), obtained from fyg ¢, (B3s L./L) = By with By the value for g
in neutral stability conditions. g, is the value without the roughness
sublayer influence, obtained from B,y ¢, (B2 | L./L) = x/2.

P> a1, a5, and aj are canopy specific parameters. Harman (2012) es-
timated a;—aj by fitting Eq. (2) to 30-min observations at Tumbarumba.
He noted that g shows considerable scatter and grouped the data into
12 composite bins to obtain a; = 2, a, = —0.15, and a; = 1.5 with
Py = 0.374. Using py = 0.35 (from Bonan et al., 2018, 2021) and fitting
Eq. (2) to the CHATS data by minimizing the sum of square difference
with the observations yields a; = 0.89, a, = -0.07, and a3 = 2.19
(Fig. 3). Eq. (2) eliminates the need for the upper limit to § used in
CLM-ml v1.

Canopy wind and leaf boundary layer conductance. CLMS5 approximates
the wind speed in the canopy as U,; = u, when calculating the
leaf boundary layer conductance (see Lawrence et al., 2018, their Eq.
2.5.117), and CLM6 retains this approximation. CLM-ml v1 assumes
an exponential in-canopy wind profile to calculate wind speed at each
level in the canopy, but enforces a minimum wind speed of 0.1 m s~! so
that the leaf boundary layer conductance does not attain small values.

For CLM-ml v2, we remove the minimum wind speed restriction and
instead impose a minimum leaf boundary layer conductance for heat
equal to 0.2 mol m~2 s~!. (CLM-ml uses conductance with molar units.
The minimum conductance is equivalent to a resistance of 211 s m™!
at standard temperature and pressure with molar density p,, = 42.3 mol
m~3.) The chosen minimum conductance is that for a large leaf (10 cm)
exposed to calm winds (0.1 m s~!). CLM5 uses a leaf dimension of
4 cm (Lawrence et al., 2018), and we use the same value for walnut. For
a 4-cm leaf, the minimum conductance of 0.2 mol m~2 s~ is attained at
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Fig. 3. p plotted in relation to L./L. Both variables are dimensionless (denoted by —). Observations are shown as 30-min values (closed black circles) and as
binned averages (open red circles). The solid black line shows the Harman and Finnigan (2007, 2008) functional relationship (fyg), and the dashed line shows g
calculated without the roughness sublayer (f,,,) as in Harman (2012). The red line shows the revised (Harman, 2012) parameterization, given by Eq. (2), fitted
to the binned data. For comparison, the functional form given by Harman (2012) for Tumbarumba is shown as a blue line (H12; py = 0.374 and the data span
|L./L| < 2). Note that g and Eq. (2) are identical for |L,/L| > —0.07. The vertical black lines highlight the constraint -2 < L,/L <1 used in the model.

a wind speed equal to 0.04 m s~!. The boundary layer conductances for
water vapor and CO, are obtained from that for heat after adjusting for
the diffusivity of H,O and CO, (see Bonan et al., 2014, their Eq. A9).

Aerodynamic conductance. CLM-ml vl uses the Harman and Finnigan
(2007, 2008) parameterization of eddy diffusivity to calculate aerody-
namic conductances in the canopy (see Bonan et al., 2018, their Egs. 25,
26). The parameterization extends to the ground surface as described
by Bonan et al. (2021). CLM-ml v2 replaces the diffusivity in the first
layer immediately above the ground with an aerodynamic conductance
calculated using the log-law profile (see Bonan et al., 2018, their Eq.
27). With layer thickness Az = 50 cm as in previous simulations (Bonan
et al.,, 2018, 2021), the conductance extends from the height of the
lowest canopy layer (z; =25 cm) to the ground roughness length.

Constraints are placed so that the aerodynamic resistance (the in-
verse of conductance) within a layer (i.e., integrated over the layer
thickness 4z = 50 cm) does not exceed 500 s m~!. This value is
arbitrary, but accommodates extremely small conductances (large re-
sistances) within the canopy under strongly stable conditions and is
needed to prevent numerical instability in the flux—profile solution
when turbulent mixing is low.

Stomatal conductance. CLM-ml v2 uses bisection to numerically solve
for the stomatal conductance that maximizes water-use efficiency. Bi-
section ensures the algorithm converges on a root while the numerical
solver used in CLM-ml v1 does not.

2.2.2. Site parameters
For the current simulations, the multilayer canopy model is config-
ured with parameters specific to the walnut orchard. These are:

Soil texture. The model uses the same soil thermal and hydraulic
parameters as CLM5. Soil texture is silty clay loam (10% sand, 34%
clay). The soil organic matter content is 38%, which adjusts soil thermal
and hydraulic parameters from their mineral soil values. The time series
of soil thermal conductivity compares favorably with the observations,
though the model thermal conductivity is biased low in early- and late-
May, when the soil is wet (Fig. S.6). The depth to bedrock in the model
is set to 2 m, which is the active soil column for hydrology.

Soil color. Soil color classes range from 1 (light) to 20 (dark) as in
CLM5. We set the soil color class to 15. This value is obtained by
comparing the model’s simulated albedo with the observed albedo. It
minimizes the bias between the albedo simulated with the model’s
radiative transfer and the observed albedo at the 2-m measurement
height averaged over the leafless period 1-8 April (Fig. S.7). The above-
canopy albedo is less sensitive to soil color than is the 2-m albedo. For
comparison, the forest sites simulated in Bonan et al. (2018, 2021) have
soil color ranging from 15 to 20.

Plant area density. Canopy height during CHATS was A = 10 m.
Plant area density profiles were collected sporadically during CHATS,
and time-averages of those observations were reported individually for
the leafless and full-leaf periods (Patton et al., 2011). However, the
model requires a continuous time-series of both stem area and leaf area
density. To obtain these time-series, we first assume that the vertical
profile of plant area density (m? m~3) can be specified using a beta
distribution in which:

P (z/hyP~ (1 —z/h)*!
a(z)= -—F————
h B(p, q)
where P is the canopy plant area index (i.e., the vertically-integrated
frontal plant area density; m®> m~2), h is canopy height (m), z is

3
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Fig. 4. Observed and modeled plant area density without leaves (leafless) and with leaves (w/ leaves). In Eq. (3), p= 1.8 and ¢ = 1.3 for stems (R?> = 0.535), and
p=26and q = 1.3 (R? = 0.782) for leaves. The leafless observations show stem area, and the with-leaves observations show the combined stem and leaf area.

The stem area index of the canopy is 0.74 m?

height (m), B is the beta function, and p and ¢ are parameters (Bonan
et al., 2018). To obtain profiles of stem area density, total plant area
density measurements during the leafless period are fit using Eq. (3) to
obtain p and ¢ (Fig. 4). Leaf area density is estimated from the total
plant area density measurements collected during the leaf-on period
and subtracting the stem area. The beta function forces a to zero at
the ground. An alternative function used by Massman et al. (2017)
and Hung et al. (2024) allows for more foliage distribution shapes.
Stem area index is assumed to be constant (0.7 m? m~2). The timing
of the leaf area progression from no-leaves to fully-leafed is estimated
from photographs taken during the field campaign. In the model, leaf
area index is zero before 9 April, ramps up to 2.0 m?> m~2 during the
period between 10 April-1 May (linear interpolation), and thereafter
remains constant. Fig. 5a shows the time series of plant area density.

Canopy element drag coefficient. In previous simulations, the drag co-
efficient for canopy elements is ¢, = 0.25 (Harman and Finnigan,
2007, 2008; Bonan et al., 2018, 2021). To target CHATS, we calculate
local canopy drag coefficients at each height where within-canopy
observations are available according to Brunet et al. (1994), i.e.:

ouw'w /oz
aU?
where a is the plant area density from Eq. (3). Central-differences are
used to calculate the vertical gradient of «’w’. Note that Cj, is a local
drag coefficient (which varies with height z), but the model requires

Cp(z) =— , 4

m~2 and the leaf area index is 2.04 m® m=2.

a single aerodynamic drag coefficient (c,). Figure S.8 shows the time
series of Cp within the canopy. C, at the three lowest levels (1.5,
3, and 4.5 m) has large temporal variability arising from variability
in d(w'w')/dz whereas U? changes only a little. In contrast, C, is
smoother at the uppermost three levels (6, 7.5, and 9 m). Because
the Harman and Finnigan (2007, 2008) roughness sublayer theory is
most applicable in the upper canopy, we estimate ¢, by averaging C,
over the uppermost three measurement levels. (Note that this ¢, differs
from the integral drag coefficient discussed in Mahrt et al. (2000);
see Finnigan et al. (2015) for additional discussion.)

Fig. 5b shows the time series of ¢,. The values are relatively constant
during May, and the average for the month is 0.23. This is sufficiently
close to the value used in Harman and Finnigan (2007, 2008) and Bo-
nan et al. (2018, 2021); therefore we retain c¢; = 0.25. The Harman and
Finnigan (2007, 2008) theory relies on the inseperable combination of
¢, and a through the canopy length scale L, = (¢, a)”! rather than
relying solely on c,. Fig. 5¢ shows the time series of L.. The average
for May is L, = 14.8 m.

2.2.3. Walnut physiology parameters

We use plant physiology parameters for a broadleaf deciduous
temperate tree as in Bonan et al. (2014, their Table 3), Bonan et al.
(2018, their Table 1), and Bonan et al. (2021, their supplemental Eq.
14), except as shown in Table 2 and obtained specifically for walnut
from a survey of the literature. These parameters are described as
follows:
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Fig. 5. Time series from late March to the end of May 2007 of (a) canopy plant area density (PAD) used in CLM-ml, (b) drag coefficient (c,; dimensionless
denoted by -), and (c) canopy length scale (L.). The vertical lines denote transitions between months. PAD is the canopy plant area index (P) divided by canopy
height (h). ¢, is calculated based on data between 09:00-16:00 PST and within a 7-day sliding window moved one day at a time. Time periods with wind from
the north are excluded, as discussed previously. ¢, is plotted in relation to the mean of the time periods used in the 7-day sliding window and therefore is not
evenly spaced because of missing data. L, is calculated from PAD and c,. The red line in (b) and (c) shows the average of the observations for May.

Leaf gas exchange. We estimate parameters governing leaf photosyn-
thesis (4,) and stomatal conductance (g,) specific for Juglans regia.
The parameter V,,..»5s, Which is the maximum rate of carboxylation at
25 °C, sets the maximum A, at light saturation. The parameter : is the
marginal water-use efficiency and determines g, for a given A,. Bonan

et al. (2014) showed that V,.»5 and : can be estimated from leaf gas

max2

exchange measurements of A, and g,. Rosati et al. (2006) measured
A, and g for non-water stressed light saturated leaves at a 10-year-old
Juglans regia ‘Chandler’ orchard in central California. The observations
show maximum A, equal to 25-27 pmol CO, m~2 s~ and g, as high
as 0.8-0.9 mol H,0 m~2 s~! (see their Fig. 2). V., ,x05 = 125 pmol m~2

s~! and 1 = 375 pmol CO, mol~! H,O (Table 2) replicate the maximum
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Fig. 6. Modeled and observed relationship between stomatal conductance (g,; mol H,O m~2 s7!) and photosynthesis (4,; pmol CO, m~2 s71). Modeled data
(light blue symbols) are from CLM-ml for non-water stressed sunlit leaves at light saturation (absorbed photosynthetically active radiation >1200 pmol m~2 s71)
over the month of May 2007. Shown are results using : = 750 (a—c) and 375 (d-f) pmol CO, mol~! H,O and for V,,,,s = 100 (a,d), 125 (b,e), and 150 (c,f)
pmol m~2 s~1. For clarity, only every 5th data point is plotted. Also shown are the Rosati et al. (2006) observations for non-water stressed light saturated leaves
(black symbols; see their Fig. 2). Only observations for g, greater than approximately 0.2 mol H,0 m~2 s~! are shown, for clarity. The red line is the regression
fit reported by Rosati et al. (2006).

Table 2
Parameters modified in the multilayer canopy model specific for CHATS. Shown are the default values in CLM-ml v1 (Bonan et al., 2021) and the values used in
the CHATS simulations. Reflectance (p) and transmittance (z) for leaf and stem are given for the visible and near-infrared wavebands.

Category Symbol Description Units CLM-ml v1 CHATS
Leaf gas exchange Vemax2s Maximum carboxylation rate at 25 °C pmol m=2 s~! 57.7 125
1 Marginal water-use efficiency pmol CO, mol~! H,0 750 375
Leaf water relations ws, Leaf water potential at 50% conductance MPa -2.3 -1.6
a Shape parameter for stomatal closure - 40 40
Plant hydraulics k, Hydraulic conductance of stems mmol H,O m~2 [leaf area] s~! MPa™! 4 7
R: Fine root hydraulic resistivity MPa s g mmol~! H,0 25 14
Vegetation optics Preat Leaf reflectance (VIS, NIR) - 0.10, 0.45 0.06, 0.42
Tjeaf Leaf transmittance (VIS, NIR) - 0.05, 0.25 0.04, 0.43
Pstem Stem reflectance (VIS, NIR) - 0.16, 0.39 0.21, 0.49
X Leaf angle departure from spherical - 0.25 0.53

rates, as well as the overall relationship between A, and g, (Fig. 6e).
1 =750 pmol mol~! produces too steep of a relationship between 4, and
g, compared with the observations (Fig. 6a—c). V05 = 100 pmol m~2
s~1 gives too low maximum A, and g, compared with the observations
(Fig. 6a,d), and a value of 150 umol m~2 s~! produces high biases in
maximum A, (Fig. 6c,f).

Leaf water relations. In CLM-ml v0, stomata remain open until leaf
water potential (y;) reaches some minimum value (y; ,;, = —2 MPa),
below which stomata are closed (Bonan et al., 2018). This is the same as

10

the SPA model (Williams et al., 1996), from which the plant hydraulics
modeling strategy originates (Bonan et al., 2014). In CLM-ml v1, the
model was altered to accommodate a continuum of stomatal behavior.
In CLM-ml v1’s revised formulation, stomatal conductance decreases
from a maximum value as y; decreases using the function:

S =11+ (W[/Wso)a]_l 5)

where w5, (MPa) is leaf water potential at 50% loss of conductance
and « is a shape parameter for stomatal closure. In CLM-ml v1, w5, =
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Fig. 7. Relative stomatal opening (f(y,); dimensionless denoted by -) in relation to leaf water potential (y,) as specified with Eq. (5), where a value of 0 is fully
closed and 1 is fully open. Bonan et al. (2021) used yy, = —2.3 MPa and « = 40 in CLM-ml v1 to produce an abrupt decline in stomatal conductance as in SPA.
Fitted parameter values for Juglans regia are ys, = —0.45 MPa and « = 2.60 (Rosati et al., 2006) and w5, = —1.21 MPa and a = 6.05 (Cochard et al., 2002). We use
yso = —1.6 MPa and « = 40 to mimic the SPA stomatal physiology applied to walnut.

—2.3 MPa and a = 40 (Bonan et al., 2021), which produces abrupt
stomatal closure between y; = —2 and —2.5 MPa to mimic the SPA
implementation (Fig. 7).

Studies of leaf gas exchange show that photosynthesis, transpi-
ration, and stomatal conductance decrease when walnut leaves are
water-stressed, but the exact dependence of stomatal conductance on
y; is uncertain. Rosati et al. (2006) measured stomatal conductance in
relation to stem water potential (see their Fig. 6). The parameter values
obtained by fitting the observations to Eq. (5) are w5, = —0.45 MPa
and @ = 2.60 (N = 20, R? = 0.826), in which stomatal conductance
is about 10% of its maximum value at —1 MPa (Fig. 7). Measurements
by Cochard et al. (2002, their Fig. 6) of potted Juglans regia x nigra find
that stomata close to maintain leaf water potential above —1.6 MPa,
with fitted parameters ys, = —1.21 MPa and « = 6.05 (N = 60,
R? = 0.338). Other studies report water-stressed leaf water potential
equal to approximately —1.5 to —1.7 MPa for walnut (McElrone et al.,
2010; Sun et al., 2011; Jerszurki et al., 2017; Calvo et al., 2023). Tyree
et al. (1993) measured leaf water potential of —1.9 MPa at mid-day for
drought-stressed Juglans regia grown in pots compared with —0.7 MPa
with irrigation. The high water potential at stomatal closure reported
by Rosati et al. (2006) is inconsistent with these low leaf water poten-
tials; however, the data in Cochard et al. (2002) are for young potted

11

plants, are not the Chandler variety, and have considerable scatter.
Lacking definitive data to the contrary, we retain the functionality of
the SPA stomatal response to y; but with ys, = —1.6 MPa and a = 40
(Table 2), which produces a sharp decline in stomata conductance at
v, between —1.5 and —1.8 MPa (Fig. 7).

Plant hydraulics. Tyree et al. (1993) reported a stem hydraulic conduc-
tance (k,; per unit leaf area) equal to 7 mmol H,0 m~2 s=! MPa~! for
Juglans regia, which is larger than the k, = 4 used for broadleaf decidu-
ous trees in previous simulations with CLM-ml v1 (Table 2). Studies of
walnut found approximately equal root and stem conductance (Tyree
et al., 1994), and we correspondingly decrease root hydraulic resistivity
(RX) to 14 MPas g mmol~! H,O from a prior value of 25.

Vegetation optics. Leaf optical properties are updated from the CLM-ml
v1 values for broadleaf deciduous trees to values for Juglans regia (Table
2) as provided in the synthesis review of Majasalmi and Bright (2019).
In their review of the literature, Majasalmi and Bright (2019) report
walnut leaf reflectance (p,,;) and leaf transmittance (zj.,;) from two
separate datasets. We use the average of the two datasets. Compared to
the previous values, p,,; decreases by 0.04 in the visible (VIS) and 0.03
in the near-infrared (NIR); 7;.,; decreases by 0.01 (VIS) and increases
by 0.18 (NIR). Majasalmi and Bright (2019) report bark reflectance for
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eight species of broadleaf deciduous tree, but not walnut. For lack of
better information, we use the average values for broadleaf deciduous
trees as recommended by Majasalmi and Bright (2019). Compared to
the previous values, stem reflectance (pg.,,) increases by 0.05 (VIS)
and 0.10 (NIR). Majasalmi and Bright (2019) classified Juglans regia
foliage as having a planophile leaf angle distribution (i.e., most leaves
oriented in the horizontal plane), based on original data from Chianucci
et al. (2018). Using the two-parameter beta distribution as described in
Table 2 of Chianucci et al. (2018), the planophile leaf angle distribution
has an inclination index (y;), which quantifies the departure from a
spherical distribution, equal to 0.53. This is more horizontal than the
value used previously. It is notable that the values for walnut leaves
are not very different from the generic values for temperate broadleaf
deciduous trees proposed by Majasalmi and Bright (2019): p,, 0.08
(VIS) and 0.42 (NIR); 7j.,s, 0.06 (VIS) and 0.43 (NIR); y,, 0.59.

2.2.4. Model simulations

Meteorological forcing data are prepared for May 2007 using the
CHATS measurements. The observations at the 23-m level (taken as
the forcing height in the model) used as input to the model are hor-
izontal wind speed, air temperature, and relative humidity. Additional
observations are barometric pressure (1 m), precipitation (1 m), and
incoming shortwave and longwave radiation (16 m). Missing data are
gap-filled using two methods: (1) if the gap is for a short time, linear
interpolation (in time) is used to fill the missing period, or (2) the
gap is filled by alternative sensors located near the missing level. Forc-
ing data for April (needed for CLM5 simulations as described below)
are also prepared, but precipitation measurements are missing over
a multiday period. There are several sites in the California Irrigation
Management Information System (CIMIS) that are within about 30 km
of the walnut orchard (Davis, Winters, and Dixon stations) and that
data show zero precipitation during the missing data gap. Atmospheric
CO, concentration is required for the photosynthesis and stomatal
conductance calculations and is set to 383 ppm, which is representative
of 2007 (Meinshausen et al., 2017).

We test CLM-ml in an off-line form decoupled from CLM5 as in Bo-
nan et al. (2018, 2021). In addition to the meteorological forcing, this
configuration requires three additional input data streams (provided by
CLM when coupled): (1) a time series of leaf area index and stem area
index (described in Section 2.2.2); (2) a soil moisture dataset, which
specifies soil moisture for each soil layer at every model timestep; and
(3) initial soil temperatures (thereafter, soil temperatures are calculated
using one-dimensional (vertical) heat transfer equations as part of the
multilayer canopy energy budget).

Soil moisture and temperature were measured at 5-cm depth during
CHATS, but CLM-ml requires a vertical profile as in CLM5. We use
CLMS5 to obtain the soil moisture and temperature profiles. We use the
same protocol as the tower simulations reported by Lawrence et al.
(2019), but for the walnut orchard. We spin-up CLM5 using meteorol-
ogy from the Global Soil Wetness Project Phase 3 for 1995-2007. The
initial condition file for 1 April 2007 is used with CHATS-specific me-
teorology to simulate 1 April-31 May 2007. CLM5’s irrigation scheme
(needed to mimic the observed irrigation) produces soils that are too
wet compared with the observations. Consequently, we adjust the mois-
ture content of the first three soil layers (at depths of 1, 4, and 9 cm)
to match the CHATS observations (Fig. S.9). Initial soil temperatures
are taken from the CLM5 simulation. For convenience, the three data
streams of leaf and stem area index, soil moisture, and initial soil
temperature are obtained during the CLM-ml simulations by reading
a CLM5 model output file.

Model simulations are performed for May with a vertical resolution
Az = 50 cm (Bonan et al., 2021). To determine the impact of parameter
selections on model results, several sensitivity studies are conducted
testing parameter values used in the model. We examine the walnut
physiology parameters in Table 2. We vary V,..,s between 50 and
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150 pmol m=2 s~! and : between 300 and 800 pmol CO, mol~! H,O.
We test the four leaf water potential relationships shown in Fig. 7. We
vary k, between 3 and 9 mmol H,O m~2 s=! MPa~! and R’ between
10 and 28 MPa s g mmol~! H,0. We examine the sensitivity to the
default and revised leaf optical parameters shown in Table 2. We vary
¢, between 0.15 and 0.4. We also examine the sensitivity to two key
model assumptions: (1) We vary the upper constraint for L,/L from the
default value of one. (2) We test the impact of setting soil moisture to
the CHATS observations by varying the depth to which the observations
are applied.

3. Results
3.1. Canopy fluxes

Fig. 8 shows net radiation (R, ), sensible heat flux (H), latent heat
flux (AE), and friction velocity (u,) above the canopy for an example
four days in May. The observations are at 16-m height for R, 23-m
height for H and AE, and 10-m height for u,, and the model values
are at the corresponding heights. The model closely reproduces the
observations over the four days, though midday AE can be biased high.
p = u,/U(h) compares favorably with the observations over the same
four-day period (Fig. 9a).

Simulated R, H, AE, and u, also compare favorably with the
observations for the entire month of May. Fig. 10 shows the data
binned and plotted in relation to the observed bulk Richardson (Ri,)
to assess model performance across strongly unstable (SU), weakly
unstable (WU), near-neutral (NN), weakly stable (WS), and strongly
stable (SS) regimes. R, H, and u, are well-simulated in all stability
regimes. AE is biased high in strongly and weakly unstable conditions
but corresponds well with the observations in near-neutral and stable
conditions. The variability in the measurements among time samples
within the Ri, bins is also well simulated (Fig. S.10).

The model predicts § reasonably well compared to observations
across all stability regimes throughout May (Fig. 9b,c). The largest
biases occur in the stable regime with Ri, > 1, but there are few
observations for comparison with the model. The model assumes a
neutral value gy = 0.35, which corresponds with the observations for
near-neutral conditions (-0.01 < Ri, < 0.01). The functional form of
Eq. (2) is evident in the decline in g in the strongly unstable regime
(Riy < —0.1).

Displacement height (d) is derived from the Harman and Finni-
gan (2007, 2008) roughness sublayer theory. The simulated d corre-
sponds closely with d derived from the observations (Fig. 11). Displace-
ment height varies with flow, with largest values in strongly stable
conditions.

Heat storage in the canopy compares well with the observations
(Fig. 12). The observed heat storage in the canopy air ranges from
+40 W m~2 depending on time of day. The model produces a similar
range of heat storage. Heat stored in the leaves is minor.

Table 3 shows components of the surface energy balance averaged
for daytime and nighttime. Differences in R, from the observations
are -27.7 Wm~2 averaged during daytime (10:00-14:00 PST) and
1.6 W m~2 at night (00:00-04:00 PST). Daytime biases in H and AE are
24.7 and 70.6 W m~2, respectively. These biases are small compared to
the lack of energy closure in the observations. The mean observed R,
is 669 W m~2 during the day, and the observed energy imbalance is
183 W m~2. Daytime heat storage in the canopy air space and loss of
heat at night are well replicated by the model. The daytime bias in u,
is small (-0.01 m s~1), but the model overestimates u, at night (0.07 m
s~1) consistent with the high bias in weakly stable conditions (Fig. 10e).

The model overestimates soil heat flux during daytime (Table 3).
Further analysis of soil heat flux over a four-day period suggests that
the observations are not representative of the larger tower footprint.
Direct sunlight regularly reaches the ground in the afternoon, as seen
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Fig. 8. Time series of 30-min mean above-canopy (a) net radiation (R,), (b) sensible heat flux (H), (c) latent heat flux (AE), and (d) friction velocity (u,)

for the observations and CLM-ml (see legend in (b)). The observation heights are 16-m for R,
corresponding heights. Gaps in the data arise from filtering of northerly winds.

in large spikes in 2-m R,, which suggests the sensor may have been
shaded at other times of the day (Fig. S.11a). The spikes in R, corre-
spond with the time when the observed soil heat flux peaks (Fig. S.11b)
and the soil is warmest (Fig. S.11c). The model does not replicate the
spikiness in the R, measurements, and soil heat flux peaks earlier in
the day compared with the observations. The model soil temperatures
at 4 cm and 9 cm are warmer than the observed temperatures at 5 cm

depth (Fig. S.11c¢).
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23-m for H and AE, and 10-m for u,. Model values are at the

net>

3.2. Scalar profiles

Fig. 13 shows vertical profiles of observed and simulated air temper-
ature, specific humidity, and wind speed within and above the canopy
stratified by stability class. The observations show a weak decrease in
air temperature between the ground and 23-m height during unstable
conditions (1 °C) and a near-constant temperature profile during neu-
tral regimes (Fig. 13a,b). The model generally reproduces the observed
profiles. The model predicts significantly biased profiles during strongly
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Fig. 9. (a) Time series of 30-min mean g, which is the ratio of friction velocity («, at 10-m) to mean horizontal wind speed at the canopy top (U(h)) and is
dimensionless (denoted by -), for the observations and CLM-ml (see legend in (c)). The lower panels show g as a function of the observed bulk Richardson (Ri,),
which is dimensionless (denoted by -), for the month of May during (b) unstable and (c) stable atmospheric conditions. In (b) and (c), the upper panels depict
every 30-min value, and the lower panels present bin averages that are defined logarithmically to adequately sample the range of Ri,.

stable conditions, when the near-ground air is several degrees too warm
compared with the observations. The observations show a well-mixed
air space below 7.5 m, whereas the model simulates a large gradient in
air temperature.

Observed specific humidity generally decreases by 0.5-1 g kg~! be-
tween the ground and 23-m height in all stability conditions
(Fig. 13c,d). The model shows similar behavior, though it is consistently
biased low by a few tenths g kg~!. Under strongly stable conditions, the
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bias in specific humidity follows a similar pattern as air temperature
near the ground.

Lack of mixing under the canopy during strongly stable conditions
is seen in the aerodynamic conductance, which governs turbulent trans-
port of heat and moisture vertically between levels. The conductance
frequently attains low values (equivalent to a resistance of 500 s m~!,
which is the limit shown in Table 1) in the lower canopy (<4 m) at

night (Table S.3). The limit is never reached during daylight hours
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Fig. 10. The above-canopy 30-min mean values from May 2007 of (b) net radiation (R, ), (c) sensible heat flux (H), (d) latent heat flux (AE), and (e) friction
velocity (u,) binned by the observed bulk Richardson number (Ri,). These are mean statistics for both the observations and CLM-ml and the legend in (b) applies
to all panels. The observation and model heights are the same as in Fig. 8. The number of 30-min samples within each bin is shown in (a). The Ri, region
used for each stability class is indicated by the colored text and vertical lines. The five Ri, ranges selected for analysis are: SU (strongly unstable), WU (weakly

unstable), NN (near-neutral), WS (weakly stable) and SS (strongly stable).

(08:00-16:00 PST) at any level and is never reached at heights >4 m
at any time.

Wind speed is well simulated during all stability regimes
(Fig. 13e,f). The greatest within-canopy wind speed attenuation occurs
during weakly unstable, near-neutral, and weakly stable regimes. The
model replicates the strong reduction of wind speed, as well as the

weaker attenuation during the strongly unstable and strongly stable
regimes. The model does not capture the secondary wind maximum in
the understory seen in the observations. Wind speed is commonly less
than 0.04 m s~ below 6 m height during the night (Table S.4). This
is the wind speed at which the imposed minimum leaf boundary layer

conductance is attained (0.2 mol m~2 s~1, equivalent to a resistance
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Fig. 11. (a) Time series of 30-min mean displacement height (d) for the observations and CLM-ml (see legend in (c)). The lower panels show d as a function of
the observed bulk Richardson (Ri,) for the month of May during (b) unstable and (c) stable atmospheric conditions.
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Fig. 12. Time series of 30-min mean observed and CLM-ml heat storage (S) within the air space below 23 m. Air heat storage is the combined sensible and
latent heat storage terms. Also shown is the model heat storage in leaf biomass (S, ).
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Table 3

Daytime and nighttime mean + standard deviation for May 2007 of both the observations and CLM-ml and the difference between them. The number of 30-min
samples (N) used to calculate the statistics is shown out of the 248 possible samples. Units are [Wm~2] for fluxes and [ms~!] for friction velocity. Height is in
[m]. Net radiation is positive towards the surface. Sensible and latent heat fluxes are positive in the upward direction. Soil heat flux is positive into the soil. Air
heat storage is the combined sensible and latent heat storage terms. The overall energy balance is R, — G —S — .S, = H + AE. Residual energy is the energy
imbalance.

Variable Symbol Height Daytime (10:00-14:00 PST) Nighttime (00:00-04:00 PST)
[N = 99 of 248] [N = 130 of 248]
Observations CLM-ml Model-Obs Observations CLM-ml Model-Obs
Friction velocity u, 10 0.46 +£0.17 0.45+0.20 —-0.01 +0.06 0.31+0.17 0.37+0.20 0.07 +0.08
Net radiation R 16 668.8 +101.8 641.1£93.2 -27.7+11.9 —74.6 +£8.9 -73.0+9.5 1.6 £5.1
Sensible heat flux H 23 124.1 +74.7 148.8 + 62.5 24.7+52.8 —25.4+20.5 =31.7+11.8 -6.3+18.5
Latent heat flux AE 23 331.8 +103.9 402.5 +69.4 70.6 +76.7 10.3 +10.8 5.0+5.0 -54+85
Soil heat flux G 0 224+78 82.7+19.3 60.3+18.5 -202+54 -39.5+6.2 —-19.3+4.0
Air heat storage N 0-23 7.7+69 6.7+11.1 -1.0+£7.7 -55+40 -6.2+54 -0.7+3.6
Leaf heat storage S, 0-10 - 04+0.6 - - -0.5+£0.7 -
Residual energy - - 182.7 0.0 - -33.9 0.0 -
Unstable Conditions Near-Neutral / Stable Conditions Unstable Conditions Near-Neutral / Stable Conditions
25 " " " " " " " " 25
(d)
120
115 _
E
N
—————————————————— 10
15
0
9

——SU (N=81)
—— WU (N=1086)
——NN (N=110)
—— WS (N=211)
—— SS (N=39)

Fig. 13. The mean vertical scalar and wind profiles from May 2007 of (a,b) air temperature (7,), (c,d) specific humidity (¢), and (e,f) horizontal wind speed (U).
The observations are solid circles and CLM-ml results are open circles. The canopy height is 10 m as indicated by the horizontal dashed line. The data have been
separated into different stability classes, where the left-hand panels are strongly unstable (SU) and weakly unstable (WU) and right-hand panels are near-neutral
(NN), weakly stable (WS), and strongly stable (SS) atmospheric conditions. Each stability class is plotted in a different color as specified in the legend which
includes the number (N) of 30-min samples within each class.

of 211 s m~1; Table 1). Low wind speeds are especially prevalent in model generally simulates similar profiles. Simulated R, is similar to
strongly stable conditions (Fig. 13f). the observations at 16 m and 2 m (Fig. 14a,b). The observations show
that H increases with height above the ground in the canopy and is

3.3. Flux profiles near constant with height above the canopy during unstable conditions
(Fig. 14c). The model replicates the profile. There is generally a small

Fig. 14 shows vertical profiles of observed and simulated R,, H, source of heat (positive H) in the lower canopy and a sink of heat
and AE stratified by stability class. The magnitude of the fluxes and the (negative H) in the upper canopy in stable conditions (Fig. 14d).
shape of the profiles vary depending on the stability regime, and the Similar behavior is seen in the model. AE increases with height above
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Fig. 14. As in Fig. 13, except the variables plotted are (a,b) net radiation (R,,), (c,d) sensible heat flux (H), (e,f) momentum flux (F,, = —[v'w’ : +v'w : 19),

and (g,h) latent heat flux (AE).

ground in the canopy during unstable and near-neutral conditions and
is nearly invariant with height during stable conditions (Fig. 14g,h).
The model produces a similar evolution of the AE profile with height,
but the model’s high bias at canopy top during unstable conditions is
clearly evident.

Momentum absorption increases with height above the ground (Fig.
14e,f). The model produces similar profiles. Momentum absorption by
the canopy is largest during weakly unstable and near-neutral condi-
tions. Less momentum attenuation occurs during strongly unstable and
weakly stable regimes. The momentum flux is nearly invariant with
height during strongly stable conditions.

3.4. Numerical methods

The combination of using a fourth-order Runge-Kutta (RK4) method
with interpolation of the 30-min meteorological forcing to the 5-min
timestep smooths the modeled fluxes compared with the original Euler
method used in CLM-ml v1. Fig. 15a shows R over a 6.5-h period
spanning late morning to afternoon. The data are plotted at 5-min
intervals using the Euler method (as in CLM-ml v1), RK4, and RK4 with
5-min interpolation of the meteorological forcing. The Euler method
produces a step-like time series for R, because the meteorology is
updated every 30-min. The RK4 without interpolation reveals a similar
step-like time series. Allowing for interpolation temporally smooths
Rnet'

The Euler method produces a spiky time series of H (Fig. 15b).
There is a period of adjustment in which H at the first 5-min timestep
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is substantially less than the values at subsequent timesteps. Thereafter,
H can oscillate between high and low values. The RK4 without interpo-
lation smooths the time series, but the initial flux adjustment remains.
Interpolation further smooths the time series of H and eliminates the
initial adjustment. The variability of the six 5-min values of H within
a 30-min interval is reduced with RK4 and is further reduced with the
interpolation (Fig. 15c). Another time period later in the month that
spans morning to midday shows similar results (Fig. S.12).

Over the month of May, the three numerical methods produce
similar mean diel cycles, though midday H is slightly reduced with
the two RK4 methods (Fig. 15d). The RK4 methods reduce temporal
variability in H within a 30-min interval compared with the Euler
method (Fig. 15e). With RK4 and interpolation, the temporal variability
is uniformly small at all times of day. In contrast, the Euler method and
RK4 without interpolation show two peak periods of variability in the
morning and evening.

3.5. Model sensitivity analysis

The plant physiology parameters for walnut (Table 2) reduce day-
time biases compared with other parameter values and have little effect
at night. Daytime results are particularly sensitive to the effect of leaf
water potential on stomatal conductance. The SPA-walnut relationship
(Fig. 7) provides close agreement with the observed above-canopy R,
H, AE, and u,, as well as the air temperature measurements (Fig.
16). The Cochard et al. (2002) and Rosati et al. (2006) relationships,
in which stomata close at relatively high leaf water potential (Fig.
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Fig. 15. Effect of numerical methods on model fluxes. The top two panels show (a) net radiation and (b) sensible heat flux over a 6.5-hour time period. Each

data point is a 5-min flux (denoted as R’

net

and H°, respectively), and there are six data points for each 30-min interval. The vertical lines mark the beginning of

the 30-min interval. Shown are the Euler method used in CLM-ml v1, the fourth-order Runge-Kutta without interpolation of the meteorological forcing to 5-min
(RK4a), and Runge-Kutta with interpolation (RK4b). Panel (c) shows the standard deviation of H> calculated with the six 5-min fluxes for each 30-min interval
(denoted as o). Panel (d) shows the mean diel cycle of sensible heat for May plotted at 30-min intervals (i.e., the mean of the six H® fluxes and averaged over
May), and panel (e) is o5 within each 30-min interval averaged over the month. The legend in (a) applies to all panels. Data are for CLM-ml only and have not

been filtered for wind direction.

7), decrease AE, increase H, and warm the air compared with the
observations (Fig. 16).

Daytime AE increases and H decreases with larger V,..»s, with
a slight cooling of air temperature (Fig. S.13). Larger : produces the
opposite behavior (Fig. S.14). The model values (Table 2) have low
biases compared with the observations. The increase in stem hydraulic
conductance (kp) from 4 to 7 mmol H,0 m~2 s~1 MPa~! (Table 2)
makes it easier to transport water from the soil through the stems to
leaves to sustain high latent heat flux. The effect of increasing k, is
similar to that of V,,.»5s (Fig. S.15). The decrease in root hydraulic
resistivity (R*) from 25 to 14 MPa s g mmol~! H,O (Table 2) also makes
it easier to transport water from the soil, but the model is comparatively
insensitive to changes in R} (Fig. S.16).
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The revised vegetation optical parameters (Table 2) decrease day-
time R, H, and AE compared with the CLM-ml vl values and
reduce the bias compared with observations (Fig. S.17). There is little
difference between the generalized values for broadleaf deciduous trees
given by Majasalmi and Bright (2019) and the walnut-specific values.

Model results are relatively insensitive to the specific depth to which
the CHATS observed 5-cm soil moisture is applied, so long as within the
top 16 cm, but daytime AE declines, H increases, and the canopy air
warms if the observed near-surface soil moisture is applied to deeper
soil layers (Fig. S.18). In the model, 50% of the roots are in the top
16 cm of soil, 67% are in the top 26 cm, and 96% are in the top 80 cm.

Above canopy energy fluxes are relatively invariant to ¢,, but not so
for u, and air temperature (Fig. 17). u, decreases with higher values of
¢y, and ¢; = 0.25 minimizes the bias during the day (but not at night).



G.B. Bonan et al.

Daytime
(10:00 - 14:00 PST); N=99 of 248

Agricultural and Forest Meteorology 378 (2026) 110960

Nighttime

(00:00 - 4:00 PST); N=130 of 248

& 700f S @+ 1 (b)120
| G — R o b —— - 410 |
€ 600} °lle o o . =
E 500f net 1T 1-10 E
" | el I 0
Q 400} ] R 20 o)
=) o o © —0 180 5
L 300f 116 © S —0 {-40 LL
& 200 17 150 S
S I 1-60 @
C 100 [ A o o1 | 170 C
L .. o - & o L

O 1 1 1 1 1 1 1
SPA SPA-Walnut Cochard Rosati  SPA SPA-Walnut Cochard Rosati
0.6 ; — 0.6
(c) (d)
0.55¢ 1r 10.55
— 0.5f 1 f 105 —
| |
9D 045t =R 1t 1045 &
E, E,
% 047 1t 104 T,
S G & © © S
0.35F 1r 10.35
0.3} 1t —— = == 103
SPA SPA-Walnut Cochard Rosati  SPA SPA-Walnut Cochard Rosati
25.5 T T 12.5
(e) (f)
25t 1Ho & & £ 112
- = — — -
¢y 24.5f 1r 1115 ¢
) s S : : ﬁ IS
© — - =-f@===-=: ©
e I el | " F
235} - — - - — — - | —B— Above-canopy |{ | 1105
—O©— Upper-canopy
—&— Lower—canopy
23— ‘ ‘ : : ‘ : :
SPA SPA-Walnut Cochard Rosati  SPA SPA-Walnut Cochard Rosati

Leaf Water Potential Relationship

Leaf Water Potential Relationship

Fig. 16. Model sensitivity results to the four f(y,) functions shown in Fig. 7. Shown are mean values during the (left panels) daytime (10:00-14:00 PST) and
(right panels) nighttime (00:00-04:00 PST) of: (a,b) above-canopy net radiation (R,), sensible heat flux (H), latent heat flux (AE), and soil heat flux (G), (c,d)
10-m friction velocity (u,), and (e,f) air temperature (7,) at three different heights (see legend). Closed circles are observations, which are shown at the default
model configuration. Open symbols are model results. The number of 30-min samples (N) used to calculate the statistics is shown out of the 248 possible samples.

Daytime temperatures within the canopy increase with larger c¢;, and
cg = 0.25 has low bias. At night, c, has a large effect on the temperature
of the upper canopy.

The restriction L,/L < 1 (Table 1) is most consequential at night
and has little effect during daytime hours (Fig. S.19). In particular, u,
decreases and the air becomes colder (especially in the upper canopy)
as L./L is allowed to become larger (i.e., the atmosphere is allowed to
become more stable so that L becomes increasingly large and positive).

4. Discussion

For the month of May 2007, the model successfully replicates most
of the variation across atmospheric stability regimes in g (Fig. 9) and
R.., H, AE, and u, measured above the canopy (Fig. 10), as well as pro-
files of within- and above-canopy air temperature, specific humidity,
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and wind speed (Fig. 13) and turbulent fluxes (Fig. 14). The tempera-
ture and humidity profiles during strongly stable conditions reveal the
model’s primary deficiency. The model-data comparisons provide guid-
ance for: the observations needed to assess the accuracy of and inform
further research needs for multilayer canopy models; soil measurements
to constrain models; and parameter estimation. In the discussion of
modeling needs that follows, we contrast parameterizations used in
CLM-ml v2 with similar parameterizations in CLM5/6.

4.1. Canopy turbulence

Wind speed in the canopy (Fig. 13e,f) follows the well-known expo-
nential profile obtained as an analytical solution to the one-dimensional
(vertical) momentum conservation equation (e.g., Cionco, 1965). The
exponential decay coefficient (the parameter « in Cionco, 1965, his
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Fig. 17. As in Fig. 16, but for variation of the canopy element drag coefficient (c,).

Eq. 4) varies with canopy structure and has been obtained by fitting
the equation to measurements (Cionco, 1978; Thom, 1975; Brutsaert,
1982). In CLM-ml v2, Cionco’s (1965) a is obtained from roughness
sublayer theory that links the above- and within-canopy wind pro-
files (Harman and Finnigan, 2007). The parameter (see Bonan et al.,
2018, their Eq. 21) relates to the dominant scale of shear-driven
turbulence generated at or near the top of the canopy and is equal
to the vorticity thickness §, = U/(0U/dz) of the turbulent eddies
generated through an inflection-point instability at canopy top (z = A,
see Raupach et al.,, 1996; Finnigan et al., 2009). By definition, the
assumed exponential wind profile (or first-order closure approximation)
cannot capture the observed secondary wind speed maximum near the
ground, but the error is small compared with the in-canopy wind speed
reduction arising through the action of canopy drag.

The wind profile has important consequences for leaf source/sink
fluxes. During daytime, leaves high in the canopy receive high radiation
loading, but are exposed to relatively high winds compared to lower in
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the canopy. The high leaf boundary layer conductance means that it
is easy to transport heat away from the leaves. Leaves deeper in the
canopy receive less radiation but are exposed to lower wind speed and
have lower boundary layer conductance. The decline in wind speed
from 1 m s~! in the upper canopy to 0.2 m s~! in the understory
decreases leaf boundary layer conductance from 1.0 to 0.4 mol m~2
s71 (25 °C air temperature, 4 cm leaf dimension). Few studies have
measured vertical variation in leaf boundary layer conductance, but
observations in an Amazon rainforest found a decline from 1.4 mol m~2
s1 at the top of the canopy to 0.9 in the lower canopy and 0.2 at the
forest floor (Roberts et al., 1990).

CLM5/6, in contrast, has a big-leaf canopy. Wind speed in the
canopy (U, f) is taken to be equal to friction velocity (see Lawrence
et al.,, 2018, their Eq. 2.5.117). The approximation originates from
Deardorff (1978, see his Eq. 20), who set wind speed in a dense canopy
to U,; = 0.83u,. In developing the Biosphere-Atmosphere Transfer
Scheme (BATS), Dickinson (1984) revised the expression to U, o= Uy
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(see his Eq. 8b) and stated that it “is of adequate accuracy for the
present model”. U, , is used in CLM’s calculation of leaf boundary layer
conductance (see Lawrence et al., 2018, their Eq. 2.5.122).

Air temperature has small vertical variation during unstable and
near-neutral conditions at the walnut orchard (Fig. 13a,b), which likely
results from the relatively sparse canopy and the ability for a portion of
the insolation to reach the ground. CLM-ml v2 replicates these profiles.
Dense leafy forests with a more closed canopy can have more complex
profiles with a mid-canopy thermal maximum in the afternoon, which
the model also replicates (Wozniak et al., 2020; Bonan et al., 2021).
However, our analysis stratifying the results by atmospheric stability
emphasizes a well-known limitation of the model’s assumed first-order
closure formulation of in-canopy mixing (Fig. 13b). Under nighttime
weak winds, radiative cooling of the uppermost leaves cools the air
in contact with them. In the field, this cool upper-canopy air sinks
while the warmer near-surface air rises which homogenizes canopy
air temperature. The model’s simplifying in-canopy first-order closure
approximation with a constant mixing-length (yielding an exponen-
tially decaying eddy diffusivity for scalars; Bonan et al., 2018, their
Eq. 22) cannot reproduce this canopy-induced non-local mixing. While
higher-order mixing schemes (e.g., Falk et al., 2014; Xu et al., 2014)
can reproduce non-local in-canopy mixing, these higher-order schemes
introduce numerous tunable parameters, can become numerically un-
stable, and are not yet able to account for the additional turbulence
canopies generate (Raupach et al., 1996; Finnigan et al., 2009). The
first-order closure allows for a numerically robust and efficient solu-
tion using a system of linear equations to solve for air temperature,
water vapor concentration, and leaf temperature at each height (see
Bonan et al., 2018, their Eqs. 16-17). The numerical method facilitates
coupling in a global climate model, but at the cost of model accuracy.

CLM5/6 uses an ad-hoc parameterization of under-canopy turbu-
lence to calculate the flux of sensible heat in the canopy. The under-
canopy aerodynamic conductance between the soil and canopy air is
parameterized as the product of a transfer coefficient (C, = 0.004 for
dense vegetation) multiplied by the wind speed in the canopy (U, ; see
Lawrence et al., 2018, their Eq. 2.5.116), which originates from Dick-
inson et al. (1993, see their Eq. 65). The conceptual framework is
unchanged over 30+ years of model development, but various versions
of CLM have changed C, and wind speed as needed for the partic-
ular model configuration: C, modified for sparse canopies (CLM3);
C, adjusted for under-canopy stability (CLM4); and the under-canopy
stability adjustment removed (CLM5). The under-canopy turbulence
has been updated again with the implementation of biomass heat
storage (Swenson et al., 2019; Meier et al., 2019) as part of the revised
CLM6. That implementation introduces an under-canopy wind speed
defined as U,, = 0.03u,.;/u, < 0.4, where u,; is the atmosphere forcing
height wind speed. U,, is the wind speed on foliage used for leaf
boundary layer conductance (as in CLM5), and U, replaces U,, when
calculating the under-canopy conductance. In this way, the biomass
heat storage implementation in CLM6 changes sensible and latent heat
fluxes from the soil in a way that is unrelated to the storage of heat in
biomass.

In CLM-ml v2, each layer in the canopy has an air temperature at
an associated height above ground. In contrast, the temperature of the
canopy air is vaguely referenced to height in CLM5/6. The canopy air
temperature in CLM5/6 is defined at a height equal to the displacement
height plus the roughness length (d + z,; the apparent sink for momen-
tum). In CLMS5, the temperature is diagnosed as a weighted mean of
the above-canopy atmospheric forcing temperature, vegetation temper-
ature, and ground temperature (see Lawrence et al., 2018, their Eq.
2.5.93). The formulation originates with Dickinson (1984), who used
the same equation (see his Eq. 19). CLM6, with the addition of biomass
heat storage to the canopy energy balance, adds an extra term for
stem temperature (Swenson et al., 2019). The 2-m air temperature in
CLM5/6 is taken to be 2 m above d+z, (see Lawrence et al., 2018, their
Eq. 2.5.58) and is obtained from Monin-Obukhov Similarity Theory
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without consideration for roughness-sublayer processes (interpolating
between the canopy air and atmospheric forcing temperatures). In a
tall forest canopy, the height of the 2-m air temperature is therefore
somewhere in the upper canopy.

Calculation of surface fluxes with strongly stable conditions has
been a challenge in CLM5 (Burns et al., 2018). The universal similar-
ity functions ¢, and ¢, attain large values with increasingly stable
conditions, which results in excessively cold canopies at night. The
solution in CLMS5 is to restrict { = (z — d)/L < 0.5 (Table 1). The
inclusion of biomass heat storage limits nighttime cooling and alleviates
the need for the ¢ restriction (Swenson et al., 2019), and CLM6 lessens
the restriction to ¢ < 2. Alternatively, Burns et al. (2018) recommended
using Handorf et al.’s (1999) parameterization which limits the value
of the universal functions in strongly stable conditions and eliminates
the need for a cap on ¢. CLM-ml v2 likewise restricts L from becoming
too stable. Easing the restriction on L cools nighttime temperatures
within and above the canopy and increases biases compared with
the observations (Fig. S.19). In contrast with the arbitrariness of the
¢ restriction in CLM5/6, the restriction in CLM-ml v2 instead arises
through the roughness sublayer theory’s bounds of applicability based
on L./L (Harman and Finnigan, 2007, 2008).

CLM5/6 relies on many ad-hoc fixers in calculating canopy fluxes
so as to prevent oscillation in flux predictions between model timesteps
(Table 1). CLM-ml v2, with its 5-min timestep, fourth-order Runge—
Kutta method, and temporal interpolation of the meteorological forc-
ing, eliminates the need for many of these fixers (Figs. 15, S.12). With-
out temporally interpolating the meteorological forcing, the fourth-
order Runge-Kutta smooths the simulated fluxes except during the
initial 5-min interval in each 30-min period. The adjustment on the first
5-min step relates to canopy heat storage. Without interpolation, the
forcing height air temperature is updated every 30-min. The change in
temperature occurs at the first 5-min step, and the forcing temperature
is constant over the next five 5-min substeps. The canopy air adjusts
rapidly to the forcing perturbation, which produces a large change in
air temperature (and heat storage) over the first timestep; thereafter
change in heat storage is minimal. Temporal interpolation of the forcing
data distributes the change in forcing temperature over all six 5-min
intervals within the 30-min period.

Heat storage in the canopy air and plant biomass is not commonly
calculated at flux tower sites. CLM-ml v2 includes storage of heat in the
leaves and the canopy air, but not in wood. The heat storage in the air
compares favorably with the heat storage derived from the observations
(Table 3, Fig. 12). Garai et al. (2010) estimated biomass heat storage
at the walnut orchard and found that storage in the leaves is less than
+1 W m~2, comparable to the model, and storage in wood varies from
-6 to 12 W m~2 depending on time of day.

In the roughness sublayer theory, roughness length (z;) is not an
imposed model parameter and instead is flow dependent based upon
an observable canopy-imposed parameter (e.g., a canopy-element drag
coefficient). The displacement height (d) likewise emerges from the
roughness sublayer theory and depends on flow. At CHATS with a 10-m
canopy, d varies by up to 2 m depending on time of day (Fig. 11). In
contrast, CLM5/6 treats z, and d as canopy structural parameters rather
than parameters dependent on the turbulent flow, which leads to ad-
hoc application throughout the model. For example, the atmospheric
forcing height when CLM5/6 is coupled to its host atmosphere model
is relative to d + z; (i.e., the forcing height is the height above d + z).

4.2. Soil measurements

Additional soil moisture and temperature measurements with depth
would have been helpful to constrain the model. We use the observed
soil moisture (5-cm depth) for the top three model soil layers (to a
depth of 9 cm). AE decreases and H increases as the observed soil
moisture is applied to deeper soil layers, but the precise depth is not too
important in the top 20 cm of soil (Fig. S.18). More fundamentally, our
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modeling framework, by treating soil moisture as a boundary condition,
neglects the long term coupling between evapotranspiration and soil
moisture. This is reasonable for the walnut orchard, where the soil is
relatively moist during May (Fig. 2), or for simulations spanning a few
weeks as in Bonan et al. (2018, 2021). Applications of the model at
other locations and for longer time periods (e.g., a full growing season)
may necessitate coupling with CLM’s soil hydrology.

The model has a large daytime bias in soil heat flux (Table 3), but
the single-point soil heat flux measurements likely are not representa-
tive of the larger tower footprint. More soil measurements sampling the
broader and spatially heterogeneous tower footprint would have been
helpful.

4.3. Parameter estimation

Stomatal conductance is critical to obtaining simulated fluxes that
correspond with the CHATS data, and leaf gas exchange measurements
of photosynthesis and stomatal conductance are essential for parameter
estimation. We use V05 = 125 pmol m™2 s7! and : = 375 pmol
CO, mol~! H,0, estimated from leaf measurements for Juglans regia
‘Chandler’. These values replicate the high stomatal conductance seen
in the observations (Fig. 6e), and they also reduce biases in H and AE
(Figs. S.13, S.14). Other values of V,,,.»5 and ! result in fluxes that are
inconsistent with the observations.

Plant hydraulics provides a critical control of stomatal conductance,
and the simulated fluxes are very sensitive to the specified stomatal
response to water stress. ys, = —1.6 MPa and a = 40 give abrupt
stomatal closure at leaf water potential between —1.5 and —1.8 MPa
(Fig. 7) and provide a reasonable correspondence with observed above-
canopy H and AE (Fig. 16). In contrast, the values w5, = —0.45 MPa
and a = 2.60 obtained from the Rosati et al. (2006) leaf gas exchange
data cause stomata to close at high leaf water potential with the result
that AE is underestimated and H is overestimated. Moreover, the
simulated leaf water potential does not attain values less than —1 MPa,
as commonly found in studies of walnut (Tyree et al., 1993; McElrone
et al., 2010; Sun et al., 2011; Jerszurki et al., 2017; Calvo et al., 2023).
Stem hydraulic conductance (k,) additionally affects the fluxes, and
the high conductance observed in walnut (Table 2) improves model
performance compared with lower values (Fig. S.15).

Plant physiological parameters do not just affect leaf source fluxes;
through the fluxes they influence the state of the canopy air space.
Stomatal conductance, as determined by V_..»s and i, and stomatal
closure with water stress (ys, and «) influence air temperature in
the canopy, with warmer daytime temperatures at lower V..»5 (Fig.
S.13), higher : (Fig. S.14), and with stomatal closure at high leaf water
potential (Fig. 16).

The simulations are improved with the optical properties for leaf
angle distribution, leaf reflectance, leaf transmittance, and stem re-
flectance obtained from Majasalmi and Bright (2019). CLM-ml v1 uses
the optical properties of CLM5 (Lawrence et al., 2018). The biggest
changes compared to CLM-ml vl are that leaf angle distribution is
more horizontal; leaf transmittance increases by 0.18 in the near-
infrared waveband; and stem reflectance increases by 0.05 (visible)
and 0.10 (near-infrared) (Table 2). As a result, the canopy absorbs less
solar radiation, and biases in R,., H, and AE decrease (Fig. S.17).
There is little difference between the optical properties for walnut and
the values proposed by Majasalmi and Bright (2019) for temperate
broadleaf deciduous tree.

Above-canopy fluxes of R,,, H, and AE are not sensitive to the
canopy-element drag coefficient (Fig. 17). Varying ¢, from 0.15 to 0.4
has negligible effect on these fluxes. However, ¢, critically affects u,
and air temperature. Our estimate of ¢, obtained from observed in-
canopy momentum flux profiles (Fig. 5b) is similar to the value of
¢y = 0.25 used in previous CLM-ml simulations (Bonan et al., 2018,
2021) and that value may be a general value in the absence of observed
momentum flux profiles. Other canopy-specific parameters are fy, a;,
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a,, and as, used in Eq. (2) to calculate p. The values for the 10-m
walnut orchard are similar to those estimated by Harman (2012) for
Tumbarumba (a 40-m tall eucalyptus forest), and the similarity in the
functional form of Eq. (2) suggests a broad generality across a diverse
range of canopy structures (Fig. 3).

4.4. Coupling component models

The roughness sublayer theory as currently implemented in CLM-ml
v2 is not without deficiencies (especially in strongly stable conditions),
but it provides a self-consistent theory that unifies above and within
canopy processes. Other modeling efforts are recognizing the need to
account for vertically-resolved plant canopies, but end up coupling
component models that do not necessarily have consistent physics. For
example, Hung et al. (2024) developed a parameterization of canopy
wind speed to calculate wildfire spread in numerical weather prediction
models, but the implementation is inconsistent with the turbulence pa-
rameterization used to couple the land surface with the boundary layer.
As another example, the FATES vegetation demography model uses
the vertical profile of light to calculate photosynthesis and stomatal
conductance in a height-structured canopy, but collapses the vertically-
resolved stomatal conductance to an integrated canopy conductance
to couple with CLM’s big-leaf canopy (Koven et al., 2020). Early in
the development of the first generation of land surface models it was
recognized that “the physiological state of a plant community substan-
tially influences the microclimate within it; in turn, the microclimate
influences the physiological state, so that neither is independent of
the other” (Finnigan and Raupach, 1987). The coupled system, with
many biophysical interdependencies, needs to be remembered when
developing new components for land surface models.

The replacement of CLM’s existing surface flux code with CLM-
ml is conceptually straightforward, but is difficult in practice. Several
decades of model development has produced code that, while internally
consistent and advanced in its capabilities, is not robust beyond CLM’s
big-leaf canopy representation. The software engineering of CLM, in
which canopy processes are spread across multiple routines, require
model-specific interfaces, and perform calculations in addition to their
stated purpose, precludes simple replacement of single-layer (big-leaf)
code with equivalent multilayer code. Additional science capabilities
in CLM such as water isotopes, ozone stress, dry deposition, and bio-
genic volatile organic compound emissions also use the big-leaf canopy
implementation. When CLM’s dynamic vegetation is enabled, canopy
height, leaf area, and stem area change over time, which further
complicates the interface with the multilayer canopy.

The implementation of a multilayer canopy in CLM also exposes
inconsistencies in the coupling between the land and atmosphere.
In version 7 of the Community Atmosphere Model (CAM; Simpson
et al.,, 2025, CLM’s host model), the lowest level of the atmosphere
is approximately 17 m, which is lower than the height of many tall
forests. The solution in previous model versions is to interpret the
atmospheric height as above d + z,. By simulating the air space below
CAM'’s lowest level, the multilayer canopy extends the boundary layer
to the ground. Approaches that directly extend CAM’s boundary layer
parameterization (CLUBB; Golaz et al., 2002; Larson et al., 2002) to
the ground with a multilayer canopy may provide a more unified
coupling between land and atmosphere — assuming pathways exist
to bring roughness sublayer physics into CLUBB’s higher-order closure
framework.

5. Conclusions

Multilayer canopies extend the science capabilities of land sur-
face models. Multilayer canopies enable simulation of the surface air
(temperature, humidity, wind speed) between the lowest level of an
atmospheric model and the ground, where terrestrial life occurs. This
is the air that is neglected in both atmosphere and land models. In doing
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so, multilayer canopies reframe the land surface from a flux boundary
condition with the atmosphere to a focal point of climate prediction.
The CLM-ml v2 multilayer canopy has noticeable deficiencies (espe-
cially in strongly stable regimes), but it is more correct (i.e., physically
based) in the sense of Raupach and Finnigan (1988), and it reduces
much of the ad-hoc parameterization in CLM5/6. Multilayer canopy
models additionally enable new science. The models specifically dis-
tinguish forest overstory from understory environments, and therefore
can inform biological conservation. They allow for direct comparison
with leaf measurements (photosynthesis, stomatal conductance, leaf
temperature, leaf water potential) at various heights in the canopy, and
they provide a path to simulate chemistry in plant canopies (e.g., dry
deposition, biogenic volatile organic compounds). For example, a multi-
layer canopy improves model estimates of ozone deposition (Vermeuel
et al., 2024).

To realize the science potential of multilayer canopies, high quality,
comprehensive datasets are needed to test model assumptions and
guide model development. The CHATS dataset provides one such set
of observations. Measurements of air temperature, water vapor, and
wind speed within and above the canopy, as well as vertical profiles
of net radiation, sensible heat, latent heat, and momentum, critically
inform model development. The CLM-ml v2 multilayer model captures
many important aspects of the canopy of the walnut orchard, but
better understanding of the strongly stable regime, when the upper
canopy is decoupled from the lower canopy, is critically needed and
should be a focus of future observational programs and modeling.
Measurements of soil heat flux, soil temperature, and soil moisture
are needed to better constrain fluxes at the ground. Measurements of
leaf gas exchange (photosynthesis, stomatal conductance) and the leaf
environment (leaf water potential, leaf temperature) concomitant with
the flux/scalar profile measurements would aid in reducing uncertainty
in the model-data comparisons. Observational programs must expand
beyond measuring single-point above-canopy surface fluxes to provide
a comprehensive understanding of the microclimate of plant canopies.
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Appendix A. Measurement post-processing

A.1. Flux calculation

Turbulent fluxes of sensible heat (H) and latent heat (AE) are
calculated from the covariance between vertical wind (w) and air
temperature (7) or water vapor density (p,) fluctuations following:

H=pc,w'T (A.1)

AE = Aw'p!) (A.2)

where p is the mean air density (kgm—3), ¢, is the mean specific heat
of moist air at constant pressure (Jkg=' K~1), and 4 is the mean latent
heat of vaporization of water (Jkg™!). Note that p = p, + p, and ¢, =
(PaCp, +PuCp, ) /p, where the subscripts a and v refer to dry air and water
vapor, respectively. Unless otherwise noted, means and fluctuations are
calculated over a 30-min period and overbars are only shown on the
covariance terms.

A.1.1. Covariances

As their standard product, NSF NCAR EOL provides 5-min means
and covariances (Horst, 2020). The 5-min statistics are used to calculate
the 30-min turbulent fluxes where the low-frequency information needs
to be taken into account (ISFS, 2025). For example, to calculate the 30-
min covariance between the sonic anemometer temperature (7,) and
vertical wind (w), the following is used:

6 6 6
Il =, Ixv—il o
EZ(W,TS/ +WTS)_EZIUIEZTS
j=1 Jj=1 Jj=1

where w’_TS’ is the 30-min covariance, and all the terms on the right-side
of Eq. (A.3) are 5-min statistics summed over six 5-min periods. Similar
expressions are used for w'v’, w'p!, etc. The effect of using Eq. (A.3)
compared to taking a simple average is to increase H by around about
4%-5% (the impact is primarily during the daytime when larger-scale
eddies are contributing to the flux, which is not captured by a 5-minute
averaging window).

/T —
w'T] =

(A.3)

A.1.2. Additional flux terms and corrections

Additional terms are required to the calculate (H) and (AE) from
the 30-min covariances. Because temperature and humidity both influ-
ence the speed of sound, temperature fluctuations measured by sonic
anemometry such as the CSAT3 deployed during CHATS (Campbell
Scientific Inc., 2017) are more similar to virtual temperature fluctu-
ations than true air temperature fluctuations. Therefore, we use the
Schotanus correction (Schotanus et al., 1983; Foken et al., 2012) to
convert sonic temperature into air temperature (i.e., to remove water
vapor’s influence). Sensible heat flux is therefore calculated from sonic
anemometer temperature (7;) using:

H = pe, [w’TS’ - 051T w’q’] (A.4)

where ¢ is specific humidity measured with a nearby fast-response
humidity sensor (Campbell Scientific Inc., 2021). At CHATS, there were
13 levels of sonic anemometry on the tower and only 6 levels of krypton
hygrometers. Therefore, w'q’ comes from the krypton nearest to the
sonic anemometer to calculate the Schotanus term. The krypton at the
14-m level was missing a lot of data; therefore, the 23-m krypton is used
for the Schotanus corrections of any sonic anemometers at 14 m and
higher. On average, the Schotanus correction decreases H by around
5%.

Krypton hygrometers use a krypton lamp and Lambert-Beer’s law of
absorption to measure water vapor fluctuations in the atmosphere (van
Dijk et al.,, 2003; Foken and Falke, 2012; Campbell Scientific Inc.,
2021). The instrument operates at two spectral bands (wavelengths of
116.49 nm and 123.58 nm), and the 116.49 nm wavelength band is
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attenuated by both water vapor and oxygen. Therefore, a correction for
the absorption due to the oxygen is required. For the oxygen-correction,
we follow Oncley et al. (2007):

— — p —
w'p! = w(p)), +Cko?” w'T’ (A.5)
where (p]),, is the water vapor density output from the krypton hy-
grometer and the second term is the oxygen correction. Cy, is the
correction factor for the oxygen absorption, which is calculated via:

Cko = (Ko/Kw)(Co%) = 0-23(K0/Kw) (A6)
a

where C, = 0.21 is the fraction of oxygen in the atmosphere, and the
molecular weights of oxygen and dry air are M, =32 and M, =2897 g
mol~!, respectively. K, and K, are the krypton hygrometer extinction
coefficients for oxygen and water vapor. K, depends on the path length
of the krypton hygrometer, and we use K, = —0.0034m> g~! cm™! as
recommended in the “Krypton Hygrometers” section of the CHATS data
report (CHATS project webpage, 2007). The report also provides the
K,, value for each individual krypton used in the data processing. For
CHATS, the K, values range between —0.143 and —0.152m? g~! ecm™1.
The oxygen-correction for AFE is small (less than 0.5%).

Latent heat fluxes (1E) include the Webb-Pearman-Leuning (WPL)
term (Webb et al., 1980; Fuehrer and Friehe, 2002) which is:

_ < pu) — , Pv =77
AE=A(1+u2e [w’p’v + 2 w’T’] (A7)

Pa T

where y = M, /M, = 28.97/18.02 = 1.608 is the ratio of the molecular
weight of dry air (M) to that of water (M), w’p/ is from Eq. (A.5), and
w'T’ is from the two terms within the brackets in Eq. (A.4). Including
the WPL term increases AE by around 1%.

A.2. Mean air properties

The moist air density (p), specific heat of moist air at constant
pressure (c,), and latent heat of vaporization (1) vary with air tem-
perature, pressure, and humidity. These air properties are typically
evaluated at the mean air temperature and pressure at the sensor
locations; A, however, should be evaluated at the surface temperature
where evapotranspiration occurs. The moist air density is:
p—e e
R, T RT

P=ptp,= (A.8)
where p is pressure, e is the partial pressure of water vapor, R, is
the gas constant for dry air (R, = 287Jkg™! K1), and R, is the gas
constant for water vapor (R, = 461.5Jkg~! K~1). In this equation, e is
obtained from relative humidity and the saturated vapor pressure (e,).
For our study, the temperature-dependence of e, is calculated using the
Goff-Gratch formulation (Goff and Gratch, 1946).
The specific heat of moist air at constant pressure is:

Pu
c,=—c, +—c (A.9)
14 p Pa p Pv
which can be equivalently written:
c, —¢C
¢, =c, [1 + 2 <u>] (A.10)
¢ P Py

In this equation, the specific heat of dry air (c, ) has a weak tempera-
ture dependence (Garratt, 1992):
(T — 250)?

3364
where the value of 1005 J kg~! K~! is the specific heat of dry air at
T =250 K. We use ¢, = 1850 J kg1 K1 for the specific heat of water
vapor. Because (c, —c, )/c, =~ 0.84, c, simplifies to:

¢, ~c, (1 +0.84 &>
o p

¢p, = 1005 +

P, (A11)

(A12)
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The temperature-dependence of the latent heat of vaporization (Bolton,
1980; Foken, 2017) is:

A =(2.501 — 0.00237T) x 10° (A.13)

where T is in °C. This empirical relationship agrees quite well with
WMO-tabulated values of A from Letestu (1966). To estimate A at the
evaporating surfaces, T was calculated from the median of the four
lowest T/RH sensors on the vertical CHATS tower (all are within the
subcanopy).

A.3. Air heat storage

The heat stored in the air space between the ground and the 23-m
measurement height (S) is calculated with (Turnipseed et al., 2002;
Leuning et al., 2012):

23m 23m
d
S:pcp/ ‘;—sz+p/1/ d
0 ! 0

Ed z
where air temperature (7) and specific humidity (¢) are from the
vertical profile of T/RH sensors on the tower, and air density (p),
specific heat (c,), and latent heat of vaporization (1) calculations are
described above in Appendix A.2. In Eq. (A.14), the first term is the air
sensible heat storage and the second term is the latent heat storage.

(A.14)

A.4. Radiation measurements

Above-canopy radiation was measured at 16 m with a Kipp and
Zonen 4-component radiometer (CM21 pyranometers and CG4 pyrge-
ometers). At 2m in the subcanopy, EOL-modified (e.g., Delany and
Semmer, 1998; Burns et al., 2003) pairs of Eppley model PSP (for
shortwave) and model PIR (for longwave) sensors were deployed.

To calculate longwave irradiance (R;y) from an Eppley PIR, we
follow ISFS (2025) by using:

Riw = Ry, + 0T} — Bo(T} — T + fRgy (A.15)

pile

where R, is the thermopile output, o is the Stefan-Boltzmann con-
stant (5.67 x 108 W m~2 K™4), T, is the case temperature, T, is
the dome temperature, B is the ratio of the dome emissivity to the
transmissivity (sometimes called the “dome factor”), f is a correction
factor, and Rgy is shortwave radiation. Though analytic expressions
exist for B, they are usually determined by lab calibration. As described
in the ISFS (2025), B and f are both sensor-specific values determined
by shading tests in clear-sky conditions. Typical values for B are from
1.8-4.0 while for f they are from 0.5-1.9%. For CHATS, B = 4 was used
and the fRgy term was neglected. Additional discussion of Eq. (A.15)
can be found in Burns et al. (2003) and in the ISFS (2025).

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.agrformet.2025.110960.

Data availability

The CLM-ml v2 source code and datasets to run the CHATS simula-
tions are available at github.com/gbonan. The 30-minute observation
dataset created and used for model evaluation in this study is available
at doi.org/10.5281/zenodo.17426258.
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