
Appendix 1. Glossary of Symbols

a Fraction of convective cloud cover; also constant used in cloud

microphysics

ABE Available buoyant energy

AT The forcing terms of the thermodynamic equation that vary on the

time-scale of the Rossby-waves

Au; Ad; Atot Cloud Work Function for updraft, downdraft, and all of model cloud

Av The forcing terms of the v-momentumequation that vary on the time-

scale of the Rossby-waves

Av The forcing terms of the u-momentumequation that vary on the time-

scale of the Rossby-waves

A0 Parameter for heterogeneous freezing (K�1)

A Antidi�usive ux

b Backscattering coe�cient; also fraction of total water vapor conver-

gence used to moisten grid column (section 5.3.2.1); also constant

(0.8) used in cloud microphysics computation

B Planck function

Bu Acceleration due to buoyancy

B0 Parameter for heterogeneous freezing (m�3s�1)

c0 Rainfall conversion parameter (section 5.3.2.2)
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cm Constant used in computation of Dm

ci Coe�cients used in calculation of cloud e�ect on downward longwave

radiation (Table 5.2)

cp Speci�c heat at constant pressure for dry air

cpm Speci�c heat at constant pressure for moist air

c� Net condensation rate averaged over grid volume

c�c Net condensation rate in cumulus cloud (section 5.3.2.1)

C Constant (2. m s�1 K�1=2) used in computing convective velocity

Cg Thermal capacity of slab per unit area (J m�2 K�1)

Cs Heat capacity per unit volume (J m�3 K�1)

C� Surface exchange coe�cient for heat

Cu Surface exchange coe�cient for momentum; also total condensate in

updraft (section 5.3.2.2)

CD Surface drag coe�cient

C 0

D Component of surface-drag coe�cient

CuN Value of surface momentum exchange coe�cient under neutral

stability conditions
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C�N Value of surface heat exchange coe�cient under neutral stability

conditions

D Mass divergence (hydrostatic split-explicit scheme); also horizontal

deformation (section 5.1)

Df Di�usivity of water vapor in air

Du;Dd;Dtot Updraft, downdraft, and total cloud kinetic energy dissipation

Distance between an observation and a given grid point (section 4)

Di Diameter of ice crystal (m)

D� Di�usion and PBL tendencies for variable �

Dm Modi�ed distance between an observation and a given grid point

(section 4)

e Horizontal Coriolis parameter (s�1)

es; esi; esw Saturation vapor pressure, over ice, over water (cb)

E E�ciency of collection of cloud by precipitation; also vertical ux of

water vapor

Es Flux of water vapor from surface into atmosphere

f Coriolis parameter

f1; f2 Ventilation coe�cients for rain or snow
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F Larger-scale forcing (section 5.3.2.2 and 5.3.2.3); also function of

distance from lateral boundary (section 2.6.2)

FH;FL Flux from high-order and low-order advective scheme

Fbot; Ftop Longwave radiative ux at bottom, top of model atmosphere (W m�2)

Fd; Fu Downward, upward longwave radiative ux (W m�2)

FH� Term representing contribution of horizontal di�usion of a variable �

to the temporal rate of change of �

FV � Term representing contribution of vertical di�usion of a variable � to

the temporal rate of change of �

Fs Flux of dry static energy (section 5.3.2.2); also Surface ux of heat,

moisture or momentum

Fq Flux of water vapor (section 5.3.2.2)

Fl Flux of suspended cloud liquid water (section 5.3.2.2)

Fr Deceleration

F1; F2 Amplitude factors used in computing lateral boundary conditions

(section 2.6.2)

g Acceleration of gravity (9.8 m s�2)

h Moist static energy; also height of planetary boundary layer (m)

ho Local hour angle of sun
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~h; hc; hu; hd; ~h
� Moist static energy in environment, cloud, updraft, downdraft, and

saturation value in environment

H Vertical ux of sensible heat (W m�2)

Hm Heat ux into substrate (W m�2)

Hs Sensible heat ux from surface into atmosphere (W m�2)

I Function of static stability and surface friction velocity; also horizontal

grid-index in y-direction

IMAX Maximum value of grid-index in y-direction

Is Net longwave iradiance at surface (wm�2)

I " Outgoing longwave radiation from surface (W m�2)

I # Downward longwave radiation absorbed at surface (W m�2) under

clear skies

I #0 Downward longwave radiation absorbed at surface (W m�2) in

presence of clouds

I1 Normalized condensate in updraft (section 5.3.2.2)

I2 Normalized evaporate in updraft (section 5.3.2.2)

J Horizontal grid index in x-direction

JMAX Maximum value of grid index in x-direction
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k Dimensionless x-wavenumber for upper radiative scheme; also von

Karman constant (0.4)

k̂ Dimensionless e�ective x-wavenumber for upper radiative scheme

k1 Constant used in formula for computing autoconversion of cloud drops

to rain drops

K Total horizontal wavenmumber (m�1) also Kernels

Ka Background molecular di�usivity (2:4 � 10�5m2s�1); also thermal

conductivity of air ( J m�1 s�1 K�1)

KH Horizontal eddy di�usivity (m2 s�1)

K 0

H Coe�cient used in fourth-order di�usion (s�1)

KHO Background value of horizontal eddy di�usivity (m2 s�1)

Km Coe�cient of heat transfer from ground into substrate (s�1)

KMAX Maximum value of index in vertical direction

Kz Coe�cient of vertical di�usivity (m2 s�1)

Kz0 Background value of coe�cient of vertical di�usivity (m2 s�1)

KEu;KEd;KEtot Kinetic energy for updraft, downdraft, and all of model cloud

L Hydrostatic term due to liquid water loading; also Monin-Obukhov

length

Lm Latent heat of fusion (0.35 �106 J kg�1)
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Ls Latent heat of sublimation (2.85 �106 J kg�1)

Lv Latent heat of condensation (2.5 �106 J kg�1)

l Dimensionless y-wavenumber for upper radiative scheme; also vertical

mixing length

l̂ Dimensionless e�ective y-wavenumber for upper radiative scheme

Mi Mass of ice crystal (kg)

Mmax Maximum mass of ice crystal (kg)

M0 Initial mass of ice crystal (kg)

m Mass ux (updraft and downdraft) in convective parameterization

cloud (5.3.2.2); also map scale factor

�m Mixing coe�cient used in free-convective regime of high-resolution

PBL model

mb Cloud base mass ux (section 5.3.2.2)

m0 Downdraft base mass ux (section 5.3.2.2)

mu Updraft mass ux in convective parameterization cloud (5.3.2.2)

md Downdraft mass ux in convective parameterization cloud (5.3.2.2)

M Surface moisture availability
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Mt Vertical integral of horizontal convergence of water vapor

n Fraction of cloud

n0 Cloud microphysics parameter

nc Number concentration of ice crystals (kg�1)

N Brunt-Vais�al�a frequency (s�1)

Nc Number concentration of cloud droplets per unit volume (1010 m�3)

Nh Nondimensional function for vertical pro�le of convective heating

Nm Nondimensional function for vertical pro�le of convective moistening

N0 Cloud microphysics parameter (8� 106 m�4 for rain 2� 107 m�4 for

snow)

p Pressure (cb)

pb Pressure (cb) at convective cloud base

ps Surface pressure (cb)

pt Pressure (cb) at top of model

pu Pressure (cb) at top of convective cloud

pLCL Pressure (cb) at lifting condensation level
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p� ps � pt (cb)

p�d Dot-point p� (cb)

p0 Reference-state pressure

p0 Perturbation pressure (Pa)

Pressure value representing the free atmosphere, where terrain

inuences are small (in FDDA)

p̂ Fourier transform of p0 for upper radiative boundary condition

PCON Condensation of water vapor or evaporation of cloud drops (kg kg�1

s�1)

PRA Accretion of cloud drops by rain drops (kg kg�1 s�1)

PRC Autoconversion of cloud drops to rain drops (kg kg�1 s�1)

PRE Evaporation of rain drops (kg kg�1 s�1)

PCI Heterogeneous freezing of cloud water (kg kg s�1)

PID Deposition of vapor onto ice crystals (kg kg s�1)

PII Initiation of ice crystals (kg kg s�1)

PMF Melting/freezing of cloud and precipitation due to advection (kg kg

s�1)
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PRM Melting of falling precipitation (kg kg s�1)

PSM Melting of falling snow (kg kg s�1)

~q; qu; qd; ~q
� Water vapor mixing ratio in environment, updraft, downdraft, and

saturation value in environment

qc Mixing ratio of cloud water; also water vapor mixing ratio in cloud

(section 5.3.2.2)

qc0 Critical value of mixing ratio of cloud water

qr Mixing ratio of rain water

ql Suspended liquid water vapor mixing ratio inside updraft

qv Mixing ratio of water vapor

qvc Mixing ratio of water vapor in cumulus cloud

qvs Saturation mixing ratio of water vapor

Q Diabatic heating rate per unit mass (J kg�1 s�1)

Qs Net short wave irradiance at the surface (W m�2)

R Rainfall (convective-scale sink of cloud water, 5.3.2.2); also ideal gas

constant for dry air (287 J kg�1 K�1)

RH Relative humidity

Ri Richardson number
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Rn Net radiation

RiB Bulk Richardson number

Ric Critical value of bulk Richardson number; also critical value of

Richardson number

Rv Gas constant for water vapor (461.5 J kg�1 K�1)

RT Radiative heating rate (K s�1)

r Radius of convective parameterization cloud (sections 5.3.2.2)

S Supersaturation; also source or sink term (section 5.3.2.2); also square

of the vertical wind shear

Sc Schmidt number

So Solar constant (1395.6 W m�2)

Su Source or sink term in updraft (section 5.3.2.2)

Sd Downward solar ux (W m�2); also source or sink term in downdraft

(section 5.3.2.2)

Si Supersaturation over ice

s Dry static energy

t Time (s)
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T Temperature (K)

Tc Longwave transmissivity due to cloud

Td Dewpoint temperature (K)

Tg Temperature (K) of ground

Tp Longwave transmissivity due to precipitation

Tv Virtual temperature (K); also longwave transmissivity due to vapor

T� Surface friction temperature (K)

T0 Reference-state temperature (K)

T 0 Perturbation temperature (K)

u Component of wind velocity in eastward direction (m s�1); also water

vapor path (g m�2)

u� Surface friction velocity (m s�1)

uc; up Liquid water path for cloud, precipitation (g m�2)

v Component of wind velocity in northward direction (m s�1)

vt Mass weighted mean terminal velocity of rain drops (m s�1)

V Fall speed of a precipitation particle (m s�1); also modi�ed horizontal

wind velocity in PBL
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V Horizontal wind vector

Va Horizontal windspeed at lowest model layer

Vc Convective PBL velocity(m s�1)

Vqf Divergence of vertical eddy ux of water vapor due to convective

clouds

w Vertical velocity (m s�1); also weight function for reducing mixing

near top of mixed layer

wn Weight function for blending model tendencies and large-scale

tendencies near lateral boundaries (section 2.6.1)

wp Precipitable water (cm)

wu Vertical velocity in updraft

ŵ Fourier transform of w

x Horizontal grid coordinate increasing generally eastward

X Horizontal coordinate on earth surface increasing generally eastward

Xc Multiple-reection factor in cloudy air

Xd Distance vector

XR Multiple-reection factor in clear air
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y Horizontal grid coordinate increasing generally northward

Y Horizontal coordinate on earth surface increasing generally northward

z Height above surface (m)

za Height of lowest layer in model (m)

zb Height of updraft originating level(section 5.3.2.2) (m)

z0 Height of downdraft originating level(section 5.3.2.2); also surface

roughness length(m)

zoc Background value of surface roughness length over water (10�4m)

zl Depth of molecular layer

zLCL Height of lifting condensation level (m)

zT Height of updraft top (section 5.3.2.2)

� Coe�cient array for upper radiative boundary condition (m s�1

Pa�1); also any thermodynamic variable (section 5.3.2.2)

~� Any thermodynamic variable in environment

�u Any thermodynamic variable in updraft

�d Any thermodynamic variable in downdraft

�c; �p Longwave absorption coe�cients for cloud, precipitation (m2 g�1)
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� Parameter in sound-wave temporal di�erencing; also precipitation

e�ciency parameter in section 5.3.2.2

� Gamma function

�d Dry adiabatic lapse rate (K m�1)

�dp Dewpoint adiabatic lapse rate (K m�1)

 Ratio of heat capacities (cp=cv) for dry air

� Solar declination

�M Supersaturation or undersaturation

�p Vertical grid size (Pa)

�s Horizontal grid length (m)

�t Time step (s)

�t0 Short time step for rain fall term (s)

�x Horizontal grid length (m)

�z Thickness of vertical layer (m)

�� Thickness of model � levels
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��c Critical value of convective cloud depth

�� Short time step for sound waves (s)

r2

� Horizontal Laplacian on �-surfaces

r4

� Fourth order di�usion operator on �-surfaces

� Parameter relating updraft and downdraft mass ux (section 5.3.2.2);

also small value; also entrainment coe�cient used in high resolution

PBL-model (0.2)

�a Atmospheric emissivity

�g Emissivity of ground

�u; �d Atmospheric longwave emissivity

�d Normalized mass ux for downdraft (section 5.3.2.2)

�u Normalized mass ux for updraft (section 5.3.2.2)

� Potential temperature (K); also angle between y-axis and north for

full Coriolis force

�a Potential temperature (K) at lowest layer in model

�g Potential temperature (K) of ground surface

�e Equivalent potential temperature (K)
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�es Saturation equivalent potential temperature (K)

�v Virtual potential temperature (K)

� Longitude; also cloud type (section 5.3.2.2); also thermal conductivity

(J m�1 s�1 K�1); also parameter in raindrop distribution (m�1)

� Dynamic viscosity of air (kg m�1 s�1); also solar zenith angle ; also

total net fractional entrainment rate (section 5.3.2.2); also constant

in smoother (section 3.3)

�u Total net fractional entrainment rate for updraft (section 5.3.2.2)

�ue Gross fractional entrainment rate for updraft (section 5.3.2.2)

�ud Gross fractional detrainment rate for updraft (section 5.3.2.2)

� Coe�cient for Asselin time �lter; also for spatial smoother

� Exner function

� Density of air (kg m�3)

�r Particle density (kg m�3)

�u Density in updraft

�w Density of water (kg m�3)

�0 Reference-state density (kg m�3)
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�0 Perturbation density (kg m�3)

� Nondimensional vertical coordinate of model

�0 Dummy variable of integration

_� Vertical velocity in �-coordinates (s�1)

_�c Vertical velocity of convective cloud in �-coordinates (s�1)

�SB Stefan-Boltzmann constant (5:67051� 10�8 J m�2 K�4 s�1)

� Half-period of time window of inuence of an observation (section 4);

also short-wave transmissivity

� 0 Short-wave transmissivity obtained from lookup table

�a Clear air absorption transmissivity

�ac Cloudy air absorption transmissivity

�s Clear air scattering transmissivity; also surface stress

�sc Cloudy air scattering transmissivity

� Geopotential; also latitude; also scalar variable in advection equation

�s Surface geopotential
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� Symbol denoting low-order, monotonic solution to advection equation

� Di�usivity of vapor in air (m2 s�1); also thermal inertia

	 Solar zenith angle; also function of bulk Richardson number

	m Nondimensional stability parameter for momentum

	h Nondimensional stability parameter for heat and water vapor

! Vertical velocity in pressure coordinates (cb s�1)

!c Vertical velocity of convective cloud in pressure coordinates (cb s�1)


 Angular velocity of earth (7:2722� 10�5 s�1)
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Appendix 2. Look-up table for transmissivities

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

1.0 0.926 0.868 0.855 0.846 0.838 0.832 0.827 0.822 0.818 0.814 0.811

1.2 0.915 0.854 0.840 0.831 0.823 0.817 0.811 0.806 0.802 0.798 0.794

1.4 0.903 0.841 0.826 0.816 0.808 0.802 0.796 0.791 0.787 0.782 0.779

1.6 0.892 0.828 0.813 0.803 0.795 0.788 0.782 0.777 0.772 0.768 0.764

1.8 0.881 0.815 0.800 0.790 0.782 0.775 0.769 0.763 0.758 0.754 0.750

2.0 0.870 0.803 0.788 0.777 0.769 0.762 0.756 0.750 0.745 0.741 0.737

2.2 0.860 0.792 0.776 0.765 0.757 0.750 0.743 0.738 0.733 0.728 0.724

2.4 0.850 0.781 0.765 0.754 0.745 0.738 0.731 0.726 0.7210 0.716 0.712

2.6 0.839 0.770 0.753 0.742 0.733 0.726 0.720 0.714 0.709 0.704 0.700

2.8 0.830 0.759 0.743 0.731 0.722 0.715 0.709 0.703 0.698 0.693 0.689

3.0 0.820 0.748 0.732 0.721 0.712 0.704 0.698 0.692 0.687 0.682 0.678

3.2 0.810 0.738 0.722 0.710 0.701 0.694 0.687 0.681 0.676 0.671 0.667

3.4 0.801 0.728 0.712 0.700 0.691 0.683 0.677 0.671 0.666 0.661 0.656

3.6 0.791 0.719 0.702 0.690 0.681 0.674 0.667 0.661 0.656 0.651 0.646

3.8 0.782 0.709 0.692 0.681 0.671 0.664 0.657 0.651 0.646 0.641 0.636

4.0 0.773 0.700 0.683 0.671 0.662 0.654 0.648 0.642 0.636 0.631 0.627

4.2 0.764 0.691 0.674 0.662 0.653 0.645 0.638 0.632 0.627 0.622 0.618

4.4 0.756 0.682 0.665 0.653 0.644 0.636 0.629 0.623 0.618 0.613 0.608

4.6 0.747 0.673 0.656 0.644 0.635 0.627 0.621 0.615 0.609 0.604 0.600

4.8 0.738 0.665 0.647 0.636 0.626 0.619 0.612 0.606 0.600 0.596 0.591

5.0 0.730 0.656 0.639 0.627 0.618 0.610 0.603 0.597 0.592 0.587 0.582

5.2 0.722 0.648 0.631 0.619 0.610 0.602 0.595 0.589 0.584 0.5790 0.574

5.4 0.714 0.640 0.623 0.611 0.602 0.594 0.587 0.581 0.576 0.571 0.566

5.6 0.706 0.632 0.615 0.603 0.594 0.586 0.579 0.573 0.568 0.563 0.558

5.8 0.698 0.624 0.607 0.595 0.586 0.578 0.571 0.565 0.560 0.555 0.550

6.0 0.690 0.616 0.599 0.588 0.578 0.571 0.564 0.558 0.552 0.547 0.543

6.2 0.683 0.609 0.592 0.580 0.571 0.563 0.556 0.550 0.545 0.540 0.535

6.4 0.675 0.602 0.585 0.573 0.564 0.556 0.549 0.543 0.538 0.533 0.528

6.6 0.668 0.594 0.577 0.566 0.556 0.549 0.542 0.536 0.531 0.526 0.521

6.8 0.661 0.587 0.570 0.559 0.549 0.542 0.535 0.529 0.524 0.519 0.5147

7.0 0.653 0.580 0.563 0.552 0.542 0.535 0.528 0.522 0.517 0.512 0.507

7.2 0.646 0.573 0.556 0.545 0.536 0.528 0.521 0.515 0.510 0.505 0.501

7.4 0.639 0.567 0.550 0.538 0.529 0.521 0.515 0.509 0.503 0.499 0.494

7.6 0.633 0.560 0.543 0.532 0.522 0.515 0.508 0.502 0.497 0.492 0.488

7.8 0.626 0.553 0.537 0.525 0.516 0.508 0.502 0.496 0.491 0.486 0.481

8.0 0.619 0.547 0.530 0.519 0.510 0.502 0.496 0.490 0.484 0.480 0.475

8.2 0.613 0.541 0.524 0.512 0.503 0.496 0.489 0.484 0.478 0.473 0.469

8.4 0.606 0.534 0.518 0.506 0.497 0.490 0.483 0.477 0.472 0.467 0.463

8.6 0.600 0.528 0.512 0.500 0.491 0.484 0.477 0.472 0.466 0.462 0.457

8.8 0.594 0.522 0.506 0.494 0.486 0.478 0.472 0.466 0.461 0.456 0.451

9.0 0.587 0.516 0.500 0.489 0.480 0.472 0.466 0.460 0.455 0.450 0.446

9.2 0.581 0.511 0.494 0.483 0.474 0.467 0.460 0.454 0.449 0.445 0.440

9.4 0.575 0.505 0.488 0.477 0.468 0.461 0.455 0.449 0.444 0.439 0.435

9.6 0.569 0.499 0.483 0.472 0.463 0.456 0.449 0.444 0.438 0.434 0.429

9.8 0.563 0.494 0.477 0.466 0.458 0.450 0.444 0.438 0.433 0.428 0.424

10.0 0.558 0.488 0.472 0.461 0.452 0.445 0.439 0.433 0.428 0.423 0.419

precipitable water (cm)

Path length
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Appendix 3. Map Projections

Map projections are constructed by projecting the surface of the earth onto a right

circular cone, cutting the cone, and attening it into a plane surface. Three projections are

available for the MM4 system { Polar stereographic, Lambert conformal, and Mercator.

Polar stereographic is preferred for high-latitude studies, Lambert conformal for middle-

latitude studies, and Mercator for low-latitude studies. This appendix summarizes the

map scale factors for each projection and gives the equations for converting from latitude

and longitude to the x and y positions on the model grid.

Although the grid size �x = �y = �s is constant on the model's grid, the actual

distance represented by �s on the spherical earth varies with location on the grid because

the earth is curved. The map scale factor m is de�ned as the ratio of the distance on the

grid to the corresponding distance on the earth's surface

m =
distance on grid

actual distance on earth
A:1

a. Lambert Conformal

Conformal means that the scale is equal in all directions about a point, so that shapes

of geographic features on the earth are preserved. The Lambert conformal grid is true at

latitudes 30� and 60�N so that m = 1: at these latitudes. In general,

m =
sin 1

sin�

�
tan�=2

tan 1=2

�0:716
; A:2

where  1 = 30� and  is the colatitude ( = 90� � �).

It is sometimes necessary to compute the position (x; y) on the grid given the latitude

and longitude of a point, or vice versa. The following relations pertain to an X � Y grid

with center X = 0; Y = 0 at latitude �0 and longitude �0. Note that the relationship

between (x; y) and (X;Y ) is

x = X +
JMAX � 1

2
�s; A:3

y = Y +
IMAX � 1

2
�s; A:4

� = any longitude
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�0 = longitude of Y axis

� = any latitude

�0 = latitude along �0 at which Y = 0

 = 90� � �

n = :716

 1 = 30�

 0 = 90� � �0

a = 6370km

r =
a

n
sin 1

�
tan =2

tan 1=2

�n
; A:5

C2 =
a

n
sin 1

�
tan 0=2

tan 1=2

�n
; A:6

C1 = ��0 � 90�=n; A:7

�0 = n(�+ C1); A:8

X = rcos�0; A:9

Y = rsin�0 +C2: A:10

The inverse problem to calculate latitude and longitude is done as follows:

�0 = arctan

�
Y � C2

X

�
; A:11

� =
�0

n
� C1; A:12

r =
X

cos�0
or
Y � C2

sin�0
A:13

 = 2arctan

"
tan 1=2

�
nr

asin 1

�1=n
#
; A:14

� = 90
� �  : A:15

b. Polar Stereographic
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For the polar stereographic projection, true at latitude �1 = 60�N , the map scale

factor is

m =
1 + sin�1

1 + sin�
A:16

The relationships between latitude and longitude and X and Y on the polar stereographic

grid are calculated as before on the Lambert conformal grid, but now n = 1.

r = amcos�; A:17

C2 = asin 1

�
tan 0=2

tan 1=2

�
; A:18

C1 = ��0 � 90�; A:19

�0 = �+ C1; A:20

X = rcos�0; A:21

Y = rsin�0 +C2: A:22

and for the inverse problem

�0 = arctan

�
Y � C2

X

�
; A:23

� = �0 � C1; A:24

r =
X

cos�0
or
Y � C2

sin�0
A:25

 = 2arctan

�
tan 1=2

�
r

asin 1

��
; A:26

� = 90� �  : A:27

Note that the signs of Y � C2 and X in (A.23) must be considered to obtain the

correct quadrant for �0.

c. Mercator

For the Mercator grid, �0(Y = 0) corresponds to the equator and the relationships

between X and Y and � and � are relatively simple

X = (acos�1)(�� �0); A:28
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Y = (acos�1)ln

�
1 + sin�

cos�

�
; A:29a

Y = (acos�1)ln[tan(45
� + �=2)]: A:29b

Note that (� � �0) in (A.28) must be expressed in radians. The latitude �1 at which the

Mercator projection is true is often taken to be 30�.

The reverse problem, to obtain X and Y from � and �, is also simple

� = �0 +
X

acos�1
: A:30

To solve for �, use (A.29b)

� = �90� + 2arctan

�
exp

�
Y

acos�1

��
: A:31
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Appendix 4. Land Use Categories

Description of land-use categories and physical parameters for summer (15 April-15
October) and winter (15 October-15 April).

Landuse
Integer

Identification

Landuse
Description

Albedo(%)
Moisture

Avail. (%)
Emissivity

(% at 9µ m)
Roughness

Length (cm)
Thermal Inertia

(cal cm-2 k-1 s-1/2)

Sum Win Sum Win Sum Win Sum Win Sum Win

1 Urban land 18 18 5 10 88 88 50 50 0.03 0.03

2 Agriculture 17 23 30 60 92 92 15 5 0.04 0.04

3 Range-grassland 19 23 15 30 92 92 12 10 0.03 0.04

4 Deciduous forest 16 17 30 60 93 93 50 50 0.04 0.05

5 Coniferous forest 12 12 30 60 95 95 50 50 0.04 0.05

6
Mixed forest and

wet land
14 14 35 70 95 95 40 40 0.05 0.06

7 Water 8 8 100 100 98 98 .01 .01 0.06 0.06

8 Marsh or wet land 14 14 50 75 95 95 20 20 0.06 0.06

9 Desert 25 25 2 5 85 85 10 10 0.02 0.02

10 Tundra 15 70 50 90 92 92 10 10 0.05 0.05

11 Permanent ice 55 70 95 95 95 95 5 5 0.05 0.05

12
Tropical or sub
tropical forest

12 12 50 50 95 95 50 50 0.05 0.05

13 Savannah 20 20 15 15 92 92 15 15 0.03 0.03
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