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ABSTRACT

The one-dimensional dynamic state of the ground model FASST (Fast All-season Soil Strength) is a state of the
ground model developed by Frankenstein and Koenig (2004) as part of the Army’s Battlespace Terrain Reasoning
and Awareness (BTRA) research program. In its original form, the only effects vegetation had on FASST were to
change the surface albedo and emissivity. Recently, a two tier, multilayer vegetation algorithm was added. These
can be implemented separately or together. Both alter the soil surface energy and moisture budgets. In this report we
will discuss the energy balance equations used to solve for the low vegetation, canopy and ground temperatures. In
solving these equations, the effects of precipitation interception and soil moisture modification attributable to root-
uptake are incorporated.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not
to be construed as an official Department of the Army position unless so designated by other authorized documents.
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LIST OF VARIABLES
Chapter 1
f subscript indicating low foliage (vegetation) terms
g subscript indicating ground terms
g, 0, shortwave albedo (0-1)
dc calculation variable for E),
At time step (s)
Az thickness of the surface node (m)
€, & longwave emissivity (0-1)
€ calculation variable
Yp precipitation density (kg/m’)
r, sensible heat exchange stability correction factor
. latent heat exchange stability correction factor
K surface soil thermal conductivity (W/m-K)
v amount of water flowing towards/away from the surface (m/s)
0, change in volumetric ice content at the surface
Omax maximum soil moisture content (m3/m3)
0, soil moisture content at node p (m’/m’)
0, residual soil moisture contents (m*/m?)
0 average root soil water content (m*/m’)
P, air density at the instrument height (kg/m”)
Pas density of air near the atmosphere/foliage interface (kg/m’)
Pag density of air near the foliage/ground interface (kg/m’)
Ps air density in the foliage (kg/m’)
pi ice density (916.5 kg/m®)
Pw water density (1000.0 kg/m”®)
c Stefan-Boltzman constant (5.699x10° W/m*K")

fractional coverage (0 — 1)
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Of min
Gf,max

a

Cpa
Oy
Cfn
Ce

Chn

g
Ch

g
Chn

minimum fractional coverage (0 — 1)

maximum fractional coverage (0 — 1)

calculation variable for vapor pressure

longwave absorptivity (0 — 1)

calculation variable for root fraction (m )

calculation variable for vapor pressure (K)

calculation variable for root fraction (m™')

specific heat of precipitation (J/kg-K)

specific heat of water (4217.7 J/kg'K)

specific heat of ice (—13.3+7.807, J/kg-K)

specific heat of air (1005.6 J/kg-K)

bulk transfer coefficient for latent heat near the ground
bulk transfer coefficient near the ground for near neutral conditions
bulk transfer coefficient for turbulent heat in the foliage

bulk transfer coefficient at the top of the foliage for near neutral
conditions

bulk transfer coefficient for sensible heat near the ground

bulk transfer coefficient near the ground for near neutral conditions

cl,ci,c; calculation variables

ct,c5,c; calculation variables

dmax
d
D
€4
e
€f sat

€0

E¢

maximum dew depth on the foliage (mm)
calculation variable

precipitation that drips from the foliage (m)

air vapor pressures (Pa)

saturation vapor pressure at 0°C (ef =610.78 Pa)
saturated foliage vapor pressures (Pa)

windless sensible heat correction factor (2.0 W/m®)
evaporatation rate (m)

potential evaporation (m/s)
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Ey
E tr,max

A

transpiration rate (m)
maximum transpiration rate (m)

calculation variable for E; max

f1, f2, f5 calculation variables

Fg
g

8o
H;

sum of energy terms at the atmosphere/foliage interface
gravitational constant (9.81 m/s”)

calculation variable for stomatal resistance (10 ° Pa ')
sensible heat at the atmosphere/foliage interface (W/m?)
sensible heat at the foliage/ground interface (W/m?)
intercepted precipitation (m)

total incoming infrared radiation (W/m?)

total incoming solar radiation (W/m?)

latent heat (J/kg)

latent heat of evaporation (J/kg)

latent heat of sublimation (2.838x10° J/kg)

latent heat of fusion (2.838x10° J/kg)

latent heat at the atmosphere/foliage interface (W/m?)
latent heat at the foliage/ground interface (W/m?)
foliage Leaf Area Index (m*/m?)

minimum foliage Leaf Area Index (m*/m?)

maximum foliage Leaf Area Index (m*/m?)

subscript indicating previous time step

ground moisture factor (0 <M, <1)

precipitation heat flux (W/m?)

atmospheric pressure measured at Z, (Pa)

precipitation heat at the atmosphere/foliage interface (W/m?)
precipitation heat at the foliage/ground interface (W/m?)
precipitation rate (m/s)

precipitation rate at the ground (m/s)
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qa
qat
qs
qs
Ggsat

gt sat

oY

mixing ratio of air above the foliage

mixing ratio of the air at the foliage interface
mixing ratio of air at the top of the foliage
mixing ratio of air at the ground surface
saturated ground mixing ratio

saturated foliage mixing ratio

atmospheric resistance to water vapor diffusion (s/m)
turbulent Prandtl number (0.71)

turbulent Schmidt (0.63)

stomatal resistance to vapor diffusion (s/m)
minimum stomatal resistance to vapor diffusion (s/m)
foliage surface wetness factor

gas constant for air

surface reflectance (1 — &, ;)

bulk Richardson number

fraction of roots at soil node p

relative humidity (%)

precipitation stored on the foliage (m)
maximum stored precipitation on the foliage (m)
Stem Area Index (m*/m?)

air temperature at the shelter height Z, (K)

air temperature in the foliage (K)

temperature (K)

precipitation temperature (K)

soil temperature just below the surface (K)
friction velocity (m/s)

mean wind speed (m/s)

mass precipitation flux (kg/m?s)

wind speed at the instrument height Z, (m/s)
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Was wind speed at the air—foliage interface (m/s)
w' adjusted wind speed (W' = 2.0 m/s if W is below 2.0 m/s)
Zy depth of node p (m)

Z, canopy roughness length (m)
zg foliage roughness length (m)
z8 ground roughness length (m)
Z, shelter/instrument height for air temperature (m)
Zy zero displacement height (m)

Z¢ height (m)

Z shelter/instrument height for relative humidity (m)
Z, shelter/instrument height for wind speed (m)
Chapter 2
c subscript indicating canopy (tree) terms
i superscript/subscript indicating radiation source (1 = sky, 2—4 = canopy,
5 = ground)
i superscript/subscript indicating radiation sink (1 = sky, 2—4 = canopy,
5 = ground)
o, shortwave albedo of the ground (0-1)
€ ground emissivity (0—1)

canopy emissivity of layer i (0—1)

) calculation variable used to calculate leaf slope distributions
Yo precipitation density (kg/m’)

0, leaf slope angle

0, ¢, source angles

pL. air density at the air—canopy interface (kg/m")

c Stefan-Boltzman constant (5.699x10°* W/m*K")

o canopy density (area/area)

P calculation variable related to shortwave albedo (0—1)

a unit vector representing the orientation of a leaf at leaf slope angle 0,
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Xi

canopy shortwave absorption of layer i (0 — 1)
longwave absorption coefficients of layer i (0 — 1)
radiosity of layer i

specific heat of precipitation (J/kg-K)

specific heat of air (1005.6 J/kg'K)

bulk transfer coefficient for turbulent heat in the canopy

the fraction of emitted flux from a source layer j that is intercepted by a
canopy element a inclined at angle 46 within layer i

precipitation that drips from each canopy layer (m)
windless sensible heat correction factor (2.0 W/m?)
leaf slope distribution functions

sum of energy terms in the canopy

mean layer projection in direction 6,

sensible heat at the air/canopy interface (W/m?)
intercepted precipitation by each layer (m)
incoming infrared radiation (W/m?)

downwelling longwave flux at the ground (W/m?)
incoming solar radiation (W/m?)

total solar flux reaching the ground (W/m?)

K (er,ek ) kernel used to calculate mean layer projection

/
l evap

l sub

latent heat (J/kg)

latent heat of evaporation (J/kg)

latent heat of sublimation (2.838x10° J/kg)
latent heat at the air/canopy interface (W/m?)
leaf area index (area/arca)

Markov clumping factor (0-1)

precipitation heat flux (W/m?)

precipitation rate at the top of the canopy (m/s)

precipitation rate within the canopy (m/s)
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probability of gap for canopy layer i in direction 7
mixing ratio of the air within the canopy

mixing ratio of the air at the air—canopy interface
saturated canopy mixing ratio

unit vector representing the orientation of the source
foliage wetness characterization

canopy layer reflectance

relative humidity at the top of the canopy (%)
relative humidity within the canopy (%)

longwave transfer matrix between sink layer 7 and source layer j
stem area index (area/area)

air temperature at the top of the canopy (K)

air temperature within the canopy (K)

air temperature at the air/canopy interface (K)
canopy temperature (K)

precipitation temperature (K)

canopy layer transmittance

wind speed in the canopy (m/s)

weighting coefficients for the flux contribution from source layer j to
sink layer i for leaf distribution £ for a source with a direction given by
0, ¢, and is expressed as the probability of gap when traversing a layer
in direction 7

adjusted wind speed (W' = 2.0 m/s if W is below 2.0 m/s)
total height of canopy (m)

distance from top of canopy to layer mid point (m)
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EXECUTIVE SUMMARY

The one-dimensional dynamic state of the ground model FASST (Fast All-
season Soil Strength) is a state of the ground model developed by Frankenstein
and Koenig (2004) as part of the Army’s Battlespace Terrain Reasoning and
Awareness (BTRA) research program. The ability to predict the state of the
ground is essential to both manned and unmanned vehicle mobility, and person-
nel movement, as well as determining sensor performance for both military and
civilian activities. FASST calculates the ground’s moisture content, ice content,
temperature, and freeze—thaw profiles as well as soil strength and surface ice and
snow accumulation or depletion. The fundamental operations of FASST are the
calculation of an energy and water budget that quantify both the flow of heat and
moisture within the soil and also the exchange of heat and moisture at all inter-
faces (ground—air or ground—snow; snow—air) using both meteorological and ter-
rain data. FASST is designed to accommodate a range of users, from those who
have intricate knowledge of their site to those who only know the site location. It
allows for 22 different terrain materials, including asphalt, concrete, bed rock,
permanent snow, and the USCS soil types. At a minimum, the only weather data
required are the air temperatures.

Vegetation has the potential to alter the soil surface properties. This affects
the operational capacity of infrared sensors that rely on the signal differences
between the target and the background. Also, mobility calculations are based, in
part, on soil moisture. Depending on the soil type, the change in moisture ascrib-
able to vegetation could determine whether the situation is go or no-go.

In its original form, the only effects vegetation had on FASST were to
change the surface albedo and emissivity. Recently, a two tier, multilayer vege-
tation algorithm was added. These can be implemented separately or together.
Both alter the soil surface energy and moisture budgets. As a result of adding
these models to FASST, the method discussed in the original documentation
(Frankenstein and Koenig 2004) for solving the soil surface temperature is no
longer the most suitable whether vegetation is present or not. The current method
is discussed in Section 1.4 below.

In this report we will discuss the energy balance equations used to solve for
the low vegetation, canopy and ground temperatures. In solving these equations,
the effects of precipitation interception and soil moisture modification due to
root-uptake are incorporated.






FASST VEGETATION MODELS

SUSAN FRANKENSTEIN AND GEORGE KOENIG

1 LOW VEGETATION MODEL—SHRUBS,
CROPS, GRASS, ETC.

1.1 Introduction

The energy budget of a simple vegetation layer on a soil surface is modeled
using a steady-state semi-infinite plane parallel model (Deardorff 1978, Balick et
al. 1981b), which is described by the foliage emissivity & and albedo ay, a foliage
height Z and the foliage fractional coverage c;. The vegetation model (in this
section the terms foliage and vegetation are used interchangeably) consists of a
single, homogeneous layer that is infinite in the x and y directions. It incorporates
grasses, shrubs, marsh, tundra, and desert vegetation.

1.2 Vegetation—Atmosphere Energy Model

The sum of the energy terms F¥, consisting of the absorbed solar and infrared
fluxes, the emitted longwave flux, and the sensible heat, latent heat, and precipi-
tation heat fluxes, is equal to zero at each time increment. The solution of the
resulting polynomial equation of degree n, for the foliage temperature 7% (K) is
obtained using a root-finding algorithm. The atmosphere—foliage energy ex-
change is given as

O1€;€,0

(Ty ~T¢)+ He + L

(M

F=0=o;| I}(1-a)+& ] —&0T =P, |+
1

where

o3
|

= ground temperature (K)

g, = ground emissivity
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o = Stefan-Boltzman constant (5.699x10° W/m*K")
1 f = total incoming solar radiation (W/m?)
Ii = total incoming infrared radiation (W/m?)
H; = sensible heat flux (W/m?)
L; = latent heat flux (W/m?)
P; = precipitation heat flux (W/m?)

and ¢, is defined in equation 6. The foliage fractional coverage o, and the short-
wave albedo o, are functions of the vegetation type (high, medium, or low) and
the season (winter, spring, summer, and fall). Default values are listed in Appen-
dix A. If the foliage fraction is not known, it is calculated using the method de-
veloped by Ramirez and Senarath (2000) and is defined as

G, =1—exp(-0.75LAT) grasses
O max T,>298.0
C; = O¢ min T, <273.15 other vegetation

Ot = 1= F (1) [ Ot = Oramn ] 273.15< T, <298.0

2

where

LAI = LA, + F (T, )[ LA, — LI ]

> €)
F(T,)=1.0-0.0016[ 298.0-7, |

The values for LAy, LALnax, Otmax, and O min are given in Table 1. Also
given in Table 1 is SA/, the stem area index. The term LA/ in eq 3 is the leaf area
index for the vegetation. LA/ is defined as the total one-sided leaf (vegetation)
area occupying the horizontally projected area of the vegetation. The LA/ is an
indication of the vegetation overlap and is dependent on the temperature of the
vegetation (eq 3) as parameterized by Ramirez and Senarath (2000).
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Table 1. Low vegetation properties.

Biome high/ Otmax” | Otmin* | LAlpax* LAlin* SIA*
medium/ | (%) | (%) | (m¥md) | (mZm?) | (mim?)
low
crop m 85 25 6.0 0.5 0.5
short grass I 80 70 2.0 0.5 4.0
tall grass m 80 50 6.0 0.5 20
desert I 5 0 2.0 0 0.5
tundra m 60 40 6.0 0.5 0.5
irrigated crops m 80 20 6.0 0.5 0.5
semidesert m 10 0 6.0 0.5 2.0
bog/marsh I 80 40 6.0 0.5 2.0
evergreen shrub h 80 60 6.0 5.0 20
deciduous shrub h 80 50 6.0 1.0 2.0

* Dickinson et al. (1986)

1.2.1 Solar and Infrared Radiation

The first term csflj (1-a) on the right-hand side of eq 1 is the total solar
flux Ij absorbed by the vegetation. The vegetation reflected solar flux is given
by csflsl o and the solar flux transmitted through the vegetation to the underlying
soil is given as Ij (1-o¢) . The total solar flux is one of the meteorological
parameters required to run the models. The vegetation absorbed atmospheric
downwelling longwave flux is given as afcfli . The vegetation longwave
emissivity, g; , is a function of the vegetation type and the season. It is assumed
that the foliage longwave emissivity ¢, is equal to the foliage longwave
absorptivity, a!' . The maximum value of ¢ in the model is 0.96 and the mini-
mum is 0.90. It varies linearly between the two values according to g =
0.90 + F(Tg)[0.96 —0.90] where F(Tg) is given in eq 3. ;" is obtained from the
meteorological database. The vegetation emitted longwave flux is given as
ore;0T; where o is the Stefan-Boltzmann constant and 7; , the vegetation tem-
perature, is the variable for which the equation is being solved. The term given as

C€:€,0
&y (T;—Tf4)

€
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in eq 1 is the radiative exchange between the ground and the vegetation and is
obtained by applying the adding method of radiative transfer to two layers in-
cluding multiple reflections as outlined in Figure 1.

top of low vegetation
; o, fggo'T fé‘fé‘gO'T R Rg fé‘fé‘gO'T R2 Rg
f ’_I_l ’_I_I_IJ
,
ground

Figure 1. Adding method of radiative transfer to two layers
including multiple reflections.

If the longwave emissivity is assumed to equal the longwave absorptivity and
foliage reflectance is defined as R; = (1—¢;) and ground reflectance as R, =
(1-&,), the ground-emitted longwave flux absorbed by the vegetation, including

multiple reflections, is given as (sum the terms indicated in the above figure)
4 2 p2
688,01, (1+ ReR, + R; R, +-+°)

and o accounts for the vegetation density. As R, <1, R; <1 the series can be

approximated and the absorbed flux is given as
4 -1
688,07, (1-R:R,) %
The vegetation-emitted flux, o;e;07; , and the vegetation-emitted flux that is

absorbed by the vegetation, Gfsgch“Rg +---, including multiple reflections, are

depicted in Figure 2.
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top of low vegetation
4 2 T4 2 T4p2
. o017 o&70T R, o &0 ReR,
Tg
ground

Figure 2. Vegetation-emitted flux, and the vegetation-
emitted flux that is absorbed by the vegetation, including
multiple reflections.

Summing the terms gives
o&;0Ty R,(1+ RR, + R;R} +--)— 06,67
and approximating the series as before gives

2 4
ope:0 1 R, 4
—— = —o.g01;
1-RR,

with a little algebraic manipulation, this expression reduces to

o.&.6.0T"
_ 016 8,0 0y (5)
1—RfRg

The total longwave flux emitted and absorbed by the vegetation (sum eq 4 and 5
using the definition for R; and R,) is

CrEi€,0 . .,
g—g(Tg ~T7); & =& +&,— &8, (6)
1

The ground emissivity €, is a function of the soil type and ranges from 0.92 to
0.97.

1.2.2 Sensible Heat Flux

The sensible flux between the vegetation and the air surrounding the vegeta-
tion is given as (Deardorff 1978)
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Hy = (eo +1'1LAIpafcp,aCfVVaf)(T;f -T;) (7
where
e, = windless exchange coefficient for sensible heat (2.0 W/m?) (Jordan
1996)
Cy = bulk transfer coefficient
T,x = air temperature in the foliage (K)

W = wind speed at the air/foliage interface (m/s)
¢pa = specific heat of air at constant pressure (1005.6 J/kg'K).

The air density in the foliage p,s (kg/m®) near the atmosphere—foliage interface is

given as

_ pa +pf (8)

paf 2

where the densities p, and ps (kg/m’) are calculated using the ideal gas law (P, =
pRT), R is the gas constant for air, and P, (Pa) is the measured atmospheric pres-
sure). For p,, T= T, (K) the air temperature measured at the shelter height Z, (m),
and for pg, 7= Tt For the first time step, Tt is set equal to 0.9 T, in order to cal-
culate pr. Air temperature in the foliage (7,¢) is modeled as (Deardorff 1978)

T, =(1-0;)T, +c,(0.3T, +0.6T; +0.1Tg) 9)
Following Deardorff (1978), the bulk transfer coefficient, Cy, is

C, =0.01(1+0.3/W,,) (10)

The wind speed in the foliage is given as

W, =0.83cW'\C! +(1-c, W' (11)

where W' = 2.0 m/s if Wis below 2.0 m/s, otherwise it is set to the ambient wind
speed (Kahle 1977, Hughes et al. 1993). The bulk transfer coefficient C;, at the
top of the foliage is indicative of the transfer of momentum between the atmos-
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phere and the foliage. For conditions of near-neutral stability C; is calculated

using
z.-z\[
cgn{k/m[ - dH (12)
Zy

The roughness length z! (m) is defined as the height where the mean speed, u(z)
(m/s), goes to zero. Default values for the different vegetation types are given in
Table 2. u(z) is given as

rz):&m[i;j (13)

u,is a friction velocity (m/s) and k is von Karmen’s constant (k= 0.4). When
foliage is present, the height at which the logarithmic wind profile goes to zero is
displaced upward by an amount defined as the zero displacement height Z, (m).
The zero displacement height and the foliage roughness length are calculated
from (Balick et al. 1981b)

Z,=0.7012°7

f 0.997 (14)
z, =0.131Z
Z¢ (m), the vegetation height, is a function of the vegetation type (low, middle,
and high) and season, and is hardwired in the code. Default values are listed in
Appendix A. If z} < 0.02 m, then the default value found in Table 2 is used.
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Table 2. Additional low vegetation properties.

. rs,min* Z(f) * _gDT 1 dmax** ar_: br_:

Biome (s/m) (m) [((10°Pa’) (mm) (m™) (m™)
crop 120 0.06 0.0 0.20 5.558 2.614
short grass 200 0.02 0.0 0.20 10.739 2.608
tall grass 200 0.10 0.0 0.20 8.235 1.627
desert 200 0.05 0.0 0.20 4.372 0.978
tundra 200 0.04 0.0 0.20 8.992 8.992
irrigated crops 200 0.06 0.0 0.20 5.558 2.614
Semidesert 200 0.10 0.0 0.20 4.372 0.978
bog/marsh 200 0.03 0.0 0.20 7.344 1.303
evergreen shrub 200 0.10 0.0 0.25 6.326 1.567
deciduous shrub 200 0.10 0.0 0.10 6.326 1.567

*Dickinson et al. (1986)
T http://www.ecmwf.int/research/ifsdocs/CY25r1/Physics/Physics-08-03.html
** Ramirez and Senarath (2000)

1.2.3 Latent Heat Flux

The latent heat flux exchange between the foliage and the surrounding at-
mosphere is given as (Deardorff 1978)

Ly = LAIp Cel W, " (qyr — qr, sat) (15)

where / is either the latent heat of evaporation, /ey,p, Or sublimation, /g, (2.838 x
10° J/kg), depending on the air and surface temperatures; Cy, W, and py are
calculated as before, g, is the mixing ratio of the air at the foliage interface, and
qr. sat 1 the saturated foliage mixing ratio. Balick et al. (1981a) give the latent heat
of evaporation as

evap

T-T
! :2,500,775.6—2369.729{7%273.15} (16)

r" represents the foliage surface wetness and is a function of the air and
stomatal resistance to vapor diffusion. It is given as


http://www.ecmwf.int/research/ifsdocs/CY25r1/Physics/Physics-08-03.html
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=2 (17)

hath

+

where the atmospheric resistance to water vapor diffusion 7, is given as
r,=1/CW,; (18)

The vegetation stomatal resistance to vapor diffusion, r;, is parameterized as
(Chen et al. 1996, ECMWF 2002)

v .
rs __ s,min J(IfZJ(}

LAl
| . 0.0047) +0.005
— =min| 1, D
/ 0.81(0.00415 + 1)
. 0 0,>00r0>0_ (19)
—=3 0-0 =
——% 9 <0<0

f‘2 emax _ er ¥ max

fig, = exp(—gn [ef, sat ~ ])

where 0,, 0.« are the residual and maximum soil moisture contents (m3/m3) re-
spectively, er s, €2 (Pa) the saturated foliage and air vapor pressures, respec-
tively, are described further below and 6, the average root soil water, is

nodes

6=> R0,
p=1

Rp = O'5|:exp(_arzp—l/2 ) + exp(_brzp—l/Z ) - CXp(—aer+1/2 ) - eXp(_brzp+l/2
(20)

R, represents the fraction of roots at node p and 6, is the soil moisture at node p,
both located at a depth of z,. The values of gp, a,and b, for the different vegeta-
tion types are given in Table 2. During periods of full solar loading the stomatal
resistance is low, resulting in an increase in the latent heat exchange, while at
night it is high (IS¢ =0 and f; = 162). In dry areas like Yuma, Arizona, when
there is little or no available soil moisture, 7 will be very large ( f, — « ) and

L —>0.
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Balick et al. (1981b) quantify the mixing ratios as

_0.622¢,

21
“=p e 21

where e, is the vapor pressure (Pa) calculated from the algorithm of Buck (1981)
as

e, = e, RH exp[a(T, —273.16)/(T, - b)] (22)
where ¢’ (=610.78 Pa) is the saturation vapor pressure at 0°C and

3 17.269 over water
"~ 121.8745 over ice/snow

3586 K over water
7.66 K over ice/snow

The mixing ratio of the air in the foliage is (Deardorff 1978, Balick et al.
1981Db)

_ [(1-0)q, +0:(0.3g, +0.6¢; ! +0. lqg’ wM )]

23
Bat 1-6,[0.6(1-r")+0.1(1- M, )] (23)

where gy, s and g, s (saturated ground mixing ratio) are given in eq 21 and 22
with the subscripts f'and g replacing @ and RH = 1 (100%) and M, is the ground
moisture factor (0 <M, <1). A detailed discussion of the calculation of M, is
found in Frankenstein and Koenig (2004).

1.2.4 Precipitation Heat Flux

Following the method of Jordan (1991) gives the precipitation heat flux for a
bare surface as

P=Uc,[T,

(24)
U, =-v, fall rate
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with T, the precipitation temperature defined as the air wet-bulb temperature, c,
either the specific heat of water, ¢, (4217.7 J/kg'K) or ice, ¢,,; (-13.3 + 7.807,
J/kg-K) depending on T, U, the mass precipitation flux (kg/m*s) and Yp the pre-
cipitation density (kg/m®). The fall rate is in meters per second. Equation 24 as-
sumes that all of the precipitation that falls makes contact with the ground. If
vegetation is present, some of this will be intercepted. Of the intercepted pre-
cipitation (/), some will be stored (S.), evaporated (E£¢), transpired (Ey,), or dripped
(D) such that the amount of moisture on the surface of the vegetation is (Dear-
dorff 1978, Sellers et al. 1986)

S.=(I-D—(E;—E,))At (25)
where (Dai et al. 2001, Deardorff 1978)

I=[1.0-exp{-0.5(LAl + Sl )| |5,

Sc _Sc, max S >S
D= At c ¢, max

0

otherwise
_ (26)

and (Ramirez and Senarath 2000, Deardorff 1978)

S, e = 1000d, (LAI + SAI)

¢, max max

27
Ep = LA[paCfVVaf |:qaf _qf,sat]

where

=)
a
I

= 0if gr su> qarelse o, =1
P, = precipitation rate (m/s) (fall rate in eq 24)
SAI = stem area index (m*/m?) (Table 1)
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Se.max = Mmaximum storage capacity (m)
At = time step (s)
E, = potential evaporation (m/s)

dmax = maximum dew depth (mm) (Table 2)

gr.sa, = saturated foliage mixing ratio
qar = foliage/atmosphere mixing ratio.

The transpiration rate is limited by the amount of water that the roots can
uptake (Dickinson et al. 1986)

nnodes _
Ey o =1.5x107 0, ff > R{l—%} (28)
k=1 max  Vr

ff=1if the soil is unfrozen or else ff= 0 and the other terms are as described pre-
viously. If E; > Ey; max, then Ey. = Ey; na and eq 26 is rearranged and solved for 7
before recalculating Ey, the foliage evaporation rate. Putting all of this together
gives the foliage precipitation heat flux as

P =—y,[1.0—exp{-0.5(LAI + SAI)} | Pc,T, (29)

1.2.5 Final Foliage—Atmosphere Energy Equation

Combining eq 1, 7, 15, and 29 gives the final foliage/atmosphere energy
equation

F=0=0, [Ij(l —a) el 0Ty —1,[ 10— exp{-0.5(LAl + SAI)}]RCPTP}

G£:€.0
fgf—g(T; - Tf4) + (eO + l'lLAlpafcp,aCfVVaf)(Taf - Tf)

1
+ LAIpCiW,7"(q s — qr, sat)

(30)

1.3 Foliage—Ground Energy Model

The equation for Fr (eq 30) contains two unknowns: 7t and 7,. To solve for
these quantities, it is necessary to formulate another equation containing at least
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one of the unknown variables. This can be done by formulating the energy flux
exchange at the foliage—ground interface as

f . G,&:E,0
F(T)=0=(1-0,)[ I{(1-a) +¢,I; ~e,0T} |- P, R R
1
oT . (31)
+H, + L +c—=+ lfm&—kAz —ve, T,
Oz p, Ot
where
(1 —op) = radiant and precipitation fluxes not intercepted by the vegetation

a, = shortwave albedo of the ground
Kk = is the soil thermal conductivity at the surface (W/m-K)
ls = latent heat of fusion (J/kg)
pi = density of ice (kg/m’)
pw = density of water (kg/m’)
0 = change in volumetric ice content at the surface
v = amount of water flowing towards/away from the surface (m/s).

Both o, and &, are functions of the soil type and range from 0.23 to 0.40 and 0.92
to 0.97, respectively. The third term in the second row of eq 31 takes care of heat
conduction to and from the surface by the underlying ground, depending on the
temperature gradient. This is followed by the heat released and absorbed by the
soil as the soil moisture melts or freezes. Finally, the last term represents heat
that is advected away from or towards the surface owing to the vertical move-
ment of moisture. The radiant physical processes are the same as those given
earlier but for the foliage—ground interface rather than the atmosphere—foliage
interface.

1.3.1 Sensible Heat Flux

The sensible heat exchange is given as
Hy = (e +PagCpuCiWye ) (T — T,) (32)

where the air density p,, (kg/m’) near the foliage—ground interface is calculated
using the ideal gas law, the atmospheric pressure, and the air temperature in the
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foliage T near the ground. The bulk transfer coefficient for sensible heat C§ is
calculated using the bulk transfer coefficient near the ground Cf, and at the
atmosphere—foliage interface C, , as previously defined (eq 12) for near neutral
stability plus a sensible heat exchange stability correction factor T',

CE =T, [(1-0;)CE +0:Cp, ]
2

ok
in(z,/2%) (33)

In(Z,/Z,)
{r“‘ " ln(Za/zf)}

g _
C‘hn_

The ground roughness length z$ (m) is equal to 0.001 m for all soil types
and 0.0006 m for snow. Because Z, (m), the height of the measured air tempera-
ture, equals Z, (m), the height of the measured wind speed, Cf, reduces to

g =t—— (34)

where the turbulent Schmidt number 7, is hardwired in the code as 0.63 for all
soil types. The term I'; in eq 33 accounts for non-neutral conditions and is

defined as
1.0 Ry, <0.0
(1.0-16.0R, )"
r,= 1.0 Ry, =0.0
1.0 (35)
1.0-5.0R;, 0.0< R, <02

B 282, (Taf - T )

g
ib —

(Taf +Tg)VVazf

where Ry, is the bulk Richardson number and g is the gravitational constant (9.81
m/s?). It is evident from the equation for the bulk Richardson number that its sign
depends on the temperature of the ground relative to the air temperature. For a
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specific air ground temperature difference, an increase in the wind speed will
reduce the absolute value of the bulk Richardson number. For relatively calm
conditions, when the ground is colder than the air, the air near the ground will be
cooled and the atmosphere will be stable, resulting in a decrease in the air—
ground temperature difference and a reduction in the sensible heat flux. If the
ground is warmer than the air, the air will be heated and an unstable atmospheric
condition can develop.

1.3.2 Latent Heat Flux

The latent heat exchange at the foliage—ground interface is given as

Lg = CeglVI/afpag(Qaf - qg) (36)

and

CE =T [(1-6;)CE +0:Cp, ] (37)

I,=T, and C¢ follows the development for C{ with Z, being replaced with Zy,
(m), the height above the ground of the relative humidity measurement, and 7,
with 7 the turbulent Prandtl number (0.71, hardwired in the code). / is either the
latent heat of evaporation, /e, given in eq 16 or sublimation, /g, (2.838 x 10°
J/kg), depending on the air and surface temperatures.

In eq 36 g, is the mixing ratio of the air at the surface and g, is the mixing
ratio of the air at the foliage interface. The mixing ratio g, = Mgy sat (T) +
(1-M,)q.¢ with M, being the moisture factor (0 < M, < 1) and g, . the saturated
mixing ratio. The value assigned to the moisture factor depends on the degree of
saturation of the soil. If it is raining, M, = 1, otherwise, it is equal to the surface
soil moisture content (Frankenstein and Koenig 2004).

1.3.3 Precipitation Heat Flux

The amount of precipitation striking the ground is
P,=PF -1+D (38)

where P, is the precipitation rate, / is the amount intercepted by the foliage, and
D is the amount that drips from the foliage if the moisture on the leaf surface ex-



16 ERDC/CRREL TR-04-25

ceeds its storage capacity. / and D are defined in eq 26. Substituting eq 38 into eq
24, the ground precipitation heat flux (Py) is

P,=—y, (P —1+D)c,T, (39)

1.3.4 Final Foliage—Ground Energy Equation

Combing eq 31, 32, 36, and 39 gives the final foliage/ground energy
equation

F(T,)=0= (l—cf)[lj(l—ag)mg]if —ggcT;:|+'yp (P —1+D)e,T,

C.£.£.0
_£(T: - Tt4) + (eO + pagcp,a\c]fVVaf )(Tat - Tg) (40)
1
o7, p; 09
+ CeglVVafpagMg (qaf - qg, sat) + Ka_Zg + lfus _WEAZ - vcpTg
1.4 Numerical Solution
In order to solve eq 30 and 40, it is assumed that
or,_ (1,-1)
Oz Az
4 3
1, =(1), +4(%), [ %-(%),.] (41)
aq sat
qg, sat = qg,sat((Tg)m_l)_’_# |:T'g _(T'g )m—l:|
g

where T, is the temperature just below the surface and the subscript m — 1 indi-
cates the values of 7, at the previous time step. 7;' and gr. s are also represented
by eq 41, substituting the subscript g with . The above substitutions allow the
linearization of eq 30 and 40, which can then be solved simultaneously for 7; and
T,,. The final equations are thus

cf +czf7; +ciT, =0 (42)
i+ 5T, + 5T, =0
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where

o =o, [13(1 —a,)+edy =, [ 1.0—exp{-0.5(LAl + SAI)}]chTp]

_3 G;€:€,0 (T )4 B 3{_@8& B ct‘gfsgc}(Tf )jn_l
- €

& /m-1
81 1

* Sheat]((l h 07Gf )T; + LAIpafoZVVafr” (1_(;&} qa

1

[ 0.66.7" Gy
+LA[pafolVVafr[ dcfr _1]|:qf,sat((Tf)ml)_(T;) L

m-1
1 0 f

T=(T; )mq :l

Tg:(Tg)m,l

0.lc,M
+LAIp (C AW " ————=

04, o
j 0.((T),) (%), ==
g

1

C:£:€,0
o= 4&(@ );71 +0.10 sheatf

81
0.1c.M_\o
+LAIpafoZWafr"[ o g] T s
dl aTg ‘Tg:(Tg)mA
C,£.£.0
c§:4[—cfgfc— fgf g }(Tf);1+(0.60f—1)sheatf
1

" 5]
“f‘LA]pafolVVafr"[O.6Gfr _IJ qf,sat

dl an |T~:

f (Tt )m,1

(43)
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& =(1-0,)[ 1:(=0) +& 0} |+v, (R =1+ D)e,T, ﬁugr2 +lfu5&%Azl
1

w

e R (A

g g

+sheatg(1-0.70,)T, +p, CEIW, M, (1 _(;7Gf an

1

0.16,M, 0y sa
+pagceglVI/ang[ £ _MgJ qgﬂ sat ((Té)m—l)_(];%)mfl a;" t
1 ¢ TEZ(TE)mJ
0.65,7" 0 o
+pagC§ZVVang [Tf] qf, sat ((Tf )m—l) _(Tf )m—l a;—v :
1 f 7}:(7})“‘4
0.E.€,0
ct :4{_(1_@)%6_“_%}(7;)3 l+(0.1<5f —1)sheatg
g m-
(44)
CEIW M 0.1, M, o 04, o K,
+pag e af g - g ———VCp
! o, ‘T;(Tv) o
0.E.€,0 . "\ O
f=4—"2(T, )3 +0.60,sheatg +p, C*IW .M, 060, | W
3 c £ )mot f agTen TalT e d oT.
1 1 f Tf:(TI')mq

and

d, =1-6,[0.6(1-")+0.1(1-M,)]
sheatf = (eo +1.1LAI pafcp,aCfWaf)
sheatg = (eo + pagcp’aCfWaf)

This method is different from that originally used to solve for the surface
temperature in FASST (Frankenstein and Koenig 2004). There, a fourth order
equation was solved using a Newton-Raphson technique. This method is not used
here because it does not allow for the simultaneous solution of 7, and T+.

1.5 Root Uptake

Plants obtain moisture from both their leaves and roots. Thus, the soil mois-
ture equations in Frankenstein and Koenig (2004) need to be modified. Follow-
ing their nomenclature, the amount of water used at a single node is
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losses(p) =1.5x107 o, ff Ry |y =0 (45)
0Sses =1.0X o —
g P B O,

tr, max

where R, E;. nq are defined in eq 20 and 28, respectively, and ff'= 0.0 if the node
is frozen, otherwise ff'= 1.0.

1.6 Results

At the time of this work, there were no data sets available to the authors that
measure the temperature gradient from above the foliage to the ground. There-
fore, we chose to compare surface temperature and moisture and snow depth pre-
dictions for varying foliage densities. The data set chosen was collected in Gray-
ling, Michigan, from mid-September through November 1992. The soil is a silty
sand (SM). Based on photographs taken there, we used the “tall grass” vegetation

type. Except for vegetation density, we used the default values for all other vari-
ables.

The peaks in soil moisture seen in Figure 3 result from rain. As the vegeta-
tion density increases, the soil response to storm events diminishes. Between
storms, the greater vegetated surfaces exhibit less drying and diurnal fluxuations
are also lost. The vegetation dampens the soil’s response to evaporative forcing.

— 0% —1% 10% 50% 75% ——95%

Surface Moisture (volivol)

270 272 274 276 278 280 282 284
Day of the Year

Figure 3. Soil moisture comparisons for Grayling, Michi-
gan. Vegetation densities range from 0 to 95%. Vegeta-
tion type is “tall grass.”
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The vegetation has similar effects on the ground temperature, as can be seen
in Figure 4. As the foliage density increases, the soil response to surface heating
is dampened. Also, using the information shown in Figure 3, the wetter soil has
lower maximums and higher minimums than the dryer soil.

—0% —1% 10% 50% 75% ——95%

302

N
R}
N

—

Surface Temperature (K)
N N
8 5
3 g
S
2
—

RIRA AL B 1)

272

270 272 274 276 278 280 282 284
Day of the Year

Figure 4. Soil temperature comparisons for Grayling,
Michigan. Vegetation densities range from 0 to 95%.
Vegetation type is “tall grass.”

The variation in snow depth as a function of vegetation density is shown in
Figure 5. It is difficult to discern any trends. During the first and third snow
events, the snow took longer to melt in the bare ground scenario. The default
grass height is 0.40 m in all cases. More studies are needed to better understand
the relationship between vegetation density and snow accumulation.

Figure 6 investigates how the foliage temperature varies as a function of foli-
age density. Also shown on this figure is the air temperature above the foliage.
The higher density grass is warmer than the lower density grass when it is dry.
During precipitation events, the differences are mitigated. It is also seen in Figure
6 that, during the daytime, the air temperature and the foliage temperature are
nearly the same during rain events, but that the air temperature is higher other-
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Figure 5. Snow depth comparisons for Grayling, Michigan.
Vegetation densities range from 0 to 95%. Vegetation type
is “tall grass.”
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Figure 6. Foliage temperature comparisons for Grayling,
Michigan. Vegetation densities range from 1-95%. Vege-
tation type is “tall grass.”
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2 HIGH VEGETATION MODEL—TREES/CANOPY

2.1 Introduction

The canopy model is based on the model developed by Smith et al. (1981) to
investigate temperature and energy gradients within a forest. We chose this
model as a starting point because we already possessed the code. It is a semi-
infinite, steady-state plane parallel energy budget model consisting of three can-
opy layers, an atmospheric layer above the canopy, and a ground layer below the
canopy. The model considers the longwave and shortwave fluxes and the inter-
actions between the various layers, and uses the approach introduced in Section 1
for the canopy sensible heat, /7, and evapotranspiration (latent heat), L , flux cal-
culations. Unlike Smith et al. (1981), a precipitation heat term, P, is included in
the canopy energy balance. The model also incorporates the orientation and dis-
tribution of leaves in the canopy layers.

2.2 Canopy Energy Model

The general form of the energy budget equation consisting of five sink (i)
and five source (j) layers is given as

i 4 . N4 ; ; 4 5
r :O:Zs: AC(JifS“mJZ;gg(TCJ) S, +£gGTg4Si5J—c£C(TC) ;Ski 6

i=1

+a' I’ +H + [ - P

where the last term represents the precipitation heat, second and third terms on
the second line represent the turbulent heat fluxes, the first term on the second
line is the shortwave radiation flux, and the other terms capture the longwave

radiation flux. € ,a! and 4! are the canopy emissivity, and shortwave and long-

wave absorption coefficients of layer i, I© (W/m?) is the incoming longwave
radiation, 7' (W/m?) is the incoming shortwave (solar) radiation, 7" (K) is the
canopy layer i temperature, o is the Stefan-Boltzman constant (5.699x10°*
W/m*K*), and Sij is the longwave transfer matrix between sink layer i and source

layer j. Figure 7 depicts the schematic for the canopy model.

The longwave absorption coefficients are unique in that these coefficients are
relative to the infrared flux at the top of the canopy rather than the infrared flux
at the top of the individual canopy layers. The absorption coefficients are calcu-
lated using a Monte Carlo technique and include the effects of multiple scatter-
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ing. Currently, the Monte Carlo technique used to compute the absorption coeffi-
cients is not part of the software. These coefficients for a needle leaf, broadleaf,
and mixed canopy have been calculated using software developed by NASA."
These should not be changed without running a suitable radiative transfer or
Monte Carlo model for the desired canopy geometrical and optical properties.

Ny

Atmosphere 1
Canopy layer 1 l z, 2

Z Canopy layer 2 3
Canopy layer 3 4
Ground 5

Figure 7. Source and sink layers for the canopy model.

2.2.1 Infrared Radiation

The atmospheric downwelling longwave (infrared) flux at the top of the can-
opy I absorbed by canopy layer i is siI#S“ . The longwave absorptivity is equal
to the longwave emissivity . and varies seasonally. The summer/winter values
are 0.99/0.99, 0.97/0.90, and 0.98/0.94 for the top two layers for the needle leaf,
broadleaf, and mixed leaf canopies, respectively. The lowest layer in all seasons,
for all canopy types, is 0.90. S;,is the longwave transfer matrix for the convey-
ance of atmospheric flux between the atmosphere (j = 1), the canopy layers (i =
2,3,4) a£1d the ground (i = 5). The longwave flux emitted by canopy layer j
[oe) (TCJ) J or the ground (o,T,') and absorbed by canopy layer i, is
eloe] (TCJ) S;; for the canopy layer emitted flux and siccngg“SiS for the ground
emitted flux. Again, Sj; is the longwave transfer matrix for the flux emitted by
canopy layer j, or the ground (j = 5), and absorbed by the other layers. The long-
wave transfer matrix is a function of Cj, the fraction of emitted flux from a
source layer j that is intercepted by a foliage element a4 inclined at angle d0,
within layer i (Smith and Goltz 1994) and is given as

" Personal communication with James Smith, National Aeronautics and Space
Administration, 1994
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9
S; = 2. C “7)
k=1
The summation in eq 47 is over the leaf slope angle, 0y , from 5.0 to 85.0
degrees in 10.0 degree increments. Cjj is given as

I/Vijrderd(i)r (48)

i

I on
C.=12
ijk 0 Jo

The weighting coefficients Wj;, are defined as

0 j=1
j-1
W =[1-R () ][ R(kr) 2<j<4 (49)
k=i+1
Jj-1
F, (k,r) j=5
k=i+1

k=j+1
i—1
W =1 [1= R ()T R(kr) 2<)<4 (50)
0 Jj=3

R [1-B )] Bter) i<
Wy =12[1-R"(jr)] i=j (51)

P (l',’”)l:l_Po(j’r)Jkﬁ Po(k,r) i>j

where 2 <i<4ineq 51 and Py(i,r) is the probability of gap for canopy layer i in
direction 7. Wj;, is the flux contribution from source layer j to sink layer i for leaf
distribution & for a source with a direction given by 0,, ¢, and is expressed as the
probability of gap when traversing a layer in direction 7. The unit vector 7 is
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defined in terms of sin 0, cos ¢, sin 0, sin ¢, cos 0,. The unit vector a in eq 48
represents the orientation of the foliage at leaf slope angle 6,. The probability of
gap, assuming no azimuthal dependence, is

P,(i,7) = P,(i,0,) = exp[LAI'g(i,0,) M sec9, ] (52)

where M is the Markov clumping factor (0 — 1). g(i, 6,) is the mean layer
projection in direction 0,

g

2(i.0,)= [2K(0,.8,) £,.d0, (53)

There are a total of six leaf slope distribution functions, fi, (Verhoef and
Bunnik 1975) available. These distributions are:

1. Planophile fu = % [1 +cos (26k )] mostly horizontal
2. Erectophile fo = % [1 —cos(26, )] mostly erect
3.Plagiophile  f, = % [1—cos(46,)] mostly 45°

4. Extremophile f;, = % [1 +cos (46, )} mostly horizontal and vertical

5. Uniform fi = A all possible inclinations
6. Spherical fy =sin0, mostly rounded
(34
The kernel, K (8,, 0y) in eq 53 is defined as
gcos 0, cosO, 0, < I 0,
i 2
K(0,.6,)= (35)

2
(gj cos 6, cos0, [d)k’ - I _tan ¢k'} 0, > I 0,
i 2 2
and

¢, =cos™' (—cotB, cot,) (56)
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The Leaf Area Index LAI' for each canopy layer is calculated in the same
manner as for the low vegetation (see Section 1.2, eq 3). Default values for the
minimum and maximum LA/ " are given in Table 3.

Table 3. Canopy properties.

. of,max* of,min* LA!maxz* LAZImin; sf\’kz

Biome (%) (%) (m*“/m”) (m*/m%) (m*“/m”)
evergreen needle-leaf 80 70 5.0 5.0 2.0
deciduous needle-leaf 80 50 6.0 1.0 20
deciduous broadleaf 80 50 6.0 1.0 20
evergreen broadleaf 90 40 6.0 5.0 20
mixed woodland 80 60 6.0 3.0 20

* Dickinson et al. (1986)

The term Ale,oT, S5 in eq 46 is the ground emitted longwave flux (&,0T;' )
that is transferred (Sjs) from the ground and is absorbed by the canopy layers (i =
2,3,4) and the atmosphere (i = 1). The calculation of the ground temperature 7, is
described in Frankenstein and Koenig (2004) and in Section 1.4.

The canopy layer emitteq‘ flux, which represents a loss of energy from the
canopy, is given as —oe. (Tc‘) in eq 46. The presence of a canopy modifies both
the longwave and shortwave fluxes reaching the ground under the canopy. These
modified fluxes are calculated from the measured fluxes at the top of the canopy,
the canopy layer emitted fluxes, and the geometrical and optical properties of the
canopy. The geometrical properties of the canopy are expressed in terms of the
probability of gap and the probability of interception, as discussed above. The
downwelling longwave flux at the ground, 7 ig underneath the canopy is given as

c

Il =1's, +cz4:sj(Tj)4 S,; (57)
j=2

This is taken as the incoming infrared radiation in eq 1 and 31 if a canopy
layer is present. In other words, we can model any surface beneath a canopy
layer.

2.2.2 Shortwave Radiation

The shortwave flux absorbed by canopy layer i is given as a'I where I is
the measured total solar flux at the top of the canopy. Expanded, it is written as
(Smith and Goltz 1994)
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al’ =(1—‘Pi)[Si1 +25:Bjsij}15 (58)
j=2

i {1—(Rei+Tri) i=23,4
yi—
a, i=5

and Re' and Tr' are the canopy layer reflectance and transmittance respectively. Oy
is the ground albedo as described earlier and Bjis the radiosity of layer ;.

The total solar flux reaching the ground, I*,, under the canopy is given as

s,.g

4
I,=1I [Ssl - ZBJ.SSJ} (59)
j=2

Similar to the longwave radiation reaching the ground beneath a canopy, this
is taken as the incoming shortwave radiation in eq 1 and 31 if a canopy layer is
present.

2.2.3 Sensible Heat Flux

Following the technique of Deardorff (1978) and Dickinson et al. (1986) as
described in Section 1.2.2, the sensible heat flux (W/m?”) for canopy layer i is

H = (e, +1.1LAI'p}c, CW ) (T~ T) (60)
where e, ¢,, are as defined before. p!, (kg/m®), the air density at the air—canopy
interface, is calculated using the ideal gas law, the atmospheric pressure, the air
temperature at the air—canopy interface 7. (K), and the canopy temperature T,
(K). The wind speed in the canopy, W, (m/s), is

W =W’exp(—1.1%) (61)

c

Z.(m) and Z, (m) are defined in Figure 7 and W', the wind speed at the top of

12
the canopy, is described in Section 1.2.2. C! is calculated according to eq 10,

replacing W,e with W . Default values for parameters needed to calculate C! are
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given in Table 4. Following the method of Deardorf (1978), the air temperature

in the canopy, 7., is given as
T, =(1-0\)T, + 0. (0357, +0.65T; ) (62)
i Zy
T =T,exp| 0.057% (63)

For the first time step, the canopy layer temperatures are initialized to 90% of
the air temperature. The air temperature and wind speed of the bottom layer are
used as inputs in eq 1 and 31 if a canopy layer is present.

Table 4. Vegetation properties continued.

r. s,min* ZS * gDJr dmax** arT brT

Biome (s/m) (m) |(107°%Pa’") (mm) (m™) (m™)
evergreen needle- 200 1.00 0.3 0.25 6.706 2175
leaf
deciduous needle- 200 1.00 0.3 0.10 7.066 1.953
leaf
deciduous broadleaf 200 0.80 0.3 0.10 7.344 1.303
evergreen broadleaf 150 2.00 0.3 0.25 5.990 1.955
mixed woodland 200 0.80 0.3 0.20 4.453 1.632

*Dickinson et al. (1986)
T http://www.ecmwf.int/research/ifsdocs/CY25r1/Physics/Physics-08-03.html
** Ramirez and Senarath (2000)

2.2.4 Latent Heat (Evapotranspiration) Flux

As for the sensible heat flux, the evapotranspiration is formulated following
the method of Deardorff (1978) and introduced in Section 1.2.4. It is

1L = LATp, CWL (1) (4l 4! ) (64)
where
(1 - Gi)q; +o (0.35(];l + 0.65(1;i )” qi, Satj

1-0.656 [1 ~(r )}

i

Qoe =

(65)


http://www.ecmwf.int/research/ifsdocs/CY25r1/Physics/Physics-08-03.html
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In eq 64 / is the latent heat of evaporation (calculated according to eq 16) or
sublimation depending on the temperature and (rci )” is the foliage wetness charac-
terization. It is calculated using eq 17-22 making the appropriate substitutions
and replacing the relative humidity, RH with

RH' = 100+(RH—100)exp[—5.5%J (66)

c

The relative humidity of the bottom layer is used as input in eq 1 and 31 ifa
canopy layer is present.

2.2.5 Precipitation Heat Flux

The precipitation heat flux follows the same procedure outlined in Sections
1.2.4 and 1.3.4. For each canopy layer, it is

P ==, 10— exp{-0.5(LAl' +S4I' )} | Fie, T, (67)

c

where P' = P, for the top layer (i =2) and P' = P™' - I'"' + D" for the lower layers
(i=3,4). All terms are as described earlier.

2.3 Numerical Solution

Combining eq 46, 58, 60, and 64 gives the final form of the energy equation
for the canopy

A (Ijsﬂ + ci el (T))'s, + ngT;SiSj ~oel () 35,

5
j=2 k=1
5
F 0= 23: +(1—\Pi){sﬂ +;Bjsij}15

(e +11LAL'D} e, CIEN(T, ~ T~ LAL'pL CIE (1) (g~ )

pa ¢ ac

1.0 [I.O—exp{—O.S(LAIi + SAP)}}RiCpr l
) (68)

Equation 68 is solved using an iterative Newton-Raphson technique (Burden
etal. 1978).
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2.4 Root Uptake

Quantification of water uptake by the canopy roots follows the procedure
outlined in Section 1.5, eq 45, with o replaced by ., where 6. is the maximum
canopy density.

2.5 Results

As with the low vegetation model, we tested the high vegetation (canopy)
model using data collected in Grayling, Michigan, during the fall of 1992. Again,
only surface conditions were measured. Table 5 lists the input variables used.
The values listed for foliage type, Markov clumping factor (M), shortwave ab-
sorption (a! ) and longwave emissivity (€. ) are the values used for the SWOE
(Smart Weapons Operability Enhancement) canopy studies carried out at Gray-
ling, Michigan, for a deciduous forest (Welsh 1994). Our vegetation type is
broadleaf deciduous. The mean canopy density varies between 50 and 80% (see

eq 2).

Table 5. Canopy layer inputs for Grayling, Michigan, test.

La}/er F(:)I;:ge WAL M Thlt(:ll:‘r;ess Re! .y AC' Sic
6 4.75 1.0 5.0 0.3 0.1 0.255 0.98
6 3.25 1.0 5.0 0.3 0.1 0.046 0.98
3 6 1.10 1.0 5.0 0.2 0.5 0.038 0.98

Figure 8 shows the surface soil moisture predictions with and without a for-
est canopy. The results are similar to the low vegetation results in that the soil is
drier under the canopy when it rains but wetter between storms than the bare soil
scenario. This is because some of the precipitation is being intercepted by the
canopy, yet after the storm is over, the trees shelter the soil, decreasing surface
evaporation. The tree roots also act to retain moisture in the soil. After day 290 in
Figure 8, the bare soil case is wetter. This is caused by greater snow accumula-
tion and thus greater snow melt infiltration in the absence of a canopy.

The soil surface under a canopy is, in general, warmer during the night and
cooler or the same during the day as is seen in Figure 9. The diurnal variation is
smaller under the canopy than for bare ground. This was also seen in the low
vegetation scenario discussed in Section 1.6, although to a greater extent for the
same foliage density. We believe that this is a result of the distance of the vege-
tation from the soil surface.
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Figure 8. Comparison of surface moisture for the no vege-

tation case vs. a broadleaf deciduous canopy for Grayling,
Michigan.

305

300 {\

290

N
3
&
]

Ground Temperature (K)

N
@
a

280

275
270 271 272 273 274 275 276 277 278 279 280
Day of the Year

Figure 9. Comparison of surface temperature for the no

vegetation case vs. a broadleaf deciduous canopy for
Grayling, Michigan.

Figure 10 shows the temperature profile through the canopy, beginning with
the air temperature above the canopy, then a representative top, middle, and
bottom canopy temperature, and finally the soil surface temperature. Little
difference is seen between the air temperature and the canopy temperatures,
especially at night. During the peak daytime temperatures, there is approximately
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1 K difference. The ground is noticeably warmer. The canopy appears to be
acting as an insulator.
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Figure 10. Temperature profile from above the canopy to
the soil surface, including three canopy temperatures for
Grayling, Michigan.
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3 COMBINED LOW AND HIGH VEGETATION MODEL
RESULTS

It is not uncommon for the forest floor to be covered with low vegetation.
We, therefore, decided to run a simulation combining the broadleaf deciduous
canopy with the tall grass scenes discussed in Sections 1.6 and 2.5. The low
vegetation density is 78%. The results can be seen in Figures 11-14.

The most notable change when combining the canopy and grass layers in the
soil moisture is the decreased soil moisture during storm events. As can be seen
in Figure 11, this is almost entirely due to the low vegetation that intercepts much
of the precipitation. As was previously seen, the roots tend to mitigate the diurnal
variations and prevent the soil from drying to the extent of the bare soil case.

—no veg — canopy + low veg —— canopy — low veg

Surface Moisture (vol/vol)

0.04 T T T T T T
258.5 263.5 268.5 2735 278.5 283.5 288.5

Day of the Year

Figure 11. Soil moisture comparison for Grayling, Michigan.

Surface temperatures for each of the scenarios are shown in Figure 12. As
with the soil moisture, the low vegetation appears to influence the soil tempera-
ture more than the canopy. For instance, on day 278 the maximum and minimum
surface temperatures (K) for the bare soil, canopy only, low vegetation only, and
combined forecasts are 296.78-277.69, 297.56-280.21, 287.53-277.71 and
290.34-279.33, respectively. This could be due to the proximity of the foliage to
the soil and the presence of low clouds during the middle of the day (1300-1800
hours).
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——no veg —— canopy + low veg —— canopy —— low veg
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Figure 12. Soil surface temperature comparison for Gray-
ling, Michigan.
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Figure 13. Temperature profile from above the canopy to
the soil surface, including three canopy temperatures and
a low vegetation temperature for Grayling, Michigan.

As with the canopy itself, the canopy and now grass temperatures closely
follow the air temperature as is seen in Figure 13. One notable difference be-
tween Figures 10 and 13 is that the peak soil surfaces are much cooler in the
combined scenario than in the tree only simulation. During the day, the ground
surface temperature closely follows the air temperature, similar to the vegetation,
but during the night the soil is warmer than the air. The only exception to this
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occurs during rain events where the soil is warmer than the air and foliage during
the day, as can be seen around day 283.

The disparity in snow depth seen in Figure 14 is due to the difference in soil
surface temperature between the different scenarios. As the canopy simulation
has the warmest soil, it has the least snow accumulation.
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Figure 14. Snow depth comparison for Grayling, Michigan.
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APPENDIX A: DEFAULT MODEL VALUES

Table A1. Low Vegetation Model.

Variable low medium high
(1 = AP)min 0.70 0.70 0.70
(1 - Ap)max 0.85 0.85 0.85
Ztmin (CM) 5 35 85
Zt max (cm) 50 60 85
Fe.max (S/M) 500 500 500
Variable = Variable,, — (1.0 — f)(Variable,,x — Variabley,)
£=1.0-0016[298.0-7,]
Table A2. High Vegetation Model.
Evergreen Deciduous Evergreen Deciduous
Variable Needle-leaf | Needle-leaf Broadleaf Broadleaf Mixed
Z. (m) 25.5 36.0 21.0 31.5 30.0
layer 11.7 16.8 9.5 14.2 14.0
E*r‘r‘]‘)"‘”ess 12.8 18.2 10.5 15.8 15.0
1.0 1.0 1.0 1.5 1.0
LAI factor 0.35 0.35 0.35 0.35 0.35
0.45 0.45 0.45 0.45 0.45
0.1 0.1 0.1 0.1 0.1
I's,max (/M) 500 500 500 500 500
fix 6 6 6 6 6
6 6 6 6 6
6 6 6 6 6
M 0.5 0.5 0.5 0.5 0.5
0.5 0.5 0.5 0.5 0.5
1.0 1.0 1.0 1.0 1.0
4 0.229 0.229 0.255 0.255 0.242
¢ 0.214 0.214 0.046 0.046 0.130
0.079 0.079 0.038 0.038 0.058
Sic: 0.99, 0.99 0.99, 0.90 0.97,0.90 0.97,0.97 0.98, 0.90
. 0.99, 0.99 0.99, 0.90 0.97,0.90 0.97,0.97 0.98, 0.90
max, min 0.90,0.90 | 0.90,0.90 | 0.900.90 | 0.90,0.90 | 0.90,0.90
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Evergreen Deciduous Evergreen Deciduous
Variable Needle-leaf | Needle-leaf | Broadleaf Broadleaf Mixed
Re': 0.28,0.28 0.28, 0.21 0.28, 0.26 0.26, 0.26 0.28,0.24
max, min 0.28,0.28 0.28,0.21 0.28,0.26 0.26, 0.26 0.28,0.24
0.28,0.28 0.28,0.28 0.28,0.28 0.28, 0.28 0.28,0.28
T 0.150, 0.150, 0.150, 0.150, 0.100,
min, max 0.150 0.001 0.001 0.150 0.001
0.150, 0.150, 0.150, 0.150, 0.100,
0.150 0.001 0.001 0.150 0.001
0.001, 0.001, 0.001, 0.001, 0.001,
0.001 0.001 0.001 0.001 0.001

LAI' = o, (LAI factor)

sic . T ¥ = Variable,, — (1.0 — f)(Variable,,,, — Variable,,;,)

Ré' = Variable, + (1.0 — f)(Variable,,,, — Variable,,,)

£=1.0-0016[298.0-7,
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