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ABSTRACT

While land-atmosphere transfer models have been pursued for over 30 years, Soil-Vegetation~Atmosphere-
Transfer (SVAT) models are gaining attention only recently as the need to better represent the interaction between
the soil and atmosphere in atmospheric circulation models becomes more apparent. The Simultancous Heat and
Water (SHAW) model, a detailed physical process model, simulates the effects of a multispecies plant canopy
on heat and water transfer at the soil-atmosphere interface. The model was used in this study to simulate the
surface cnergy balance and surface temperature of two vegetation communities using data collected during the
Monsoon ‘90 multidisciplinary field experiment. The two vegetation communities included a sparse, relatively
homogencous, grass-dominated community and a shrub-dominated site with large bare interspace arecas between
shrubs. The model mimicked the diurnal variation in the surface energy balance at both sites, while canopy leaf
temperatures were simulated somewhat better at the relatively homogeneous grass-dominated site. The variation
in surface fluxes accounted for by the model (i.e.. model efficiency) ranged from 59% for latent heat flux at the
shrub-dominated site to 98% for net radiation at both sites. Model efficiency for predicting latent heat flux at
the grass-dominated site was 65%. Canopy leaf temperatures for the shrub-dominated site were consistently
overpredicted by 1.8°C compared to measured values. Simulated soil surface temperatures at both sites had a
model efficiency of 94% and a mean bias crror of less of than 0.9°C. The ability of the model to simulate canopy
and soil surface temperatures gives it the potential to be verified and periodically updated using remotely sensed
radiometric surface temperature and soil moisture when extrapolating model-derived fluxes to other arcas. A
methodology is proposed whereby model predictions can be used with a combination of remotely sensed ra-
diometric surface temperature and surface soil moisture to estimate soil water content within the rooting depth.

standing of this interaction (Henderson-Sellers et al. 1995).
Simplified approaches to simulate energy and mass trans-
fer from vegetated surfaces have represented the canopy
and underlying substrate as a single source. This approach
was shown to be inadequate for areas with sparse vege-

1. Introduction

Researchers have struggled with describing heat and
mass transfer between the atmosphere and vegetated sur-
faces for 30 years (Waggoner and Reifsnyder 1968). How-

ever. transport of mass and energy between the land and
atmosphere is an increasing area of interest as the need to
better represent surface-atmosphere interactions in climate
and atmospheric circulation models becomes apparent. As
a result, surface energy balance models, known as Soil-
Vegetation-Atmosphere-Transfer (SVAT) models, have
been attracting attention as a tool to gain a better under-
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tation (Blyth and Harding 1995), and many two-source
models have been developed (van Bavel et al. 1984; Dick-
inson et al. 1986; Lascano et al. 1987; Horton 1989; Luo
et al. 1992; Massman 1992; Nichols 1992; Huntingford
et al. 1995; Inclan and Forkel 1995; Mihailovi¢ and Ruml
1996). In general, the two-source SVAT models typically
represent the canopy as a single layer and the underlying
substrate as a second source, giving much attention to
radiation dissipation within the canopy and bulk acrody
namic transfer.

With the expanding availability of remotely sensed data,
SVAT models are being developed to use remotely sensed
surface soil moisture or radiometric surface temperature
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as either input or as a validation of the model (Kustas and
Norman 1996; Burke et al. 1997). However, the radio-
meltric temperature of a vegetated surface depends on the
temperature profile within the canopy and the surface tem-
perature of the substrate (Lagouarde et al. 1995; Norman
et al. 1995). To simulate vertical temperature distribution
within the canopy and substrate, it becomes necessary to
simulate the movement of energy and mass within a can-
opy (Norman et al. 1995). Waggoner and Reifsnyder
(1968) developed a multilayer canopy approach to sim-
ulate temperature and humidity profiles within a plant can-
opy, but this model required measured net radiation for
each canopy layer. As a result, models using a multilayer
canopy representation of heat, mass, and radiative transfer
have been developed (Sellars et al. 1986; van Griend and
van Boxel 1989; Flerchinger and Pierson 1991).
Flerchinger and Pierson (1991) and Flerchinger et al.
(1996b) presented additions made to the Simultaneous

Heat and Water (SHAW) model to simulate heat and water -.

movement through a multispecies plant canopy using a
multilayer representation within the canopy. The SHAW
model is a detailed process model that simulates heat and
water movement through a plant-snow-residue—soil sys-
tem and was originally developed by Flerchinger and Sax-
ton (1989) to simulate coupled heat and water movement
related to soil freezing and thawing. Flerchinger et al.
(1996b) applied the model to simulate surface energy flux-
es across a watershed. The purpose of this paper is to
further test the ability of the model to simulate the temporal
surface energy balance and surface temperatures of dif-
ferent vegetation communities within a semiarid watershed
and to explore avenues whereby the model can be used
in combination with remotely sensed data. The ability of
the model to simulate surface temperature gives it the
potential for being periodically updated using satellite ob-
servations of radiometric surface temperature, such as that
available from NOAA AVHRR (National Oceanic and
Atmospheric Administration Advanced Very High Reso-
lution Radiometer) and GOES (Geostationary Operational
Environmental Satellite), and to extrapolate model-derived
fluxes to basin and regional scales. Because radiometric
surface temperature of sparse vegetation is strongly con-
trolled by surface soil moisture, it may be necessary to
couple these with remotely sensed surface soil moisture
that may be available from microwave radiometers
(Schmugge et al. 1994). The model was applied to data
collected as part of the Monscon 90 multidisciplinary field
campaign described by Kustas and Goodrich (1994).

2. The SHAW model

The physical system described by the SHAW model
consists of a vertical, one-dimensional profile extending
from the vegetation canopy, snow, residue, or soil surface
to a specified depth within the soil (Fig. 1). The system
is represented by integrating detailed physics of a plant
canopy. snow, residue, and soil into one simultaneous so-
lution. including detailed provisions for soil freezing and
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FiG. 1. Physical system described by the SHAW model. (7, is tem-
perature, « is wind speed, A, is relative humidity, S, is solar radiation,
i is precipitation, T, is soil temperature, and 8, is water content.)

thawing. Daily or hourly weather conditions above the
upper boundary and soil conditions at the lower boundary
are used to define heat and water fluxes into the system.
A layered system is established through the vegetation
canopy, snow, residue, and soil, with each layer repre-
sented by a node in a finite-difference representation by
which the interrelated heat, liquid water, and vapor fluxes
between layers are determined. The model is capable of
simulating several different intermixed plant species si-
mulianeously, including standing dead plant material.

a. Simulation of the surface energy balance

The interrelated energy and water fluxes at the surface
boundary are computed from weather observations of air
temperature, wind speed, relative humidity, and solar ra-
diation. The surface energy balance may be written as

R,+H+LE+G=0, ()

where R, is net all-wave radiation (W m~2), H is sensible
heat flux (W m-2), L E is latent heat flux (W m2), G
is soil or ground heat flux (W m~2), L, is latent heat of
evaporation (J kg~!), and E is total evapotranspiration

from the soil surface and plant canopy (kg m~? s”4);=~

where all fluxes are positive toward the surface.

Net all-wave radiation is determined by computing
solar and longwave radiation exchange between canopy
layers. residue layers, and the soil surface and consid-
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ering direct, and upward and downward diffuse radia-
tion being transmitted, reflected, and absorbed. Trans-
missivity to radiation for each canopy layer is calculated
based on leaf area index and leaf inclination, as de-
scribed by Flerchinger et al. (1996b). Albedo of the
plant leaves are input to the model, and soil surface
albedo is related to surface water content. Incoming
longwave radiation is computed using input air tem-
perature and an average daily cloud cover estimated
from observed solar radiation, as described by Fler-
chinger et al. (1996a).

Sensible and latent heat flux components of the sur-
face energy balance are computed from temperature and
vapor gradients between the canopy-residue-soil sur-
face and the atmosphere. Sensible heat flux is calculated
from (Campbell 1977)

r-1,)

H

H= —p,c, v
where p,, c,, and T, are the density (kg m~?), specific
heat (J kg~! °C-'), and temperature (°C) of the air at
reference height z,; T is the temperature (°C) of the
exchange surface, taken as air temperature within the
first canopy layer; and r,, is the resistance to heat trans-
fer (s m~') corrected for atmospheric stability. Latent
heat flux associated with transfer of water vapor from
the exchange surface to the atmosphere is given by

LE = —L,,(p“:—p"). 3)

L

where p, and p,, are vapor density (kg m~*) of the
exchange surface and at the reference height, and the
resistance value for vapor transfer, r,, is taken to be
equal to r,. Further details of sensible and latent heat
transfer are given by Flerchinger et al. (1996b).

Ground heat flux, computed from the residual of the
energy balance, must satisfy the solution of the heat flux
equations for the entire residue/soil profile, which is
solved simultaneously and iteratively with the surface
energy balance. Heat and water flux equations for can-
opy. snow, residue, and soil layers are written in implicit
finite difference form and solved using an iterative New-
ton-Raphson technique. Partial derivatives of the flux
equations with respect to the unknown end-of-time-step
values are computed from which the Newton—-Raphson
approximations for the unknown values are computed.
Iterations are continued until successive approximations
of temperature and water (vapor density within the can-
opy and residue, and water potential in the soil) are
within a prescribed tolerance defined by the user. Details
of heat and water flux equations for the residue and soil
are given by Flerchinger and Saxton (1989).

b. Processes within the canopy

Heat and vapor fluxes within the canopy are deter-
mined by computing transfer between layers of the can-
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opy and considering the source terms for heat (H,,) and
transpiration (E,;) from the canopy leaves for each layer
() within the canopy. Gradient-driven transport, or K
theory, is used for transfer within the canopy. Lagran-
gian approaches for modeling turbulent transport pro-
cesses within the canopy have been successfully applied
by some (e.g., Raupach 1989) as an altemnative to K
theory since studies indicate that K theory is not ap-
plicable in the canopy air space (Denmead and Bradley
1985). However, Lagrangian approaches are not yet
ready for general application as further details need to
be worked out, for example, limitations in simulating
nighttime fluxes. Nevertheless, many have found K the-
ory particularly useful for simulating transport pro-
cesses within the canopy (van de Griend and van Boxel
1989; Goudriaan 1989; Nichols 1992; Huntingford et
al. 1995), while other studies indicate relatively small
differences in flux predictions between Lagrangian and
K theory (e.g., Dolman and Wallace 1991). Thus, heat
flux and temperature within the air space of the canopy
is described by

d aT aT
— k — + H = -,
aZ( aca faz) ! paca a, (4)

where z is height above the soil surface (m), %, is a
transfer coefficient within the canopy (m? s-'), and H,
is heat transferred from the vegetation elements (leaves)
to the air space within the canopy (W m~3). (The above
equation does not include the adiabatic lapse rate, which
is negligible for the vertical distances considered in the
model; additionally, the heat storage term included in
the above equation is negligible and not considered in
the model.) Vapor flux through the canopy is written
similarly to the heat flux equation:

af dp, ap,
—(k =) + E, = =,
az( ‘az) E == (5)

where E, is transpiration from the leaves within the can-
opy (kg s~' m~3). Transfer of heat and vapor within the
canopy is dependent upon location within the canopy,
and several approaches for computing the transfer co-
efficient k, have been developed. Flerchinger and Pier-
son (1991) used the following expression above the zero
plane displacement d:

k, = kuy(z — d + z,)/$,, 6)
and for heights less than d,
k, = kuez,ld,, )]

where k is von Kadrmdn’s constant, wu, is the friction

velocity (m s~'), z is height above the residue or soil:-

surface (m), d is the height of the zero plane displace--
ment (m), z,, is the thermal surface roughness parameter
(m). and ¢, is a diabatic correction factor dependent on
the Richardson number computed from H. Use of an
alternative expression employed by van de Griend and



452

JOURNAL OF APPLIED METEOROLOGY

VOLUME 37

Ta’ pm

FiG. 2. Physical representation of water flow through a plant in response to transpiration demands.
(Here p, is vapor density at the ground surface, and r, is resistance to vapor transfer within the canopy
and equal to AZk,; all other symbols are defined in the text.)

van Boxel (1989), Nichols (1992), and Huntingford et
al. (1995) is discussed in the appendix.

Heat transfer from the vegetation elements (leaves)
to the air space within a canopy layer for a given plant
species (W m~?) is computed from

(Tu -T)

Thi

Hl.l —pacaLl (8)
Here. L, T,,, and T, are leaf area index, leaf temperature,
and air temperature within canopy layer i, and resistance
to convective transfer from the canopy leaves per unit

leaf area index, r,,, is computed from (Campbell 1977)

n
= 307(1') .
u;

where d, is leaf dimension (m), u; is wind speed within
the canopy layer (m s™'), and 307 is a coefficient (s'?
m~") for the thermal diffusivity and viscosity of air. Leaf
temperature for each layer within the canopy (7,,) is
determined from a leaf energy balance of the canopy
layer. assuming the leaves within the canopy have neg-
ligible heat capacity:

R,,+H,+ LE, =0 (10)

Here. R, is net all-wave radiation for the leaf surfaces
within canopy layer i for a given plant species (W m~2).
Water uptake, transpiration, and leaf temperature are
coupled through the energy balance of the leaf, which
is calculated for each plant species within each canopy
laver. The leaf energy balance is computed iteratively

(&)

with heat and water vapor transfer equations (Egs. (4)
and (5)] and transpiration within the canopy.
Transpiration within a canopy layer, E,; (W m™2), is
determined assuming a soil-plant-atmosphere continu-
um. Water flow is calculated assuming continuity in water
potential throughout the plants, as illustrated in Fig. 2,
and may be calculated at any point in the plant from

E 'p:.m 'le 2 d’x 4’“ Z pp ..+ rpu.l L,
mol ,,,, i=l 1,,‘ i=} hi
an

Here, T is total transpiration rate (kg m~? s™') for a
given plant species; ¢, ., ¥,, and ,; are water potential
(m) in layer m of the soil, in the plant xylem, and in
the leaves of canopy layer i; r,,, and r,; are the resistance
to water flow (m? s kg~') through the roots of layer m
and the leaves of layer i; p,,; and p,; are the vapor
density (kg m~3) within the stomatal cavities (assumed
to be saturated vapor density) and of the air within the
canopy layer; r,; is stomatal resistance per unit of leaf
area index (s m™'); NS and NC are the number of soil
and canopy nodes; and other terms are as described
previously. Root resistance for each plant species within
each soil layer is calculated by dividing total root re-
sistance for the plam by its fraction of roots wi(hin the

each canopy layer is computed from total leaf resistance *
for the plant based on its leaf area index within each
canopy layer. Transpiration from the leaves of each plant
species within each canopy layer, E,,. is computed from
the last term in Eq. (11).
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Water flow within the plant is controlled mainly by
changes in stomatal resistance. A simple equation re-
lating stomatal resistance to leaf water potential is
(Campbell 1985)

r: = rm[l + (4’]"//:)“]' (12)

where r,, is stomatal resistance (m s-') with no water
stress (assumed constant), . is a critical leaf water po-
tential (m) at which stomatal resistance is twice its min-
imum value, and » is an empirical coefficient that has
typically been set to 5 (Flerchinger et al. 1996b; Fler-
chinger and Pierson 1997). Sensitivity of model simu-
lations to stomatal resistance parameters was presented
by Flerchinger and Pierson (1997). Equations relating
stomatal resistance to leaf temperature, vapor pressure
deficit, soil moisture deficit, and solar irradiance have
been developed (e.g., Dolman 1993; Mihailovié and
Ruml 1996); however, estimation of a separate param-
eter is required for each of these factors. Because these
factors all have an indirect effect on leaf water potential,
Eq. (12) is very effective is estimating stomatal resis-
tance. Although Eq. (12) does not account for direct
effects of extreme temperature or solar radiation on plant
stress, the plants considered in the present study are
well adapted to the hot, arid conditions encountered at
the study sites.

3. Site description

The study site was located near Tucson, Arizona, within
the Walnut Gulch experimental watershed (approximately
150 km? in size) operated by the U.S. Department of Ag-
riculture’s Agricultural Research Service (USDA ARS)
Southwest Watershed Research Center. Data was collected
as part of the Monsoon *90 multidisciplinary large-scale
field campaign described by Kustas and Goodrich (1994).
The field experiment was designed to measure many as-
pects of the hydrologic response of a semiarid watershed
to midsummer monsoon rainfall.

The main field campaign was conducted during July-
August 1990, during which a network of eight meteoro-
logical stations (METFLUX sites) was installed across the
150-km? Walnut Gulch watershed. More extensive remote
sensing and hydrometeorological measurements were col-
lected at METFLUX sites 1 and 5, known as the Lucky
Hills and Kendall sites, respectively, located within the
two dominant vegetation types that exist within the Walnut
Gulch watershed. The Lucky Hills subwatershed is 4.5 ha,
and the Kendall subwatershed covers 60 ha. Kustas et al.
(1994) and Stannard et al. (1994) described the surface
energy flux measurements. The Lucky Hills site, repre-
sentative of the shrub-dominated ecosystem located pri-
marily in the western part of the watershed, consists largely
of creosote bush (Larrea tridentada) spaced 2-5 m apart
(25% cover) separated by essentially bare interspace areas.
Vegetation cover at the grass-dominated Kendall site lo-
cated in the eastern part of the watershed is more ho-
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mogeneous with around 40% cover during the monsoon
season (Weltz et al. 1594),

4. Field measurements

Data collected at the Lucky Hills and Kendall sites con-
sisted of continuous meteorological measurements, near-
surface soil temperature and moisture, canopy temperature,
and surface energy fluxes. Surface flux measurements were
collected using a Bowen ratio, eddy correlation, and vari-
ance techniques (Kustas et al. 1994; Stannard et al. 1994).
To obtain a continuous record of surface flux estimates
for comparison with model predictions, H was estimated
using variance methods with measurements of R, and G,
and solving for L E as a residual of Eq. (1) at Kendall
and Lucky Hills. This variance~residual approach is de-
scribed in detail by Kustas et al. (1994). A flux source
area analysis performed by Kustas and Humes (1997) in-
dicated variance-residual flux observations were repre-
sentative of approximately a 400-m upwind fetch de-
pending on windspeed; the contributing area to the MET-
FLUX stations varied from 0.1 to | ha. Canopy and soil
surface temperatures were monitored using two Everest
Interscience radiometers (model 4000) at each site; one
pointed at the soil and the other at the vegetation. Instru-
ments were positioned 1-2 m above the surface. This same
instrument setup was used in an earlier study by Nichols
(1992). Soil temperature was measured at depths of 2.5,
5, and 15 cm at the METFLUX stations. Additionally, soil
temperature and water content were measured at depths
of 2.5, 5, 7.5, 10, 20, 30, and 50 cm using thermocouples
and time domain reflectometry (TDR) probes installed in
trenches near each of the sites. At Lucky Hills, profiles
were located in open areas and undemeath vegetation,
while measurements at the Kendall site were made on
north- and south-facing slopes a short distance (100-300
m) from the METFLUX station. -

Continuous composite radiometric surface temperatures
were not available, but periodic measurements were made
over a set of transects using nadir viewing instruments,
similar to those used to measure canopy and soil surface
temperature, mounted on yoke-type backpacks. Details of
the yoke measurements are given by Moran et al. (1994).
Regression equations between yoke measurements of com-
posite radiometric surface temperature and measurements
of canopy and soil surface temperatures were developed
by Norman et al. (1995). The relation for radiometric sur-
face temperature for the Kendall site was

T, =(067T:+ 033 TH% - 273.15, (13)
and for the Lucky Hills site it was
T = (05T T: + 041 TH™ — 273.15,  (14)

where 7, and T, are measured soil surface and canopy —

temperature (°C), respectively. Hourly estimates of com-
posite radiometric surface temperature were computed
from the hourly canopy and soil surface temperature mea-
surements. Note that the coefficients weighting 7. and T,
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TaBLE 1. Description and definition and model performance measures. *7 = simulated values: ¥, = observed values: Y = mean of
observed values.

Measure Description Mathematical definition®
ME Model efficiency, that is, variation in measured values accounted for by » ) IS _
the model. AR AN AR
Gl 3]
rmsd Root-mean-square difference between simulated and observed values. 1 i & - vy v
n < i 4
MBE Mean bias error of model predictions compared to cbserved values. 1 é 7 - ¥)

ni=3

for Kendall equal 1.0 and are similar to the respective
vegetation and soil cover fractions. For Lucky Hills, the
coefficients do not add up to 1.0, and the coefficient for
T, is significantly higher than the fractional cover for the
site (approximately 0.26). This suggests that the obser-
vations of soil and vegetation temperature for the Lucky
Hills site may contain some bias.

Vegetation properties were measured along five 30.5-m
line-intercept transects and included measurements of
plant height, canopy diameter, standing biomass, canopy
cover, and ground cover by plant species. Ground cover
characteristics, including bare soil, rocks, litter, and basal
plant area, were estimated using a 20-pin vertical point
frequency at randomly located points along the transect
(Weltz et al. 1994). Standing biomass was determined by
lifeform by clipping 0.5-m? areas to a 0.02-m stubble. Both
sites were essentially void of surface residues. Rooting
distribution with depth was determined from samples col-
lected from the trenches where thermocouples and TDR
probes were installed. Typical vegetation height and leaf
area index were roughly 0.5 and 0.8 m, respectively, for
the Kendall site. Spatially averaged leaf area index for the
Lucky Hills site was around 0.4 with the height of the
larger shrubs around 1.0 m (Daughtry et al. 1991). Rooting
depths were approximately 150 cm at the Kendall site and
120 cm at the Lucky Hills site.

5. Model simulations

The model was run from 21 July to 10 August (day
202 to 222) of 1990 for each of the two sites. Simulations
using hourly time steps and hourly observations of air
temperature, wind speed, relative humidity, solar radiation,
and precipitation were carried to a soil depth of 400 cm,
where a constant temperature and a unit gradient in water
potential (i.e., gravity flow only) were assumed. Temper-
ature at 400 cm was assumed equal to the annual average
soil temperature measured within the trenches (19.7° and
19.9°C for Kendall and Lucky Hills, respectively). Two
canopy layers and soil nodes at depths of 0, 3, 5, 8, 10,
20. 30. 50. 70, 100, 130, 160, 200, 250, 300, 350, and
300 cm were simulated for each site. Soil temperatures
and water contents measured in the trenches were used to
initialize the soil profile on day 202 to a depth of 400 cm
by extrapolating beyond the 50-cm depth measurements.

Initial water contents were assumed uniform below 50 cm.
Each day of simulation required approximately 1 s of com-
puter time using a 90-MHz Pentium processor.

The model was run without prior calibration; however,
detailed measurements, values obtained from literature,
and prior experience with the model were required to par-
ameterize the model. Measured plant height, leaf area in-
dex, and rooting depth were used to parameterize the mod-
el. Leaf resistance (r;), root resistance (r,), unstressed sto-
matal resistance (r,,), and critical leaf water potential (¢,)
for creosote bush were estimated at 5.6 X 10°m*s kg™,
2.4 X 10 m*s kg™*, 110 s m~', and —350 m based on
data presented by Meinzer et al. (1988). Total plant resis-
tance for fescue is 1.15 X 10° m* s kg~* (Burch 1979 as
cited by Abdul-Jabbar et al. 1984). Root resistance and
leaf resistance for grasses were therefore set to 0.77 X
10* m* s kg-' and 0.38 X 10° m* s kg~', respectively,
based on typical ratios of root to leaf resistance. Soil hy-
draulic properties were estimated from soil texture using
the method presented by Campbell (1985).

Because the SHAW model assumes the plant canopy is
uniformly distributed horizontally, application of the mod-
el to the Lucky Hills site, where there is considerable
variability in vegetation between bush-covered and essen-
tially bare interspace areas, obviously violates model as-
sumptions. Thus, surface energy balance simulated for the
Lucky Hills site likely represents some areal average of
the energy balance; realistically, the surface energy balance
for bare versus vegetated areas at the site could be con-
siderably different. However, the model has been applied
{o similar sites with success (Flerchinger et al. 1996b).

Simulated and measured values of the surface energy
balance and canopy and soil temperatures were compared
using model efficiency (ME), reot-mean-square difference
(rmsd), and mean bias error (MBE). Definitions for each
are given in Table 1 (Nash and Sutcliffe 1970; Green and
Stephenson 1986).

6. Model results

Hourly values for the surface energy fluxes for the lase===
10 days of simulation are plotted in Fig. 3 for the Lucky ~
Hills site. Simulated diurnal variation in each aspect of
the energy balance mimicked observed values. Model ef-
ficiency. root-mean-square difference, and mean bias error
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FiG. 3. Times series of simulated and measured surface energy balance (W m-?) for the shrub-
dominated Lucky Hills site. (Fluxes positive toward the surface.)

comparing simulated net radiation, sensible heat flux, la-
tent heat flux, and ground heat flux with measured values
are listed in Table 2. Based only on ME and rmsd, model
performance in simulating the hourly surface energy bal-
ance was very similar for the two sites, with the exception
that ground heat flux was simulated significantly better at
the Lucky Hills site. Given the greater heterogeneity of
the Lucky Hills site, this is somewhat surprising; however,

TaBLE 2. Average measured Auxes, model efficiency (ME). root-
mean-square difference (rmsd), and mean bias error (MBE) for the
simulated surface energy balance of each site.

Measure R, H LE G

Kendall site

Average (Wm™) |53 —45 ~H 3

ME 0.98 0.88 0.65 0.71

rmsd (W m*-?) 35 28 56 45

MBE (W m™?) -6 3 10 -7
Lucky Hills site

Average (Wm-Y) 137 —40 -95 -2

ME 0.98 0.83 0.59 0.91

rmsd (W m~%) 33 31 46 30

MBE 1W m-3) il -1 17 -3

Stannard et al. (1994) show good agreement in soil heat
flux between the different instrumentation at the Lucky
Hills site, whereas there was more variability at the Ken-
dall site. Comparisons of soil heat flux measured by dif-
ferent flux stations yielded an rmsd of 29 W m-2 for the
Lucky Hills site compared to 44 W m~2 for the Kendall
site. Thus, with more variability in the measured values
of soil heat flux data at the Kendall site, more scatter would
be expected when comparing with simulated values. Be-
cause the observed latent heat flux values used here were
computed by residual from the surface energy balance
given in Eq. (1), this uncertainty in soil heat flux would
be directly translated to latent heat flux, resulting in a
greater rmsd for latent heat flux at the Kendall site.
Further analysis reveals a bias in latent heat flux for
bath sites, as indicated by MBE in Table 2. Inspection of
the plot of simulated versus measured latent heat flux in
Fig. 4 reveals that this bias can be attributed primarily to
an underprediction of nighttime evapotranspiratiori com-
pared to measured values. This underprediction of night-
time evapotranspiration (ET) is due in part to a persistent
overestimate of nighttime net radiation losses, as shown
in Fig. 3. Causes for the bias in simulated nighttime ra-
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FiG. 4. Simulated vs measured latent heat flux for (a) the grass-dominated Kendall site and
(b) the shrub-dominated Lucky Hills site.

diation estimates are unclear, but Flerchinger et al. (1996b)
experienced a similar bias at one of three sites simulated
in that study. Nevertheless, the underprediction in night-
time evapotranspiration can be attributed in part to a bias
in the latent heat flux measurements. Keefer et al. (1997)
found that the variance residual technique generally over-
predicted the magnitude of nighttime latent heat flux when
compared to eddy correlation measurements during peri-
ods when both were operating, resulting in a bias in daily
ET of approximately 0.3 mm. Adjusting the indirect es-
timate of ET from the variance technique for this apparent
bias, “‘measured” and simulated ET at Lucky Hills for the
20 days of simulation were 59 and 54 mm, respectively.
Measured and simulated ET for the Kendall site were 68
and 71 mm, respectively.

When only daytime fluxes were considered (R, > 100
W m-2), latent heat flux was overpredicted (i.e., more
negative) for both sites, as shown in Table 3. An MBE of
daytime latent heat flux was =7 W m-? for the Lucky
Hills and — 13 W m~2 for the Kendall site. This can largely
be attributed to overprediction of daytime R, by an average
of 25 W m~? for the Lucky Hills site and 27 W m~2 for
the Kendall site. The rmsd for G and L E was higher for
the Kendall site, due in part to the uncertainty in mea-
surements of G.

The largest difference between simulated and estimated
daily evapotranspiration common to both sites occurred

TABLE 3. Root-mean-square difference (rmsd) and mean bias error
(MBE) for daytime (R, > 100 W m~?) simulated surface energy
balance of each site.

Measure R, H LE G
Kendall site
rmsd (W m™9) 35 35 73 64
MBE (W m~) 25 13 -13 =25
Lucky Hills site
rmsd (W m™9) 37 39 49 41
MBE (W m) 27 -12 -1 -8

on day 216 after several rainfall events (Fig. 3). Based on
simulated and measured canopy and soil surface temper-
atures (Fig. 5), this was likely due to an overprediction of
soil surface evaporation rather than canopy transpiration.
Soil surface temperature was notably underpredicted for
this day, which was caused by the model predicting sig-
nificant evaporative cooling at the soil surface. Midday
near-surface (5 cm) soil water contents were overpredicted
at both sites, but simulated values rapidly declined by the
end of the day in response to the large simulated evapo-
ration demand.

Air temperature, simulated and measured canopy leaf
temperature, and soil surface temperature are plotted in
Fig. 5 for the Kendall site. Measured canopy and soil
surface temperatures were obtained from the IRT sensors.
Model efficiency, rmsd, and MBE comparing simulated
and measured temperatures are listed in Table 4. Model
performance was similar for the two sites with the excep-
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tion that canopy leaf temperature for the Lucky Hills site
had a positive bias of 1.8°C, as illustrated in Fig. 6, com-
pared to 0.8°C for the Kendall site. The fact that the bias
is consistent regardless of the magnitude and direction of
latent and sensible heat fluxes suggests that it is probably
not related to within-canopy transfer processes. At both
sites, simulated midday leaf temperatures were typically
6°C higher than air temperature. This roughly mimicked
measured leaf temperatures at the Kendall site, but mea-

sured midday leaf temperatures at the Lucky Hills site

were only a couple of degrees higher than air temperature
(Fig. 5). There could be a bias in the IRT measurements,
especially for the Lucky Hills site where coefficients in
(16) do not add up to unity and are not representative of
the fractional cover. The large bias in simulated radio-
metric surface temperature for the Lucky Hills site com-
pared to estimated values (Table 4) may be related to the
limitation of the model in assuming a uniform vegetation
cover.

To illustrate the utility of using remotely sensed data to
verify and update the model, day 216 was run with varying
stomatal resistances and soil water contents. The model
was run using the relatively wet soil water profile present
on day 216 and drier conditions present prior to the pre-
cipitation events. Stomatal resistance parameters were ad-
Justed to obtain varying stomatal resistances for each soil
moisture condition. Stomatal resistance is plotted against
radiometric surface temperature for both sites in Fig. 7.
The data fall into two regimes dictated by soil water con-
tent. The large difference in radiometric surface temper-
ature between the wet and dry profiles is due to soil surface
temperature, which differed by up to 15°C between soil
moisture conditions. Radiometric surface temperature had
litle variation with stomatal resistance for the moist soil
condition but had somewhat more variation under dry con-
ditions. Thus, with known soil moisture conditions and
relatively dry surface conditions (see discussion to follow),
model parameters can potentially be adjusted to fine-tune
the simulated radiometric surface temperature and thus
transpiration rate.

Unfortunately, available methods for remotely sensing
soil moisture are effective for only the surface 5 cm, mak-
ing soil moisture for the entire soil profile difficult to
obtain. Therefore, additional model runs were made with
a relatively wet (0.40 m* m~*) and dry (0.05 m® m~?) soil

TaBLe 4. Model efficiency (ME). root-mean-square difference
(rmsd). and mean bias error (MBE) for simulated canopy. soil surface.
2.5-cm soil. and composite radiometric surface temperatures.

Measure 7, T, Tiscen T

Kendall site

ME 0.93 0.94 0.74 0.94

misd (°C) 1.8 2.6 3.0 2.3

MBE °C) 0.8 0.9 -0.9 0.6
Lucky Hills site

ME 0.80 0.94 0.7 0.75

msd (°C) 23 28 32 4.6

MBE ¢Cy 1.8 0.6 0.9 39
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water contents in the top 5 cm. Water content within the
root zone was varied from 0.05 to 0.40 m*® m~? for each
surface soil moisture conditions and plotted against the
resulting radiometric surface temperature in Fig. 8. As with
Fig. 7, there was relatively little difference in radiometric
surface temperature with moist surface conditions due to
the dominance of the evaporative cooling of the soil sur-
face. However, under dry surface conditions, there was
considerably more sensitivity of radiometric surface tem-
perature with soil moisture. Thus, with a combination of
remotely sensed surface soil water content provided by a
microwave sensor (Schmugge et al. 1994) and radiometric
surface temperature, Fig. 8 potentially provides a method
to estimate soil moisture at depth and to verify, track, and
periodically update model simulations for sparse canopies.

7. Summary and conclusions

The Simultaneous Heat and Water (SHAW) model is a
process model of heat and water transfer through a plant—
snow-residue-soil system that integrates the detailed phys-
ics of heat and water transfer through plant cover, snow,
residue, and soil into one model. The numerical approach
used by the model to simulate the surface energy balance
and within-canopy transfer processes is presented. The
SHAW model was applied to data collected as part of the
Monsoon *30 multidisciplinary field experiment to test the
model’s ability to simulate heat and water filuxes and sur-
face temperatures for two diverse vegetation communities
in the semiarid southwestern United States. The model
was applied to two 400-cm profiles: one located at a grass-
dominated site having uniform, albeit sparse plant cover,
and another situated in a heterogeneous shrub-dominated
location having considerable bare soil areas between
shrubs. Diurnal variation in simulated surface energy bud-
gets mimicked observed values.

Model performance was similar for the two sites. The
magnitude of daytime latent and soil heat fluxes were
overpredicted at both sites, partially due to overprediction
in net radiation by approximately 25 W m-2. Evaporation
from the soil surface was likely overpredicted at both sites
shortly afier rainfall events. However, simulated latent heat
flux and ground heat flux displayed more scatter for the
grass-dominated site. Root-mean-square differences in the
daytime values at the grass-dominated site were 73 W m-?
for latent heat flux and 64 W m~? for ground heat flux,
compared to 49 W m- for latent heat flux and 41 W m-?
for ground heat flux at the shrub-dominated site. This was
partially attnibuted to uncertainty in soil heat flux at the
grass-dominated site. Additionally, simulated canopy leaf
temperature for the shrub-dominated site had a positive
bias of 1.8°C. Mean bias emror in simulated soil surface

temperature and 2.5-cm soil temperature ranged from 0.6°

10 0.9°C at both sites.

Based on simulation results, the SHAW model can rea-
sonably simulate the surface energy balance and canopy
temperatures over diverse vegetation communities, in-
cluding sparse. heterogeneous plant canopies. The model

-
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FIG. 6. Simulated vs measured canopy leaf temperature for (a) the grass-dominated Kendall
site and (b) the shrub-dominated Lucky Hills site.

may be used to extrapolate fluxes to other areas within
the watershed using remote sensing data to estimate model
inputs such as leaf area index and fractional vegetation
cover (Choudhury et al. 1994). The ability of the model
to simulate canopy and surface temperatures gives it the
potential for being verified and periodically updated using
satellite observations of radiometric surface temperature
as long as biases in the radiometric observations can be
minimized (Cooper et al. 1995). A methodology is pro-
posed whereby a combination of model simulations and
remotely sensed radiometric surface temperature and sur-
face soil moisture can be used to estimate root zone soil
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APPENDIX

Alternate Expression for Transfer
within the Canopy

A commonly employed expression for transfer within
the canopy is obtained by relating the eddy diffusivity to
wind speed within the canopy, which is assumed to decay
exponentially (see van de Griend and van Boxel 1989,
Nichols 1992; Huntingford et al. 1995). The resistance to
heat and vapor transfer between heights z, and z, (z, <
z,) within the canopy can be expressed by

) 1 he“ a2 —
.o J’:n W dZ - nK(h)[e e"a"‘]'
(Al)

where n is the extinction coefficient for wind speed within
the canopy with observed values in the range of 2.5 (Hunt-
ingford et al. 1995), and

ku,(h — d)
¢

For a single canopy layer, Eq. (A1) yields values of l/r,
approximately twice that of & /(Az) from Eqs. (6) and (7).
Substituting Eq. (A1) for Eqgs. (6) and (7) had a detrimental
effect on model performance. Model efficiency dropped
from 0.88 to 0.78 for sensible heat flux and from 0.65 and
0.62 for latent heat flux at the Kendall site; model effi-
ciency for the Lucky Hills site dropped from 0.83 to 0.46
and from 0.59 to 0.47. Errors in simulated canopy and
soil surface temperature also increased by up to 0.8°C in
rmsd. Simulations using Eq. (A1) could be improved by
using a value for n greater than typically reported, but n
for the sparse canopies would realistically be lower than
that for more dense canopies. Application of Eq. (Al) to
sites simulated with the SHAW model by Flerchinger et
al. (1996b) also had a detrimental effect on simulated en-
ergy fluxes when compared to measured values.

Kh) = (A2)
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