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5.9 ESTIMATING ROOT-ZONE MOISTURE AND EVAPOTRANSPIRATION WITH AVHRR DATA

J. song*
Department of Geography, Northern Illinois University, DeKalb, Illinois

M. L. Wesely
Environmental Research Division, Argonne National Laboratory, Argonne, Illinois

1. INTRODUCTION

The parameterized subgrid-scale surface fluxes
(PASS) model uses satellite data and limited surface
observations to infer root-zone available moisture
content (Oa) and evapotranspiration rate with moderate
spatial resolution over extended terrestrial areas: The
ultimate goal of this work is to produce estimates of
water loss by evapotranspiration, for application in
hydrological models. The major advantage to the
method is that it can be applied to areas having diverse
surface characteristics where direct surface flux
measurements either do not exist or are not feasible and
where meteorological data are available from only a
limited number of ground stations (Gao 1995; Gao et al.
1998). The emphasis of this work with the PASS model
is on improving (1) methods of using satellite remote
sensing data to derive the essential parameters for
individual types of surfaces over large areas, (2)
algorithms for describing the interactions of near-
surface atmospheric conditions with surface
processes, and ‘(3) algorithms for computing surface
energy and water vapor flux at a scale close to the size
of a satellite-derived image pixel. The PASS approach
is being developed and tested further with observations
from the 1997 Cooperative Atmosphere-Surface
Exchange Study (CASES-97) (LeMone et al. 1999) at
the Atmospheric Boundary Layer Experiments (ABLE)
site in the Walnut River Watershed (WRW), an area of
about 5000 km2 in southern Kansas. Here we describe
some of the progress made since the previous report
(Song et al. 1999a, 1999b).

2. BACKGROUND

The PASS model is applied in two parts: PASS1
and PASS2. PASS1 is limited to inferring conditions
near the times of satellite overpasses and focuses on
estimating ea, ,which is defined as the soil moisture
content minus the wilting point moisture content. The
value of ea for each pixel is inferred by comparing
surface conductance for evapotranspiration with soil
moisture stress versus without moisture stress. As in
previous versions of PASS, model inputs for PASS1
consist of routine surface meteorological observations
(air temperature, humidity, and wind speed), solar
insolation data, and estimates of the surface normalized
difference vegetation index (NDVI) and thermal infrared
temperature. The last two quantities are derived from
l-km-resolution radiances seen with Advanced Very
High Resolution Radiometers (AVHRRS) aboard the
National Oceanic and Atmospheric Administration polar-
orbiting satellites? adjusted for the effects of the
atmosphere by usm LOWTRAN7 and radiosonde data.

?A key feature o both PASS1 and PASS2 is the use
of simple “distribution” functions to estimate the values
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of temperature, humidity, and wind speed at a height of
a few meters above the ground for every pixel in the
target area. The numerical coefficients used in the
distribution functions for temperature and humidity are
based on interpretations of physical processes
associated with surface forcing but are difficult to
determine precisely. The distribution function for wind
speed relies on estimates of the surface roughness
length for each pixel and algorithms that conserve
vertical momentum flux over the target area.

PASS2 uses the @adata sets produced by PASS1
and carries the simulation forward in time. PASS2
focuses on estimating the evapotranspiration rate E (or
latent heat flux AE) throughout the diurnal cycle. The
value of NDVI for each pixel is assumed to remain
unchanged for periods of several days, between
overpasses of satellites near midday above cloudless
skies. PASS2 uses the same sources of surface
meteorological data as does PASS1; the same sets of
data on land use and soil characteristics; and the same
algorithms for evaluating surface albedo, roughness,
and ground heat flux. For each time increment and
pixel, PASS2 computes the surface temperature by
solving a quadratic equation for the surface energy
budget. At each step and location, the soil moisture and
the surface water vapor conductance are estimated.
Then, after application of the distribution functions,
evapotranspiration rates are computed via a bulk
aerodynamic formulation. With this formulation,
estimating evapotranspiration is less susceptible to the
cumulative effects of errors in the energy balance than
with the PASS1 procedure of finding evapotranspiration
as a residual term in the energy budget.

3. SOIL MOISTURE ESTIMATES

The extraction function used to infer ea in PASS1 is
defined as the ratio of the water vapor surface
conductance, modeled for existing conditions, to the
conductance that would occur if the soil were saturated
with water (i.e:, if the vegetation were unstressed by
limited soil moisture availability for evapotranspiration).
The maximum value of ea is set equal to the soil water
capacity eA (the difference between the soil moisture
contents for field capacity and wilting point) and the
minimum value of ea is zero. Values of eA with high
spatial resolution are available for the United States
from databases developed from soil surveys (SSURGO
1995).

Figure 1 illustrates a linear relationship and a typical
nonlinear relationship between the extraction function
and 9a/oA. Many types of nonlinear formulations have
been developed to describe this relationship and are
preferred for individual sites with extensive soil
characterization. For modeling over fairly large areas,
however, the results from a linear relationship appear to,
be satisfactory and sometimes superior (e.g., Betts et
al. 1997). Figure 2 shows PASS1 soil moisture results
for three satellite overpasses during CASES-97. The
nonlinear function produces extremes of wetness or
dryness that seem unrealistic. Also, application of
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FIG. 1. Examples of a linear and a nonlinear relationship
between the extraction function and the relative
available soil moisture content (6a/eA).

nonlinear relationships usually requires knowledge of
wilting point values, which can strongly influence the
results for intermediate soil moisture levels. Wilting
point values are highly, variable and are not available for
large regions from databases; a value of 0.670A was
assumed in this analysis. These considerations have
led to the practice of using the linear relationship (Fig. 1)
for PASS1.

4. EVAPC?TRANSPIRATION ESTIMATES

Estimates of evapotranspiration, soil moisture
content, and other variables were made by using PASS2
for several days after each satellite overpass during
CASES-97. Daily sums of water loss due to
evapotranspiration were generated along with estimates
for each time step of 30 min. Figure 3 compares .PASS2
results for four days during a drydown period with
measurements of AE and soil moisture content (at a
depth of 1-9 cm) at three of eight sites operated by the
National Center for Atmospheric Research. The three
sites were separated horizontally by 40-60 km and had
surface vegetation of thick grass with minimal grazing
by cattle (site 1), mostly bare soil with some sparse
grass (site 4), and winter wheat (site 5). These and
other results show that PASS2 tended to overestimate
AE when vegetation was sparse and to underestimate it
for rapidly growing winter wheat. The decrease with time
of modeled Oq at sites 1 and 5 followed changes in the
measured moisture content (0), which is equal to actual
ea plus the wilting point content, typically about 0.15.
For the site with mostly bare soil, however, the modeled
decrease of soil moisture was greater than the
measured change. The absence of an offset between
ea and (3for site 5 was probably caused by problems
with the soil moisture sensor or its placement in the soil.

The differences between the measured and model
values in Fig, 3 can be explained largely by differences
in scale. The estimates of NDVI used in PASS2 were
derived with a resolution of 1 km, and the geographical
registration of the NDVI pixels could be in error by as
much as 1 km. For this analysis, the PASS data shown
in Fig, 3 represent averages for the pixels that included
the 1-km pixel approximately centered over each

measurement site and all of the adjacent pixels. In
contrast, the latent heat flux was measured at each site
by eddy correlation at a height of about 3 m the
effective surface “footprint” extended only about 300 m
upwind. The soil moisture measurements were made at
a single location at each site. Such measurements
provide very limited averaging in relation to the
horizontal variability that existed in vegetative cover.
The variability was large over distances of 200-800 m in
the WRW during the springtime when CASES-97 was
carried out fields with bare soil were often adjacent to
grasslands or winter wheat fields. In addition, soil
moisture content changes can be large because of the
variations in vegetative cover, spotty precipitation
patterns, and locally variable drainage characteristics
of the soil. Measurements over larger areas are needed
for comparison to PASS as it is currently configured.
PASS2 estimates of AE during CASES-97 were
compared to measurements by eddy correlation from
aircraft over flight legs of 60 km or larger, and the
averages agreed well, within the uncertainty in the
measurements.

5. OTHER CONSIDERATIONS

Soil moisture available for evapotranspiration is
estimated in the current version of PASS2 by tabulating
the amount of moisture in a single layer of soil with
limited depth, and the influence of soil moisture on
evapotranspiration rates is described with a factor that
is linearly. related to the ratio of the available soil
moisture content to the soil moisture capacity. Slightly
more sophisticated schemes will be considered, such
as a description using a deeper soil column with several
layers, from which moisture extraction rates and
availability for evapotranspiration are assumed to vary
with depth. Using such a scheme might improve soil
moisture estimates for dry conditions, when plant roots
usually extract a greater proporhon of water for
evapotranspiration from relatively large depths than
during wet conditions. The WRW is currently being
instrumented at several locations to measure profiles of

. moisture content, which will allow some testing of such
alternative methods of describing soil moisture
variations with PASS2. An extensive array of soil profile
measurements has been installed at one grassland site
in the WRW, and an energy balance Bowen ratio station
has been installed there to measure evapotranspiration.

The primary type of data product intended from this
work with PASS is cumulative water loss by
evapotranspiration over the region of interest, for
application in hydrological studies. Future work will
include development of methods for obtaining
continuous estimates of evapotranspiration with
PASS2, which requires precipitation estimates for each
model pixel. Radar data products will be acquired and
adapted for this purpose. Because the spatial
resolution of these radar data is coarser than the
resolution of the satellite-derived data used in PASS,
the variation in modeled evapotranspiration rates among
the satellite pixels will be lessened.

PASS1 also has the potential capability to provide
initialization and assimilation data on soil moisture
content for weather forecast models, which is a
desirable feature because dense networks of soil
moisture measurement stations are not usually
available as a data source.
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FIG. 2. Images of available soil moisture (Ela) computed by PASS1 for the rectangular area that encloses the Walnut
River Watershed during satellite overpasses on April 19 (day of year [D”OYl 119), May 10 (DOY 130)., and May 20
(DOY 140) in 1997. The top row of images was computed with the nonlinear relationship shown in F]g. 1, and the
bottom row was computed with the linear relationship.

—---r, . ... .,. -..> ..,; -..
. .-—



400 I 1 I

Site 1
4

300L -1

0,40

c

?! 0.30 -
1?

-%
k \

2a 0,20 -
~ .- .-.. .
s *.-. ----

●._ . . ..-
go.lo - *------- .*-
Ur

t 1
130 131 132 133

1“’’””1site 4 —Measured

I J

r’---- ‘ ‘-iSite 4

1----’’’-----’
I t 1 I I

Site 5

t---__J~34
131 132 133

DOY

FIG. 3. Examples of latent heat flux and soil moisture fraction, modeled with PASS2 and averaged over several l-km
pixels centered on three sites in the Walnut River Watershed, along with selected local observations at the three
sites.
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