JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 104, NO. D4, PAGES 4145-4168, FEBRUARY 27, 1999

Satellite remote sensing of soil moisture in Illinois, United States

Konstantin Y. Vinnikov', Alan Robock'?, Shuang Qiu', Jared K. Entin', Manfred Owe®,
Bhaskar J. Choudhury®, Steven E. Hollinger*, and Eni G. Njoku’

Abstract. To examine the utility of using satellite passive microwave observations to measure
soil moisture over large regions, we conducted a pilot study using the scanning multichannel
microwave radiometer (SMMR) on Nimbus-7, which operated from 1978 to 1987, and actual in
situ soil moisture observations from the state of Illinois, United States, which began in 1981. We
examined SMMR midnight microwave brightness temperatures on a 0.5° x 0.5° grid, and
compared them with direct soil moisture measurements at 14 sites in Illinois for the period 1982-
1987. The results suggest that both the polarization difference and the microwave emissivity for

horizontal polarization at frequencies <18 GHz have real utility for use as a soil moisture
information source in regions with grass or crops where the vegetation is not too dense. While
SMMR observations ended in 1987, special sensor microwave/imager observations at 19 GHz
start then and extend to the present, and advanced microwave scanning radiometer instruments
will fly on satellites beginning soon. Together with SMMR, they have the potential to produce a
soil moisture record over large regions for more than two decades and extend it into the future.
Satellite observations from these low-resolution satellite instruments measure the component of
large-scale long-term soil moisture variability that is related to atmospheric forcing (from

precipitation, evapotranspiration, and snowmelt).

1. Introduction

Soil moisture is important as an internal parameter of climate
models, a component of the water budget of the upper soil layer, a
part of water resources available for agricultural crops and natural
vegetation, a physical carrier of meteorological memory, and an
important problem of greenhouse global warming. The first
extensive soil moisture monitoring system was created for harvest
prediction in the former Soviet Union in the 1930s, with more
than 3000 local gravimetric observations of soil moisture in the
1950s made 3 times per month during the warm season and once
per month during the winter. The same system was the main
source of soil moisture data for hydrological (spring flooding)
predictions and early drought detection. The significant role of
soil moisture in climate variability over the continents was
recognized and evaluated by Delworth and Manabe [1988, 1993].
However, 10 years later, intercomparison of dozens of land
surface process models (e.g., the Project for Intercomparison of
Land-Surface Parameterization Schemes and the Global Soil
Wetness Project) demonstrate that these models still disagree with
each other and with observed soil moisture [Robock et al., 1998;
Entin et al., 1999].

The former Soviet Union, United States, China, Mongolia, and
India have a history of long term soil moisture observations
[Vinnikov and Yeserkepova, 1991; Hollinger and Isard, 1994;
Vinnikov et al., 1996, 1997). Some of these data are now
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available electronically from the Global Soil Moisture Data Bank
(http://www.envsci.rutgers.edu/~robock) which has been created
by Alan Robock and Konstantin Vinnikov, but most of the land
surface of the world remains unobserved. The cost of direct
observation of soil moisture is very high, so for future global
coverage, satellite monitoring of soil moisture is the only
reasonable approach.

Passive and active microwave remote sensing of soil moisture
are the most promising methods for global scale monitoring of
soil moisture variations. The physical principles for passive
microwave remote sensing of soil moisture are well known.
Many studies [e.g., Ulaby et al., 1986; Choudhury and Golus,
1988; Owe et al., 1988, 1992; Owe and Van de Griend, 1990;
Choudhury, 1991; Van de Griend and Owe, 1993; Teng et al.,
1993; Njoku and Entekhabi, 1996; Lakshmi et al., 1997] describe
methods of obtaining information related to soil wetness from
satellite microwave measurements and satellite-derived
vegetation indices. These studies recognized that use of direct
soil moisture measurements is a decisive factor for solving this
problem. For a few climatic regions, for example Botswana
(African savanna), in which calibration based on direct soil
moisture measurements is possible, algorithms for retrieving soil
wetness from satellite indexes work rather well [Owe et al.,
1992]. They revealed that nighttime normalized brightness
temperatures show a better correlation with the soil moisture
content in the upper soil layer than daytime data, because surface
moisture is more evenly distributed throughout the surface profile
at night and air temperatures are probably much more closely
aligned with both the canopy and the soil surface temperature. .

Further work in this direction was limited because land surface
soil moisture measurements were unavailable for other climatic
conditions. Using the very limited existing data sets of
experimental soil moisture measurements or indices, such as the
antecedent precipitation index, previous studies [e.g., Schmugge
et al., 1977; Allison et al., 1979; Blanchard et al., 1981; Wilke
and McFarland, 1984; Wang, 1985; Owe et al., 1988; Wigneron
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et al., 1993; Diak et al., 1995] have attempted to address this
problem, but here for the first time we use spatially and
temporally extensive actual soil moisture observations to study
the utility of using passive microwave satellite observations for
global scale monitoring of moisture in the upper soil layer. In
this paper we describe a pilot project using soil moisture
observations in Illinois and Scanning Multichannel Microwave
Radiometer (SMMR) data for 6 years 1982-1987.

The atmosphere of the Earth is relatively transparent to
electromagnetic radiation from the land surface at frequencies of
18 GHz and below. This radiation can carry direct or indirect
information about soil moisture. Visible and infrared radiation
can also be used for satellite (indirect) soil moisture monitoring
[Idso et al., 1975; Carlson et al., 1984; Nieuwenhus and Menenti,
1986; Carlson, 1986; Flores and Carlson, 1987; Capehart and
Carlson, 1997], but the problem of cloud screening cannot be
solved without losing a significant amount of information.

2. Theory of Microwave Remote Sensing of Soil
Moisture '

Passive microwave remote sensing is based on measurement
of the brightness temperature Tp of electromagnetic radiation
from the surface in the centimeter waveband. This temperature is
determined by the physical temperature T of the radiating body
and its emissivity €:

TB=£T. (1)

2.1. Dielectric Constant

Microwave remote sensing of soil moisture is based on
dielectric properties of soil-water mixtures and their effect on the
emission of thermal microwave radiation. The dielectric constant
of soil is determined by the dielectric constants of the individual
parts, such as air, water, or rock. In a soil medium the dielectric
constant is largely a function of frequency, temperature, salinity,
and moisture content. In general, the relationship between soil
moisture and soil dielectric is almost linear except at low
moisture content. The effects of soil texture are due primarily to
differences in clay content. Since the specific surface area of clay
particles is high, they will typically hold more bound water, ef-
fectively decreasing the soil dielectric. The level of soil moisture,
where the effect of the bound water ceases and the effect of the
free water begins to dominate, has been termed the transition
moisture and is strongly related to the wilting point [Wang and
Schmugge, 1980]. Another theoretical model of the microwave
dielectric behavior of wet soil [Dobson et al., 1985] is also in a
good agreement with experimental data if the soil water content is
above the wilting level [Owe and Van de Griend, 1998].

2.2. Effective Depth and Soil Roughness

Microwave radiation is emitted not only from the surface but
also contains contributions from a subsurface layer, the depth of
which decreases with increasing frequency. For SMMR
frequencies this depth is always less than 1 cm [Njoku and
Entekhabi, 1996].

In addition to soil moisture and other soil properties, micro-
wave emission is affected by a variety of surface characteristics
such as surface roughness and vegetation cover. Roughness
increases the absorptivity and emissivity of the surface [Wang,
1985; Choudhury et al., 1979]. Although a rough surface
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increases the surface emissivity, it causes a decrease in brightness
temperature range from dry to wet conditions. The effects of
spatial and seasonal variability of surface roughness still should
be studied for regions with different types of agriculture.

2.3. Vegetation

In areas of sufficiently dense vegetation the emissivity meas-
ured above the canopy may be due entirely to vegetation. The
magnitude of the canopy absorption depends on the wavelength
and the water content of the vegetation. Of the commonly used
experimental wavelengths only the L-band (1.4 GHz), which is
absent from current satellite sensors, is able to penetrate a vege-
tation canopy of any great density, such that the emission is pre-
dominantly a function of soil moisture. The shorter wavelengths
may be subject to significant scattering and absorption. In
general, vegetation mixes polarization of the soil surface and
decreases the polarization difference (PD) (difference between
the horizontally and the vertically polarized signal for a given
frequency), a commonly used index for retrieving hydrological
information [Choudhury, 1991; Vérésmarty et al., 1996).

Vegetation attenuates the polarization difference of the
underlying soil and adds its own polarization effects. Polarization
effects on vegetation attenuation and emission are mainly
determined by elements that display a dominant orientation, such
as stalks. Choudhury et al. [1990] and Choudhury [1991] showed
that the polarization difference depends not only on the
polarization differences of bare soil and dense vegetation but also
on many other parameters: the leaf area index, leaf orientation
factor, leaf moisture, woody stem area index, ratio of branch and
stem surface areas, branch orientation factor, and zenith angle of
measurement. For different climatic zones the 37 GHz polariza-
tion difference is a function of the ratio of actual evaporation to
potential evaporation. Budyko [1986] and Delworth and Manabe
[1988] assume that this ratio is equal to the ratio of soil moisture
to field capacity. The polarization difference is very sensitive to
small variations in the vegetation parameters; however, it is very
unlikely that these parameters have too much freedom to vary
independently from each other.

2.4. Soil Moisture and Polarization

There is a principal difficulty in interpretation of satellite-
observed variations in microwave polarization differences.
Increasing soil moisture increases the polarization difference.
Increasing vegetation density decreases the polarization
difference. The problem is that there is often a strong correlation
between soil moisture and vegetation. This is why a signal in
polarization difference may be erroneously attributed to one of
these factors. Ideally, we should know about the vegetation to
estimate soil moisture, or, we should know soil moisture to
estimate vegetation density. If vegetation is so dense that it is
absolutely opaque to microwave radiation from the surface, no
direct information on soil moisture can be retrieved.

3. Data
3.1. Satellite Data

The Nimbus-7 SMMR instrument was launched by NASA in
1978 and provided data routinely from November 1978 to August
1987. The design and performance of the SMMR instrument
have been described by Gloersen and Barath [1977] and Njoku et
al. [1980]. SMMR operated at frequencies of 6.6, 10.7, 18, 21,
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and 37 GHz, with vertical and horizontal polarization at each fre-
quency. (We did not use the 21 GHz data because this channel
had a large drift and was turned off before the end of the mis-
sion.) The antenna consisted of an offset-fed 79-cm-diameter
parabolic reflector, viewing at a fixed offset angle from nadir of
42°. The reflector scanned by oscillating sinusoidally about the
vertical axis between azimuth angles of +25°, providing a con-
stant Earth-incidence angle of 50.3° across a swath of width 780
km. Separate radiometers were used for vertical and horizontal
polarizations at 37 GHz. The other frequencies each used a single
radiometer, time-shared between vertical and horizontal
polarizations by means of a polarization switch. On the first half
of each scan cycle, these radiometers measured horizontal
polarization, while on the second half of the scan cycle, vertical
polarization was measured. The 37 GHz vertical and horizontal
polarizations were measured on both halves of the scan cycle.

Use of the same antenna reflector by all frequencies resulted in
varying beam widths and footprint sizes for the different frequen-
cies. The 3 dB footprint sizes varied from approximately 27 x 18
km at 37 GHz to 148 x 95 km at 6.6 GHz. The antenna scan
period of 4.096 s and subsatellite velocity of 6.4 km/s resulted in
an along-track spacing of 26 km between scans. Complete
coverage of the surface by the 3 dB footprints within the swath
was achieved at all frequencies, with significant oversampling at
the lower frequencies due to the larger footprint sizes.

The Nimbus-7 orbit was polar and Sun synchronous, with
equator crossings at local noon (daytime) and midnight
(nighttime). Since the instrument was operated on a one-day-on
one-day-off duty cycle, it required 6 days to get complete global
coverage at the equator for separate daytime and nighttime data.

To improve the calibration quality and format of the data for
climate studies, the SMMR brightness temperature (level 1B)
data were recently reprocessed [Njoku et al., 1998]. (The level
1B definition refers to calibrated sensor data at the original sensor
spatial resolution and sampling.) The reprocessed data are
available from the National Snow and Ice Data Center in Boulder,
Colorado (http://www-nsidc.colorado.edu/NASA/GUIDE/). A
higher-level data set was derived by gridding the reprocessed
level 1B data onto a global, 0.5° x 0.5° latitude-longitude grid.
The gridding was performed by a simple averaging of the swath
data samples falling within each 0.5° x 0.5° grid cell over a
nominal “6-day” period. Sixty such periods were defined for
each year, with some periods adjusted to 7 days in order to match
the beginnings and ends of successive years. The gridding was
done separately for nighttime and daytime data. This gridded
data set was used in the present study. The data set has also been
used in a recent study of retrieval of land surface parameters in a
semiarid region [Njoku and Li, 1998].

Although the grid spacing of the gridded data set is 0.5°, the
inherent spatial resolutions of the data at 10.7 GHz (~100 km)
and 6.6 GHz (~150 km) are much coarser than 0.5°
Multifrequency comparisons of sensitivities to geophysical
phenomena using SMMR data over heterogeneous surfaces must
therefore be interpreted with care.

There are several ways of retrieving information about
vegetation from satellites, but the most common and useful
[Gutman et al., 1995] is the Normalized Difference Vegetation
Index (NDVI) defined as

NDVI = _]"2___]"1 ?)

L2 + L1

where L1 is the energy received in the visible by channel 1 at A =

‘vimetric measurements for each site.
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0.58-0.68 um, and L2 is the energy received in the near infrared
by channel 2 at A = 0.725-1.10 um by the AVHRR scanning
radiometers [Los et al, 1994]. Since clouds prohibit these
observations, NDVI data sets are based on compositing
techniques that use the most recent retrieval that sees the surface,
and have 10-day or monthly time resolution. Monthly NDVI data
on a 1° x 1° grid, based on the NOAA/NASA AVHRR Pathfinder
Project, were retrieved electronically from the NASA Goddard
Space Flight Center for our work.

3.2. Mlinois Soil Moisture and Meteorological Data

In situ observation of soil moisture at 17 Illinois Climate Net-
work stations was initiated in 1981 by the Illinois Water Survey
[Hollinger and Isard, 1994). Figure 1 shows a map of the station
locations. The instruments, a Troxler Neutron Surface Probe and
a Troxler Neutron Depth Probe, were calibrated with direct gra-
The measurements are
made for the top 10 cm and then for every 20 cm layer to a depth
of 2 m. The root-mean-square (random) error of the surface
probe calibration (soil moisture of the upper 10 cm soil layer) is
about 4.5% by volume and is smaller for the top 1 m soil layer.
All the observational sites are grass covered. Observations at
each site are made regularly at least twice each month (at the
middle and end of the month) during the warm season (March-
September) and only once each month (the last week of the
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Figure 1. Map of Illinois, United States, with the 17 soil

moisture stations. Superimposed is the 0.5°x0.5° scanning
multichannel microwave radiometer (SMMR) grid. Also shown
is the box used for the state-wide optimal averaging in Figures
11-12. Stations marked with open circle have only been used for
scale analysis.



4148

month) during the cold season (October-February). Here we use
data of 14 of these stations for calibration and validation of satel-
lite passive microwave observations. The data of all 17 stations
are used to study the statistical structure of the soil moisture field.
The soil moisture stations are located mainly on thin to thick
loess soils, which are the main agricultural soils in Illinois. The

stations in the southern one third of the state have a dense layer

approximately 0.5 m below the surface, which limits root
development below 0.5 m. Stations in the northern two thirds of
the state do not have any root-restricting zones above 2 m.

We also used data of routine meteorological observations

aisL WSCC8 Lala O I0WIIC WALUIVIVEIVa: UOSUI VAU UILS,

retrieved electronically from the National Climatic Data Center
and from the office of State Climatologist of Illinois. These data

“include midnight surface air temperature, daily precipitation, and
snow cover depth.

4. State of Illinois Characteristics
4.1. Land Surface Cover

An inventory of land surface cover for Illinois
(http://dnr.state.il.us) shows that about 80% of Illinois has rather
short and not very dense vegetation, which is most advantageous
for satellite monitoring of soil wetness. Sixty per cent is cropland
(row crops, 54.3%) and 19.2% grassland (rural, 17.5%). The
other surfaces are forest (11.3%) (deciduous, 10.0%), wetland
(3.2%), urban build up (4.0%), and open water (2.1%). We do
not know how to retrieve soil moisture from forests, and it does
not make sense to examine soil moisture for the other surfaces.
This 20% of the area of Iilinois may be considered as source of
contamination of the soil moisture signal in the passive
microwave.

Because the soil moisture measurements are taken from grass
plots, the measurements most closely represent grasslands. The
difference between crop land, especially row crops, and grass-
lands is that the grasslands are covered by vegetation year-
around, while the crop land has a period when the soil is bare, or
covered by crop residue. Grasslands also utilize water through
transpiration for a longer period of the year than crops. Grasses
generally begin to green up and transpire in March and stop in
late October. Most of the crop land, especially corn and soybean
land, does not experience a complete crop cover until late June.
Before a complete crop cover is on the surface, the cropped soils
lose more water through evaporation than the grassland soils but
less through transpiration. The crops begin to mature and stop
transpiring as early as late August. The crops are usually mature
by early October and are harvested through November and De-
cember. The differences between crop land, which is what a sat-
ellite observes, and grassland, typical of where the soil moisture
measurements are made, contribute to the differences between
soil moisture estimates from satellite and the measured soil
moisture.

4.2. Soil Parameters

The two parameters that limit the variations of water content in
soil are porosity and wilting point. The porosity, or total water
holding capacity, is the water content in the soil when all its pores
are filled with water. Vinnikov and Yeserkepova [1991] present
observed values of these parameters for different climatic zones
and soils. The following simple scheme was first described by
Robock et al. [1995] with reference to Y. Sud (personal communi-
cation, 1992). On average for the upper 1 m soil layer, porosity is
equal to about 45-55% of the soil volume. Approximately one
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third of this soil water may be removed from the upper soil layer
by gravitational drainage or evaporated during the first few days
after a rain. Another one third of the water can be used by plants
for evapotranspiration. The last one third of the water is plant
unavailable water. The plants wilt when the soil moisture reaches
this level. For normal climatic conditions, soil moisture is never

: Thi levnot srmdatantalla
below this level. This water is also almost undetectable in the

microwave, because the molecules of this water are well attached
to the walls of the soil pores and are unable to display their
rotational degrees of freedom.

t £, +1 1 of anil
A primary source of information for estimating of soil

parameters is STASGO, the State Soil Geographic Database [U.S.
Department of Agriculture (USDA), 1991]. It has been used by
Miller and White [1998] to create a conterminous U.S. multilayer
soil (CONUS-SOIL) characteristics data set for regional climate
and hydrology modeling. This data set contains estimates of soil
porosity constants for CLAY and SAND in percent of dry weight
of soil for different soil layers, with a spatial resolution of 1 km.
These data were retrieved electronically for the upper 10 cm soil
layer for Illinois and regridded to a 0.5°x0.5° grid. We
calculated the wilting point (WP) using the empirical relationship
of Wang and Schmugge [1980]:

WP =0.06774 - 0.00064 x SAND + 0.00478 x CLAY. (3)

The CONUS-SOIL porosity of the top 10 cm soil layer for Illi-
nois and the wilting point estimates (2) based on the same
CONUS-SOIL data are displayed in Figure 2. Hollinger and Is-
ard [1994] independently estimated the wilting level of the upper
10 cm layer as the average of the three lowest observed values of
soil moisture during the entire period of observations. These
values are also plotted on the map and show satisfactory agree-
ment with our calculations. As may be expected, these minimal
observed values are a bit below the real wilting level, because the
upper soil layer may dry below the wilting level due to evapora-
tion from bare soil. The measured porosity of the upper top 10
cm soil layer at the soil moisture observation stations is on aver-
age a little larger than that retrieved from the STASGO data sets.
This difference may be because all the observational plots are
grass covered, but the spatially averaged STASGO data include
agricultural fields and other types of land cover. The porosity of
upper top 10 cm soil is only a little larger than that of the upper 1
m layer and is about 50% by volume. The wilting level in the top
10 cm soil is about 14% by volume, and it is approximately 5%
less than the wilting level estimated for the top 1 m soil layer. In
general, the geographical distribution of these parameters over
Illinois is rather homogeneous.

5. Scales of Temporal and Spatial Variations of
Soil Moisture

Meshcherskaya et al. [1982], Vinnikov and Yeserkepova
[1991], and Vinnikov et al. [1996], using Russian gravimetric soil
moisture observations, concluded that the complex topography of
natural landscapes, with variable vegetation and soil types, and
gravitational drainage and infiltration of water after heavy rains,
is responsible for very small-scale spatial (tens of meters) and
temporal (up to few days) variability of soil moisture field. This
component of soil moisture field variability resembles random
(white) noise in comparison with the long-term (about 1-4
months) and large-scale (about 400-800 km) signal related to
atmospheric forcing. This meteorological component of temporal
variability was recognized in climate model output and theoreti-
cally explained by Delworth and Manabe [1988, 1993]. Robock
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Figure 2. Porosity and estimated wilting level of top 10 cm soil layer in Illinois and the surrounding area. Units are per cent
by volume. Porosity and soil texture data are from Miller and White [1998]. The large bold values are the estimates from

Hollinger and Isard [1994].

et al. [1995, 1997] and Schlosser et al. [1997] later showed that
this component may be successfully modeled using routine
meteorological observations at regular meteorological stations.
Existing meteorological information and models are unable to re-
produce realistically the small-scale variability of the soil mois-
ture field. One of the traditional empirical methods of eliminat-
ing white noise in soil moisture observations consists of spatial
averaging of all measurements from stations inside separate ad-
ministrative districts. Such spatial averaging is a part of the Rus-
sian system of monitoring large-scale variations in soil moisture
at agricultural fields with different crops. It is obvious that
satellite remote sensing of soil moisture would have an advantage
compared to measurements taken at stations, because a spatial
average could be performed automatically by selection of instru-
mental spatial resolution, or by smoothing of resulting fields.

Here we use soil moisture observations from 17 Illinois
Climate Network stations for 1981-1996 to estimate the temporal
and spatial autocorrelation functions of soil moisture in the top 10
cm and 1 m soil layers (Figures 3a and 3b). To receive these
estimates, the mean seasonal cycle of soil moisture was first
subtracted from each time series. The details of the technique are
described by Vinnikov and Yeserkepova [1991] and Vinnikov et
al. [1996]. .

Estimates of the temporal autocorrelation of soil moisture field
in Illinois (Figure 3a) may be expressed as

R(7) = 0 exp(-7/T) + 0, exp(-vT,), @

where R(7) is the covariance function, and 7 is the time lag. The
variance 0,2 and scale of temporal autocorrelation T, are
parameters of land-surface-related variability, and the variance
0. and scale T, are parameters of the atmosphere-related
variability. In assuming that T; << T, (the parameter L; cannot

be estimated from available data) the first term on the right-hand

side of (4) may be interpreted as the white noise component of the
process. The method of extrapolation of empirical estimates of
the aurocorrelation function to the point where 7=0 [Gandin,
1963] is used for partitioning of the total estimated variance o,
into two components

o) =0+0.. Q)
The part of the variance related to white noise processes 7 is
n=0/0;’. O]

For the top 10 cm soil layer, o, = 8.5% by volume, n = 40-
60%, and T, = 1.5-1.8 month. For the top 1 m soil layer, o, =
4.0% by volume, n = 10-20%, T, = 1.8-2.1 month. We find that
the standard deviation of soil moisture in the top 10 cm layer is
almost twice as large as that in the top 1 m soil layer. At the
same time, only half of the top 10 cm soil moisture variance is
related to atmospheric forcing, as compared with 80-90% for the
top 1 m soil moisture. The difference in the estimated scales of
atmospheric forcing-related temporal autocorrelation for the top
10 cm and top 1 m soil layers is too small to be statistically sig-
nificant. However, even in the absence of vegetation, microwave
radiation is emitted by a very thin surface soil layer (<1 cm).
There are no in situ soil moisture data for such a thin soil layer.

Estimates of the spatial autocorrelation of the soil moisture
field in Illinois (Figure 3b) may be expressed as

R(d) = 6 exp(-d/L,) + 6,* exp(-dIL,), @)

where R(d) is the covariance function, d is the distance, L, is the
scale of spatial autocorrelation of the land-surface-related vari-
ability and L, is the scale of the atmosphere-related variability.
Because L, << L,, the first term on the right-hand side of (7) may
be interpreted as the white noise component of the process. The
parameter 7) shows, as above (6), the part of the estimated vari-
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ance that is related to the white noise process. For both the top 10
cm and the top 1m soil layers, n = 30-35%; L, = 380-490 km for
the top 10 cm layer, and L, = 510-670 km for the top 1 m soil.
The difference in the estimated scale of atmospheric forcing-
related spatial autocorrelation for the top 10 cm and top 1m soil
layers is too small to be statistically significant. Our estimate of
spatial autocorrelation function of monthly average atmos-
pheric precipitation for Illinois is also presented in Figure 3b.
The scale of the red noise component of monthly precipitation is
420 km. This supports our preliminary conclusion based on Rus-

i tinl \PY
sian data, that the spatial correlation

tha
uic
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in the soil moisture field is
significantly related to the spatial correlation in monthly precipi-
tation [Vinnikov et al., 1996]. This means that the red-noise
component of spatial variability in the soil moisture field is a
result of atmospheric forcing. More detailed empirical analysis of
the scales of temporal and spatial autocorrelation of soil moisture
fields for different climatic conditions, including a study of sea-
sonal variations of the scales, will be presenied in a separate pa-
per. Independent estimates [Vachaud et al., 1985] show that L, is
equal to about 10-20 m and support the assumption that L, << L,.

6. Time Series of Microwave Indices and Soil
Moisture

There are several microwave indices that can be used for
satellite remote sensing of soil moisture: emissivities, polarization
differences of brightness temperature, spectral gradients of
brightness temperature, and spectral gradients of polarization
difference. The spectral gradient is simply the difference between
the value of a parameter for two different frequencies. The
efficacy of such indices depends on the frequencies. Special
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Sensor Microwave/Imager (SSM/I) observations began in 1987
and continue to the present. SMMR and SSM/I frequencies do
not include the L-band, which is optimal for soil moisture
monitoring. Indices for higher frequencies are more
contaminated by the signal from vegetation.

One difficulty is that many parameters of vegetation (such as
biomass and vegetation water content) have almost the same
seasonal variation as soil moisture and temperature, so it is very
difficult to recognize the physical nature of the observed
variations in the microwave indices. Also, the microwave indices
are affected by heavy rains at the time of measurement,
temporary lakes on the land surface after rains, and snow cover.
Freezing of soil water also changes microwave signals. Such

events could be filtered if we reprocessed the original data, but .

for our pilot project, we use SMMR data which have already been
averaged for six-day intervals.  Therefore we will use
meteorological observations to interpret the observed variations
in the microwave indices.

Another difficulty is that in the presence of seasonal
variations, all the indices have very high correlation with each
other. The length of the SMMR data set (the part that overlaps
with the Illinois soil moisture data) is not long enough to exclude
the seasonal component of variability without losing accuracy.
Moreover, the seasonal variation of soil moisture and the indices
is the main component of variability that can be used for
calibration of these microwave indices.

For two of the Illinois soil moisture stations, Olney and Peoria,
we display 1982-1987 time series of observed soil moisture, mid-
night surface air temperature, precipitation, snow depth, NDVI,
and different midnight microwave indices: emissivities, polariza-
tion differences, spectral gradients of brightness temperature and
spectral gradients of polarization difference (Figures 4a, 4b, 5a,
and 5b). All the microwave indices are on a 0.5° x 0.5° grids
(Figure 1) and are calculated for 6-day time intervals. The
brightness temperatures were bilinearly interpolated to points
with coordinates of the soil moisture stations. The observed
midnight surface air temperature for each soil moisture station
was retrieved from the local first-order meteorological station (24
observations per day) or obtained by linear interpolation from the
nearest stations. Surface air temperature was averaged for the
same 6-day time intervals. These observed midnight
temperatures were used to calculate microwave emissivities.
Each soil moisture measurement is assigned to its corresponding
‘6-day interval; precipitation and snow depth are daily; and NDVI
is monthly mean with spatial averaging of 1°x1°. Although
routine meteorological observations are local, the first-order
meteorological stations are usually representative of the
surrounding area. 'We must consider all these differences in
scales of spatial and temporal averaging when comparing
temporal variations of soil moisture and satellite indices.

Observations show that at Olney the small seasonal and
interannual variations of the 1 m soil moisture are due to a root
restriction layer at approximately 0.5 m below the surface. Even
though there is adequate water in the top 1 m soil layer to support
vegetation, the vegetation does not have access to that water.
Generally, plants in the southern one third of Illinois experience
some drought stress during the growing season because of the
inability of roots to mine the water below 0.5 m. For Peoria,
variations of the top 1 m layer soil moisture are much larger and
mimic the variations of soil moisture in the top 10 cm layer. At
least one observation for the top 10 cm is obviously erroneous.
Some preliminary qualitative conclusions can be made from
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Figures 4-5. Many of them are more or less trivial, but others are
rather surprising.

1. The soil moisture signal in microwave indices comes from
the top soil layer and not from the entire top 1 m layer.

2. Microwave emissivities record the soil moisture signal only
in the absence of snow and if the soil surface is not frozen.

3. Emissivities for horizontal polarization carry more
information about soil moisture than the vertical ones.

4. The soil moisture signal in the emissivities gets weaker
with increasing frequency, but it is rather strong at frequencies up
to 18 GHz.

5. Very intensive precipitation is sometimes responsible for a
sharp decrease of microwave emissivities.

6. The top 10 cm soil moisture signal is recognizable in the
polarization differences at all frequencies. There is an illusion
that the signal exists even for snow and for subfreezing
temperatures. The neutron probe, however, measures the number
of hydrogen atoms in the soil. Frozen soils do not affect the
measurement of soil moisture using the neutron probe. In the
case of snow-covered soils, the snow is brushed off the spot
where the surface neutron probe is placed and the measurement
taken on bare soil. This is just opposite to the situation with
microwave observations. Snow cover and frozen soils are a very
important factor with any instrument where the dielectric constant
is used to determine soil moisture.

7. The spectral gradients carry a well-recognizable top 10 cm
layer soil moisture signal during the warm season. The gradients
are negative for snow-covered surfaces and positive in the
absence of snow cover.

8. The spectral gradient of the microwave polarization
difference (PD(6.6 GHz) - PD(37 GHz)) also contains a top 10
cm layer soil moisture signal, but it is obviously too noisy for to
be useful.

9. Temporal variations of NDVI do not fit the temporal
variation of soil moisture. The regular seasonal variation of
NDVI is just opposite to the seasonal variation of soil moisture.
The NDVI signal for the Illinois climate is not the soil moisture
signal at all.

10. None of the microwave indices is able to distinguish very
low (equal to or below the wilting level) values of soil moisture.

11. Some of the microwave indices contain short-time peaks
that we are unable to interpret, because the brightness
temperatures have been spatially and temporally averaged.

12. Although the polarization signature appears to be the best
index over Illinois, it would have problems over sparsely
vegetated (e.g., desert) areas since these areas have very high
polarization. Frequency gradients should be very useful for
identifying surface wetness over such areas.

Daytime top 10 cm layer soil moisture observations are used
here instead of midnight soil moisture from the very thin (<1 cm)
top soil layer which is physically responsible for microwave em-
issivity at SMMR frequencies. We have no in situ data on diurnal
variation of the soil moisture profile in the upper 10 cm soil layer
in Illinois. Our results, however, are only possible if there is a
very strong correlation between daytime soil moisture of the top
10 cm and midnight soil moisture in the top 1 cm layer. The most
significant of the above conclusions is that the polarization
difference appears to be the best index for statistical retrieval of
top 10 cm layer soil moisture, as shown in Table 1, which shows
linear correlation coefficients of top 10 cm soil moisture
microwave emissivities and polarization differences for Olney
and Peoria. These estimates do not include data with snow cover
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Figure 4a. Time series of observed variations in snow depth, midnight surface air temperature, precipitation, and SMMR
microwave emissivities at Olney, Illinois (38.73°N, 88.10°W), 1982-1987.

and negative temperatures and use only nighttime observations.
All the correlations for Peoria are a little lower than for Olney,
but their general patterns correspond to our preliminary
conclusions. All emissivities and polarization differences have
very high correlation coefficients between themselves, and all are
quite well correlated with the top 10 cm layer soil moisture. The
polarization difference at 18 GHz has the highest correlation with
soil moisture. However, there is not a statistically significant
difference between this and other polarization differences at
SMMR frequencies. If all related random errors in observed soil
moisture and microwave radiation are taken into account, we
should consider correlation coefficients of 0.7-0.8 as quite high.
The seasonal dynamic range of soil moisture is very high, and

short-term changes in soil moisture are small, which is typical of
temperate regions. Since 6-day average microwave data have
been used, with slowly changing short-term soil moisture and
large seasonal dynamic range, the correlations will be higher than
for instantaneous variables. It is obvious that there is no
advantage in using linear combinations of more than one index
for soil moisture retrieval. Additional indices would not decrease
the error of the retrieval if we use a linear regression technique,
because there is not much statistical independence between these
indices. Theoretically, in this case we have two major pieces of
information, which account for most of the microwave signal.
These are soil moisture and vegetation. Accounting for both of
these, possibly with different indices, may give a better result.
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Figure 4b. Time series of vegetation index (NDVI), polarization differences (PD), spectral gradients of microwave
brightness temperature, spectral gradients of polarization difference, and volumetric soil moisture at Olney, Illinois (38.73°N,

88.10°W), 1982-1987.
7. Scatterplots

To reveal the nonlinearity of the relationship between the
microwave indices and the observed volumetric soil moisture,
scatter plots that display data for the five most representative soil
moisture stations (Olney, Carbondale, Belleville, Dixon Springs,
and Brownstown) are presented in Figures 6a, 6b and for five
other stations (Peoria, Springfield, Freeport, Orr Center, and De
Kalb) in Figures 7a, 7b. On average, for the five most
representative stations, correlation coefficients between water
content of the upper 10 cm soil layer and microwave indices are
equal to -0.62 for emissivity at 6.6 GHz, -0.58 for emissivity at
10.7 GHz, -0.50 for emissivity at 18 GHz, -0.27 for emissivity at
37 GHz, 0.68 for polarization difference at 18 GHz, 0.58 for the

37-18 GHz spectral gradient (vertical + horizontal)/2, and 0.33
for the spectral gradient of polarization difference at 37 and 18
GHz. The last index does not contain too much information
about soil moisture. The estimates for the other five stations give
almost the same result. '

We can now examine and repeat the most significant of the
preliminary conclusions in more detail.

1. The lower the frequency the more sensitive is the horizon-
tal component of the microwave emissivity to changes in soil
layer wetness. The vertical component shows the same tendency,
but the sensitivity is much weaker. By itself alone the vertical
component does not carry useful information on soil moisture.

2. Polarization differences in microwave brightness
temperature decrease only a small amount with increase of
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Figure Sa. Same as Figure 4a but for Peoria (40.70°N, 89.52°W).

frequency. These indices appear to be very efficient for soil
moisture remote sensing. The best results are from the
polarization difference at 18 GHz. Therefore we drew a
calibration line (by hand) on Figure 6a to represent the nonlinear
relationship between the 18 GHz polarization difference and the
upper 10 cm soil moisture. The same line is reproduced in Figure
7a and is in good agreement with the independently observed
data. This calibration is used below to retrieve soil moisture. The
results for two lower frequencies (6.6 and 10.7 GHz) are almost
the same and do not differ significantly from those for 18 GHz.
We prefer to use this index because the SSM/I instrument, which
has succeeded SMMR, has 19 GHz as its lowest frequency and
prm}ides the opportunity to continue this retrieval technique to the
present. Another microwave instrument, the Advanced

Microwave Scanning Radiometer (AMSR), will fly soon and has
18 GHz as its lowest frequency.

3. The spectral gradients of the microwave brightness
temperature are not sensitive to soil wetness in the range of the
low frequencies 6.6-10.7 GHz. For higher frequencies such
indices work pretty well. There is no significant difference in the
efficiency of such gradients estimated separately for vertical and
horizontal components of the microwave brightness temperature.
The gradient for frequencies 18-37 GHz look to be more strongly
related to soil wetness as compared to the other gradients (Figures
6b, 7b).

4. None of the analyzed SMMR microwave indices are able to
distinguish very low (near the wilting level) values of top 10 cm
layer soil moisture.



VINNIKOV ET AL.: SATELLITE REMOTE SENSING OF SOIL MOISTURE

4155

NDVI, Polarization Differences, Gradients, Soil

AMANAONT aour\

Moisture. reorla, llllIlOlS USA \4(‘} (U°NN, 89.52° nj

NDVI (Vegetation Index)

-0.2
I A ir* ¥ o ¥
0 2.;1.'4;.... 1/'_‘?_’:*#&, _f e li']t E‘l *I i \"".. J{f \"'t -
V. v £y = \ 2NN 7 )
0.4 T Lv F LN i F % Fl
W \tt 9 N F \F Yy,
. +T v ~+ prd FT 2 "+
0.8
1
1983 1984 1985 1986 1987
., Polarization Di fferences and Spectral Gradients (K)
40 ~— PD(6:6 CHz],_ ——TPD(10.7 GHz)
30 Hhcd ‘
I T
20 4 N Y
{ |
104 i J’%FNLQ

PD(37 GHz)

. M B D66 GH
¢ 1
1
21 '
N L,
1983 1984 1985 1986 1987
xlolumetric Soil Moisture (%). Layers: oo 10cm, ee 1m

1984

1983

1985 1986 1987

Figure Sb. Same as Figure 4b but for Peoria (40.70°N, 89.52°W).

One of the difficulties in interpretation of the scatterplots
(Figures 6a, 6b) is that the size of the footprints of the SMMR
microwave signal decreases with frequency, from 148 x 95 km at
6.6 GHz to 27 x 18 km at 37 GHz. The question is how much the
correlation of local soil moisture observations with the soil
moisture averaged over the footprint depends on the size of the
footprint. Simple analysis shows that, based on the empirically
estimated spatial autocorrelation function of soil moisture at
Illinois (see section 5 of this paper) and the theory of spatial
averaging [Kagan, 1979], this effect is not very significant for the
soil moisture field. The small-scale component of soil moisture
spatial variability, with a radius of autocorrelation of a few tens of
meters, will be significantly suppressed by a footprint size of
about 1x1 km. As for the large-scale component of soil
moisture variability, with a radius of autocorrelation of a few

hundred kilometers, the standard deviation for a 37 GHz footprint
is only a little larger than for a 6.6 GHz footprint (Table 2). .
Only one of these findings contradicts common sense. We
expect the polarization differences for SMMR frequencies to
depend more on vegetation than on soil moisture. We used the
NASA Pathfinder 1°x1° monthly NDVI data to quantify
changes in the vegetation cover at Illinois during 1982-1987.
Statistical analysis for separate stations showed that there is a sta-
tistically significant correlation between top 10 cm soil moisture
and the NDVI indices, but the correlation coefficients are always
at least 0.1-0.2 lower than those between the soil moisture and the
polarization difference at 18 GHz. Scatterplots in Figure 8 show
the relationship among monthly averaged soil moisture, polariza-
tion difference, and NDVI for the same five most representative
stations. The correlation between the NDVI and the polarization
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Table 1. Correlation Matrix for Soil Moisture (SM) from the
Top 10 cm Soil Layer and the SMMR Midnight Microwave
Indices for 6.6 (07), 10.7 (11), 18, and 37 GHz:

Emissivities with Horizontal Polarization (EH)

and Polarization Differences (D)

Peoria
Olney SM EHO07 EH11 EH18 EH37 D07 D11 Di18 D37
SM 1.00 -0.61 -0.59 -0.54 -0.34 -0.67 -0.66 -0.73 -0.71
EHO7 -0.76 1.00 098 091 074 -093 -093 -0.90 -0.81
EH11 -0.74 098 100 096 081 0.88 -090 -0.89 -0.82
EH18 -0.71 096 099 1.00 092 -0.77 -0.79 -0.84 -0.81
EH37 -060 0.83 088 093 100 -0.54 -0.59 -0.68 -0.72
D07 079 -095 -0.90 -0.85 -069 1.00 098 093 0.83
D11 0.80 -095 -094 -090 -0.76 097 1.00 096 0.87
‘D18 0.81 -095 -095 -094 -082 094 098 100 095
D37 0.80 -0.85 -0.86 -0.87 -0.86 0.83 087 092 1.00

The Olney matrix is below the diagonal, and the Peoria matrix is
above the diagonal.

difference at 18 GHz is not better than the correlation of the
polarization difference with soil moisture, but the latter is much
better than the correlation of NDVI with soil moisture. We
should understand that variations in vegetation are reflected in
both of these indices. (It may be also that the polarization
difference can be used to construct a new vegetation index that is
better than NDVI.) However, it is also obvious that the
polarization difference is statistically more efficient than NDVI
for soil wetness monitoring over such homogeneous grasslands
and croplands as Illinois. NDVI does not contain information on
soil moisture in addition to the microwave polarization difference
at 18 GHz, at least for the atmospherically forced large-scale,
long-term component in the soil moisture field.

There are two different components in the relationship
between soil moisture and vegetation (NDVI). The first of them
is just a strong negative correlation of seasonal variations in both
variables. Soil moisture has a minimum in the summer at the
same time that vegetation is a maximum. During the growing
season, however, we would expect soil moisture deficits to be
reflected in reduced vegetation with a lag of one or two weeks,
and soil moisture increases, within a certain range, to produce
more vegetation. This second component is responsible for a
weak positive correlation between soil moisture anomalies and
anomalies in vegetation density. Working with rather short time
series, we are unable to separate these components.

This analysis has convinced us that both the polarization
differences at 6.6-37 GHz and the microwave emissivity for low
frequencies have real utility for use as soil moisture information
sources. The best results are from the polarization difference at
frequencies <18 GHz. While this index gives the highest
correlation, the soil penetration depth at 18 GHz is only about 1/3
cm or less. This means that there is a very good correlation for
the Illinois climate between daytime soil moisture of the upper 10
cm and the top 1 cm soil layers at midnight.

8. Soil Moisture Retrieved From SMMR data
8.1. Time Series

As a first step, we applied the calibration obtained from the
five best stations (Figure 6a) to retrieve upper 10 cm soil moisture
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from the same five stations (Figure 9a). There is good agreement
between the retrieved and the observed soil moisture variations
during 6 years for these stations, with the differences mostly
within £15%. We then retrieved soil moisture for five other
Illinois stations using the same calibration developed from five
different stations (Figure 9b). These results are also satisfactory,
with most of the differences between observed and remotely
sensed soil moisture within +20%. These differences consist of
the random error of soil moisture measurements with the neutron
probe instrument, error of calibration of that instrument, error
related to the difference between soil moisture at the
observational plot and the soil moisture averaged for the footprint
of the satellite microwave sensor, error related to the difference of
soil moisture averaged for six days with soil moisture observed
on one of these days, and the error of calibration of the
microwave observations. None of these errors is very small, and
most may be considered statistically independent random errors.

8.2. Maps

Maps of satellite-retrieved top 10 cm soil moisture for Illinois
and nonforested parts of two neighboring states, Jowa and
Missouri, during 6 years for the end of each month from March to
October are presented in Figure 10, with the observed volumetric
soil moisture at the Illinois stations given for validation. The
satellite-retrieved information is in satisfactory agreement with
the observed data for Illinois, but this is not too surprising
because a part of the same observed data was used for calibration.
There are no- direct soil moisture observations for the two other.
states. The scale of spatial variations in the satellite-retrieved soil
moisture is almost the same as that estimated from direct
observations. The area of Illinois is not large enough to analyze
the geographical patterns of soil moisture inside that area. Most
of this pattern is related to the short-term and small-scale
component of soil moisture variability. Spatial averaging of soil
moisture is necessary to reveal the soil moisture component
related to the atmospheric forcing. Therefore in the next section
we compare spatially averaged observed and satellite-retrieved
soil moisture values for Illinois.

8.3. Illinois Average Results

We used the statistically optimum method of spatial averaging
of random fields [Kagan, 1979] for averaging soil moisture sta-
tion data over Illinois. The high efficiency of this method has -
been demonstrated in many meteorological studies [e.g., Vinnikov
et al., 1991, Smith et al., 1994; Weber and Madden, 1995], and
we have successfully applied it recently to averaging of soil
moisture observations [Robock et al., 1998; Entin et al., 1999].
One of the benefits of statistical optimal averaging is that we are
also able to estimate the variance of the random error of spatial
averaging. As input to the method, we used estimates of the spa-
tial autocorrelation function of the soil moisture field described
above in section 5, and the normal and standard deviations for
each of the stations and for each month [Hollinger and Isard,
1994]. The area of spatial averaging was a square with sides of
435 km and the center in the center of Illinois (Figure 1). The
normals for each month were averaged for the same area with the
same optimal weights. A condition that the sum of the weights
should be equal to 1 has been used to decrease the influence of er-
rors in the statistical parameters of the soil moisture field. All ob-
servations made during 6-day intervals were considered as if they
were instantaneous. This is justified due to the estimated tempo-
ral scale of soil moisture variation presented earlier in section 5.
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Microwave Indices and Soil Moisture: 1982-1987

Stations: Olney, Carbondale, Belleville,
Dixon Springs, and Brownstown. Illinois, USA
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Figure 6a. Top 10 cm soil moisture and microwave indices (emissivities and polarization differences of brightness
temperature). Scatterplots for the five most representative stations: Olney, Carbondale, Belleville, Dixon Springs, and

Brownstown.

Figure 11 shows estimates of Illinois-averaged soil moisture
during 1982-1987 and their 95% confidence intervals. Using 6-
day periods, the number of stations available during each interval
changes and affects the number of periods available for the cal-
culation and the accuracy of the average. By requiring a smaller
number of stations for the calculation, we obtain more averages
but increase the confidence intervals. The top panel shows the
estimates if the number of stations used for averaging is larger
than 1, the middle panel displays the estimates based on at least
four observations, and the bottom panel displays the estimates for
at least seven observations. The seasonal component of the spa-
tially averaged normal is the same for all three panels. Station
data were used to estimate the anomalies, which were added to

this normal. By examining the error bars, we conclude that three
stations is the minimum number of stations needed for averaging.
Using at least three observations of soil moisture for each 6-
day optimal average, Figure 12 presents scatterplots of the state
average (for the box shown in Figure 1) optimal averages of top
10 cm in situ observations with the averages for the same area of
the 6.6, 10.7, 18, and 37 GHz polarization differences. The
nonlinear empirical calibration line drawn by hand for 18 GHz is
shown in Figure 12. It was then used to estimate the state-
average soil moisture variations from the microwave data, shown
in Figure 11. The largest differences between observed and
satellite retrieved soil moisture values are not related to an
insufficient number of land observations, as they are the same in
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Figure 6b. Top 10 cm soil moisture and microwave indices (spectral gradients of brightness temperature). Scatterplots for
the five most representative stations: Olney, Carboendale, Belleville, Dixon Springs, and Brownstown.

all three panels in Figure 12. In general, there is a very
satisfactory agreement between the observed and the satellite-
retrieved soil moisture of the top 10-cm soil layer. The root-
mean-square error of retrieving the state of Illinois average soil
moisture of the top 10 cm soil layer is equal to 5-6% by volume.
This is about half the same error for a single station. Taking into
account the representativeness of the stations to the surrounding
areas which are in the field of view of the satellite antenna,
random errors of the neutron probe observations, and differences
in the timescales of temporal averaging of the satellite and station
observations, we conclude that random errors of satellite-
retrieved soil moisture are not very large if the goal is monitoring
of the large-scale and long-term component of soil moisture
variability, the component related to atmospheric forcing. These

random errors are too large, however, if we want to monitor
variations of soil moisture for each agricultural field.

We showed earlier that the best correlation between soil
moisture and microwave emissivity is for the lowest of the
SMMR frequencies (6.6 GHz). This corresponds to microwave
theory. We also showed that for the polarization differences, the
correlation with soil moisture does not depend very much on
frequency but is the best for the 18 GHz frequency. This result
has no simple theoretical explanation. One might think that the
poor resolution of the SMMR instrument at low frequencies is
part of the problem and that this results in the larger scatter. This
effect, however, does not exist for the scatterplots in Figure 12.
The data for all four frequencies have absolutely the same scale
of spatial averaging, but the correlation between soil moisture and
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Top 10 cm soil moisture and microwave indices (emissivities and polarization differences of brightness

temperature). Scatterplots for five other stations: Peoria, Springfield, Freeport, Orr Center, and DeKalb.

polarization difference at 18 GHz is still better than the
correlation for 6.6 or 10.7 GHz.

9. Discussion and Conclusions

The main goal of this analysis has been achieved. We showed
that a soil moisture signal can be retrieved from SMMR data. We
compared 1982-1987 time series of twice a month observed soil
moisture of the top 10 cm layer at 14 Illinois soil moisture
stations with different SMMR microwave indices and found that
the polarization difference of brightness temperature at 18 GHz
obviously carries information about soil moisture variations.

This result was obtained for a geographically homogeneous
region; having croplands and grasslands with a strong seasonality

are the prevailing types of vegetation in Illinois. We know from
the theory of passive microwave that vegetation reduces the po-
larization difference. The denser the canopy the lower the polari-
zation difference. This same seasonal variation in polarization
difference may be generated by the seasonal variation in
vegetation density and by the seasonal variation in soil wetness.
The polarization index obviously contains signals from both these
factors. The data we present, however, show that for Illinois the
soil moisture signal is the prevailing signal. This means that
correlation of the polarization index with soil moisture is higher
than with the vegetation signal, and both are well correlated with
each other. However, it may be still possible that at the height of
the growing season the vegetation is the dominant signal. The
seasonal component of the error may be an indication of this.
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Figure 7b. Top 10 cm soil moisture and microwave indices (spectral gradients of brightness temperature). Scatterplots for
five other stations: Peoria, Springfield, Freeport, Orr Center, and DeKalb.

Table 2. Standard Deviation (S.D.) of the Top 10 cm Volumetric
Seil Moisture (%), Area Averaged for SMMR Footprints at

Different Frequencies
SMMR Frequency, Footprint Size, SD.,
GHz km %
6.6 148 x 95 6.1
10.7 91 x59 6.4
18 55x41 6.6
21 46 x 30 6.7
37 27%x18 6.8

Another hypothesis is that soil moisture controls the
vegetation, changes in vegetation change the polarization index,
and this is the reason for the correlation between soil moisture
and the satellite polarization index. Soil moisture is one of the
most significant factors limiting productivity of biota for the
climate of Illinois. However, if soil moisture really controls
vegetation, it should be moisture from the entire rooting depth, at
least the upper 1 m soil layer and not just the top 10 cm layer.
Temporal variations of microwave indices presented in Figures 4-
5 do not show a similarity with the temporal variation of 1 m
layer soil moisture but with soil moisture of the top 10 cm layer.
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1982-86, Monthly: Top 10 cm Soil Moisture, NDVI, and
Polarization Difference at 18 GHz. Stations: Olney, Carbondale,
Belleville, Dixon Spring, and Brownstown. Illinois, USA
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Figure 8. Scatterplots of monthly averaged top 10 cm soil moisture, polarization difference at 18 GHz, and NDVI for the
same five most representative stations (Figure 6).
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Figure 9b. Time series of observed and satellite-retrieved values of soil moisture of the upper 10 cm soil layer for other five

stations which data have not been used for calibrating.

Also, scatterplots of top 1 m soil moisture with microwave
indices presented in Figure 13, as compared with that of Figure
6a, do not show a good correlation between the variables. This
means that the hypothesis, that we observe mostly an effect of
soil moisture variation on vegetation, should be rejected.
Although it can be noticed that in Figures 9a, 9b, and 11 the
difference between the estimated and the measured soil moisture
contains a seasonal component, we suppose that this component
is related to a seasonal variation in vegetation parameters which is
not reflected by NDVI.

The empirically estimated calibration relationship between the
polarization difference at 18 GHz and the top 10 cm layer soil

moisture automatically includes a relationship between soil
moisture and vegetation. Such a calibration curve should work
for Illinois and surrounding regions with the same types of soils
and vegetation. It should, however, be adjusted to the soil pa-
rameters of wilting level and porosity if these parameters are sig-
nificantly different from those for Illinois. In Figure 11 we can
notice some imperfections in our best calibration curve, which
gives satellite-retrieved soil moisture values regularly overesti-
mated during each spring season. This should be interpreted as
the effect of seasonality in the vegetation parameters.

Another hypothesis that could be considered is that the low-
resolution radiometer observes changes of the polarization differ-
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Volumetric Moisture of 10 cm Soil Layer
Spatially Averaged over Illinois
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Spatially Averaged Microwave Indices and
Top 10 cm Soil Moisture for Illinois Area
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Figure 12. Scatter plots of Illinois-averaged top 10 cm soil layer soil moisture and polarization differences at the different
SMMR frequencies and the nonlinear regression line for 18 GHz used for the retrievals shown in Figure 11.

ence which are really caused by a change in the ratio of inundated
and relatively dry land areas in the field of view of the satellite
antenna. At this moment the hypothesis cannot be supported or
rejected. High-resolution soil moisture measurements over very
large areas are needed to check this hypothesis. A new definition
of soil wetness may be the result of future work in this direction.

Results of many independent analyses related to soil moisture
retrieval from SMMR and SSM/I microwave observations were
published recently [Choudhury and Golus, 1988; Teng et al.,
1993; Lakshmi et al., 1997]. The last of these supports our choice
of 18 GHz polarization difference for soil moisture monitoring
using low-resolution SMMR and SSM/I satellite observations and
showed the significance of using climatic data on the seasonal
variations in vegetation parameters.

The main conclusions of this analysis are as follows:

1. The spatial and temporal variability of the soil moisture
field in Illinois contain a long-term (about 2 months) and large-

scale (about a few hundred kilometers) component related to
atmospheric forcing. This is the only part of soil moisture
variability that can be monitored using low-resolution passive
microwave satellite instruments such as SMMR and SSM/I.

2. In situ soil moisture observations should be used to cali-
brate microwave satellite indices and to validate satellite-re-
trieved soil moisture data. Among the SMMR microwave indi-
ces, the polarization difference at 18 GHz is found to be among
the best for use as a source of information on the top 10 cm layer
soil moisture for grasslands and croplands. A very similar index
can be obtained from SSM/I and AMSR observations.

3. The temporal variation in fractional amount of vegetation
(at least its seasonal component) should be taken into account for
correct retrieval of top 10 cm soil moisture from SMMR
observations.

4. The existing global data set of microwave SMMR and
SSM/I observations from 1978 to the present may be used to
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Microwave Indices and 1m S. Moisture: 1982-1987

Stations: Olney, Carbondale, Belleville,
Dixon Springs, and Brownstown. Illinois, USA
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Figure 13. Top 1 m soil moisture and microwave indices (emissivities and polarization differences of brightness

temperature). Scatterplots are for the five most representative stations: Olney, Carbondale, Belleville, Dixon Springs, and
Brownstown.
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retrieve the large-scale long-term component of soil moisture
variations for grasslands and croplands over the globe.

While these results are encouraging, they must now be tested
for other regions of the globe and with the SSM/I observations.
The limitations imposed by vegetation and by extreme
hydrological events must be explored. The spatial and temporal
statistical structure of vegetation indices should be studied.
Temporal crosscorrelations of soil moisture and vegetation
indices may be used in combination with physical methods to
improve the quality of soil moisture remote sensing.

Acknowledgments. We thank Ming Ying Wei, Norman Grody,
Wolfgang Wagner, Venkataraman Lakshmi, Garik Gutman, and Alan
Basist for valuable discussions. Two anonymous reviewers made very
interesting comments and suggestions which significantly improved this
paper. This work is supported by NASA Mission to Planet Earth grants
NAGW-5227 and NAG-55161 and NOAA Climate and Global Change
Program grant NAS6GPO212.

References

Allison, L. J., T. J. Schmugge, and D. Byrne, A hydrological analysis of
East Australian floods using Nimbus-5 electrically scanning
radiometer data, Bull. Am. Meteorol. Soc., 60, 1414-1427, 1979.

Blanchard, B. J., M. J. McFarland, S. Theis, and G. Richter, Correlation
of space-craft passive microwave system data with soil moisture
indices (API). Remote Sens. Cent. Rep. RSC-3622-4, Texas A&M
Univ., College Station, 1981.

Budyko, M. L, The Evolution of the Biosphere, Kluwer Acad., Norwell,
Mass., 1986.

Capehart, W., and T. Carlson, Decoupling of surface and near-surface soil
water content: A remote sensing perspective, Water Resour. Res., 33,
1383-1395, 1997.

Carlson, T., Regional-scale estimates of surface moisture availability and
thermal inertia using remote thermal measurements, Remote Sens.
Rev., 1,197-247, 1986.

Carlson, T., F. Rose, and E. Perry, Regional-scale estimates of surface
moisture availability from GOES infrared satellite measurements,
Agron. J., 76, 972-979, 1984.

Choudhury, B. J., Passive microwave remote sensing contribution to
hydrological variables, Surv. Geophys., 12, 63-84, 1991.

Choudhury, B. J,, T. J. Schmugge, A. T. C. Chang, and R. W. Newton,
Effect of surface roughness on the microwave emission from soils, J.
Geophys. Res., 84, 5699-5705, 1979.

Choudhury, B. J., and R. E. Golus, Estimating soil wetness using satellite
data. Int. J. Remote Sens., 9, 1251-1257, 1988.

Choudhury, B. J., J. R. Wang, A. Y. Hsu, and Y. L. Chien, Simulated and
observed 37 GHz emission over Africa. Internat. J. Remote Sensing,
11,1837-1868, 1990.

Delworth, T., and S. Manabe, The influence of potential evaporation on
the variabilities of simulated soil wetness and climate, J. Clim., 1, 523-
547, 1988.

Delworth, T., and S. Manabe, Climate variability and land-surface
processes, Adv. Water Res., 16, 3-20, 1993.

Diak, G. R, R. M. Rabin, K. P. Gallo, and C. M. Neale, Regional-scale
comparisons of vegetation and soil wetness with surface energy
budget properties from satellite and in-situ observations, Remote Sens.
Rev., 12, 355-382, 1995.

Dobson, M. C., F. T. Ulaby, M. T. Hallikainen, and M. A. El-Rayes,
Microwave dielectric behavior of wet soil, Dielectric mixing models,
IEEE Trans. Geosci. Remote Sens., GE-23, 35-46, 1985.

Entin, J., A. Robock, K. Y. Vinnikov, V. Zabelin, S. Liu, A. Namkhai,
and T. Adyasuren, Evaluation of Global Soil Wetness Project
simulations, J. Meteorol. Soc. Jpn., in press, 1999.

Flores, A., and T. Carlson, Estimation of surface moisture availability
from remote temperature measurements, J. Geophys. Res., 92, 9581-
9585, 1987.

Gandin, L. S., Objective Analysis of Meteorological Fields (in Russian),
287 pp., Gidrometeoizdat, St. Petersburg, Russia, 1963. (English
translation, 242 pp., Isr. Program for Sci. Transl., Jerusalem, 1966.)

Gloersen, P., and F. T. Barath, A scanning multichannel microwave
radiometerfor Nimbus-G and Seasat-A, IEEE J. Oceanic Eng., OE-2,
172-178, 1977.

4167

Gutman, G., D. Tarpley, A. Ignatov, and S. Olson, The enhanced NOAA
global land data set from Advanced Very High Resolution
Radiometer, Bull. Am. Meteorol. Soc., 76, 1141-1156, 1995.

Hollinger, S. E., and S. A. Isard, A soil moisture climatology of Illinois, J.
Clim., 7, 822-833, 1994.

Idso, S. B., T. J. Schmugge, R. D. Jackson, and R. J. Reginato, The utility
of surface temperature measurements for the remote sensing of surface
soil water status, J. Geophys. Res., 80, 3044-3049, 1975.

Kagan, R. L., Averaging of meteorological fields (in Russian), 213 pp.,
Gidrometeoizdat, St. Petersburg, Russia, 1979. (English translation,
279 pp., Kluwer Acad., Norwell, Mass., 1997.)

Lakshmi, V., E. F. Wood, and B. J. Choudhury, Evaluation of special
sensor microwave/imager satellite data for regional soil moisture
estimation over the Red River basin, J. Appl. Meteorol., 36, 1309-
1328, 1997.

Los, S. O., C. O. Justice, and C. J. Tucker, A global 1 by 1 degree NDVI
data set for climate studies derived from the GIMMS continental
NDVI data, Int. J. Remote Sens., 15, 3493-3518, 1994.

Meshcherskaya, A. V., N. A. Boldyreva, and N. D. Shapaeva, District
Average Plant Available Soil Water and Depth of Snow Cover (in
Russian) , 243 pp., Gidrometeoizdat, St. Petersburg, Russia, 1982.

Miller, D. A, and R. A. White, A conterminous United States multi-layer
characteristics data set for regional climate and hydrology modeling,
Earth Inter., 2, 1998. (Available at http://EarthInteractions.org).

Nieuwenhuis, G. J. A., and M. Menenti, Application of thermal infrared
remote sensing in water management of humid and arid areas,
Geocarto Int., 1, 35-46, 1986.

Njoku, E. G., and D. Entekhabi, Passive microwave remote sensing of
soil moisture, J. Hydrol., 184, 101-129, 1996.

Njoku, E. G, and L. Li, Retrieval of land surface parameters using
passive microwave measurements at 6-18 GHz, IEEE Trans. Geosci.
Remote Sens., in press, 1998.

Njoku, E. G, J. M. Stacey, and F. T. Barath, The Seasat Scanning
Multichannel Microwave Radiometer (SMMR): Instrument descrip-
tion and performance, IEEE J. Oceanic Eng., OE-5, 125-137, 1980.

Njoku, E. G., B. Rague, and K. Fleming, The Nimbus-7 SMMR
Pathfinder brightness temperature data set, JPL Pub. 98-4, 55 pp., Jet
Propul. Lab., Pasadena, Calif., 1998.

Owe, M., and A. A. Van de Griend, Daily surface moisture model for
large area semiarid land application with limited climate data, J.
Hydrol., 121, 119-132, 1990.

Owe, M., and A. A. Van de Griend, Comparison of soil moisture
penetration depths for several bare soils at two microwave frequencies
and implications for remote sensing, Water Resour. Res., 34, 2319-
2327,1998.

Owe, M., A. Chang, and R. E. Golus, Estimating surface soil moisture
from satellite microwave measurements and satellite derived
vegetation index, Remote Sens. Environ., 24, 331-345, 1988.

Owe, M., A. A. Van de Griend, and A. T. C. Chang, Surface moisture and
satellite microwave Observations in semiarid southern Africa. Water
Resour. Res., 28, 829-839, 1992.

Robock, A., K. Y. Vinnikov, C. A. Schlosser, N. A. Speranskaya, and Y.
Xue, Use of midlatitude soil moisture and meteorological observations
to validate soil moisture simulations with biosphere and bucket
models, J. Clim., 8, 15-35, 1995.

Robock, A., K. Y. Vinnikov, and C. A. Schlosser, Reply (Evaluation of
land-surface parameterization schemes using observations), J. Clim., 10,
377-379, 1997.

Robock, A., C. A. Schlosser, K. Y. Vinnikov, N. A. Speranskaya, and J. K.
Entin, Evaluation of AMIP soil moisture simulations, Global Plan.
Change, in press, 1998.

Schlosser, C. A., A. Robock, K. Y. Vinnikov, N. A. Speranskaya, and Y.
Xue, 18-year land-surface hydrology model simulations for a
midlatitude grassland catchment in Valdai, Russia, Mon. Weather
Rev., 125, 3279-3296, 1997.

Schmugge, T. J.,, Remote sensing of soil moisture, Hydrological
Forecasting, edited by M. G. Anderson and T. P. Burt, John Wiley,
New York, 1985.

Schmugge, T. J., J. M. Meneely, A. Rango, and R. Neff, Satellite
microwave observations of soil moisture variations, Water Resour.
Bull., 13, 265-281, 1977.

Smith, T. M., R. W. Reynolds, and C. F. Ropelewski, Optimal averaging
of seasonal sea surface temperatures and associated confidence
intervals (1860-1989), J. Clim., 7, 949-964, 1994.

Teng, W. L., J. R. Wang, and P. C. Doraiswamy, Relationship between
satellite microwave radiometric data, antecedent precipitation index,
and regional soil moisture, Int. Remote Sens., 14, 2483-2500, 1993.



4168

Ulaby, F. T., R. K. Moore, and A. K. Fung, Microwave Remote Sensing:
Active and Passive, 3, in From Theory to Applications, 2162 pp.,
Artech, Norwood, Mass., 1986.

U.S. Department of Agriculture (USDA), State soil geographic database
(STASGO) data users guide, USDA Soil Conserv. Serv. Misc. Publ.
1492, 88 pp., U.S. Gov. Print. Off., Washington, D. C., 1991.

Vachaud, G., A. Passerat de Silans, P. Balabanis, and M. Vauclin, Temporal
stability of spatially measured soil water probability density function, Soil
Sci. Soc. Am. J., 49, 822-828, 1985.

Van de Griend, A. A., and M. Owe, Determination of microwave
vegetation optical depth and single scattering albedo from large scale
soil moisture and Nimbus/SMMR satellite observations. Int. J. Remote
Sens., 14, 1875-1866, 1993.

Vinnikov, K. Y., and I. B. Yeserkepova, Soil moisture: Empirical data
and model results, J. Clim., 4, 66-79, 1991.

Vinnikov, K. Y., A. Robock, N. Speranskaya, and C. A. Schlosser, Scales
of temporal and spatial variability of midlatitude soil moisture, J.
Geophys. Res., 101, 7163-7174, 1996.

Vinnikov, K. Y., A. Robock, N. A. Speranskaya, and V. Zabelin, Soil
moisture data sets, GEWEX News, 7(2), 8-11, 1997.

Vordsmarty, C. J., C. J. Willmott, B. J. Choudhury, A. L. Schloss, T. K.
Stearns, and S. M. Robeson, Analyzing the discharge regime of a large
tropical river through remote sensing, ground-based climatic data,
Water Resour. Res., 32, 3137-3150, 1996.

Wang, J. R., Effect of vegetation on soil moisture sensing observed from
orbiting microwave radiometers, Remote Sens. Environ., 17, 141-151,
1985.

Wang, J. R,; and T. J. Schmugge, An empirical model for the complex
dielectric permitivity of soils as a function of water content, IEEE
Trans. Geosci. Remote Sens., GE-18, 288-295, 1980.

VINNIKOV ET AL.: SATELLITE REMOTE SENSING OF SOIL MOISTURE

Weber, R. O, and R. A. Madden, Optimal averaging for the
determination of global mean temperature: Experiments with model
data. J. Clim., 8, 418-430, 1995.

Wigneron, J.-P., Y. Kerr, A. Chanzy, Y.-Q. Jin, Inversion of surface
parameters from passive microwave measurements over a soybean
field, Remote Sens. Environ., 46, 61-72, 1993.

Wilke, G. D., and M. J. McFarland, Multispectral passive microwave
correlations with an antecedent precipitation index using Nimbus-7
SMMR, Remote Sens. Cent. Rep. RSC-141, Texas A&M Univ.,
College Station, 1984.

J. K. Entin, S. Qiu, and K. Vinnikov (corresponding author), Depart-
ment of Meteorology, University of Maryland, College Park, MD 20742.
(e-mail: jentin@atmos.umd.edu; sqiu@atmos.umd.edu; kostya@atmos.
umd.edu)

A. Robock, Department of Environmental Sciences, Rutgers - The
State University of New Jersey, 14 College Farm Road, New Brunswick,
NJ 08901-8551. (e-mail: robock @envsci.rutgers.edu)

B. J. Choudhury and M. Owe, Mail Code 974, NASA Goddard Space
Flight Center, Greenbelt, MD 20771. (e-mail: owe@hydro4.gsfc.nasa.
gov; bchoudhury @hydro4.gsfc.nasa.gov) )

S. E. Hollinger, Illinois State Water Survey, Illinois State Water
Survey, 2204 Griffith Drive, Champaign, IL 61820. (e-mail:
hollingr @uiuc.edu)

E. G. Njoku, Jet Propulsion Laboratory, 4800 Oak Grove Drive,
Pasadena, CA 91109. (e-mail: eni.g.njoku @jpl.nasa.gov)

(Received July 12, 1998; revised October 6, 1998;
accepted October 9, 1998.)



