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Estimation of Surface Soil Moisture in a Semi-Arid, Mountainous
Region Using Satellite Microwave Observations: A Case Study
of Southwestern Region of Saudi Arabia
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Faculty of Meteorology, Environment and Arid Land Agriculture,
King Abdulaziz University, Jeddah, Saudi Arabia

ABSTRACT. This study presents the use of passive microwaves to classify
and estimate the surface soil moisture in a semi-arid, mountainous region.
The southwestern region of Saudi Arabia was chosen for this study. Two
case studies have been considered to investigate the response of Special
Sensor Microwave/Imager (SSM/I) brightness temperature to soil mois-
ture. The first case is at satellite ascending overpass time (about 6:00 a.m.
local solar time), and the second one is at satellite descending overpass time
(about 6:00 p.m. local solar time). It is shown that normalized brightness
temperature with respect to ground temperature may be interpreted in
terms of the soil moisture in the surface layers. Normalized brightness
temperature is not sensitive to soil moisture when precipitating clouds are
present. The existence of precipitating clouds over the study area was deter-
mined through examination of the brightness temperature of frequency
85.5 GHz (Gigahertz).

Introduction

Soil moisture information over large areas is an important physical variable for
meteorological, hydrological and agricultural applications. In meteorology, infor-
mation about soil moisture is needed for providing a boundary condition variable for
dynamic atmospheric models. In hydrology and agriculture, information about soil
moisture can be used in flood forecasting, crop yield forecasting, and irrigation
scheduling. Thus, accurate estimation of soil moisture for large areas are helpful
when obtained within short time periods. However, direct measurement of soil mois-
ture over large areas is difficult because of the cost of installation and operation of
the needed instruments. Remote sensing methods, therefore, which are based on
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change in the electromagnetic properties of soil when water is added, provide a way
to detetmine the spatial distribution of soil moisture over large areas within short
time periods.

Previous studies (Schmugge ef al. 1979; Schmugge 1983) have been limited to flat
terrain with reasonably uniform vegetation but, even with these restrictions, the
most successful results have led only to classification or categorization of soil mois-
ture amount. This research is an attempt to move into a more challenging topog-
raphical environment such as a semi-arid, mountainous region in which vegetation
varies from lush to bare land. In mountain regions, variations in vegetation density,
soil type, precipitation amount, ground temperature, and topographic characteris-
tics are large within small areas. For this reason, it is more difficult to determine soil
moisture distribution over mountain regions than over flat, bare surfaces or uniform
agricultural areas.

Encouraging progress has occurred with the launching of the Special Sensor Mic-
"~ rowave/Imager (SSM/I) with its seven channels improving scanning capabilities and
gaining better resolution. With the advent of the SSM/I, opportunities now exist to
improve estimate or classification of soil moisture over mountainous regions if the ef-
fects of surface heterogeneity can be eliminated or reduced.

The objective of this research is to use the observed microwave brightness temper-
atures from the SSM/I to obtain estimate of soil moisture in near-surface layers for
the southwestern region of Saudi Arabia.

Background

During the last two decades, progress has been made in studying the relationship
between near-surface soil moisture content and brightness temperature as measured
by microwave radiometers. Theoretical (e.g., Njoku and Kong 1977; Wilheit 1978;
Burke et al. 1979) and experimental (e.g., Newton 1977; Schmugge 1978; Newton
and Rouse 1980; Njoku and O’Neill 1982) studies have shown a strong correlation
between soil moisture content and brightness temperature measured remotely by
using passive microwave sensors. Previous research results (Schmugge et al. 1979;
Schmugge 1983) have shown that passive microwave remote sensing can be used to
classify near-surface soil moisture.

Poe and Edgerton (1971) investigated the relationship between the moisture con-
tent of a bare soil and its emissivity. They found that the emissivity of a smooth, bare
area varies from 0.9 or greater for dry soil to about 0.5 for wet soil. Their results were
based on microwave radiometric measurements at wavelengths of 0.81, 2.2, 6.0, and
21.4 cm. Schmugge et al. (1974) reported that microwave radiometers are sensitive
for monitoring soil moisture content over depths on the order of a few centimeters.
The emission is a function of soil moisture and radiometer frequency. They found
that, in aircraft tests at frequency of 19.35 GHz (Gigahertz) little or no variation is
present in soil emission if its moisture is less than 15% water content by weight. How-
ever, when its moisture is between 15% and 40% water content, the emission de-
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creases linearly by approximately 3°K (Kelvin) for each percentage point. In con-
trast, the emission at 21 cm (1.4 GHz) is a linear function of soil moisture content
over the 0-35% moisture range. Burke and Paris (1975) used measured brightness
temperatures at vertical ( 7v ) and horizontal ( Th ) polarizations to estimate mois-
ture of the top centimeter of soil. They showed that the Stokes parameters [ Tv +
Th )/2and [ Tv-Th ] can be used to distinguish between moisture and surface rough-
ness effects. Eagleman and Lin (1976) compared the observed brightness tempera-
tures from Skylab over Texas, Oklahoma, and Kansas with soil moisture based on a
combination of actual ground measurements and estimated soil moisture using a
climatic water balance model. They found a strong correlation (- 0.96) between the
21 cm (1.4 GHz) brightness temperature and the estimated soil moisture of the upper
2.5-cm soil layer.

The antecedent precipitation index (API), which is a soil moisture model that re-
quires only the precipitation amount as input, has been used to indicate soil moisture
conditions and correlate it with microwave brightness temperature. Assuming that
reflectivity from clouds is negligible and that atmospheric transmissivity is 1.0,
McFarland (1976) has shown a relationship between the Skylab 21-cm (1.4 GHz)
brightness temperature for data obtained over Texas and Oklahoma and API. Using
the same assumptions and the passive microwave data, McFarland and Blanchard
(1977), Blanchard et al. (1981), McFarland and Harder (1982), Wilke (1984), and
Wilke and McFarland (1986) presented strong correlations between API and the
normalized brightness temperature.

The Study Area

The area of study, southwestern region of Saudi Arabia, is bounded by Yemen in
south; latitude 20°N in north, longitude 43°30’E in east, and Red Sea in west. Be-
cause of the spatial resolution of the satellite, the study area was divided into small
grid cells with dimensions 0.25° X 0.25°. Grid cells that are at least 0.25° from the sea
and have at least one rainfall station with continuous daily rainfall data during the
period July st through August 30th, 1987 were considered in this study. Thirty-three
grid cells in the study area have met the above conditions (Table 1). The cells were
numbered from the northwest beginning with number 1 and ending with number 33

(Fig. 1).

TABLE 1. Average elevation (above sea level) and number
of rainfall stations in each grid cell.

Average
clevation Number of

above sca rainfall stations
level (m)

Grid cell

2300.0
2100.0
1500.0
1200.0

R
[ NSRS
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TasLE 1. Contd.

Average
Grid cell elevation Number of
abovesea rainfall stations
level (m)
5 1200.0 1
6 1600.0 3
7 800.0 1
8 1200.0 8
9 2400.0 2
10 2000.0 1
11 600.0 3
12 800.0 4
13 2200.0 7
14 1700.0 2
15 1800.0 1
16 1400.0 3
17 2400.0 2
18 2100.0 2
19 2000.0 1
20 1000.0 1
21 2300.0 4
22 2100.0 4
23 2000.0 2
24 1600.0 1
25 2000.0 2
26 2300.0 2
27 1200.0 2
28 1300.0 3
29 300.0 3
30 800.0 2
31 200.0 3
32 600.0 6
33 100.0 4

Data Collection and Preparation

The data used in this investigation contained passive microwave data from the Spe-
cial Sensor Microwave/Imager (SSM/I) for the southwestern region of Saudi Arabia
for the period from 01 July to 30 September, 1987. Meteorological data used were ex-
tracted from the records of the Meteorology and Environmental Protection Ad-
ministration (MEPA), Ministry of Defence and Aviation, Kingdom of Saudi Arabia,
and the Hydrology Division, Ministry of Agriculture and Water, Kingdom of Saudi
Arabia.

Satellite Data

The SSM/I is a passive multichannel microwave radiometer deployed on the De-
fense Meteorological Satellite Program (DMSP) Block 5D-2 F8 satellite, which was
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Fic. 1. Location of the used rainfall stations in the southwestern region of Saudi Arabia.

launched into a near-polar orbit in June, 1987. The satellite is at an altitude of about
833 km with an orbit period of 102 min. The orbit produces 14 revolutions a day.

The SSM/I scans the Earth in a conical pattern with a swath width of 1400 km and
an earth-incidence angle of 53.1°. It measures upwelling radiation at values of fre-
quency 19.35, 37.0 and 85.5 GHz for both vertical and horizontal polarization, and
frequency 22.235 GHz for only vertical polarization. SSM/I covers the globe twice a
day, so it is possible to get two passes over Saudi Arabia per day at about 6 a.m. local
solar time (Node A) and 6 p.m. local solar time (Node D). Only a limited amount of
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data were available, as shown in Table 2, which presents a list of the satellite data
used in this research.

TABLE 2. Available overpass SSM/I data for
southwestern region of Saudi
Arabia at Nodes A and D during
the period July 1st through Sep-
tember 30th, 1987.

Overpass calendar date (1987)
Node A Node D
193 192
199 206
206 215
224 216
225 224
231 225
232 226
233 232
234 233
247 234
248 235
249 242
250 249
256 250
259 251
267 257
272 258
273 265

274

Ground Truth Data

Soil moisture at any point is affected by a number of factors such as amount of in-
itial soil moisture, precipitation, surface runoff, and actual evapotranspiration
(AET). Therefore, to estimate soil moisture, which will be considered as “ground
truth,” the daily precipitation amounts measured by rain gages, and the daily AET
are needed.

AET will be estimated from potential evapotranspiration (PET), which was calcu-
lated by Linacre method (Linacre, 1977). The value of AET differs from the value
for PET under most environments since AET depends on the amount of available
water and plant characteristics such as root depth. AET is less than PET, whereas
PET is approximately equal to the evaporation from a large free-water surface, such
as a lake. The relation between AET and PET has been the subject of much discus-
sion in the literature (Griti'tts 1982). Most of researchers agree that the value of
AET is about the same zs tiie value of PET when adequate moisture is available and
iends to zero when moistur: is low. However, between these boundaries they have
different opinions about the ratio between AET and PET. In this research, the rela-
tion between AET and PET is adopted as AET equals PET when the soil moisture
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on the previous day is greater than zero, and A ET equals zero when the soil moisture
on the previous day is zero.

The temporal and spatial patterns of soil moisture, using precipitation and esti-
mated AET data, are needed as “ground truth” value of soil moisture on day of study
i ( SM, ) over the entire study period at a given grid cell was computed, in millimet-
ers, using the following model :

SM, = SM,_, + P - (AET + R), (1

where SM, | is the soil moisture on the previous day, P is the precipitation amount,
AET is the actual evapotranspiration, and R is the runoff outflow. In the region and
during the period of study, the runoff outflow R is small and can be neglected. There-
fore, Eq. (1), with a lower limit for M, is equal to zero, can be written as

SM, = SM,_, + P — AET. )

The value of soil moisture at about 6:00 a.m. and 6:00 p.m. local solar time is
needed to compare it with the SSM/I data. Often in summer, rain occurs in the after-
noon. The equation used to calculate soil moisture at satellite descending overpass
time (Node D, about 6:00 p.m. local solar time) is

SM, = (SM._, - AET) + P, ?3)

with the minimum value inside the parenthesis equal to zero. On the other hand,
with assumption that AET is small at night and can be neglected, the equation used
to calculate soil moisture at the satellite ascending overpass time (Node A, about
6:00 a.m. local solar time) is

SM, = SM,_, . 4)
The initial value for SMi for each grid cell is selected to be zero after five dry days.

Ground Temperature

Because of the topographical difference in each grid cell, elevation correction for
temperature is needed. The regression analysis of monthly mean temperature and
station’s elevation for the available stations (twelve stations) for each month (July-
September, 1987) shows large values of the square of the linear correlation coeffi-
cient, R’>. For maximum temperatures, the coastal station (Gizan) has been
excluded. When Gizan data are included, values of R” is lower in value (0.78 for July,
0.82 for August, and .88 for September) are lower than values when excluding them
(0.94 for July, and 0.97 for August and September). This is caused by the sea breeze
during the day. For minimum temperature values, all the stations have been used in
the regression analysis giving R*tobe 0.72,0.89, and 0.73 for July, August, and Sep-
tember, respectively.

The average elevation for each grid cell (Table 1) has been approximated using the
maps of the study area prepared by the United States Geological Survey for the
Kingdom of Saudi Arabia using computer-enhanced LANDSAT MSS Band 7 imag-
ery. Daily maximum and minimum temperature for each grid cell were estimated
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from the daily fluctuations of temperature from the mean value for each station lo-
cated close to the cell. The estimated minimum temperature for each grid cell is as-
sumed to represent the ground temperature at satellite ascending overpass time
(about 6:00 a.m. local time), whereas the estimated mean temperature for each grid
cell(T,, + T, )/ 2isassumedtorepresent the ground temperature at satellite de-

max

scending overpass time (about 6:00 p.m. local time).

Analysis and Discussion
All Data

The initial analysis consisted of two data sets of all the 33 grid cells. The first data
set (467 observations) is for the satellite ascending overpass time (Node A, about
6:00 a.m. local solar time), and the second data set (550 observations) is for the satel-
lite descending overpass time (Node D, about 6:00 p.m. local solar time). Each data
set contains the grid cell number; Julian date; brightness temperature values ( V19,
H19, V22, V37, H37, V85, and H85, where V is vertical polarization, H is horizontal
polarization, and 19, 22, 37, and 85 are frequencies 19.350, 22.235, 37.00, and
85.5000 GHz, respectively ), ground temperature ( T ); normalized brightness
temperatures (or emissivities, which are defined at each frequency for each grid cell
as T,/T where T, is the brightness temperature at given SSM/I frequency); and val-
ues of calculated soil moisture SM. Statistical regression analyses for all available
data for Nodes A and D were performed.

Low correlation coefficients ( R* = 0.14 ) occur between the SSM/I brightness
temperatures or the normalized brightness temperatures and soil moistures SM. This
is a result of differences in emissivity among the grid cells. For examples, the average
emissivity or normalized brightness temperature ( V19/T ) for Channel V19, Node D
for each grid cell for dry-land, is illustrated in Fig. 2. It shows that emissivity ( V19/
T ) varies considerably from grid cell to grid cell with a maximum of 0.9721, a
minimum of 0.9396, a mean of 0.9561, and standard deviation of 0.0092. It is found
that grid cells sited in the peak or east side of the mountains have greater emissivity
than grid cells located in the west side. The exception is for grid cells that are partially
covered by vegetation, such as Grid Cells 26 and 23. Each grid cell was studied indi-
vidually to eliminate features that differ among the cells, such as topography, vegeta-
tion cover, soil type, climate, etc.

Correction for Precipitating Clouds

The presence of precipitating clouds will influence values of brightness tempera-
ture. Therefore, data with precipitating clouds should be excluded from the analysis.
Unfortunately, hourly rainfall information is not available for this research, so daily
rainfall had to be used. Ideally, a method is needed to identify the existence of pre-
cipitating clouds at the time of the satellite overpass. The existence of precipitating
clouds will mask the radiation emitted from the ground surface, and the scattering ef-
fect of rain and cloud droplets increases with increasing frequency.

For SSM/I frequencies, the V85 and H85 channels are more strongly attenuated by
precipitating clouds, but the V19 and H19 channels are least affected by the presence
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FiG. 2. Average normalized brightness temperature ( V19/T ) for each grid cell (dry soil) at node D( N
values vary between 6 and 17 ).

of precipitating clouds. The H85 channel measurements will be scattered by hyd-
rometeors in the atmosphere in a similar manner as the V85 channel. The existence
of precipitating clouds over the study area can likely be determined through an
examination of the channels V85 and H19. The lower brightness temperature of the
V85 channel may indicate the presence of precipitating clouds. This is because chan-
nel V85 is strongly attenuated by precipitating clouds. Therefore, the existence of
precipitating clouds would be examined only by using SSM/I brightness tempera-
tures such that when H19 - V&S > 0. For Node A, it was found that all the data had
H19 - V85 < 0, and they will be used in the analysis. However, for Node D several
data points were excluded because of having H19 - V85 > 0. These agree with the
synoptic situation over southwestern part of Saudi Arabia at this time of year where
clouds form and rainfall occurs in the afternoon over the region.

Case Studies

To investigate the response of the normalized brightness temperatures of SSM/1 to
soil moisture, two case studies were conducted. The first case study is Node A at Grid
Cell 16 and the second one is Node D at Grid Cell 12. These two grid cells were
selected to provide better “ground truth” data for their having high range of soil
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moisture (20 mm), providing several SSM/I observations immediately after rainfall,
and including several rainfall stations (three rainfall stations in each grid cell).

For each grid cell, a time series chart was developed for the entire period of the av-
ailable SSM/I data from 1 July to 10 September, 1987 (days 182-273 on the Julian
calendar). Figures 3 and 4 show the responses of the normalized brightness temper-
atures to the soil moisture caused by rainfall in Grid Cells 16 and 12 for Nodes A and
D, respectively. For all frequencies, values of the normalized brightness tempera-
ture were reduced after rainfall; and then increased when it becomes dry.
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F1G. 3. Time series plots of rainfall and the normalized brightness temperatures for Grid Cell 16 (Node
A) between 1 July and 30 September, 1987.

The quantitative temporal analysis involved correlating the computed soil mois-
ture SM with the SSM/I brightness temperature of the seven channels and the various
transformation values of the SSM/I brightness temperature. All the available data as
well as the filtered one excluding the precipitating clouds (i.e., when H19 - V85 < 0)
were used. The various values of transformation of the brightness temperature in-
clude the normalized brightness temperature with respect to the ground tempera-
ture, the ratio or difference between any two of the seven channels, and the polariza-
tion ratio.

For Node A, the SSM/I normalized brightness temperature with respect to ground
temperature is highly correlated with SM. Values of the SSM/I channel transforma-
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FiG. 4. Time series plots of rainfall and the normalized brightness temperatures for Grid Cell 12 (Node
D) between 1 July and 30 September, 1987.

tion without ground temperature are poorly correlated with SM. This indicates that
the SSM/I brightness temperature variables cannot be used to estimate soil moisture
over semi-arid mountainous regions without an estimate of the ground temperature.
The best correlation between SSM/I normalized brightness temperature values and
soil moisture was obtained between H37/T and soil moisture SM. For SM > 5.0 mm,
the normalized brightness temperature values decrease with increasing the soil mois-

ture.

For Node D, all SSM/I transformation values are poorly correlated with SM when
all the data are used. When precipitating cloud effects are taken into account, the
SSM/I normalized brightness temperature values and some SSM/I transformation
amounts become highly correlated with SM. The best correlation between SSM/I
normalized brightness temperature values and soil moisture was obtained between
H19/T and soil moisture SM. For SM > 5.0 mm, the normalized brightness temper-
ature decreases with increasing soil moisture. Moreover, high correlation coeffi-
cients occur between soil moisture SM and H37/V19 or V19 - H37. This indicates
that either one of these transformation values of SSM/I brightness temperature can
be used to estimate soil moisture over a semi-arid mountainous region without es-
timating the ground temperature. The linear regression results for the above analysis
are summarized in Table 3.
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TaBLE 3. Results of regression analysis using soil moisture ( SM ) as dependent variable.

. Independent 2 Number
Gridcell Node va}r)iable Slope Intercept R of data
16 A H19/T - 674.25 633.36 0.64 13
16 A H37IT - 805.48 754.19 0.80 13
12 D H19/T - 475.85 443.88 0.79 9
12 D V22IT - 669.23 637.68 0.74 9
12 D H37/V19 1952.03 - 1884.98 0.68 9
12 D H19/H37 -1291.72 1302.77 0.63 9
12 D V19 —H37 - 676 67.15 0.75 9

For Node A, all data values were used.
For Node D, the data values with H19-V85 < 0 were used.

Test Case

The results of this research indicate the general conditions that are necessary for
the SSM/I to infer soil moisture. It is useful to examine the results obtained above;
therefore, the results of Grid Cell 12 will be tested. Unfortunately, the number of
SSM/I data points is limited. Therefore, the data for Grid Cell 8, which is adjacent to
Grid Cell 12, were chosen for this test. Grid Cell 8 (Node D) had 16 data points that
will be tested as independent data for the results of Grid Cell 12.

First, the existence of precipitating clouds at the time of the SSM/I overpass will be
determined through an examination of the value 19 - V85. It is found that 8 data
points had H19 - V85 > 0, which are excluded from the analysis. Second, the best
single SSM/I channel for a surface soil moisture investigation at satellite descending
overpass time will be used. Values of the normalized brightness temperature with re-
spect to ground temperature ( H19/T ) shows that channel 19 is the best one (Table
3). The relevant formula is

SM o = 443.88 [ 1-1.07 ( H19/T ) |

where SM g, is the soil moisture estimated using normalized brightness tempera-
ture of H19. The results are shown in Table 4. The soil moisture values obtained from
the above formula may have negative values. Because soil moisture cannot be nega-
tive, these values can be set equal to zero. The soil moisture values obtained from
using normalized brightness temperature values ( //19/T ) have similar patterns to
the values SM obtained using ground observation values. It is suggested that the nor-
malized brightness temperatures ( /{19/T ) can be used to classify such soil moisture
into a quantitatively defined categories.

TaBLE 4. Comparison between calculated soil moisture (mm) SM using ground observations
and SM,,,,, - using normalized brightness temperatures ( H19/T").

SM (mm) 0.1 0.0 0.1 0.0 10.5 0.4 0.0 15.5

SM,p(mm) | 07 | 16 [-07 | 10 53 | 39 | 04 | 100




Estimation of Surface Soil Moisture in a Semi-arid, ... 69

Conclusion

The main conclusion of the research is that SSM/I channels can be used to classify
near-surface soil moisture over a semi-arid mountainous region for the area within
the SSM/I footprints (0.25° x 0.25°). For all frequencies, the normalized brightness
temperature values were reduced in value after rainfall. Good correlation between
soil moisture and normalized brightness temperature was obtained when data on
precipitating clouds data at the time of the SSM/I overpass were excluded. A corre-
lation coefficient of — 0.90 was obtained. For the channels of frequency 19.35 and
37.0 GHz, soil moisture affected the horizontal polarization more than it affected the
vertical polarization. The normalized brightness temperature in Channel H19 with
respect to ground temperature ( H19/T ) was the best single SSM/I channel to use for
a surface soil moisture investigation at satellite descending overpass time. The nor-
malized brightness temperature in Channel H37 with respect to ground temperature
( H37/T ) was the best single SSM/I channel to use for a surface soil moisture inves-
tigation at satellite ascending overpass time. Two relationships were found between
the near-surface soil moisture and the normalized brightness temperature values.
The first relation is that SM is proportional to[ 1.00-1.07 ( H37/T) ] at Node A, and
the second relation is that SM is proportional to [ 1.00 - 1.07 ( H19/T ) at Node D.

Besides soil moisture, other information such as existence of precipitating clouds
can be obtained from the brightness temperatures data. The existence of precipitat-
ing clouds was determined through an examination of the V85 and H19 channels.
When ( H19 - V85 ) is greater than zero, the presence of precipitating clouds at the
time of the SSM/I overpass is identified.

The results of this research showed that the developed model, in term of the ob-
served brightness temperature, could be used to classify soil moisture into qualita-
tively defined categories in the near-surface layers over the southwestern region of
Saudi Arabia. Elevation correction for ground temperature is needed to use the
SSM/I data to estimate soil moisture in the near-surface layers.
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