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Microwave Approaches in 
Hydrology 

Soil moisture condition in the surface layer of the soil can be 
monitored; and light and heavy snow cover can be 
discriminated, th; presence of liquid water in snow can be 
detected, and snow water equivalent can be qualitatively 
estimated. 

INTRODUCTION 

A N INCREASING world population imposes 
greater demands on available water 

supplies. Variations in climate, leading to 
floods or drought, create havoc with the 
proper allocation of water in maintaining the 
present quality of life. Reasonable estimates 
of future water use and demand indicate a 
three to five times increase by the year 2000. 

Since 1960 satellites have proved their 
worth by contributing data for water re- 
sources management. The early visible cam- 
era systems were later supplemented with 
infrared and near-infrared sensors. Unfortu- 
nately, these sensors are restricted by clouds 
from viewing the Earth and are limited in 
the number of hydrologic parameters they 
can adequately observe. Variables such as 

ABSTRACT: The development of microwave sensors and the research 
on their application to the study of hydrologic problems has pro- 
ceeded rapidly in the last few years. There are two primary reasons 
for this: first, the desirability of the all-weather capability of mi- 
crowave sensors and second, the unique dielectric properties of liquid 
water cause i t  to be the dominant parameter influencing the micro- 
wave interactions at the Earth's surface. This is observed in varia- 
tions of the microwave emissivity and radar backscatter. The par- 
ticular hydrologic parameters that are being studied include soil 
moisture content, snowpack properties, surface water area, and the 
detection of precipitation over land. Both passive (radiometry) and 
active (radar) microwave approaches will be discussed wi th  exam- 
ples of results obtained from ground based, aircraft, and spacecraft 
platfomns. Specifically, results will be presented which indicate that 
microwave systems can monitor the soil moisture condition in the 
surface (-0-5 cm) layer of the soil and that passive microwave sys- 
tems can monitor snowpack conditions, e.g., discriminate between 
light and heavy snowcover, detect the presence of liquid water in the 
snow, and qualitatively estimate snow water equivalent. 

To meet this increased demand, existing 
water supplies for a given region will have to 
be managed more efficiently, with intelli- 
gent transfers of water from regions having 
excess supplies to areas of scarcity. This im- 
provement in water management efficiency 
will require better input data, in terms of ac- 
curacy and timeliness, for the decision 
making models used by hydrologists. 

soil moisture, snowpack density, snow wet- 
ness, precipitation distribution, and timely 
observations of floods are not amenable to 
these shorter wavelength sensors. 

T h e  microwave portion of the  e lec-  
tromagnetic spectrum offers potential for 
monitoring several of these parameters 
which are inputs to the models. For the pur- 
poses of this discussion the wavelength 

PHOTOGRAMMETRIC ENGINEERING AND REMOTE SENSING, 
Vol. 46, No. 4, April 1980, pp. 495-507. 



PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING, 1980 

range from 0.3 cm to 50 cm will be consid- 
ered the microwave portion of the spectrum. 

The particular advantages of microwave 
sensing are (a) all weather capability, espe- 
cially true at the longer wavelengths (k _> 5 
cm), which is important for any periodic ob- 
servations from space of these surface pa- 
rameters; (b) greater penetration depth into 
the soil or snowpack than with optical or in- 
frared sensors; and (c) the large changes in 
the dielectric properties of media such as 
soil and snow produced by changes in water 
content. 

In this paper we will present results indi- 
cating the current status of the use of mi- 
crowave approaches for the remote sensing of 
parameters such as soil moisture, snowpack 
properties, and precipitation over land. Both 
active and passive microwave approaches 
will be discussed. The passive microwave 
approach (radiometry) involves the mea- 
surement of the thermal emission from the 
surface at microwave wavelengths. This 
emission depends on the temperature and 
emissivity of the surface medium. This is to 
be contrasted with the active microwave ap- 
proach (radar) in which a pulse of microwave 
energy is transmitted by the sensor and the 
return or reflected signal is measured. The 
strength of the return depends on the surface 
roughness and dielectric properties of the 
terrain being studied, but not directly on the 
temperature of the medium. The Manual of 
Remote Sensing, published by the American 
Society of Photogrammetry, gives very com- 
plete descriptions of both these approaches 
(Reeves, 1975). 

The unique dielectric properties of water 
afford two possibilities for the remote sens- 
ing of the moisture content in the surface 
layer of the soil. The dielectric constant ( E )  

for water is an order of magnitude larger than 
that of dry soils at the longer microwave 
wavelengths, i.e., approximately 80 com- 
pared with 3 or 4 for dry soils. As a result, the 
surface emissivity and reflectivity for soils 
are strong functions of their moisture con- 
tent. The changes in emissivity can be ob- 
served by passive microwave approaches, 
and the changes in reflectivity can be ob- 
served by active microwave approaches. 

The dependence of the dielectric constant 
for a soil on its moisture content is shown in 
Figure 1, where the results of laboratory 
measurements at wavelengths of 21 and 1.55 
cm are presented. The wavelength depen- 
dence is due to the difference in the dielec- 
t r i c  p r o p e r t i e s  of w a t e r  a t  t h e  t w o  
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FIG. 1. Dependence of the soil's dielectric con- 
stant on its moisture content. 

wavelengths and indicates that there is a 
greater dielectric difference at the longer 
wavelengths. At low levels there is a slow 
increase with soil moisture, but above a cer- 
tain level there is a sharp increase in the 
slope of the curve. This bilinear result is due 
to the behavior of the water in the soil. When 
water is first added to a soil, it is tightly 
bound to the soil particles and in this state 
the water molecules are not free to become 
aligned and the dielectric properties of this 
water are similar to those of ice. As the layer 
of water around the soil particle becomes 
larger, the binding to the particle decreases 
and the water molecules behave as they do 
in the liquid, hence the greater slope at the 
higher soil moisture values. The transition 
depends on the soil texture, i.e., particle size 
distribution are lower for a sand and Iarge for 
a clay. This effect has been demonstrated in 
laboratory measurements of the dielectric 
constant (Lundien, 1971; Newton, 1976; 
Wang and Schmugge, 1979). 

Recall that the dielectric constants of the 
medium describe propagation characteris- 
tics for an electromagnetic wave in the 
medium. Therefore, they determine the 
emissive and reflective properties for a 
smooth surface. 

PASSIVE MICROWAVE RESPONSE TO SOIL 

MOISTURE 

A microwave radiometer measures the 
thermal emission from the surface, and at 
these wavelengths the intensity of the ob- 
served emission is essentially proportional 
to the product of the temperature and emis- 
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sivity of the surface (Rayleigh-Jeans ap- 
proximation). This product is commonly re- 
ferred to as brightness temperature. All of 
our results will be  expressed as brightness 
temperatures, T B .  The value of TB observed 
by a radiometer at a height, h, above the 
ground is 

where r is the surface reflectivity and r the 
atmospheric transmission. The first term is 
the reflected sky brightness temperature, 
which depends on wavelength and atmo- 
spheric conditions; the second term is the 
emission from the surface (1 - r = e ,  the 
emissivity); and the third term is the contri- 
bution from the a tmos~here  between the 
surface and the receiver. At the  longer 
wavelengths, i.e., those best suited for soil 
moisture sensing, the atmospheric effects 
are minimal and will be neglected in this 
discussion. 

The range of dielectric constant presented 
in Figure 1 produces a change in emissivity 
from greater than 0.9 for a dry soil to less 
than 0.6 for a wet soil, assuming an isotropic 
soil with a smooth surface. This change in 
emissivity for a soil has been observed by 
truck mounted radiometers in field experi- 
ments (Poe, 1971; Blinn, 1972; Newton, 
1976),  a n d  by radiometers  in  aircraft  
(Schmugge, 1974; Estes, 1977; Barton, 1978) 
and satellites (Eagleman, 1976). In no case 
were emissivities as low as 0.6 observed for 
real surfaces. I t  is believed that this is 
primarily due to the effects of surface rough- 
ness, which generally has the effect of in- 
creasing the surface emissivity. 

As can be seen in Figure 1, there is a 

greater range of dielectric constant for soils 
at the 21 cm wavelengths. This fact, com- 
bined with a larger soil moisture sampling 
depth and better ability to penetrate a veg- 
e t a t i v e  c a n o p y ,  m a k e s  t h e  l o n g e r  
wavelength sensors better suited for soil 
moisture sensing. 

In  F igure  2a a n d  b ,  t h e  f ie ld  mea-  
surements of Newton (1976) are plotted ver- 
sus angle of observation, 0, for various 
moisture contents and for three levels of 
surface roughness. The horizontal polariza- 
tion is that for which the electric field of the 
wave is parallel to the surface and the verti- 
cal polarization is perpendicular to it. These 
results indicate the effect of moisture con- 
tent on the observed values of TB and the 
effect of surface roughness, which is to in- 
crease the effective emissivity at all angles 
and to decrease the difference in TB for the 
two polarizations at the larger angles. 

For the smooth field there is a 100°K 
change in TB in going from wet to dry soils, 
and it is clear that this range is reduced by 
surface roughness. The effect of the rough- 
ness is to decrease the reflectivity of the 
surface and, thus, to increase its emissivity. 
For a dry field the reflectivity is already 
small (<0.1) so that the resulting increase in 
emissivity is small. As seen in Figure 2b, 
surface roughness has a significant effect for 
wet fields where the reflectivity is larger 
(-0.4). Thus, the range of TB for the rough 
field is reduced to about 60°K. The smooth 
and rough fields represent the extremes of 
surface conditions that are likely to be en- 
countered, e.g., the rough surface was on a 
field with a heavy clay soil (clay fraction > 
60 percent) that had been deep plowed, 
which produced large clods. Therefore, the 
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FIG. 2. Results from field measurements performed at Texas A & M 
University: (a) T ,  versus angle for different moisture levels; (b) T ,  
versus angle for different surface roughness at about the same 
moisture level (Newton, 1976). 
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medium rough field, with a TB range of 80"K, 
is probably more representative of the aver- 
age surface roughness condition that will be 
encountered. Another important observation 
from Figures 2a and b is that the average of 
the vertical and horizontal TB's is essentially 
independent of angle out to 40". This indi- 
cates that the sensitivity of this quantity, ?h 
(TBv + TBH), to soil moisture will be inde- 
pendent of angle. This factor will be useful if 
the radiometer is to be scanned to provide an 
image. 

When the brightness temperatures for the 
medium rough field are plotted versus soil 
moisture in the 0-2 cm layer, there is an ap- 
proximate linear decrease of TB, Figure 3a. 
As the thickness of the layer increases both 
the slope and intercept of the linear regres- 
sion result also increase. This is because the 
moisture values for the high TB cases in- 
crease, while it remains essentially the same 
for the low TB or wet cases. This type of be- 
havior was also seen in the results obtained 
from aircraft platforms and has led us to con- 
clude that the soil moisture sampling depth 
is in  t h e  2-5 cm range  for t h e  21  cm 
wavelength. This is in agreement with the 
predictions of theoretical results for radia- 
tive transfer in soils (Wilheit, 1978; Burke et 
at., 1979; Njoku and Kong, 1977). 

The effect of a vegetative canopy will be 
that of an absorbing layer that depends on 
t h e  amount  of t h e  vegetation and  the  
wavelength of observations. In Figure 3b the 
results for a closely planted sorghum field 
(-1 m high) are presented. 

The range of TB is now about 40K com- 
pared to the 70K range observed for the bare 
field. While the sensitivity to the soil mois- 
ture variation is reduced, the correlation re- 

mains high (-0.9). At a shorter wavelength 
(2.8 cm) there was only a 10K range in TB in 
going from wet to dry. While these mea- 
surements show that a radiometer operating 
at 21 cm still has good sensitivity to soil 
moisture variations,  they suggest that  
radiometers working at longer wavelengths 
(30 to 50 cm) may have better sensitivity. 

Significant improvements in the under- 
standing of the effects of individual scene 
parameters on the relationship of brightness 
temperature to soil moisture have been 
achieved using ground-based measurements 
acquired during controlled experiments. 
However, demonstrations of the potential of 
passive microwave sensors for estimating 
soil moisture on an operational basis must be 
performed with aircraft and spacecraft sen- 
sors that integrate large areas of natural, 
non-idealized terrain. A series of aircraft ex- 
periments performed over the last several 
years by a number of investigators demon- 
s t ra tes  t h e  sens i t iv i ty  of microwave  
radiometers to soil moisture in agriculture 
terrain. Skylab and Nimbus satellites have 
also provided significant results for very 
large areas of integration. 

The results from aircraft experiments are 
summarized in Figure 4, where data from 
aircraft flights in February 1973 (Figure 4a) 
and March 1975 (Figure 4b) over Phoenix, 
Arizona are presented (Schmugge, 1976). 
The values of TB at 21 cm and 6 = 0" are 
plotted versus soil moisture expressed as a 
percent of field capacity in order to nor- 
malize the effect of soil texture differences. 
The agreement of the slopes for the three 
regressions indicates that the results are re- 
peatable. The differences for the intercepts 
in Figure 4b are due to differences in soil 
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FIG. 3. Field measurements of T ,  versus soil moisture in different layers for the 
medium rough field: (a) bare; (b) vegetated, 1 m of sorghum (Newton, 1976). 
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FIG. 4. Aircraft observations of T ,  over agricultural fields around Phoenix, Arizona: (a) bare field 
results from 1973 flight; (b) bare field results from 1975 flights; (c) vegetated field results from both 
years (Schmugge, 1978). 

temperature between the 1975 A.M. and P.M. 
results. Analysis of the roughness effects on 
these data (Choudhury et al., 1979) indicate 
that these fields are approximated quite well 
by the medium rough situation of Figure 3. 

In Figure 4c the results from vegetated 
fields for the two years are presented. The 
vegetation was either alfalfa or wheat with 
wheat being 20-30 cm high in 1973 and 
50-60 cm high for the 1975 data. The slope of 
the curve is in good agreement with those for 
the bare fields. The intercept is lower due to 
the cooler soil temperatures. Thus, sensitiv- 
ity to soil moisture is maintained through the 
moderate vegetative canopies considered 
here, which were approximately one half the 
height of the sorghum canopy considered in 
Figure 3b. 

A further demonstration of the capability 
of the 21 cm radiometer is presented in Fig- 
ure 5. Here the results at e = 0" from six 
flights during 1976 and 1977 over a Hand 
County, South Dakota test site are compared 
with the regression result from the Phoenix 
data. The agreement is very good. These 
data were for a range of surface conditions 
including fallow fields, wheat, alfalfa, and 
pasture. The scatter in the aircraft data pre- 
sented in Figures 4 and 5 arises from a 
number of sources, one of which is surface 
roughness as demonstrated in Figure 3b; an- 
other is the uncertainty of ground mea- 
surements. The standard deviation of the 
ground measurements is represented by the 
error bars in Figure 5. The number of sam- 
ples ranged from 6 to 29 depending on the 
length of the fields. This difficulty of making 
accurate ground measurements has ham- 
pered the determination of the accuracy of 
this measurement technique. 

Studies of the Nimbus-5 satellite Electri- 
cally Scanning Microwave Radiometer 
(ESMR) data at 1.55 cm wavelength have 
shown that it has limited applicability for 
soil moisture sensing. The  limitation is 
primarily caused by a vegetative canopy 
over the soil. For situations where there is a 
significant amount of bare ground, the ESMR 

brightness temperature has shown signifi- 
cant correlations with soil moisture (McFar- 
land and Blanchard, 1977; Schmugge et al., 
1977). These situations arise in agricultural 
areas before the crops are planted and dur- 
ing the early stages of growth. 

Studies using the 21 cm data obtained by 
the S-194 instrument on board Skylab have 
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FIG. 5. Aircraft observations of T ,  during 1976 
and 1977 flights over agricultural fields in Hand 
County, South Dakota. 
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shown significant correlations with soil 
moisture variations. The latter were deter- 
mined either by moisture budget models 
(Eagleman and Lin, 1976) or by using the 
antecedent precipitation index (McFarland, 
1976). This was a limited data set and its in- 
terpretation was hampered by the coarse 
spatial resolution (-115 km) of the sensor. 
However, the results are encouraging for the 
potential use of a sensor operating at this 
wavelength for soil moisture sensing. Im- 
proved spatial resolution can be obtained by 
using larger antennas. The antenna on the 
Skylab instrument was 1 m square. In the 
future it should be possible to deploy much 
larger antennas from the space shuttle; for 
example, a 10 m antenna would yield resolu- 
tions in the 10 km range. 

ACTIVE MICROWAVE RESPONSE TO SOIL 

MOISTURE 

Analogous to the optical reflectivity of ter- 
rain, the backscattering coefficient, a", de- 
scribes the scattering properties of terrain in 
the direction of the illuminating source. The 
scattering behavior of terrain is governed by 
the geometrical and dielectric properties of 
the surface (or volume) relative to the wave 
properties (wavelength, polarization, and 
angle of incidence) of the incidence illumi- 
nation. Recall from Figure 1 that the dielec- 
tric constant of a soil-water mixture is 
strongly dependent on its water content. 

Thus, in general, a" of terrain is dependent 
on the soil moisture content of an effective 
surface layer whose thickness is governed by 
the penetration properties of the terrain at 
the wavelength used; this thickness will be 
approximately the same for active and pas- 
sive microwave approaches. In addition to 
its dependence on soil moisture content, 
however, a" is also in general a function of 
the surface (or volume) roughness and veg- 
etation or snow cover (if not bare). The vari- 
ations of a" with soil moisture, surface 
roughness, incidence angle, and observation 
frequency have been studied extensively in 
ground based experiments conducted by 
scientists at the University of Kansas (Bat- 
livala and Ulaby, 1977) using a truck 
mounted 1-18GHz active microwave system. 
Some of their conclusions based on these in- 
vestigations will be presented here. 

To understand the effects of look angle 
and surface roughness, consider the plots of 
a" versus angle presented in Figure 6 for five 
fields with essentially the same moisture 
content but with considerably different sur- 
face roughness. At the longest wavelength 
(1.1 GHz, Figure 6a), a" for the smoother 
fields is very sensitive to incidence angle 
near nadir, while for the rough field a" is 
almost independent of angle. At an angle of 
about  5" t h e  effects of roughness  a re  
minimized. As the wavelength decreases, 
(Figure 6b and 612) all the fields appear 

ACTIVE MICROWAVE OEPENDENCE ON ROUGHNESS 
DATA FROM UNW. OF ICANSAS 

WET SOLS: 0.34 - 0.4 g/cc N TOP cm 

ANGLE OF INCIDENCE IDEGREESl 

FIG. 6. Angular response of scattering coefficient for the five fields 
in high levels of moisture content: (a) L-band (1.1 GHz), (b) C-band 
(4.25 GHz); (c) X-band (7.25 GHz). 1975 sol1 moisture experiment 
(Batlivala and Ulaby, 1977). 
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rougher, especially the smooth field, and as a 
result the intersection point of the five 
curves moves out to larger angles. At 4.25 
GHz the intersection occurs at loo, and it 
was this combination of angle and frequency 
that yielded the best sensitivity to soil 
moisture independent of roughness. Based 
on these results, the following set of op- 
timum parameters was determined: h = 6-7 
cm, 0 = 7" - 17" from nadir, and horizontal 
transmit-horizontal receive polarization 
(Ulaby and Batlivala, 1976). 

In addition to surface roughness, another 
soil variable that has exhibited an influence 
on the u0 response to moisture is soil texture. 
Figure 7b (Ulaby et al., 1978) presents plots 
of two linear regression lines based on ex- 
perimental measurements acquired in 1974 
at a test site near College Station, Texas, and 
in 1975 at a site near Lawrence, Kansas. The 
1974 soil was Miller clay with 49 percent 
clay content whereas the 1975 soil was Eu- 
dora silt loam with only 17.2 percent clay 
content. The two regression lines show a 
substantial difference in sensitivity (slope). 
A similar difference in sensitivity due to soil 
texture was observed by Schmugge e t  al.  
(1976) in their study of the passlve mi- 
crowave response to soil moisture. Airborne 
data acquired over test sites located near 
Phoenix, Arizona and in Imperial Valley, 

California showed a weaker sensitivity to 
moisture content of heavy soils (high clay 
content) than for light 5011s. To incorporate 
soil texture in the microwave response to 
soil moisture, the latter was expressed in 
terms of percent of field capacity, m,,. The 
same conversion to percent of field capacity 
used by Schmugge et al. (1976) was applied 
to the radar data of 1974 and 1975, and the 
resulting regression lines, shown in Figure 
7a, are in better agreement than those in 
Figure 7b. Although these results suggest 
that the dependence of u0 on soil texture can 
be removed by expressing mo~sture content 
in percent of field capacity, it is apparent 
that additional experiments are needed cov- 
ering a wide range of soil texture. 

Similar experiments were performed for 
fields with a variety ofvegetative covers, i.e., 
wheat, corn, milo, and soybeans (Ulaby et 
al., 1979). The vegetation heights ranged 
from about 0.5 m for the soybeans to over 2.5 
m for the corn. They found that the correla- 
tions between u0 and the moisture in the 0-5 
cm soil layer held up very well compared to 
those for bare soils, i.e., the slopes of the 
regression lines were equal to or, in a few 
cases, greater than those obtained for bare 
soils. Also, for the vegetated fields the best 
correlation was obtained between u" and the 
moisture in the 0-5 cm layer, while for the 

ACTIVE MCROWAVE DEPENDENCE ON SOlL MOISTURE 
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FIG. 7. Backscattering coefficient plotted as a function of soil moisture given 
(a) in percent of field capacity of the top 1 cm and (b) volumetrically in the top 
1 cm. Data from bare soil experiments in 1974 (0) and 1975 (e) are combined 
(Batlivala and Ulaby, 1977). 
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bare soil cases the correlations were gener- 
ally better with the 0-1 or 0-2 cm layers of the 
soil. This latter fact probably results from the 
more uniform profiles expected for vege- 
tated fields. This good correlation between 
the microwave response and soil moisture 
for vegetated fields significantly enlarges 
the range of conditions for which microwave 
sensing of soil moisture is applicable. 

There have been several recent experi- 
ments studying the active microwave ap- 
proach with airborne scatterometers, and the 
results should be available in the near fu- 
ture. In a preliminary report on an experi- 
ment consisting of a series of six flights over 
the same set of fields, Blanchard (1978) has 
concluded that, with repeated looks at fields 
which maintain the same level of roughness, 
it is possible to make estimates of soil mois- 
ture changes. 

An opportunity to at least qualitatively test 
the active microwave approach from space 
will be provided by the synthetic aperture 
imaging radar  on t h e  Seasat  sa te l l i t e  
launched in June 1978. This radar, operating 
at a wavelength of 22 cm (L-Band), is capa- 
ble of producing wide swath imagery with a 
spatial resolution of 25 m. 

The majority of the streamflow in most 
areas of the western United States is pro- 
duced by the melting of the accumulated 
snowpack. In order to make efficient use of 
this snowmelt runoff, water resource agen- 
cies must be able to make early predictions 
of the total flow. In recent vears satellite 
determinations of the snow covered area 
have been used to increase the accuracy of 
the early streamflow forecasts (Rango and 
Itten, 1976; Rango, 1975). An additional im- 
provement could be made if it were possible 
to remotely sense the depth or water equiv- 
alent of the snow. At the present time this is 
not possible, but preliminary studies with 
microwave systems indicate that the poten- 
tial may be there for doing this. 

In contrast to the case for soils, the bulk 
dielectric properties of snow do not give an 
adequate prediction of the microwave re- 
sponse. For example, the dielectric constant 
of snow will be between that of air (E = 1.0) 
and ice (E = 3.2), the two components of 
snow, and can be estimated as a function of 
snow density using the standard dielectric 
mixing formulae. For a snow density of 0.5 
gm/cm3 this yields a dielectric constant of 2. 
The resulting emissivity for smooth surface 
would be approximately 0.98, and a TB very 
close to the physical temperature should be 

observed. Indeed this is approximately ob- 
served for long wavelengths ( > l o  cm) and 
thick snowpacks, e.g., glaciers. For shorter 
wavelengths a more interesting phenomena 
is observed; volume scattering by the indi- 
vidual ice grains reduces TB by scattering 
some of the radiation out of the sensor field 
of view. This has the effect of introducing 
some of the cold sky brightness temperature 
into the radiometer field of view, thus re- 
ducing the observed T B .  For the active mi- 
crowave case, volume scattering greatly in- 
creases the backscatter from the snow. This 
e f f e c t  w i l l  b e c o m e  s t r o n g e r  a s  t h e  
wavelength in ice approaches the grain sizes 
in the snow, typically on the order of a mil- 
limetre. 

Experiments to date have indicated that 
the microwave response of snow is depen- 
dent on a number of parameters: depth, 
grain size, presence of liquid water, type and 
condition of the underlying media, and the 
wavelength of the observation. Examples of 
these dependencies are presented in Figure 
8, where results from radiometers operating 
in the wavelength range 0.8 to 21 cm are 
given. The radiometers were on the NASA 

Convair 990 aircraft which flew over snow 
targets in the western United States. Three 
sites with different substrata were over- 
flown. The first of these is Bear Lake, on the 
Utah-Idaho border, which had 15 cm of snow 
and 25 cm of ice over the water. The second 
site was a river valley south of Steamboat 
Springs, Colorado, which had 80 cm of snow 
over a wet soil. The third site was the South 
Cascade Glacier in the state of Washington, 
which had 5 metres of snow over ice. This 
was at a point neat the terminus or the end of 
the glacier. 

In  this figure TB is plotted versus the 
wavelength of the radiometers. Note the 
large variation in brightness temperature ob- 
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FIG. 8. Variation of microwave brightness tem- 
perature for snow with radiometer wavelength 
(Schmugge, 1973). 
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sewed by the longer wavelength radiome- 
ters, indicating their sensitivity to the media 
underlying the snow due to the transparency 
of snow at these wavelengths. The short 
wavelength radiometers, the 0.8- and 1.5-cm, 
displayed the least amount of variation and, 
in general, displayed a lower brightness 
temperature than the longer wavelength 
radiometers. This is due to the fact that they 
were responding primarily to the surface 
snow, which in general was dry with a den- 
sity on the order of 0.2 g/cm3. The lower 
brightness temperature for these wavelength 
radiometers is due to a volume scattering 
effect caused by the snow grains. 

At Bear Lake, the 21-cm radiometer has 
the lowest brightness temperature, indicat- 
ing that it is seeing the low brightness tem- 
perature of water through the snow. As the 
wavelength decreases, the brightness tem- 
perature increases until the dry snow values 
for the 1.5- and 0.8-cm radiometers are 
reached. Similarly, at Steamboat Springs, the 
21-cm radiometer has the lowest brightness 
temperature, indicating that it is able to see 
the wet soil through the snow. 

At the  glacier, the  21-cm and 11-cm 
radiometers had the highest brightness tem- 
peratures, and the values observed were in 
good agreement with those calculated using 
the known dielectric properties for ice and 
snow. As the wavelength decreases at the 
glacier, the brightness temperature also de- 
creases until the low brightness temperature 
values for the 0.8- andl.5-cm radiometers 
are reached, which indicates that these low 
brightness temperatures are in disagreement 

ACTIVE 

with the values calculated using the bulk 
dielectric properties for snow and ice. 

SNOW WETNESS 

Another important snow property that has 
a large effect on the microwave response at 
the shorter wavelengths is the presence of 
liquid water in the snowpack. For dry snow, 
volume scattering reduces the observed T ,  
by scattering some of the radiation out of the 
sensor field of view. When there is a film of 
liquid water on the ice grains, the scattering 
is reduced and the medium becomes lossy 
and behaves radiometrically like a black- 
body. In Figure 9 the diurnal variations of 
both active (a0) and passive (Ts) microwave 
systems are  resented for a case in which 
there is some surface melting at mid-day. 
The  snow temperature at 26 cm above 
ground (4 cm below snow surface) reached 
0°C at 1030 hours and remained near 0°C 
until about 2200 hours, by which time the air 
temperature had dropped down to about 
-4"C, causing the pack to cool again. The 
ground was in a frozen state throughout the 
diurnal cycle. The wetness, or percent free 
water by weight, lags the air temperature 
which went above O°C at 900 hours, and 
continues to increase during periods of 
positive air temperatures. The wetness was 
measured by a calorimetric technique. The 
reason for the dip in free water at 1100 hours 
is unknown but does to some extent follow 
the air temperature drop. 

For the active microwave case there is a 
large return for dry snow, positive at the 0.84 
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FIG. 9. Diurnal variation of microwave response and snow wetness: (a) active case (note 
that snow wetness scale has been reversed for ease of comparison with a"); (b) passive case 
(Ulaby et al., 1978). 
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cm wavelength where volume scattering is 
most effective. At the 3.5 cm wavelength the 
return is down by 20dB because the volume 
scattering effects are much smaller. For both 
wavelengths there is a dramatic decrease in 
the return when the snow becomes wet and 
absorption becomes dominant over scatter- 
ing. u 

The situation for the radiometric case is 
similar; very low values of Tg are observed 
for the dry snow of the 0.81 cm wavelength, 
with a large, 80K, rise in T, when the snow 
becomes wet. The rise in TB at the 2.7 cm 
wavelength is much less, but Tg does come 
close to the physical temperature of the 
snow. From these results it is clear that mi- 
crowave approaches can detect the presence 
of liquid water in the snow and, thus, the 
onset of melt in the pack; whether or not the 
amount of liquid water can be determined is 
a subject for further research. 

SNOW WATER EQUIVALENT 

The important question which remains is; 
Can the microwave approaches yield a de- 
termination of the depth and/or water equiv- 
alent of the snow? Some studies have shown 
that this lowering of T, at  the  shorter 
wavelengths for dry snow is a function of 
snow depth (Edgerton et al.,  1971; Ulaby 
and Stiles, 1979). Figure 10 is a presentation 
of results from experiments conducted in 
Colorado by the University of Kansas, which 
give an indication of this possibility. The 
microwave responses were observed for 
snowpacks which were artificially piled. 
The snow and air temperatures were below 
0°C during these experiments; therefore, the 
snow was dry. A change of 8 dB was ob- 
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served as the snowpack was increased to a 
depth of 170 cm (Figure 10a). A Tg change of 
50 K was observed at the 2.8 cm wavelength 
for snowpack changes of 140 cm (Figure 
lob). At a shorter wavelength, 0.81 cm, there 
was a greater Tg change, but the curve satu- 
rated for water equivalents greater than 30 
cm. The difference between the two curves 
in Figure lob  points up the difficulty in ap- 
plying these results, namely, the depen- 
dence on snow density. There was a factor of 
two difference in the density between the 
two experiments, the first having been done 
with newly fallen snow while experiment 
three was done with twice as dense, older 
snow which presumably had larger grain 
sizes. Thus, there is a sensitivity of the mi- 
crowave responses to snow water equivalent, 
but this sensitivity will depend on the 
snow's history and on the nature of the un- 
derlying medium. 

The potential utility of microwave ap- 
proaches is shown in Figure 11 where values 
of T, observed by the Electrically Scanning 
Microwave Radiometer (ESMR) operating at a 
wavelength of 0.81 cm on the Nimbus 6 
spacecraft are compared with the surface 
measurements of snow depth for the grass 
covered prairies in southern Alberta and 
Saskatchewan (Rango et  al., 1979). Snow 
depth values from ground stations were used 
to draw isohyets of snow cover, which were 
then averaged over lo x 1" grid cells for 
comparison with the similarly averaged ESMR 

Tg's. An r2  of 0.86 was obtained from the cor- 
relation, which is very encouraging. A simi- 
lar result was obtained using the 1.55 cm 
data from the ESMR on Nimbus 5. In per- 
forming these analyses it is necessary that 
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Frc. 10. Variation of microwave response with snow water 
equivalent for artificially piled snowpacks: (a) active case, (b) 
passive case (Ulaby and Stiles, 1979). 
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FIG. 11. Nimbus 6 vert~cally polarized micro- 
wave bnghtness temperature versus snow depth 
on the Canadian High Plains. Nimbus 6 data from 
daytime pass 15 March 1976 summarized by one 
degree Latitude-Longitude grid; snow depth data 
from 15 March 1976 summarized over same grid, 
data included from short and high grass prairie 
areas only. 

the air temperatures be below 0°C in order to 
insure that the snow is dry, and to know 
something of the history of the snowpack. 
These requirements are complications 
which hinder the application of these space 
data for snowpack observations. Another 
complicating factor is the coarse 20 x 40 km 
spatial resolution of the Nimbus 6 ESMR. 

These results are very encouraging for the 
possible use of microwave approaches to 
remotely monitor snowpack conditions for 
both total water content and the presence of 
liquid water. It IS clear that the latter quan- 
tity can be observed with our current under- 
standing while the former requires still 
further research to understand how the ef- 
fects of the snowpack history on the water 
equivalent relationship can be taken into ac- 
count. 

The measurement of precipitation is im- 
portant for many applications such as 
streamflow and crop yield predictions and 
the understanding of the energy dynamics of 
the atmosphere. Almost everyone is familiar 
with the use of ground based radars as an 
operational tool for rainfall observations. 
However, not many people are familiar wlth 
recent attempts to measure rainfall from 
space with the ESMR'S on Nlmbus 5 and 6. 
These attempts have been rather successful 
over oceans but not so over land. This differ- 
ence is due to the hc t  that the oceans pro- 
vide a relatively con5tant, low T ,  (s1SOK) 
background for observing the atmosphere. 

Over land the background is warmer, typi- 
cally above 250K, and more variable. The 
effect of rainfall over the ocean is to increase 
the TB observed from space up to 250 or 
260K for high rain rates. The rate of increase 
in TB depends on the wavelength. At the 
1.55 cm Nimbus 5 ESMR wavelength, this 
maximum is reached for a rain rate of ap- 
proximately 10 mm/hr (Wilheit et al., 1977). 
This relationship has been used to deter- 
mine rainfall rates over the oceans, thus pro- 
viding information for regions of the Earth 
for which there were very few conventional 
data available. These data have been com- 
bined to produce an atlas of the monthly av- 
erages of rainfall over the oceans (Rao and 
Theon, 1977). 

There have been recent attempts to make 
use of the dual polarization information of 
the 0.81 cm Nimbus 6 ESMR to distinguish 
between the emission of the rain from the 
emission coming from the ground. Theoreti- 
cal studies have indicated that the upwelling 
emitted by the rain drops should be essen- 
tially unpolarized (Weinman and Guetter, 
1977) while the emission from the ground 
should be polarized with the vertical com- 
ponent having a higher TB than the horizon- 
tal. A statistical analysis was performed on 
the Nimbus 6 ESMR data to determine if the 
rainfall over land signatures could be differ- 
entiated from both wet ground and dry 
ground signatures (Rodgers et al., 1979). The 
conclusion was that rainfall areas could be 
delineated provided that surface tempera- 
tures were greater than 5°C and the vegeta- 
tion was bereft of dew. These results indi- 
cate that there is rainfall information in the 
microwave T,'s observed  from space.  
Further research will be  required to deter- 
mine if quantitative rain rate information can 
b e  obtained. In  particular, studies are 
planned at shorter wavelengths (A = 0.3 cm) 
which are expected to be more sensitive to 
rainfall over land. 

Mapping surface water bodies (ponds, 
lakes, reservoirs, rivers, etc.) is useful under 
the general framework of water resource 
management. In the absence of vegetation, 
the discrimination between water and land 
surfaces by passive microwave sensors is 
made on the basis of the large difference in 
emissivity between water and land at all 
m i c r o w a v e  f r e q u e n c i e s .  L o n g e r  
wavelengths are particularly appealing be- 
cause of their superior vegetation penetra- 
tion capabilities and because the difference 
in emissivity between water and land sur- 
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faces increases with wavelength. Likewise, 
radar can  always m a p  water  bodies; in virtu- 
ally all cases, water  is observed to produce a 
much  lower return (tone) on  radar imagery 
d u e  to t h e  relative smoothness of t h e  water  
surface. T h e  ability of  microwave sensors to 
m a p  f lood i n u n d a t e d  a reas  u n d e r  c l o u d  
cover conditions is  extremely useful since 
such a capability can be used  for conduct ing 
relief efforts, assessing loss of life a n d  prop- 
erty, a n d  delineating t h e  extent  of the flood 
plain. 

Results have b e e n  presented which show 
that  approaches are  capable of monitoring 
t h e  moisture content  i n  t h e  surface layer  of 
t h e  soil (5 cm thick), detecting t h e  presence 
of l iquid water  i n  snow, a n d  hold promise of 
being able  to  determine t h e  water  equiva- 
lent  of  snowpacks a n d  delineating areas of 
rainfall over land. Ail these parameters are  
important for improved water  resource man- 
agement. 

O u r  understanding of the  basic  physics 
beh ind  these applications has proceeded to 
t h e  point where  microwave sensors can b e  
defined which would be specifically for hy- 
drologic applications. T h e s e  microwave sen- 
sors would complement  the  information cur- 
rently available from existing viable a n d  in- 
frared sensors, specifically in  such areas as  
soil moisture a n d  snowpack monitoring. 
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