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Surface Identification Using Satellite Microwave 
Radiometers 
NORMAN C. GRODY 

Abstract-The use of satellite microwave radiometers for identifying 
natural surfaces is analyzed. A retrieval technique is developed by con- 
sidering the related “mixed pixel” problem where two or more sur- 
faces are contained within the viewing area. At frequency w the emis- 
sivity measurement E ( w )  depends on the fractional amounts fn and a 
priori emissivities E ,  ( w )  where E ( w)  = C E ,  ( w)fn. In applications in- 
volving surface identification the fractional amounts act as discrimi- 
nants to identify the most likely surface among the apriori candidates. 
In principle the fractional amounts can be obtained using multispectral 
measurements of emissivity. However, due to the limited spectral char- 
acteristics of emissivity the maximum number of distinguishable sur- 
faces is reduced to three. The fractional amounts are derived using 
dual-frequency emissivity measurements and the effects of errors in 
measurement and a priori values are analyzed. 

I. INTRODUCTION 
ICROWAVE radiometers have been flown aboard M satellites for the past 20 years. A historical sum- 

mary is presented in the introductory volume by Ulaby et 
al. [l] (see pp. 14-15 for summary table) and a compre- 
hensive review of microwave applications is given in vol. 
3 of the series [2] (see ch. 17 for atmospheric applications 
and chs. 18 and 19 for surface measurements). Depending 
on the application, the spatial resolutions have ranged be- 
tween 20 and 200 km for the different instruments. These 
radiometers contain channels within the 50-60 GHz re- 
gion of the oxygen band, around the 22-GHz water vapor 
line, as well as within the more transparent spectral re- 
gions of the atmosphere. The oxygen and water vapor 
channels are used to derive temperature profiles and water 
vapor content [2]-[4] while the “window” channels pro- 
vide surface and precipitation information [2], [5], [6]. 
Of all the parameters, precipitation and surface measure- 
ments require the highest resolution. Precipitation also 
demands the most frequent observations. The cloud pen- 
etrating property of microwaves enables these atmo- 
spheric and surface parameters to be obtained globally in- 
dependent of cloud cover using measurements from the 
different spectral regions. 

One of the most challenging problems concerns the ap- 
plication of microwave radiometers to surface measure- 
ments. The major differences between surfaces is ob- 
tained from their emissivity spectra. In some cases the 
polarization measurements of emissivity can provide ad- 
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ditional information on surface conditions [2]. Also use- 
ful is the spatial and temporal variation of emissivity [7]. 
Further improvements are sometimes possible using a 
priori climatological data, although the variability can be 
quite large for surfaces. This paper only considers the use 
of multispectral measurements to identify and retrieve 
surface parameters. Analyses of the accuracy and limiting 
factors are presented. 

11. SURFACE IDENTIFICATION AS A RETRIEVAL PROBLEM 
Microwave radiometers aboard satellites measure the 

thermal emission from the Earth’s surface and intervening 
atmosphere. For channels that respond to the surface 
(window channels) the brightness temperature Tb can be 
approximated by considering an isothermal atmosphere [4] 
so that 

T b ( W )  = TJ1 - 7:,(1 - t ( w ) ) ]  (1) 

where 7 is the atmospheric transmittance, T, is the surface 
temperature, and E is the surface emissivity. The trans- 
mittance and emissivity generally depend on the obser- 
vation frequency and viewing angle. Only the frequency 
dependence w is indicated in (1). Emissivity also depends 
on the polarization of emitted radiation. 

To estimate the error in the emissivity measurement &, 
consider a single frequency measurement having errors in 
transmittance 67, surface temperature 6Ts, and brightness 
temperature noise 6Tb. By differentiating (1) the emissiv- 
ity error (rms) is given by 

rn = [ ( A T ;  ) + ( Tb/Ts)2( 6 T : )  

+ 4( 1 - E )  T,(T, - Tb)(  672)]1’2/72Ts 

where the errors in transmittance, brightness temperature, 
and surface temperature are assumed independent random 
variables. The component due to transmittance error is 
minimized for high emissivity land surfaces. This term is 
also negligible at low frequencies ( < 10 GHz) and at 
higher frequencies in the polar regions where the absorp- 
tion due to clouds and water vapor is very small. For these 
conditions the emissivity error depends on surface tem- 
perature, where an uncertainty of ten degrees can result 
in a three-percent error in emissivity. Errors in the emis- 
sivity measurement due to atmospheric effects or surface 
temperature variations are generally highly correlated for 
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adjacent channels. As discussed later, the emissivity error 
has a direct influence on the problem of surface identifi- 
cation, which is the main subject of this paper. 

The interpretation of surface measurements is compli- 
cated by the resolution of microwave radiometers, which 
generally exceeds 20 km from a space platform. Even 

emissivity for different surfaces. It should be noted that 
the formulation can be expanded to also include the use 
of polarization measurements; however, this will be the 
subject of future papers. 

111. EMISSIVITY CHARACTERISTICS - 
smaller fields of view can average many surface features 
within a single observation (pixel). This is referred to as 
the “mixed pixel” problem and was evident in the mea- 
surements obtained by the Scanning Multichannel Micro- 
wave Radiometer (SMMR) on the Nimbus 7 satellite [5]. 
Unlike oceans, over land the largest variations in bright- 
ness temperature (1) are generally associated with the 
emissivity, which is a spatially averaged quantity. For the 
purpose of analysis the field of view is subdivided into a 
finite number of surfaces and the emissivity is given by 

During the past decade there have been many theoreti- 
cal and experimental investigations of the emissivity 
properties at microwave frequencies [2], [8]. The follow- 
ing is a brief description of the emissivity characteristics 
for different surfaces. 

Fig. 1 displays the emissivity at nadir as a function of 
frequency for various surfaces. The emissivity of wet soil 
is obtained from model calculations using a soil moisture 
of 0.4 cm3/cm3 with an average wilting point of 0.2 
cm3 /cm’ [9]. Calculations are also used to obtain the sea 

N surface emissivity [ lo] .  In the case of sea ice and snow 
the models become most uncertain so that aircraft and 
ground-based measurements are used [ 1 I], [ 121. The 
overall frequency response is obtained by fitting the data 

E(W) = n = O  C En(W)fn (3a)  

where 
N (at widely separated frequencies) to the empirical function 

( 5 )  
E o  + E,(w/wO)k 

1 + (w/wO)” 
c fn = 1. (3b) 

n = O  
E&) = 

The functions E, ( w) represent the emissivities for the dif- 
ferent surfaces (water, snow, ice, etc.,) within the view- 
ing area, where each surface has a fractional amount fn 
whose sum is unity. Note that the mixed pixel problem 
has been reduced to that of determining the percent con- 
centrations f,, using multifrequency measurements E (w). 
Furthermore, in the case of a single unknown surface, (3a) 
can be viewed as an expression of its emissivity in terms 
of known functions having undetermined coefficients. In 
applications involving surface identification the fractional 
amounts serve as a discriminant to identify the most likely 
surface among the a priori candidates. In this case the 
constraint on the coefficients given by (3b) serves to nor- 
malize the emissivity to values between say open water, 
which usually has the lowest emissivity, and dry land, 
which has the largest emissivity. As with any inverse 
problem, the accuracy of the retrieved coefficients de- 
pends on the measurement error as well as the uncertainty 
and uniqueness of the a priori elements E ,  ( w). 

In setting up the retrieval problem the number of terms 
in (3a) is reduced by one using (3b), viz. 

N 

E(w) = c W n ( 4 f  (4a) 

E(w) = E ( W )  - EO(W) (4b) 

wI(w> = E n W  - EO(W). ( 4 4  

n =  I 

where 

and 

The determination of J;, formally reduces to the inversion 
of the matrix Wn (w). However, before proceeding it is 
necessary to examine the characteristics of the matrix ele- 
ments, or more explicitly, the frequency dependence of 

where the parameters eo ,  E , ,  WO, and k are listed in Table 
I. Plots of the function and the corresponding measure- 
ments are shown in Fig. 1. The frequency characteristics 
of this empirical model are that of a low or high pass filter 
depending on whether the material acts more as an ab- 
sorber or a scatterer of radiation, respectively. For a scat- 
tering material is greater than E , ,  and the parameter W O  
denotes the lowest frequency at which scattering becomes 
important. Also, the parameter k is proportional to the 
slope of emissivity with frequency near WO. It should be 
mentioned that the smaller scale variations due to strati- 
fication in snow and ice are not included in this four pa- 
rameter model. More detailed frequency measurements of 
emissivity are required to identify and model these ef- 
fects. 

As shown in Fig. 1 ,  for homogeneous materials such as 
water, soil, and newly formed ice, the emissivity varies 
little or increases with frequency. Also, because water has 
the highest dielectric constant, its emissivity is the lowest 
value. Consequently, dry soil, which contains little water, 
has the largest emissivity. Depending on the soil mois- 
ture, the emissivity can decrease to that of a free water 
surface. However, vegetation acts as a canopy, so that the 
emissivity for densely vegetated wet soil can appear sim- 
ilar to dry soil. New ice also has a low dielectic constant 
(similar to that of dry soil) and therefore has a high 
emissivity. 

The emissivity characteristics change dramatically for 
heterogeneous materials that contain particles of wave- 
length dimensions. This is the case of multilayer (also 
summer melt) ice, which has voids (scattering centers) in 
the ice sheets due to brine depletion. Dry snow consists 
of ice particles that also scatter microwave radiation. The 
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Fig. 1 .  Emissivity at nadir as a function of frequency for different sur- 

faces. Solid curves are based on theoretical models and experimental 
measurements (0 = wet snow, A = dry snow, 0 = refrozen snow, 
0 = second year ice, W = multiyear ice). Dashed lines represent linear 
fits over the 20-50 GHz range. 

TABLE I 
COEFFICIENTS FOR FOUR PARAMETER EMISSIVITY MODEI. ( 5 )  

SURFACE E,, E, w o ( G H z )  k - - - -  
New .95 .95 -_  -- 

ICE r s e c o n d  Y r .  .93 .83 31 2 

L Multlyear .92 .64 31 2 

.76 .99 9 2 
\ 

SNOW Dry .90 .75 33 3 

L Refrozen .97 .53 32 4 

r Wet 

scattering effects result in a decrease in emissivity with 
increasing frequency by scattering some of the upwelling 
radiation out of the field of view. Note from Fig. 1 that 
the emissivity of sea ice also decreases with increasing 
concentration and size of brine pockets (i.e., ice age). 
Similarly, for dry snow the emissivity decreases with in- 
creasing snow density and crystal size (i.e.,  refrozen 
snow). The strong scattering in the case of refrozen snow 
results in emissivities less than that of water for high fre- 
quencies. However, when snow melts, its structure and 
electromagnetic properties change markedly. As temper- 
atures increase to the melting point the effective dielectric 
constant of the melting ice increase to that of water coated 
ice particles, which mainly absorb microwave radiation. 
Moist snow therefore becomes highly emissive, having an 
emissivity varying between that of wet and dry land de- 
pending on the melting conditions [ 121, [13]. 

IV. A PROBLEM OF UNIQUENESS 
From Fig. 1 ,  as well as ( 5 ) ,  it is reasonable to expect 

that the frequency variation of emissivity generally con- 
tains no more than four degrees of freedom. Furthermore, 
many applications involve frequencies between approxi- 

TABLE I1 
COEFFICIENTS FOR T W O  PARAMETER EMISSIVITY MODEL (6) 

bn - SURFACE TYPE an - 
Dry Land, New Ice, Mcltlng Snow - - - 0.950 0.000 

Wet Land - - - - - - - - - - - - - - 0.282 0.292 

0.061 0.274 water - - - - - - - - - - - - - - - - 

Second Year Ice - - - - - - - - - - - 1.040 -0.107 

Multiyear Ice - - - - - - - - - - - - 1.243 -0.310 

Dry Snow - - - - - - - - - - - - - - 1.173 -0.230 

2.018 -0:844 Refrozen Snow - - - - - - - - - - - - 

mately 20 and 50 GHz where the emissivity can be de- 
scribed by only two parameters, viz. 

E,,  (w) = a, + b,F( w) . (6) 
A logarithmic function of frequency (i.e.,  F(w) = 
log (w)) appears adequate for representing the data shown 
in Fig. 1 .  This form of (6) is shown by the dashed lines 
in Fig. 1, which accurately fit the emissivity curves for 
the above frequency range. The parameters a,, and b,, are 
listed in Table I1 for the different surfaces. 

Equation (6) indicates that three or more frequency 
measurements are linearly dependent and the emissivity 
can be interpolated between any two measurements. Con- 
sequently, the inversion of (4a) for fn becomes singular 
for a matrix of higher order than two ( i .e . ,  W,(wl), 
W,, ( w2 ), and W, ( w3 ), are linearly dependent). There- 
fore, a maximum of three surfaces can be separated (&, 
f l ,  f2) using two linearly independent measurements ( E l ,  
E 2 ) .  The solution forf, is obtained using (4) and limiting 
the series to two terms. 

W*(w2)  E(w1) - W*(wl) E(w2) 
(7a) 

(7b) 

= W,(wl)  W2(w2) - W1(w2) W*(wl) 

f2 = - W l ( w l )  W2(w2) - W1(w2) Wz(w1) 
WI(w2)  E(w1) - W , ( w l )  E(w2)  

This solution is applicable when the field of view con- 
tains three distinct surfaces of unknown concentration. 
The dual channel measurements can then separate the fea- 
tures within an individual pixel element. A notable ex- 
ample using (7) involves the determination of sea ice con- 
centration. In polar regions the SMMR measurements at 
18 and 37 GHz are used to derive the fractional amount 
of open water, new ice, and multilayer sea ice within a 
footprint [14], [15]. 

The above formulation is also applicable when the field 
of view contains a single unknown surface. In this case 
the measured emissivity is given by (3a), where the func- 
tions E ,  (w) are the a priori values for three different sur- 
faces (e.g., open water, wet land, dry land). The ampli- 
tudes f, are determined from the emissivity measurements 
according to (7). If either of the a priori functions are 
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representative of the actual surface then the amplitudes 
derived from the measurements would be close to zero or 
unity depending on the surface being observed. This pro- 
cedure of identifying surfaces is based on the proximity 
of the dual-frequency measurements to the a priori esti- 
mates. A graphical presentation of the technique is given 
below. 

The use of dual-frequency measurements to identify dif- 
ferent surfaces is graphically illustrated in Fig. 2(a). 
Shown is the emissivity at nadir for water, wet soil, snow, 
and ice at 24 and 31 GHz. These channels are part of the 
Advanced Microwave Sounding Unit (AMSU) to be 
launched in the 1990’s [16]. The emissivity at 31 GHz is 
plotted against the emissivity difference at 3 1 and 24 GHz, 
where the values were computed using the emissivity 
models described in Section 111. Variations in the emis- 
sivity for water and wet soil are due to the temperature 
dependence of the dielectric constant for liquid water [9], 
[lo]. As discussed below, the emissivities and brightness 
temperatures are computed using eight different temper- 
ature and water vapor profiles. Four of the eight cases 
have surface temperatures below freezing (263, 266, 269, 
270 K) and are used in conjunction with the snow and ice 
surfaces. The five highest surface temperatures (270, 278, 
280, 282, 286 K) are used when computing the emissivity 
and brightness temperatures for the water and wet soil 
surfaces. Also, the integrated water vapor varies from 0.3 
cm for the coldest temperature to 1.8 cm for the warmest 
atmosphere. 

In Fig. 2(a) the different surfaces are readily identified 
by their unique position in the scatter diagram. Note that 
the largest separation between the surfaces occurs along 
the horizontal axis. This axis represents the emissivity 
slope with frequency and varies considerably between the 
absorbing (water, wet land) and scattering surfaces (snow, 
ice). The variation along the vertical axis provides addi- 
tional separation between the surfaces. A mixed pixel ef- 
fect would fill the region between surfaces with additional 
points. As mentioned in Section 11, a more complete eval- 
uation must include the effects of atmospheric attenuation 
on the “derived” surface emissivity as well as the uncer- 
tainties in the a priori emissivities or model inaccuracies. 
The atmospheric effects are simulated using the radiative 
transfer equation to compute the brightness temperatures 
at the two frequencies. 

Brightness temperature calculations require informa- 
tion on atmospheric temperature and water vapor as well 
as emissivity [ l ] .  As mentioned above, eight different 
temperature and water vapor profiles are used in comput- 
ing the clear atmosphere brightness temperatures. Cloudy 
simulations are obtained by adding a layer of liquid water 
absorption and performing the radiative transfer calcula- 
tions using the same eight temperature and water vapor 
soundings. The cloud layer contains liquid water varying 
between 0.15 mm for the coldest temperature profile to 
0.40 mm for the warmer temperatures. 

To represent the satellite results, the emissivities at 24 
and 3 1 GHz were obtained by dividing the simulated mea- 
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I I 1 I 
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(b)  
Fig. 2 .  (a) Emissivity at 31 GHz versus the difference in emissivity be- 

tween 24 and 3 l GHz for the surfaces shown in Fig. l .  (b) Simulations 
of the derived emissivity at 31 GHz versus the difference in the derived 
emissivity at 24 and 31 GHz. The single points and small clusters in Fig. 
2(a) become expanded in different directions due to the effects of cloud 
liquid water ( Q ) ,  water vapor ( V ) ,  and surface temperature ( T , )  varia- 
tions on the derived emissivity. 

surements by the surface temperature. Since the emissiv- 
ity at each frequency is obtained using a single channel, 
no corrections are made for cloud and water vapor effects. 
However, rather than use a mean value of surface tem- 
perature, a more accurate estimate is obtained using the 
lower sounding AMSU channel at 53.6 GHz [16]. This 
channel is unaffected by the surface emissivity variations, 
but responds to the atmospheric temperature near 700 mb, 
which correlates with the surface temperature to about 4 
K (rms). The results are plotted in Fig. 2(b) using the 
same coordinate system shown in Fig. 2(a). However, un- 
like the previous figure, the emissivities are now derived 
quantities and contain the uncertainty due to atmospheric 
variables. Errors resulting from the effects of water vapor, 
clouds, and surface temperature on the derived emissivity 
are evident by comparing the two figures. 

In Fig. 2(a) the single points corresponding to snow and 
ice and the small clusters due to wet soil and water are 
dispersed in Fig. 2(b) due to the effects of water vapor 
( V ) ,  cloud liquid water (Q) ,  and surface temperature ( T , )  
on the derived emissivity. This reduces the separation 
among the surfaces although there is still adequate dis- 
crimination for most of the surfaces. As indicated in Fig. 
2(b), the three perturbing quantities (Q ,  V ,  T,)  distort the 
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clusters in different directions. The elongated pattern for 
each cluster is due to the high correlation of errors among 
adjacent channels for atmospheric effects. Also note the 
reduced atmospheric effects for the higher emissivity sur- 
faces. These points were mentioned earlier and shall be 
examined further in the next section. Also studied are the 
effects of uncertainties in the a priori emissivity on the 
problems of surface identification and channel selection. 

V. ERRORS DUE TO INACCURACY IN MEASUREMENT 

In (7) the accuracy of f, depends on the measurement 
error contained in E (  w )  as well as the uncertainty of the 
a priori emissivity within W, ( w ) .  To determine these er- 
ror effects on the fractional amount the quantities given 
by (4b) and (4c) are rewritten 

(8b)  
where E ( w )  and E ,  ( w )  are the error-free values and 6 6  ( w )  
and &E,, ( w )  are the errors associated with the emissivity 
measurement and a priori values, respectively. As dis- 
cussed in Sections I1 and IV, the error in the emissivity 
measurement can depend on the variations in transmit- 
tance by clouds and water vapor. This was shown to pro- 
duce a strong correlation in the frequency dependence of 
6 6  ( w ) .  Errors in the a priori emissivity are also consid- 
ered to be frequency dependent although the errors are 
more uncertain and will be considered more random than 
the emissivity measurements. 

To simplify the problem only one of the three surfaces 
( e 2 )  is considered to have an uncertainty in emissivity 
(i.e.,  6to = 6 t 1  = 0 ) .  This is a reasonable assumption 
since generally one of the two surfaces consists of water, 
whose emissivity is well known, and the other is either 
dry land, melting snow, or new ice, whose emissivity is 
near unity. The third surface having emissivity e2 is the 
most variable, and may be multilayer ice, wet land, or 
refrozen snow. For example, in the case of sea ice the 
emissivity of multiyear ice has a much larger uncertainty 
than that of water and new ice. 

Based on (7) and (8), the error in the fractional amount 
6fn becomes 

where the terms W, ( w )  are given by 8(b) with heo = 
= 0 .  The uncertainties due to the a priori emissivity 
6e2(w)  and measurement error S E ( W ) ,  are contained in 

the terms 6 E ( w l )  and 6 E ( w 2 ) ,  which are 

6 E ( w l )  = 6 t ( w l )  - 6 ~ 2 ( ~ l ) f 2  ( 1 0 4  

6 E ( w 2 )  = 6 ~ ( ~ 2 )  - 6 ~ 2 ( ~ 2 ) f 2 .  ( lob)  

These quantities contain the major error contribution in 
(9), although the error in the a priori emissivity is also 
included in the terms W2( w ) .  

To obtain a more explicit form, showing the frequency 
dependence of the fractional error, the surface emissivity 
is approximated by (6). The error in the a priori emissiv- 
ity is due to uncertainties in the slope 6b and intercept 6a 
parameters, so that we define 

a2 = ii2 + 6a 

b2 = 5, + 6b 

6e2(w) = 6a + 6bF(w)  

( I l a )  

( 1 l b )  

( I l c )  

where 

and a,, b2 are the error-free emissivity parameters. For an 
arbitrary surface, there is no reason to expect a strong 
correlation between 6a and 6b. Therefore, the error in the 
a priori emissivity represents a source of random error 
and will have a large influence on the characteristics of 
the fractional error. 

Substituting (8b) into (9) and using (1 IC), the fractional 
error can be written as 

6 E ( w l )  - [ A ,  + F ( w l ) ] Q  
Sf, = s, ~ ( 1 2 4  

A2 - AI 

where 

6 E ( w 2 )  - 6 E ( w l )  
= F ( w 2 )  - F ( w l )  

and the coefficients A ,  and S, are given by 

- 1  1 

The frequency dependence of the fractional error is 
contained in the Q factor, which is a function of the fre- 
quency separation as well as the difference in the emissiv- 
ity errors. However, as shown below, the fractional error 
given by (12a) contains a number of unusual features that 
are very sensitive to the error characteristics of 6E( w ) .  

Although it would appear that the Q values and the frac- 
tional e m o r  would increase rapidly for small frequency 
separation, the two quantities generally remain small even 
as the frequency separation approaches zero. This is 
clearly the case when the frequency dependence of the 
error terms 6E( w )  varies more rapidly than the emissivity 
function F (  w ) .  As demonstrated below, under these con- 
ditions the fractional error is minimal for small frequency 
separation and “increases for large separation. ” An un- 
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expected result also occurs when the errors 6 E ( w )  are 
identical for the two channels, or when they vary in the 
same manner as the emissivity, i.e., F ( w ) .  In both in- 
stances the fractional error is “independent of the fre- 
quency separation. ” Another unusual result occurs when 
Q = G E ( w l ) / ( A ,  + F ( w 1 ) ) .  This condition results in 
zero fractional error, but requires a perfect balance be- 
tween the various quantities, which is highly unlikely even 
for one of the three surfaces. 

These situations involving specific values of Q repre- 
sent rare events. Any random, uncorrelated error com- 
ponent contained in Q would reduce their effect and sig- 
nificantly change the fractional error characteristics. As 
mentioned previously, a major source of uncorrelated er- 
rors arises from uncertainties in the a priori emissivity 
parameters (see (IO), (1 1)). This random contribution is 
introduced in 6E ( w )  

6 E ( w )  = 6 E ( w )  + s q w )  (13 )  
where 8 E ( w )  is the correlated errors (e.g., atmospheric 
effects) and 6 E ( w )  is the random noise component. In 
general the errors increase with frequency and are mod- 
eled as 

6 E ( w )  = 6 E ( w 1 ) ( w / w 1 ) P  (14a) 
( 6 E ( w ) ’ )  = ( 61?(wl)2) (w/w1)2q  (14b) 

where the parameters p and q generally have values near 
unity, but will be varied in the examples to follow. 

From (12)  and (13), the root mean squared fractional 
error can be written as the combination of two terms 

= J s ~ :  + (sf:) (15) 

where Sf: is given by (12)  where only the correlated error 
component (14a) is used. This results in the equation 

6E(Wl)2  

( [ A ,  + F ( w 2 ) ]  - [ A ,  + F ( w l ) ] ( w 2 / w l ) P ) 2  

(A* - A 1 ? ( F ( w 2 )  - F ( w 1 ) f  
= s; 

(16) 
The second term ( 8f: ) is obtained from (12) but the error 
is considered uncorrelated so that 

( 6 E ( W 1 ) 2 )  

[A, + F(W2)]’ + [A, + F ( w l ) ] 2 ( w 2 / w 1 ) 2 ~  

(A2 - A1)2(F(w2) - W))’ 
= s: 

(17)  
To illustrate the behavior of (15), the fractional error, as 
well as the individual components sf, and m, are 

plotted as a function of frequency for the case when the 
three surfaces have the characteristics of new ice ( n  = 
0) ,  water ( n  = 1 ), and multiyear ice ( n  = 2 ) .  Emissivity 
parameters (a,, b,) are obtained from Table I1 with F (  w )  
= log ( w ) .  The lowest-frequency, w l ,  is set to 19 GHz 
and the second frequency is increased up to 50 GHz. The 
results shown in Fig. 3 consider the errors in &E( w )  and 
@( w )  to be equal, having a value of 0.01 at all frequen- 
cies (i.e.,  p = q = 0).  In accordance with (15), the re- 
sults for larger errors are proportionally greater. 

Note that the fractional error is dominated by the ran- 
dom error component (17), whose magnitude becomes 
very large for small frequency separation. The correlated 
error component (16) is smaller than the random error term 
and constant with frequency for the case when p = 0. 
Also observe that the smallest fractional error occurs for 
the water surface, which is the same magnitude as that 
obtained for the total ice concentration. 

As a second example, the error quantities are made fre- 
quency dependent by setting p = q = 1. Results of this 
more realistic simulation are shown in Fig. 4. As in the 
previous example, the fractional error is primarily defined 
by the random error component. However, now the cor- 
related error term becomes significant with higher fre- 
quency separation. Note also that the random error com- 
ponent decreases, while the correlated error term increases 
for larger frequencies. This results in a minimum frac- 
tional error, where its lowest value occurs over a broad 
range of frequencies. It appears that a second frequency 
of about 35 GHz provides adequate separation to identify 
the three surface types. These results will vary somewhat 
depending on the errors in 6E and Sl? and on their fre- 
quency dependence ( i .e . ,  p ,  q ) .  However, the major dif- 
ferences arise when considering other classes of surfaces. 

Calculations were performed for the case where the 
three surfaces consist of dry land, water, and wet soil. 
Fig. 5 shows the results for frequency independent errors 
( p  = q = 0) ,  while Fig. 6 contains the results whenp = 
q = 1. Note that the emissivity model of dry land is the 
same as new ice so that only the emissivity of the third 
surface (wet soil) is different from the previous case. This 
makes an interesting comparison since the spectral re- 
sponses of these surfaces all have slopes of the same sign. 
Compared to the sea ice case, this reduces the signatures 
among the three surfaces, resulting in larger fractional er- 
rors. As before, a second channel frequency exceeding 35 
GHz does not appear to add much improvement. 

In general, the smallest fractional errors occur when 
only correlated errors exist in the emissivity measurement 
and a priori emissivity ( 6 E  = 0) .  This results in the 
greatest separation among surface types, and is further 
improved when the errors are the same for both channels 
( p  = 0) .  However, neither of these conditions are met in 
actual practice. Uncertainties, particularly in the a priori 
emissivity, result in a random error component that pro- 
vides the major error. As indicated below, techniques for 
addressing this problem require the use of additional sur- 
face information. 
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Fig. 3 .  Errors in the fractional amount (rms) for new ice, water, and mul- 

tiyear ice, m. Also shown are the individual components due to 
correlated, Sf, and uncorrelated errors, m, in the emissivity mea- 
surements and a priori data. The correlated and uncorrelated emissivity 
errors are set to 0.01 and are considered frequency independent, i.e., p 
= q = 0 (see (14), (15)). 

New Ice (f0) 

5 a4 8 
k a3 

a2 

ai 

L 

Multiyear Ice (f2) 

0.0 
i I P 2 6 3 O 3 5 4 0 4 5 W  

seoond Chm-101 Froq~lre~l (6 i tz I  

(c) 
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Fig. 5 .  Errors in the fractional amount (rms) for dry land, water, and wet 

soil, m. Also shown are the individual components resulting from 
correlated, Sf, and uncorrelated errors, m, in the emissivity mea- 
surements and U priori data. The correlated and uncorrelated emissivity 
errors are set to 0.01 and are considered frequency independent, i . e . ,  p 
= q = 0 (see (14), (15)). 

Dry Land (fO) 
ae 

a7 - E 0.8 - UI - % o-6 

E 3 0.4-  

LL 0.3- 

0.2 

0.1 

- 
- 

16 20 Z8 30 S 0 4 60 
second Chumel F w  CGHz) 

(C) 
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VI. SUMMARY A N D  CONCLUSIONS 

Passive microwave measurements show a strong poten- 
tial for identifying surfaces and retrieving surface param- 
eters. Unlike the response at optical wavelengths the mi- 
crowave response is strongly dependent on the water 
content and liquid or ice phase of surfaces. The different 
spectral characteristics of water, land, snow, and sea ice 
are used for surface identification. 

Various techniques are available to identify surface fea- 
tures from multichannel satellite measurements. For ex- 
ample, a library search technique could be used to match 
the microwave measurements at different frequencies to 
specific surface types. Although the library technique is 
easily expanded to include different channels and addi- 
tional data sources, it is difficult to examine the various 
interactions among channels and data types. To visualize 
the problem of surface identification a graphical proce- 
dure was described in Section IV using dual frequency 
measurements. However, to obtain quantitative results, 
an analytical solution was obtained by expressing the sur- 
face emissivity as a linear combination of known emissiv- 
ities. 

The analytical formulation was developed by consid- 
ering the “mixed pixel” problem where many surfaces 
are contained within the viewing area. At frequency w the 
emissivity measurement t ( w)  depends on the fractional 
amountsf, and a priori emissivities t, (w) where E ( w )  = 
C E ,  ( w)f,. In applications involving surface identification 
the fractional amounts act as discriminants to identify the 
most likely surface among the a priori candidates. In 
principle the fractional amounts can be obtained using 
multispectral single polarization measurements of emis- 
sivity. However, due to the limited spectral characteris- 
tics of the emissivity for natural surfaces the maximum 
number of distinguishable surfaces is reduced to three. 
The fractional amounts are obtained using dual frequency 
emissivity measurements, where the effects due to errors 
in the measurements and a priori data were analyzed. 

The accuracy of the fractional amounts is limited by the 
accuracy of the emissivity measurements and a priori val- 
ues. In general the errors in the emissivity measurements 
are strongly correlated for the two channels, resulting in 
relatively small errors in the fractional amounts. How- 
ever, the a priori emissivity values represent a source of 
random error and produce large errors in the fractional 
amounts. Examples in the case of sea ice and wet land 
surfaces illustrate the characteristics of the fractional error 
due to these different error sources. Based on these ex- 
amples, the use of dual frequency measurements at about 
19 and 35 GHz is shown to offer the best compromise for 
measuring surface features. 

In addition to the use of spectral information, temporal 
information can be very useful for improving the surface 
estimate. Unlike instantaneous point measurements, con- 
tinuous observations can provide data on surface condi- 
tions (e.g., melting of snow and ice) and filter out the 
effects of precipitation on the measurements. It is also im- 

portant to utilize the infrared surface temperature mea- 
surements and visible observations of surface reflectivity. 
Techniques must be developed to incorporate these data 
together with the microwave measurements. The use of 
microwave polarization measurements can also serve as 
additional predictors in the retrieval method although their 
uniqueness compared to spectral measurements has not 
been evaluated. Not to be overlooked is the use of addi- 
tional measurements around 90 GHz, which could not be 
examined at this time. However, the recently launched 
Special Sensor Microwave Imager (SSMI) instrument on 
the Defense Meteorological Satellite Program (DMSP) 
satellite contains an 85-GHz channel. Its use for surface 
observations must await further analysis by researchers. 
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