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Summary 

The successful application of passive microwave sensors 
requires signatures for the unambiguous inversion of the 
remote sensing data. Due to the large number of object types 
and large variability of physical properties, the inversion of 
data from land surfaces is a delicate and often ambiguous 
task. The present paper is a contribution to the assessment 
of multi-frequency passive microwave signatures of typical 
objects on land in winter. We discuss the behaviour of 
measured emissivities at vertical and horizontal polarization 
over the frequency range of 5 to 100 GHz (incidence angle of 
50 degrees) of water and bare soil surfaces, grass and 
snowcovers under various conditions. These data and their 
variabilities lead us toward a classificaion algorithm for 
some, but not all object classes. Most snowcovers can easily 
be discriminated from other surfaces, difficulties occur for 
fresh powder snow if 94 GHz data are not available. The 
problem of wet snow has found a solution by using a certain 
combination of observables. 

In addition to snowcover types we find large differences 
between frozen and unfrozen bare soil. Onthe other hand 
the different situations of grasscovers show all very similar 
emissi vi ties. 

For the estimation of physical parameters we propose 
algorithms for certain object classes. The estimation of 
surface temperature, especially for snow-free land, seems to 
be feasible, also the estimation of the snow liquid water 
content at the surface. For estimating soil moisture lower 
frequencies (e.g. 1.4GHz) should be used. 

For the estimation of the Water Equivalent, WE, we 
cannot yet find a definitive solution. Certain correlations 
exist for dry winter snow between WE and observables at 
frequencies between 10and 35 GHz. Especially the polariza
tion difference at 10GHz shows a monotonous increase 
with increasing WE. Algorithms using higher frequencies 

are more sensitive to WE, however they are subject to 
ambiguities. 

1. Introduction 

The advantages of microwave radiometry for the 
large-scale observations of climate and hydrologic 
variables have been stated repeatedly. Impressive 
results were obtained with data from the Scanning 
Multichannel Microwave Radiometer (SMMR), 
especially over the ocean surface (Gloersen et al., 
1984; Gloersen and Campbell, 1991) and with the 
Special Sensor Microwave Imager (SSMI) as 
shown by several authors in a special journal issue 
edited by Hollinger (1990). When it comes to the 
actual definition of retrival algorithms for geo
physical parameters over land we are faced with 
the problems of the real world. 

I would like to mention the three following 
problems: 

( 1) The surface heterogeneity is of a much smaller 
scale than the spatial resolution of imaging 
radiometers. The improved resolutions of future 
instruments, the European Space Agency's 
Multichannel Imaging Microwave Radiometer 
(MIMR) and the Russian scanning IKAR radio
meters on Priroda, will partly reduce this 
problem. 

(2) The emission properties of the earth's surface 
and the influence of the atmosphere may 
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change more rapidly than the typical repeat 
cycle (0.5 to several days) of the observing 
system. 

(3) The observable- in our case the brightness 
temperature- may not be sufficiently sensitive 
to the required geophysical variable (e.g. the 
snow-water-equivalent). Othervariables (e.g. 
the snow structure) may dominate. 

Although the first problem is serious, its effect 
on parameters used in large-scale models is limited. 
The successful application of mixed-signature 
algorithms allows a parametrization of the vari
ables at the given scale of the sensor resolution. 
This parametrization is required by the hydrologic 
and climate models anyway. The limitation of 
mixed-signature algorithms is their inaccuracy to 
objects at low concentration. 

The second problem is more fundamental; it 
limits the application of multitemporal analysis. 
Furthermore, the variable influence of the atmo
sphere hampers the extraction of surface informa
tion. 

The third problem is the signature problem. 
Only if we can solve it will be able to construct 
physical algorithms to retrieve geophysical pa
rameters. If we succeed we will get keys to solve 
the additional Problems 1 and 2. Therefore this 
paper will concentrate on the search for passive 
microwave signatures of land surfaces in winter, 
spanning the frequency range from 5 to 100GHz, 
the range of the future MIMR system. 

The original objective was the development of 
algorithms for snowpack remote sensing. How
ever, since snow is found in different landscapes, 
we need spectral emissivities of all relevant surface 
types in order to discriminate snowcover from 
snow-free land. Therefore, the primary objective 
must be the development of a signature catalog of 
all possible surface types, with and without snow
cover. The advantage of such a catalog is its 
potential to define optimized algorithms for each 
application and adapted to regions of interest. 
These algorithms will not be limited to snowpack 
remote sensing, but may include the measurement 
of surface temperature, including the discrimina
tion between frost and non-frost conditions, vege
tation and soil properties. 

It is the purpose of this paper to present a 
status report on a long-term investigation of 
passive microwave signatures over the frequency 
range from 5 to 100G Hz. This range covers 

the frequencies of SMMR, SSMI, of the future 
MIMR (Menard and Thornbury, 1989) and IKAR 
(Armand and Kutuza, 1993). The results of experi
ments made with the multi-frequency radiometer 
system PAMIR at two test sites in Switzerland 
will be described. Although the collected data 
base does not yet cover all possible landscapes 
(e.g. forest signatures are missing) the experimental 
dataset already provides a valuable contribution 
to the spectral and polarimetric signatures ofland 
surfaces. According to the authors' knowledge 
PAMIR has been the only 5-to-100 GHz-radio
meter system for in-situ signature studies of the 
earth's surface. Therefore the present paper has to 
focus on data from this system. With the progress 
in the development of MIMR some new radio
meter systems have recently been built (e.g. 
the French PORTOS, J. P. Wigneron, LERTS, 
Toulouse, personal communication) or are cur
rently under construction (A. W. England, Univ. 
of Michigan, Ann Arbor, personal communica
tion). Complementary studies to be made with 
these systems should be encouraged. 

2. The Data Base 

2.1 The PAMIR System 

PAMIR is the acronym for "Passive and Active 
Microwave and Infrared Radiometer". This sensor 
system consists of five microwave radiometers 
(Table 1), an X-band scatterometer and a thermal 
infrared radiometer. The radiometers were built 
and first operated by Roland Hofer (Schanda and 
Hofer, 1977) for signature research on alpine 
snowpacks. These measurements continued until 
1987 at the alpine test site, Weissfluhjoch (Matzler, 
1987). Then PAMIR was relocated to the agri
cultural test site "Tannacker" at Moosseedorf 

Table 1. Specifications oft he PAMII R Microwave Radiometers 

Radiometer Number 2 3 4 5 

Center Frequency, GHz 4.9 10.4 21 35 94 
Bandwidth, GHz 0.2 1.2 0.8 0.8 2.0 
Sensitivity, K 0.1 0.1 0.1 0.1 0.2 

(at 1s integr. time) 
Viewing angle all between nadir and zenith 
Polarization any linear polarization 
3-dB beam width of horn 10 9 9 9 9 

antenna, deg. 
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near Bern (Matzler, 1990). There, the scatterometer 
and the infrared radiometer were removed. 

2.2 PAMIR Datafrom Weissjluhjoch (SLF) 

More than 200 different snow situations were 
observed with PAMIR at Weissfluhjoch together 
with several snow-free situations with a rocky 
(gravel-type) soil surface (Matzler, 1987). Here we 
will present a revised version which includes new 
data, a new definition of object classes, and 
updated quality assurance of earlier data. The 
object classes of W eissfl uh j och will be identified 
by SLF, the German acronym of the Snow and 
Avalanche Research Station at this test site. 

SLF _BARE represents nine different observa
tions of the snow-free test site in wet and dry, 
warm and cold conditions (unfrozen only). 

SLF _SHALLOW represents 11 situations of 
winter snow with water equivalents (WE) between 
4 and 10 em. Winter snow is dry, and it has not 
undergone melt metamorphism. 

SLF _MEDIUM represents 12 situations of 
winter snow with WE between 10 and 25 em. 

SLF _DEEP represents 50 situations of deep 
winter snow with WE between 25 and 63 em. 

SLF _WET represents 53 situations of wet snow 
(at least a wet surface layer). 

SLF _ THINCR UST represents 20 situations of 
wet snow covered by refrozen crust whose thick
ness is between 1 and 3 em. (In earlier work these 
data were included in wet snow). 

SLF _ THICKCRUST represents 15 situations 
of wet snow covered by a 4 to 30 em thick layer 
of refrozen snow. 

SLF _BOTTOM CRUST represents 6 situations 
of a special snow situation which was observed in 
late 1984 and early 1985. An abundant snow fall 
in autumn 1984 metamorphosed to a 40 em thick, 
hard crust and formed the bottom of the new 
winter snowcover. The crust was frozen to the 
ground in contrast to the other crusts. In areas of 
important temperature variations in winter such 
crusts can occur quite often, and because their 
emissivities are different from the other snow 
covers we included them as a special class. In 
addition, the bottom crust is similar to frozen firn;
therefore, we expect similar signatures for tem
perate glaciers in winter. The bottom crust of 
1984-1985 was more strongly stratified than the 
refrozen surface crusts. So there is a distinct 
difference in polarization. 

The word "crust" also implies that extended 
periods (several days) of wet snow with melt 
metamorphism preceded the crust formation. The 
density is about 0.4 gjcm 3 or higher, and the grains 
are quasi spherical with diameters of about 1 mm. 

2.3 PAMII R Data from M oosseedorf 

The observations reported here were made be
tween October and April of the years 1989 to 1993 
on bare soil and grass at different conditions, and 
sometimes covered with snow. (For a catalog of 
the entire dataset, see Matzler, 1992a). 

The following object classes were identified: 

BARE_SOIL represents 9 situations of bare 
sandy loam soil at temperatures between 0 and 
25 oc, volumetric soil moistures between 12~/0 and 
45%. 

FROZEN_SOIL represents two situations of 
frozen bare soil with surface temperatures of 
-6 oc and - 1 oc, respectively, mostly frozen soil 
moisture of about 40% by volume. 

SHORT _GRASS represents 9 situations with 
grass cover, height 5-10 em, volumetric soil 
moisture 13~~ to 60%, grass temperature above 
-1 °C. 

MEDIUM_GRASS represents 4 situations of 
grass cover with height between 15 and 32 em, and 
temperatures T > 0 a c. 

FROST _GRASS represents 3 situations of 
short grass with hoar frost at temperatures be
tween -2 oc and -5 ac. 

FROZEN_GRASS represents 4 situations of 
short grass without hoar frost at temperatures 
between -1.7 oc and -5 oc, soil at 0 cc to 
-2°C. 

GRASS_AFTER~SNOW represents 2 differ
ent situations measured just after snowmelt, when 
the short grass cover was flat on the ground. 

POWDER represents 4 situations of 24 to 
37 em deep powder snow at temperatures between 
-3 and -13 cc, with WE near 4cm. The grass
covered soil was first frozen and later unfrozen. 
Most of this dry snow was 1 to 7 days old. 

BOTTOMCRUST represents 2 situations of 
aged, refrozen snow (depths of 6 and 15 em) on 
frozen ground. 

CRUST is one situation of 10 em refrozen snow 
on top of3 em of wet snow with unfrozen ground. 

The situations with wet snow are not included 
here, because they are similar to the ones at 
W eissfl uh j och. 
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Most snow situations were measured in the 
winter season 1990 to 1991 with the same short 
grass cover whose water content was near 0.4 
kg/m2

. We considered the grass to be unfrozen at 
temperatures higher than -1 oc (due to its salin
ity). However, the freezing temperature of the soil 
was very close to 0oc as shown by the soil 
dielectric data (at 600MHz) and by the soil 
hardness. The real part of the dielectric permitti
vity offrozen soil was between 4.8 and 5.4 whereas 
for unfrozen soil in winter the observed values 
were usually larger than 20 (Matzler, 1992a). 

2.4 Emissivities of Object Classes 

In order to separate atmospheric effects from 
snow signatures we transformed the in-situ ob
served brightness temperatures, TP (polarization 
p = v, h), to emissivities, e P' or reflectivities, r P' 

respectivity, according to 

(1) 
T -T 

e = 1- r = P s. p = h v 
P P T- T' ' 

s 

where Tis the effective object temperature and Ts 
is the brightness temperature of the sky as observed 
near the surface in the relevant direction. For a 
specularly reflecting surface the zenith angle of 
this direction equals the incidence angle of TP, and 
for a Lambertian surface with an optically thin 
atmosphere the zenith angle is 60Á (Schanda, 1986, 
p. 150; Matzler, 1987, p. 306). 

Brightness temperatures, TP, can easily be com
puted from emissivities and typical Ts values using 
Eq. (1). At the test site, Tannacker, in Moosseedorf 
the average Ts at a zenith angle of 60° is 8 K at 
4.9 GHz, 11 Kat 10.4 GHz, 48 Kat 21 GHz, 38 K 
at 35 GHz, and 98 Kat 94 GHz. At the alpine test 
site the average sky brightness temperatures are 
somewhat smaller. More details about Ts at the 
PAMIR frequencies can be found in Matzler 
(1992b). 

The object classes described in the previous 
section were defined on the one hand on the basis 
of ground-truth criteria, and on the other hand on 
a simple distribution of emissivities to be described 
by mean values and standard deviations. This 
numerical information is presented in Tables 2 
and 3. We limit the presentation to a constant 
incidence angle of soc measured from the vertical. 
For the Weissfluhjoch data we averaged measure
ments made at 45c and 55Á to get the values at soc, 

and for the data of Moosseedorf we were often 
limited to observations at angles of at least 55°. 
However, since the angular dependence is not 
very strong, especially in case of grass, we took 
the values at 55° to represent the ones we wanted 
at 50°. There is a small uncertainty arising from 
this offset. 

The mean spectral emissivities at the P AMIR 
frequencies at horizontal (eh) and vertical (ev) 
polarization are given in Table 2 for each object 
class. The additional class WATER_0C-8C rep
resents calculated emissivities of a smooth liquid
water surface. The numbers are averaged values 
of emissivities at 0oc and 8 oc. The Fresnel for
mulae were used together with the Debye 
Equation for the dielectric permittivity of fresh
water (Ulaby et al. 1986, Equations E.14 to E.19). 

The standard deviations of emissivities and of 
simple differences within each class (N > 1) are 
given in Table 3. For WATER, the values are 
computed differences of emissivities at 8 oc and at 
0 octo indicate a typical temperature variation of 
lake emissivities. The additional effect of rough
ness due to waves was neglected. 

A graphical presentation of emissivity data of 
15 classes from Tables 2 and 3 is given in Fig. 
la-o: These Figures are useful to get a general 
view of the type of spectra and of their variability. 
At certain frequencies and polarizations we find 
highly stable emissivities. These may be used as tie 
points in inversion algorithms. At other frequen
cies the variability may be large; there the 
emissivity depends on one or more physical vari
ables (e.g. soil moisture, snow liquid water content, 
etc.); thus the variability is mostly systematic. For 
certain linear combinations such as the polariza
tion difference at a gi.ven frequency or the spectral 
difference at a given polarization we may find 
additional variability or constancy which can be 
useful for discrimination of objects or for the 
determination of a certain physical parameter. 
The only combinations shown in Fig. 1 are the 
polarization differences. Other combinations can 
be extracted from Tables 2 and 3. 

Figures 1 a -c are the three types of bare surfaces 
where the unfrozen bare soil (Fig. la) has the 
largest variability (standard deviation), especial
ly at the lowest frequency due to variable soil 
moisture conditions (e.g. Jackson and Schmugge, 
1989). Soil moisture was measured in the top 
0-3 em, and the soil dielectric constant in the top 
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Table 3. Standard Deviations of Emissivities of Their Differences for the Data of Table 2. In case of water (row 1) the numbers 

represent the difference between the emissivities at 8 cc and 0 oc 

0 2 3 4 5 6 7 8 

eh eh eh eh eh e,. e,. e,. 
4.9 10.4 21 35 94 4.9 10.4 21 

---------"--~-----

1 W A TER_O -8C 0.0010 -0.0057 -0.0166 -0.0258 -0.0391 0.0017 -0.0088 -0.0238 
2 BARE_SOIL 0.0740 0.0482 0.0349 0.0339 0.0209 0.0333 0.0293 0.0230 
3 FROZEN_SOIL 0.0023 0.0037 0.0093 0.0006 0.0009 0.0048 0.0019 0.0097 
4 SLF_BARE 0.0251 0.0232 0.0163 0.0214 0.0380 0.0183 0.0197 0.0168 
5 SHORT GRASS 0.0076 0.0075 0.0114 0.0095 0.0082 0.0115 0.0079 0.0101 
6 MEDIUM_GRASS 0.0068 0.0093 0.0108 0.0121 0.0229 0.0014 0.0036 0.0062 
7 FROZEN_GRASS 0.0220 0.0078 0.0042 0.0058 0.0093 0.0122 0.0062 0.0044 
8 FROST _GRASS 0.0073 0.0058 0.0037 0.0042 0.0078 0.0082 0.0045 0.0038 
9 GRASS_AFTER_SNOW 0.0130 0.0133 0.0044 0.0038 0.0063 0.0071 0.0073 0.0020 

10 SLF_ WET 0.0731 0.0705 0.0533 0.0424 0.0424 0.0212 0.0184 0.0157 
11 POWDER 0.0292 0.0216 0.0079 0.0262 0.0226 0.0045 0.0053 0.0097 
12 SLF _SHALLOW 0.0201 0.0224 0.0315 0.0533 0.1412 0.0068 0.0052 0.0141 
13 SLF _MEDIUM 0.0151 0.0349 0.0626 0.0422 0.0912 0.0059 0.0121 0.0299 
14 SLF _DEEP 0.0255 0.0412 0.0476 0.0644 0.1039 0.0107 0.0116 0.0353 
15 SLF_ THINCRUST 0.0535 0.0312 0.0234 0.0426 0.1360 0.0235 0.0097 0.0084 
16 SLF _ THICKCRUST 0.0320 0.0223 0.0545 0.1023 0.0469 0.0061 0.0049 0.0369 
17 SLF_BOTTOMCRUST 0.0091 0.0131 0.0122 0.0493 0.0837 0.0038 0.0079 0.0114 
18 BOTTOMCRUST 0.0098 0.0176 0.0799 0.0970 0.0151 0.0043 0.0017 0.0417 

0 9 10 11 12 13 14 15 16 
e,. e .. v-h v-h v-h v-h v-h h10- h5 
35 94 4.9 10.4 21 35 94 

1 W A TER_0-8C -0.0333 -0.0354 0.0007 -0.0031 -0.0072 -0.0075 0.0037 -0.0067 
2 BARE_SOIL 0.0242 0.0135 0.0413 0.0193 0.0119 0.0109 0.0076 0.0373 
3 FROZEN_SOIL 0.0007 0.0014 0.0071 0.0018 0.0004 0.0013 0.0005 0.0014 
4 SLF_BARE 0.0194 0.0394 0.0109 0.0104 0.0132 0.0085 0.0017 0.0203 
5 SHORT_GRASS 0.0083 0.0097 0.0055 0.0026 0.0032 0.0034 0.0049 0.0030 
6 MEDIUM_GRASS 0.0076 0.0163 0.0057 0.0074 0.0081 0.0083 0.0092 0.0069 
7 FROZEN_GRASS 0.0042 0.0076 0.0149 0.0037 0.0015 0.0038 0.0037 0.0149 
8 FROST _GRASS 0.0011 0.0065 0.0089 0.0015 0.0005 0.0047 0.0014 0.0043 
9 GRASS_AFTER_SNOW 0.0017 0.0049 0.0059 0.0060 0.0064 0.0055 0.0013 0.0003 

10 SLF_ WET 0.0150 0.0357 0.0603 0.0603 0.0418 0.0354 0.0215 0.0625 
11 POWDER 0.0109 0.0124 0.0248 0.0178 0.0131 0.0154 0.0133 0.0259 
12 SLF_SHALLOW 0.0479 0.1480 0.0161 0.0182 0.0208 0.0149 0.0280 0.0207 
13 SLF _MEDIUM 0.0428 0.1047 0.0149 0.0272 0.0506 0.0430 0.0194 0.0239 
14 SLF_DEEP 0.0636 0.1113 0.0210 0.0327 0.0222 0.0201 0.0285 0.0332 
15 SLF _ THINCRUST 0.0386 0.1400 0.0442 0.0253 0.0198 0.0150 0.0261 0.0605 
16 SLL.THICKCRUST 0.1043 0.0692 0.0307 0.0218 0.0293 0.0107 0.0279 0.0422 
17 SLF _BOTTOM CRUST 0.0345 0.0723 0.0086 0.0159 0.0083 0.0214 0.0214 0.0099 
18 BOTTOMCRUST 0.0876 0.0020 0.0056 0.0159 0.0381 0.0094 0.0132 0.0078 

0 17 18 19 20 21 21 23 24 
h21- lz10 h35- h21 h94 -lz35 v10- v5 v21- v10 v35- v21 v94- v35 COMB 

1 W A TER_0-8C -0.0109 -0.0092 -0.0133 -0.0104 -0.0150 -0.0095 -0.0021 0.0558 
2 BARE_SOIL 0.0166 0.0149 0.0150 0.0112 0.0100 0.0099 0.0124 0.0296 
3 FROZEN_SOIL 0.0056 0.0087 0.0003 0.0067 0.0078 0.0104 0.0021 0.0052 
4 SLF_BARE 0.0111 0.0136 0.0078 0.0119 0.0079 0.0086 0.0112 0.0440 
5 SHORT _.GRASS 0.0078 0.0036 0.0066 0.0060 0.0050 0.0030 0.0083 0.0153 
6 MEDIUM_GRASS 0.0043 0.0026 0.0149 0.0030 0.0038 0.0020 0.0091 0.0270 
7 FROZEN_GRASS 0.0069 0.0041 0.0071 0.0064 0.0029 0.0019 0.0071 0.0142 
8 FROST _GRASS 0.0026 0.0074 0.0044 0.0045 0.0027 0.0029 0.0073 0.0118 
9 G RASS_AFTER_SNOW 0.0090 0.0006 0.0025 0.0002 0.0093 0.0003 0.0066 0.0091 

10 SLF_WET 0.0455 0.0299 0.0632 0.0148 0.0084 0.0126 0.0344 0.1124 
11 POWDER 0.0268 0.0197 0.0372 0.0032 0.0044 0.0180 0.0205 0.0601 
12 SLF _SHALLOW 0.0292 0.0395 0.1413 0.0066 0.0130 0.0410 0.1310 0.1621 
13 SLF_MEDIUM 0.0324 0.0398 0.0759 0.0105 0.0201 0.0304 0.1049 0.1234 
14 SLF_DEEP 0.0339 0.0368 0.1201 0.0107 0.0265 0.0369 0.1342 0.1934 
15 SLF _THIN CRUST 0.0395 0.0344 0.1112 0.0176 0.0101 0.0328 0.1112 0.1341 
16 SLF _ THICKCRUST 0.0449 0.0588 0.1088 0.0046 0.0355 0.0701 0.1131 0.3307 
17 SLF _BOTTOM CRUST 0.0155 0.0510 0.0441 0.0046 0.0051 0.0390 0.0456 0.1344 
18 BOTTOMCRUST 0.0622 0.0171 0.1121 0.0025 0.0400 0.0458 0.0895 0.3209 
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0-1 em soil layer, respectively (Matzler, 1992a). 
The rocky soil of Weissfluhjoch (Fig. 1c) shows 
a similar average behaviour, but has smaller 
standard deviations, because the water content 
cannot change strongly on the rocky surface. The 
frozen bare soil (Fig. 1 b), however, shows high and 
almost constant emissivities due to the low di
electric permittivity. 

All grass emissivities look very similar. Three 
of the five classes are represented by Figs. 1d, e 
and f. At high frequencies short grass (Fig. 1d) 
shows slightly higher emissivities than medium 
grass (Fig. 1e), but the opposite is true at low 
frequencies. There the more reflective soil is better 
visible for short grass. On the other hand, the 
slightly lower emissivities of medium grass above 
20 GHz result from increased volume scattering 
on the longer and bending stalks and leaves. This 
effect is even more pronounced in covers of high 
grass in summer (Matzler, 1992a). In case of Fig. 
1f (grass with hoar-frost) the emissivity is slightly 
depressed at both the highest and the lowest 
frequency. At 5 GHz the transparency of the grass 
canopy is increased due to the frozen state, and 
the soil emissivity is apparent whereas at 94 GHz 
the volume scattering of the surface hoar influences 
the emmisivity. In the case of frozen grass without 
surface-hoar crystals the 94 GHz values are higher 
with the remaining emissivities being almost the 
same as those of Fig. lf. A special case is the grass 
after snowmelt (all snow is gone) where all emis
sivities are depressed to values near 0.90. 

The remaining Figs. 1g to 1o show spectra of 
different types of snow, completely dry snow 
without melt metamorphism in Figs. 1g, h, i and j, 
wet snow in Fig. 1k, and refrozen crusts in Figs. 
11 to 1o. 

Dry snow and refrozen crusts are characterized 
by low emissivities at high frequencies; for powder 
snow this is true only at 94 GHz (Fig. 1g). In 
addition, the winter snow is also characterized by 
relatively high polarization differences, especially 
at the intermediate frequencies (10 to 35 GHz). 
There is no significant difference between the 
average spectra of shallow, medium and deep 
winter snow. Dramatic variations exist at 94 GHz 
within the same range in all three classes; on the 
other hand, low standard deviations exist at 5 and 
10 GHz for ev. A closer look shows that with 
increasing snow water equivalent, the polarization 

difference increases, especially at 5 to 10 GHz. 
This will be discussed later. 

The spectra of wet snow (Fig. 1k) are clearly 
different from those of dry snow. There is an 
apparent similarity with bare soil (Fig. 1a). Wet 
snow, however, shows a flat maximum at about 
20 GHz, whereas for bare soil the emissivity in
creases with frequency up to 94 GHz. The decrease 
of ev- eh with increasing frequency is slower in 
case of wet snow. 

Figures 11 and 1m show the spectra of the 
classes, thin crust and thick crust, both on top of 
wet snow of the test site, Weissfluhjoch, and Fig. lo 
gives the spectra of crusts frozen to the ground 
(bottom crust) at the test site in Moosseedorf. 
These spectra are characterized by low polariza
tion differences and by a Rayleigh spectrum (pro
portional to f 4

) of the reflectivity (Matzler, 1987; 
Reber et al., 1987) due to the dominant scattering 
on the large, quasi-spherical snow grains of the 
refrozen crusts. Here the vofume scattering is 
limited to the dry surface layer, and the wet snow 
acts as a black-body background, especially at 
vertical polarization. Indeed we find the highest 
emissivities for et, at 5 and 10 GHz in Fig. 1m with 
extremely small variability. At these frequencies 
the Rayleigh scattering of the crust is very small. 
At eh it is sometimes possible to observe an 
interference effect between the small reflections at 
the surface and at the interface between the dry 
and wet snow (Matzler, 1987; Fig. 4.26). On the 
other hand the large standard deviation found at 
35 and 94 GHz is related to the systematic increase 
of volume scattering with increasing crust thick
ness. 

The low polarization difference is typical for 
crusts which had been wet before for many days 
which allowed the layered snow structure to be 
disintegrated into the isotropic, granular medium 
of old, wet snow. For crusts that occur early in 
the melt season or during short, warm periods 
in winter, the polarization difference tends to 
be larger. Examples are given in Tables 2 and 
3 by the object classes SLF _BOTTOM CRUST 
of Weissfluhjoch (Fig. 1n) and CRUST of 
Moosseedorf. Finally, the BOTTOMCRUST of 
Moosseedorf again shows a similar spectrum (Fig. 
1o) as the thick crust (Fig. 1m). However, the 
emissivities at 5 and 10 G Hz are clearly lower. The 
reason is the missing layer of wet snow below the 
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crust, i.e. we see significant scattering at the 
ground surface. 

2.5 Complementary Information on Emissivities 

Besides the object classes described above, we 
need emissivity information of further winter 
landscapes. Most important are lakes (frozen and 
unfrozen), swamps or boglands and forests. 

(a) The emissivities of calm, unfrozen lakes can 
well be represented by computed values based 
on the Fresnel formula with the results shown 
in Row 1 of Tables 2 and 3. The low emissivities 
at low microwave frequencies are a sharp 
contrast to the other data. Also the large polar
ization differences are characteristic signatures 
of water surfaces. 

(b) When lakes freeze, their emissivity increases. 
Multifrequency observations of a freshwater 
lake in Colorado made by Hall et al. (1981) 
showed a linear relationship between ice thick
ness and brightness temperature at 5 GHz 
over a thickness range from 20 to 70 em. At 
the higher frequencies (22 and 37 GHz) the 
microwave radiation was dominated by the 
snow properties. When the snow gets wet the 
penetration depth is reduced drastically to 
about one wavelength (Ulaby et al., 1981); 
then any snowcover on the ice will dominate 
and emit radiation like wet snow on land. We 
should also mention that small amounts of 
salts and other ionic impurities in lake water 
increase the dielectric loss of lake ice (Matzler 
and Wegmiiller, 1987; Errata, 1988). There
fore we need more experimental data. 

(c) For boglands we have no in-situ measure
ments. However, SMMR-data analysis has 
shown that bogland emissivities are similar to 
those of farmlands (Tiuri and Hallikainen, 
1981; Hallikainen, 1984). 

(d) Spectral emissivities of forest elements such as 
small trees, twigs and leaves were measured at 
the PAMIR frequency range by Sume et al. 
(1988), and by Wegmiiller et al. (1993). These 
data indicate high emissivities for coniferous 
trees and lower emissivities at the higher 
PAMIR frequencies for trees with broad leaves. 
Orientational effects are important. Trees with 
a pronounced horizontal orientation of the 
leaves show low emissivities. These results 
were confirmed by actual forest measurements 

with an imaging 90 GHz radiometer flown on 
aircraft (Suss et al., 1989). Coniferous trees 
showed a near black-body behaviour, and 
foliated broad-leaf trees showed reduced bright
ness temperatures by about 20 K. 

In winter, the broad leaves are missing, and since 
branches and twigs are rather vertically oriented, 
we expect higher emissivities ·and thus similar 
values for all forest types. Snowcovers in forests 
have higher emissivities than snowcovers in un
forested areas due to the interaction with the trees 
(Hallikainen, 1984). Dedicated experiments to 
study this interaction should be carried out. It was 
found that the transmissivity of microwaves at all 
PAMIR frequencies through twigs of conifers is 
highly sensitive to temperature (Wegmiiller et al., 
1993; Matzler and Wegmiiller, 1993). 

3. Spectral Signatures for Classification 

3.1 Signaturesfor Snow Mapping 

The ideal situation for snow mapping is found 
when all snow types have the same brightness, 
when all snow-free objects look the same, and 
when the contrast between snow and snow-free 
state is large. In this ideal case, snow has "on-off" 
signature. It can be used to delineate the snow 
boundary and also to determine snow coverage in 
mixed-signature situations. 

At passive microwaves, the situation is not ideal. 
Nevertheless, all snow types with a dry surface 
show the common signature of volume scattering: 
a negative spectral gradient in the 20 to 100 GHz 
range with low emissivities at 35 GHz (except for 
powder snow) and 90 GHz (Table 2). Except for 
wet snow, the ideal situation is almost met at ev 
(90 GHz). Even water has a higher emissivity. For 
the following reasons, however, a snow-mapping 
algorithm should not rely exclusively on the 
900Hz data: 

(1) The atmospheric transparency is variable and 
it can be quite low (Matzler, 1992b). 

(2) Only a thin surface layer of the snowcover 
determines the actual emissivity. For new 
snow the grain size can be very small leading to 
higher emissivities than the other types of dry 
snow at 35 and 90 G Hz. The class POWDER 
snow represents this situation (row 11 of 
Table 2). 

(3) Precipitating clouds can show low emissivities, 
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similar to the ones of dry snow (Neale et al., 
1990). 

Due to these problems the 90 GHz data should 
only be regarded as complementary. 

At lower frequencies the difficulty with wet 
snow remains. However, the atmospheric trans
parency is much higher and therefore more stable. 
Furthermore, the problem with new (powder) 
snow is reduced due to its high transparency. 
Another advantage of the lower frequencies is the 
relatively high polarization difference of several 
snow types in contrast to snow-free land. Even wet 
snow has certain signature properties as will be 
shown below. 

The signature properties of Tables 2 and 3 will 
be illustrated with the following decision- tree 
algorithm (an analogous procedure is possible on 
the basis of brightness temperatures): 

3.1.1 First, we see from Columns 6 and 7 that ev 
at 5 to 10 GHz is about 0.5 for water surfaces and 
near 0.9 or higher for all other surfaces. This is the 
clearest signature for the discrimination of water 
from all other surface types. Although the contrast 
is still larger at horizontal polarization (Cols. 1 
and 2) the variability, especially of bare soil and 
of wet snow, hampers the application of horizontal 
polarization in mixed situations. 

3.1.2 Second, after having eliminated water areas, 
we use the linear combination COMB (Col. 24) to 
separate snow from snow-free areas. This linear 
combination is defined as 

COMB= ev(10)-eh(10)+ev(21)-eh(21)+ev(35) 

- eh(35)+ 3[ev(l0)-ev(35)]. (2) 

COMB is an optimum balance between polariza
tion and spectral gradient in such a way that all 
snow-free types (except water) have values between 
0.03 and 0.09, and even if the standard deviations 
of Table 3 are considered we find that COMB is 
mostly between 0.0 and 0.1. On the other hand, 
all types of snow show COMB values larger than 
0.1, typically 0.7. Only the case of powder snow is 
marginal with COMB= 0.126 ± 0.060. With the 
94 GHz data we are able to discriminate this snow 
type more clearly. Wet snow is a less serious 
problem due to its high polarization difference. 
And in cases where this difference is small (as a 
result of small liquid water content) there appears 

a contribution from the spectral differences as a 
result of volume scattering. 

3.1.3 Third, after having eliminated water and 
snow-free areas we apply the spectral differences 
at vertical polarization to discriminate wet from 
dry snow. Wet snow has values close to 0.0 in 
Columns 21 to 23, whereas dry snow has large 
negative values in at least one of these columns. 
Volume scattering is the physical process behind 
the dry-snow signature. Horizontal polarization 
is less suitable due to its higher variability within 
each class. 

If we want to find areas of wet snow below a 
layer of dry snow there is no direct way for 
discrimination as long as we accept variable 
thickness and variable structure of the overlying 
dry snow. However, one thing common to these 
situations is their rapid time variation. The dis
crimination of refrozen crust on top of wet snow 
is easier due to the small polarization difference 
combined with large negative values in Column 
23, and at the same time high ev values in excess 
of 0.98 at 10 GHz (Column 7). 

3.2 Signatures of Snow-Free Land Areas 

Small COMB values are indicative of snow-free 
land areas. Within these classes (Rows 2 to 9 of 
Tables 2 and 3) we may be able to separate bare 
from vegetated areas. The most evident signature 
of bare surfaces is the large polarization difference 
at 5 GHz (Column 11). Another signature is the 
spectral difference of Column 16; its advantage is 
its reduced sensitivity of freezing conditions. 

On the other hand if we want to identify frost 
in areas with bare soil, we should look for high eh 
values at 5 or at 10 GHz. However, ambiguities 
with vegetated areas must be avoided by multi
temporal observations or by a-priori knowledge. 

The identification of frost in vegetated areas 
must be based on the measurement of the surface 
temperature (Section 4.1). 

3.3 Incorporation of Mixed Situations 

TheeL, signature of water at 10 GHz is so clear that 
it will be possible to estimate fractions of open 
water within the footprint of 10 GHz brightness 
temperature at vertical polarization. Other mixed 
situations are more difficult to identify. Here one 
should rely on multi-temporal analysis. 
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4. Spectral Signatures for Estimation 
of Physical Parameters 

4.1 Estimation of Effective Surface Temperatures 

4.1.1 Seasonal Snow 

freezing point of water. Therefore, surface
temperature retrievals in areas of seasonal snow
packs are either indirect through snow .classifica
tion or impossible due to the deep sensing. 

One of the most important parameters is the 
surface temperature T. When combined with the 
emissivity the surface temperature sensed by a 
radiometer is an effective temperature, a weighted 
average value over the penetration depth at t~e 
given frequency. When the emitting medium IS 

isothermal the effective temperature is equal to 
the actual surface temperature. This is valid in 
case of wet snow where T = 273.2 K. Then we 
know the temperature already from the result of 
object classification. The same is true for thin and 
thick crusts overlying wet snow where the effective 
temperature is equal to the temperature at the 
interface between dry and wet snow (with the 
exception of data at 94 GHz). In case of dry winter 
snow or of bottom crusts the microwaves usually 
penetrate through seasonal snowpacks at least at 
frequencies below 30 GHz (Matzler, 1987; Rott, 
1989). Then the effective temperature is equal to 
the physical temperature at the base of the snow
cover. In most regions with seasonal snow this 
temperature is close to or a few degrees below the 

4.1.2 Snow-Free Land Areas 

On snow-free land the microwave penetration is 
usually quite small. The effective temperature is 
the canopy temperature in cases with a vegetation 
cover or the soil temperature at the depth of a 
fraction of a wavelength in cases of bare soil. Even 
frozen soil is quite lossy (Ulaby et al., 1986). 
Exceptions may occur only under extreme dryness. 
If the emissivity is high the emitted brightness 
temperature is close to the effective temperature. 
At low frequencies (5 to 10 GHz) the atmospheric 
effect is so small that we can neglect it. If we neglect 
also the cosmic background radiation, then TP 
(p = v, h) is simply proportional to e P and T, 

(3) 

By using a suitable linear combination of TP values 
from the same area we can reduce the uncertainty 
of eP. As an example, Table 4 shows values of ex, 
defined by 

(4) 

Table 4. Values of ex as Defined by Eq. ( 4) for all Object Classes at the PAM! R Frequencies 

0 2 3 4 5 
Object 2ev- eh 2ev- eh 2ev- eh 2ev- eh 2ev- eh 

4.9 10.4 21 35 94 

1 W A TER_0-8C 0.7514 0.7881 0.8681 0.9541 1.1269 
2 BARE_SOIL 1.0226 0.9584 0.9321 0.9235 0.9521 
3 FROZEN_SOIL 0.9886 0.9628 0.9644 0.9526 0.9618 
4 SLF_BARE 1.0020 0.9854 0.9710 0.9727 0.9602 
5 SHORT _GRASS 0.9506 0.9621 0.9379 0.9281 0.9529 
6 MEDIUM_GRASS 0.9700 0.9624 0.9394 0.9357 0.9533 
7 FROZEN_GRASS 0.9802 0.9730 0.9530 0.9494 0.9591 
8 FROST_GRASS 0.9776 0.9736 0.9536 0.9474 0.9461 
9 GRASS_AFTER_SNOW 0.9224 0.9387 0.9089 0.9178 0.9347 

10 SLF_WEJ: 1.0968 1.0773 1.0407 1.0220 0.9730 
11 POWDER 0.9962 0.9901 0.9805 0.9765 0.8921 
12 SLF_SHALLOW 1.0027 1.0299 1.0095 0.9284 0.7048 
13 SLF _MEDIUM 1.0228 1.0445 1.0145 0.8878 0.7254 
14 SLF_DEEP 1.0440 1.0753 1.0165 0.9113 0.8021 
15 SLF_THINCRUST 1.0334 1.0302 1.0096 0.9766 0.7802 
16 SLF_THICKCRUST 1.0561 1.0273 0.9838 0.7411 0.5114 
17 SLF_BOTTOMCRUST 1.0565 1.0768 0.9522 0.7825 0.8185 
18 BOTTOMCRUST 1.0073 0.9879 0.9462 0.7989 0.4896 
19 CRUST 1.0094 1.0502 1.0441 0.9007 0.5237 
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Fig. 2. Vertically polarized emissivity e,. at 10.4GHz versus 
the difference e,.- eh at 10.4 GHz of all 47 snow-free winter 
land surfaces measured by PAMIR 

of all object classes at all P AMIR frequencies. 
These ex values are quite stable. The idea for 
selecting the special linear combinations ex accord
ing to Eq. (4) came from scatterplots of ev versus 
the polarization difference ev- eh. The example of 
the snow-free land data is shown in Fig. 2 together 
with a linear least-squares fit. For the snow-free 
land data (excluding water) the 10.4 GHz data of 
e are near 0.966 with a standard deviation of X 

0.017. If we accept this variability as our un-
certainty of ex we can estimate T from 

(5) 

with an uncertainty ofless than 5 Kat T < 290 K. 
Also at the other frequencies we find quite stable 
ex values. 

The fact that even water surfaces and snow 
show ex values close to 1.0 makes Eq. (5) insensitive 
to small cover fractions of lakes or snow within 
the footprint. Only at 94 GHz can we find excep
tionally small ex values. 

4.2 Estimation of the Liquid Water Content 
of Snow Surfaces 

The measurement of soil moisture by micro
wave radiometry is well known (e.g. Jackson and 
Schmugge, 1989) and does not have to be repeated 

here. It is based on the increase of the surface 
reflectivity with increasing liquid water content. 
The same physical mechanism also holds for the 
estimation of snow liquid water. Main differences 
of the snow properties as compared to soil are 
( 1) smaller dielectric permittivities due to the lower 
content of liquid water, and (2) less variation of 
the surface roughness. In addition, since snow
packs usually cover the vegetation, there are less 
problems of screening by vegetation, allowing 
frequencies above L-band to be used. Snow wet
ness at the surface of the snowpack can be 
determined from brightness temperatures at hori
zontal polarization (Matzler et al., 1984; Matzler, 
1987). As will be shown below the relation between 
the volumetric liquid water content, W, and the 
reflectivity, rh (Eq. 1), is a linear function in the 
range 0 < W < 15 ~~~, being the typical range of 
snow wetness. 

The relation between rh and W is based (a) on 
the observation (Figs. 2.24-2.25 of Matzler, 1987) 
that for wet snow rh can be approximated by the 
Fresnel formula over a wide frequency range 
(Exceptions occur when the vertical inhomogeneity 
at the surface is strong), and (b) on the complex 
dielectric permittivity, e, which is a function of 
frequency, f, density, p, and liquid water content, 
W: 

es- ex, 
e=eoc +---

1-if/fo 
(6) 

where the relaxation frequency fo = 10 GHz for 
wet snow, and i is the square root of -1. The two 
parameters eoc andes are given by 

1.60p 
eoc = 1 + , 

1- 0.35p 

Gs = eoc + 0.187W + 0.0045W2 (7) 

where w is in e~) and p is the snow density in 
gjcm 3

• The equation for ex is identical to the 
density dependence of the dielectric permittivity 
of dry snow (Matzler, 1987), and the equation for 
es was given by Denoth (1989). 

From (1), (6) and (7}, and the Fresnel formula 
for rh we obtain the functional dependence 
rh(f, W, p, 8) at the incidence angle 8. Results are 
plotted in Fig. 3 for 8 = 50J, f = 6.8 GHz, ex = 1.6, 
1.8 and 2.0, respectively, corresponding to snow 
densities of 0.332, 0.425 and 0.512 gjcm3 (Eq. 7). 
This is a typical range for wet snow. At the MIMR 
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frequency, 6.8 GHz, the curves are extremely close 
to linear within the 0 < W < 15% range. At higher 
frequencies, a more and more non-linear behaviour 
is found with a decreasing sensitivity to W Also 
shown in Fig. 3 are measured data; they were 
extracted from Matzler et al. (1984) and Matzler 
and Sume (1986). The rh values at 6.8 GHz were 
interpolated from PAMIR data at 4.9 GHz and 
10.4 G Hz, and the W values were determined from 
dielectric measurements made in the 1 GHz range 
at the 0-2 em surface layer. The extreme data 
point at W = 14% resulted from a situation with 
rain. The comparison of Fig. 3 is satisfactory, 
because when considering the scatter of the data 
points around the computed lines it should be 
kept in mind that snow wetness is laterally hetero
geneous at the decimeter scale due to the forma
tion of drainage channels. The dielectric point 
measurements are subject to this heteorogeneity 
and therefore scatter strongly. On the other hand 
the radiometer footprint covered several m 2

, thus 
averaging took place over the heterogeneity. 

For old, wet snow the density is often close to 
0.4 gfcm3

. Then for a given frequency and incidence 
angle the only variable of rh is the liquid water 
content W. Using the relationship shown in Fig. 
3 for f = 6.8 GHz together with Eq. (1) (where 
T= 273.2 K and Ts ~ 8 K) we can derive a linear 
relationship between Th and W. With the help of 

Fig. 3. Reflectivity rh at .f = 6.8 GHz, 50° of inci
dence versus liquid water content W. The curves 
show computed values of rh for 3 values of ea:.: 1.6 
(bottom curve, dashed), 1.8 (solid line), 2.0 (top 
curve, dotted). Diamonds are measured data 

the Fresnel equation and Eqs. (1), (6) and (7), the 
algorithm can be adapted to other microwave 
frequencies up to about 20 GHz. 

4.3 Estimation ofthe Water Equivalent 
of Dry Snow 

Although the Water Equivalent WE is the most 
important snowpack parameter from the hydro
logic point of view and although microwave radia
tion at f < 40 GHz can easily penetrate through 
typical packs of dry, seasonal snow, the estimation 
of WE by microwave radiometry is not at all an 
esay task. This was realized already by Matzler et 
al. (1982) on the basis of the early Weissfluhjoch 
data, by Wang et al. (1992) with aircraft data over 
Alaska, and also by Kiinzi et al. (1982) and by 
Hallikainen and J olma ( 1986) on the basis of 
SMMR data. 

The problem with satellite data is certainly 
related to the fact that within one footprint of 
the sensor the snowpack is a composition of 
different snowtypes and of snow-free areas. But 
even if we reduce the problem to the in-situ mea
sured observable of dry winter snow (POWDER, 
SLF _SHALLOW, SLF _MEDIUM, SLF _DEEP) 
an accurate inversion algorithm does not exist. 
(With the inclusion of crusts and wet snow the 
situation would become even more ambiguous). 
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We will describe the situation with scatterplots 
showing these winter data versus WE together 
with the snow-free data of Weissfluhjoch as a 
reference for WE= 0. Figure 4 shows the polariza
tion difference at 10.4 GHz. With increasing WE 
this difference tends to increase up to the largest 
WE values. 

At higher frequencies the signal is more sensitive 
to the presence of snow. Figure 5 shows ev and eh 
at 35 GHz versus WE, and Fig. 6 shows COMB 
values (2) versus WE. For WE values increasing 
from 0 to 10 em both Figs. 5 and 6 show a rapid 
change of their dependent variables. However, for 
larger water equivalents the behaviour of the data 
changes and their values scatter over a larger 
range. The ev values of Fig. 5 even tend to increase 
up to 0.9 for the deepest snowpacks making it dif
ficult to discriminate such situations from snow
free surfaces. This problem is less serious in Fig. 6. 

The physical reason for the shown behaviour is 
the strong dependence of the emissivities at high 
microwave frequencies on the grain size of the 
snowpack. For Rayleigh scattering the emissivity 
decreases proportional to the third power of the 
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Fig. 5. Emissivities at 35 GHz of winter snow versus WE: (a) vertical, (b) horizontal polarization 
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grain radius, assuming WE to be consta~t (Matz~er, 
1987). This is also true for non-sphencal grains 
where the sensitive grain size is the smallest 
dimension of the grain. This quantity not only 
changes within the snowpack, but it changes ~lso 
with time. It is mainly the temperature-gradient 
metamorphism which makes snow grains grow 
near the bottom of winter snowpacks (Colbeck, 
1982). For shallow snowpacks the temperature 
gradient tends to be large, the production of lar~e 
grains of depth hoar is efficient and fast. This 
explains the low emissivities at WE values near 
20 em (Fig. 5). On the other hand for deep snow
packs (WE> 25 em, SLF _DEEP) the temperature 
gradient is weaker with the result that less depth 
hoar is formed. Then the snow remains fine
grained, and the emissivity remains high. 

The monotonous trend found in Fig. 4 is related 
to layering and not to grain size. The deeper the 
pack the more layers are to be expected. The 
polarization-dependent reflection at each layer 
interface increases the polarization difference, 
el.- eh, with increasing depth. 

The estimation of the water equivalent on the 
basis of Figs. 4 to 6 is very inaccurate. It is possible, 
however, that the variability of the o bservables is 
reduced if the data are averaged over large areas. 
This averaging will be different in different regions. 
Therefore we must expect the need for regionalized 
parameters possibly with seasonal and annual 
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Fig. 7. The WE ranges of object classes, averag~ snow-free 
areas, powder snow, shallow, medium and deep wmter snow, 
versus average polarization differences, ev- eh, at 10.4 GHz. 
The curve represents the non-linear fit of Eq. (8) 

peculiarities. The possible behaviour ~f ~v~~aged 
data is illustrated by the average emtsstvttles of 
Table 2. As an example let us look at the polariza
tion difference at 10.4 GHz for an average snow
free region and for dry winter snow (Rows 11 to 
14). If we plot the WE range of these classes versus 
their polarization difference we get Fig. 7. With 
the non-linear interpolation 

WE (em)= 31,000(ev- eh)
3

'
33 (8) 

we obtain an algorithm for estimating WE. This 
special form should not be regarded as a fin~l 
result, but rather as an example for a certam 
observable. 

A disturbing effect for the WE algorithms 
occurs if wet snow or refrozen crusts are present 
within the scene. In order to reduce their influence 
we should look for an optimum combination of 
polarization and spectral-gradient information. 

An alternative way for estimating WE could 
be found through multitemporal analysis using 
day and night observations throughout the snow 
season. This will be a topic for further research. 

5. Conclusions 

The systematic composition of spectral emissivities 
(Table 2) and of their variabilities (Table 3) of 
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object classes of winter landscapes gave a new 
insight into the radiative signatures of passive 
microwave sensors over the frequency range from 
5 to 100 G Hz. The discussion of these properties 
helped to define criteria for discriminating surface 
types and snowcover types from multichannel radio
meter data. Open water can be discriminated from 
other surfaces by its low emissivity, e.g. at 10 GHz. 
Snow-free areas can then be identified by low 
values of a special combination (COMB) of emis
sivities. The remaining surfaces of snow can be 
classified in various types. Problematic is new 
powder snow. Algorithms were given to estimate 
physical surface properties such as surface tem
perature, surface liquid-water content of snow
packs, and tentative algorithms were proposed to 
estimate the water equivalent of dry winter snow. 
The discussion was based on emissivity data. 
Atmospheric effects were not directly considered. 
However, by emphasizing the importance of data 
in the 5 to 21 G Hz range, the atmospheric effects 
overwinter landscapes are small (Matzler, 1992b). 

In future the data of Tables 2 and 3 should be 
completed by additional object classes to improve 
the validity of the proposed algorithms or to find 
additional criteria. The described long-term effort 
of microwave signature research should be con
tinued and complemented by new radiometer sys
tems. The advantages of in-situ experiments are 
the excellent control of ground-truth data and the 
monitoring capability of temporal changes. 

An additional requirement for constructing 
physical algorithms of remote sensing data is a 
knowledge of the spatial variability of radiances 
in question. According to the principle of ergodi
city we can expect that at least certain temporal 
variations are also representative of spatial varia
tions. Nevertheless, for the accurate assessment of 
algorithms from spatially integrated data we need 
observations from aircraft to describe the actual 
spatial heterogeneity of the spectral microwave 
emissivity. The combination of both types of 
experiments are necessary. They will lead to the 
most accurate interpretation of microwave remote 
sensing data. 
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