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Abstract. Microwave emissivities of land surfaces are estimated from special
sensor microwave/imager (SSM/I) observations by removing the contributions
from the atmosphere, clouds, and rain using ancillary satellite data (International
Satellite Cloud Climatology Prolect (ISCCP) and TIROS Operational Vertical
Sounder (TOVS) products). In the first step, cloud-free SSM/I observations are
isolated with the help of collocated visible/infrared satellite observations (ISCCP
data). The cloud-free atmospheric contribution is then calculated from an estimate
of the local atmospheric temperature-humidity profile (TOVS retrieval). Finally,
with the surface skin temperature derived from IR observations (ISCCP estimate),
the surface emissivity is calculated for all the SSM/I channels. As an exploration
the method is applied to the SSM/I data for four months in 1991 within the
Meteosat observation area. The magnitude and fluctuations of the atmospheric.
contributions are estimated along with the effect of surface temperature variations.
Correspondences between geographical and seasonal patterns of the emissivities
and topography, vegetation, flooding, and snow cover are analyzed. The potential
for using microwave emissivities to monitor vegetation phenology and surface
properties at regional and continental scale is investigated, and the possibility of
retrieving atmospheric parameters (water vapor content, cloud liquid water path,

and precipitation) over land is discussed.

1. Introduction

Global satellite microwave observations have been
available for about 20 years, but large-scale studies over
land surfaces have been limited. The reasons given
are the coarse spatial resolution of the microwave mea-
surements as compared to the spatial variability of the
land surface and the complex interaction between the
cloudy atmosphere and the underlying surface. The
field of view of satellite microwave measurements is
more compatible with the dimensions associated with
atmospheric and oceanic¢ variations, so most efforts have
concentrated on abmospheric studies over ocean or stud-
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ies on the ocean itself. Nevertheless, estimating land
surface emissivities from satellite microwave measure-
ments is of major interest for two main reasons.

First, if the surface contribution to microwave ra-
diances could be determined accurately enough, then
microwave retrievals of cloud liquid water and precip-
itation, now performed only over ocean, might be ex-
tended to land areas. The ocean surface is radiatively
”cold” in the microwave regions because an emissivity
of around 0.5 reduces the surface brightness tempera-
ture so that atmospheric phenomena appear with good
contrast against this cold background. Moreover, the
results are much less sensitive to errors in specifying
ocean surface properties [Lin and Rossow, 1994; Pri-
gent et al., 1997]. Atmospheric parameter retrieval over
land is much more difficult because of the higher emis-
sivity of land surfaces, so very few studies have been
directed to this objective. In one of them, Jones and
Vonder Haar [1990] proposed a methodology for de-
tecting cloud liquid water above land from the special
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sensor microwave/imager (SSM/I) data: Prior to esti-
mation of the cloud liquid water content, they estimate
the surface emissivity with the help of coincident visible
satellite observations in cloud-free areas. Their analysis
was limited to a case study in Colorado. More recently,
Conner and Petty [1996] suggest an analysis of the time
variability of SSM/I radiances over land to help sepa-
rate the surface and atmospheric contributions.

Second, land surface emissivities derived from mi-
crowave satellite measurements could be used to mon-
itor variations of surface and vegetation properties at
regional and continental scales. An extensive body of
research has been directed toward a better understand-
ing of the mechanisms responsible for the microwave
emission of soil and vegetation, both from theoreti-
cal analysis and from small-scale field experiments (us-
ing hand-held, truck-mounted, or airborne sensors). A
thorough review of these developments is presented by
Ulaby et gl. [1986]. However, most satellite stud-
ies have focused on the use of simple indices derived
from linear combinations of microwave satellite mea-
surements. The microwave vegetation index (MVI), for
instance, is based on the polarization difference at 37
GHz: For each month, the 37 GHz polarization differ-
ences over time are ranked, and the second lowest value
is kept to maximize the vegetation response and mini-
mize the effects of soil wetness and clouds. The MVI has
been used to monitor vegetation or flooding from scan-
ning multichannel microwave radiometer (SSMR) and
SSM/1 observations [e.g., Choudhury and Tucker, 1987;
Choudhury, 1988, 1989; Tucker, 1989, Justice et al.,
1989]. However, as noted by several authors [Tucker,
1989; Prince and Choudhury, 1989; Justice et al., 1989;
Tucker, 1992; Kerr and Njoku, 1993], atmospheric ef-
fects, especially cloud cover, may be responsible for a
large part of the 37 GHz polarization difference, cast-
ing doubt on interpretation of the MVI (or other simple
indices) solely in terms of surface properties. Neverthe-
less, small-scale experiments show that microwave emis-
sivities are sensitive to soil and vegetation properties,
so that one can reasonably anticipate that direct esti-
mation of microwave surface emissivities globally may
vield useful information about the land surface despite
the low resolution of the satellite microwave observa~
tions.

The microwave signal emanating at the top of the
atmosphere is the combination of the surface and at-
mospheric contributions, the microwave emission of the
land surface itself being the product of its physical tem-
perature and the surface emissivity. The surface emis-
sivity depends on the surface composition {soil, vege-

tation, snow, wetness, etc.) and geometry (soil rough-.

ness, geometry of the vegetation canopy, topography,
etc.). While the atmospheric contribution and the sur-
face temperature may vary rapidly in time for a given
location, one can expect rather slow variations of the
surface emissivity, mainly related to the vegetation cy-
cle, except for snow and rainfall, which can cause sig-
nificant modifications of the emissivity. In this study
we start by assuming that the time variability of sur-
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face emissivities is small compared to the atmospheric
variability on the scale of 1 month, and we retrieve
monthly averages of the land surface microwave emis-
sivities from the SSM/I observations by removing the
contributions of clouds, rain, and the atmosphere using
ancillary satellite observations. The International Satel-
lite Cloud Climatology Project (ISCCP) analysis is used
to detect the presence of clouds and to determine the
variations in surface temperature that also affect mi-
crowave radiation. The analysis method is described,
along with the satellite data used, in section 2. In this
exploratory study, results are presented for 4 months
in 1991 for the area covering Africa and large portions
of Europe and western Asia (section 3). A sensitivity
analysis is conducted to characterize the time variability
of the emissivities during a month and from month to
month. Correspondences between microwave emissivi-
ties and surface characteristics (topography, vegetation,
inundation, and snow cover) are analyzed to explore the
potential of microwave observations for monitoring veg-
etation phenology and other surface properties (section
4). Section 5 summarizes this study and outlines the
possible uses of microwave land emissivities.

2. Methodology and Data-
2.1. Principles

Over a flat lossy surface, the integrated radiative
transfer equation for a non scattering plane-parallel at-
mosphere can be expressed in terms of brightness tem-
perature for each orthogonal polarization P (P stands
for horizontal, H, or vertical, V):

TbP = Tsurf x emisP x e~"(O:H)/ny

Tatm_down x (1 —emisP)* e~ ODIM 4 Tatm yp (1)

ToV —THH =

(Tsurf —Tatm_down) x e~"OH 1 x (emisV — emisH)

2)

with

Tatm_down = fOH T(z)a(z)e~"(02) kg,
and

Tatm_up = fOH T(z)av(z)e‘T(z’H)/“ dz.

THP is the brightness temperature measured by the
satellite for polarization P; T'surf is the surface ”skin”
temperature; emisP is the surface emissivity for polar-
ization P; p = cos(6), 6 being the incident angle on the
surface; a(z) is the atmospheric absorption by gases at
altitude z; T'(z) is the atmospheric temperature at al-
titude z; and 7(zg,21) = f;ol a(z)dz is the atmospheric
opacity from zg to z;.

These equations lead to

From (1)
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emisP =
TbP — Tatm_up — Tatm_down x e~7(OH)/»
e~/ x (Tsurf — Tatm_down)

From (2)

emisV —emisH =

TbV —ThbH (4
e~7(0H)/ 1 x (Tsurf — Tatm_down) )

At SSM/I frequencies, the radiation emanates from
only a thin surface layer of bare soil and water (the pen-
etration depth is of order of the wavelength in soil and
less for water [Choudhury, 1993]) with the following con-
sequences: There is no volume scattering, the surface
temperature is the skin temperature, and for flat sur-
faces the reflection is quasi-specular. However, volume
scattering is involved in the cases of vegetation or snow
cover, since the microwave radiation can arise from be-
low and within the canopy or snow layer. When the
terrain is rough on scales between the radiation wave-
length and the size of the field of view, the surface acts
as a set of scattering facets with a complex distribution
of orientations. In these cases (1) to (4) involve some
“cffective” emissivity and temperature, aggregated over
the depth of penetration and the field of view of the
satellite instrument. These parameters correctly deter-
mine the observed radiation, but they are complicated
functions of he actual distribution of surface properties.
See Ulaby et al. [1986] for a review of the emission be-
havior of land surfaces.

Our method consists of salving the radiative transfer
equation (3) for the surface emissivity for each SSM/I
channel using ancillary data to specify the atmospheric
and other surface parameters. We make use of a com-
bination of SSM/I observations collocated with nearly
coincident ISCCP products and daily TIROS Opera-
tional Vertical Sounder (TOVS) retrievals. In the first
step, cloudy observations are eliminated, with the help
of visible/infrared satellite observations (ISCCP data).
The cloud-free atmospheric contribution is then calcu-
lated from an estimate of the atmospheric temperature
and humidity profiles in the area (TOVS retrievals).
Finally, with the surface skin temperature derived from
IR observations (ISCCP data), the surface emissivity is
calculated from (3).

2.2. Satellite data

The Defense Meteorological Satellite Program satel-
lites (DMSP) observe the Earth twice daily from near-
polar, circular, Sun-synchronous orbits. The orbital
period is 102 min and the local time for the ascend-
ing equatorial crossing is 0612. The SSM/I instru-
ments on board these satellites sense the atmospheric
and surface emissions at 19.35, 22.235, 37.0, and 85.5
GHz with both horizontal and vertical polarizations,
except for 22 GHz, which is vertical polarization only
[Hollinger et al., 1987, 1990]. The observing incident
angle on the Earth is close to 53°, and the elliptical
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fields of view decrease in size proportionally with fre-
quency, from 43x69, 40x50, and 28x37 to 13x15 km_
for 19.35, 22.235, 37.0, and 85.5 GHz, respectively. An
instrument evaluation has been performed by Hollinger
et al.- [1990]. The SSM/I data from the F10 DMSP
satellite have been obtained from Remote Sensing Sys-
tems [ Wentz, 1988].

In the ISCCP data, cloud parameters and related
quantities are retrieved from visible ((VIS) ~0.6 pum
wavelength) and infrared ((IR) ~11 pm wavelength) ra-
diances provided by the set of polar and geostationary
meteorological satellites [Rossow and Schiffer, 1991].
The ISCCP data set is used not only to discriminate
clear and cloudy scenes but also to estimate surface
skin temperature. The pixel level data set (the DX
data set) is used for its resolution of about 30 km and
its sampling interval of 3 hours. The cloud detection
scheme is described by Rossow and Garder [1993a] and
evaluated by Rossow and Garder [1993b]. A detailed
description of the ISCCP data is provided in Rossow
et al. [1996]. In the ISCCP analysis the surface skin
temperature is retrieved from clear IR radiances using
the TOVS products to specify the atmospheric temper-
ature and humidity profiles. Validation of the ISCCP
land surface temperature is indirect since there are few
systematic measurements of the land skin temperatures.
Rossow and Garder [1993b} show that the ISCCP sea
surface temperatures are in excellent agreement with
other measurements: The local uncertainty of about 2
K combines errors in cloud detection, in the satellite ra-
diance calibration, in the atmospheric temperature and
humidity used in the retrieval, in the radiative transfer
model treatment of the water vapor absorption, in the
assumption of unit surface emissivity (instead of a value
of about 0.98), and in the effect of real differences be-
tween the skin and bulk surface temperatures. Thus the
uncertainties of land surface temperatures associated
with these same factors (cloud detection, correcting for
the atmosphere, and radiance calibration) are about the
same magnitude, 2 K. Two other sources of surface tem-
perature uncertainty that are more important over land
are associated with much larger diurnal and rapid syn-
optic temperature variations and with cloud radiative
effects. Rossow and Garder [1993a, b] show how the IS-
CCP analysis successfully separates these two types of
variations and confirm the accuracy of individual sur-
face temperature variations to within about 4 K. Sys-
tematic cloud-induced changes in surface radiative heat-
ing mean that the ISCCP surface temperature values
include a ”clear sky” bias: In summer average ISCCP
surface temperatures will be systematically higher than
the true mean temperatures, and in winter they will
be lower than the true mean temperatures [Rossow et
al., 1989]. The magnitude of these biases is dependent
on the average cloud cover and the sensitivity of the
surface temperatures to changes in surface radiation.
Fortunately, the biases are limited because these two
characteristics are correlated: Where surfaces are less
vegetated, drier, and therefore more sensitive, there is
generally much less cloud cover; where cloud cover is



21,870

more persistent, the land surfaces are generally more
vegetated, moister and, less sensitive. Although this
problem will cause errors in attempts to retrieve cloud
properties from microwave measurements over land, in
the present case we use clear scenes to retrieve the mi-
crowave properties of the land, eliminating the effects
of the bias. Another source of error in the ISCCP land
surface temperatures comes from use of unit emissivity
in the retrieval. The IR emissivity of various types of
land surface materials is generally >0.9 mostly >0.95,
varying between lower values for bare, dry soils and rock
to higher values close to unity for vegetated areas [Sal-
isbury and D’Aria, 1992a and references therein]. The
consequent reduction of the radiation upwelling from
the surface at a wavelength ~11 pm is equivalent to an
underestimate of the temperature by, at most, 6-8 K [cf.
Ottle and Stoll, 1993], generally <4 K for most materi-
als. However, the temperature retrieval bias is reduced
by 25-50% because the reduction in upwelling emission
is partially offset by surface radiation of downwelling
atmospheric IR emission. Although there is systematic
variation of the IR emissivity from place to place be-
cause of changing surface properties, the time variabil-
ity of the IR emissivity, caused by changes in the soil
moisture [Salisbury and D’Aria, 1992b] or vegetation
conditions [Salisbury and D’Aria, 1992a], is constrained
to a very small range. We estimate that the IR emissiv-
ity variability is generally <0.03, which is equivalent to
a spurious temperature variability of <2 K, well within
the 4 K uncertainty associated with synoptic variations.

The daily atmospheric profiles used here are extracted
from the TOVS system as gridded by ISCCP [Rossow
et al., 1996]. The TOVS system includes the high-
resolution infrared radiation sounder (HIRS2), the stra-
tospheric sounding unit (SSU), and the microwave soun-
ding unit (MSU). The ISCCP TOVS data set includes
nine layer-mean temperatures and precipitable water
for five layers (middle and lower troposphere) at a spa-
tial resolution of approximately 2.5%n latitude and lon-
gitude. The estimated uncertainty of the temperature
retrievals is 2-3 K and 25-30%" for the water vapor re-
trievals. Although the TOVS products are originally
derived from two polar orbiters that can produce up to
four atmospheric profiles a day, only one sounding per
day usually contains the complete information (temper-
ature and humidity). Neglecting the time of day in the
processing of the temperature and profile humidity can
yield additional errors in temperature and humidity in
the lower layers of the atmosphere.

2.3. Practical Considerations

This exploratory study is limited to the region cov-
ered by the Meteosat geostationary satellite region,
Africa, Europe, and western Asia, that encompasses a
wide range of land surface types. To compare products
at the same location over a month, the fixed map pro-
jection of the ISCCP Meteosat product is used [Rossow
et al., 1996], corresponding to a spacing of 25-30 km
near the center of the Meteosat view. This grid spacing
is fully compatible with the SSM/I observations which
are also sampled at 25 km.
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For each month the following procedure 1s applied.
For each SSM/T pixel (day and night) within the Me-
teosat region, the collocated ISCCP DX Meteosat pix-
els are selected from the two DX images that bracket
the SSM/I overpass time. Considered further are only
SSM/1 pixels that correspond to ISCCP pixels that are
both clear or have only high clouds (cloud top temper-
ature <260 K) with an optical thickness less than 1.
High and thin ice clouds (i.e. thin cirrus) can be toler-
ated because of their negligible effect at SSM/T frequen-
cies. In areas of persistent cloudiness such as tropical
land areas covered by thin cirrus or low broken cumu-
lus, tolerating thin cirrus in the scene helps increase the
number of emissivity retrievals without degrading the
accuracy of the retrievals (see section 3.4 for a discus-
sion). SSM/I pixels with excessively low or high bright-
ness temperatures (usually occurring together in a scan
line) are excluded. At the time of SSM/I overpasses at
these latitudes (close to sunrise and sunset up to mid-
latitude), rapid changes of the surface temperature are
observed, for example, up to 30 K over the desert in 3
hours. Selecting the closest-in-time Meteosat image to
derive the surface temperature can produce large errors
in the emissivity retrieval. Therefore a linear interpo-
lation between the two ISCCP surface temperature es-
timations to the precise time of the SSM/I overpass is
calculated. Using the closest TOVS profile (in time and
space) and the MPM 93 model [Liebe et al., 1993] for
gaseous absorptions, the cloud-free atmospheric contri-
bution is calculated for each SSM/I frequency. Equa-
tion (3) is then solved for the emissivity of each SSM/I
frequency and polarization. For each ~30x30 km cell,
the average and standard deviation of the emissivity is
calculated for each month for each channel.

3. Results

Within the Meteosat observation area, the F10 SSM /I
data have been processed for March, July, October, and
December 1991, covering the annual vegetation cycle.

3.1. Emissivity Maps

Maps of retrieved emissivities at 19 and 85 GHz for
vertical and horizontal polarizations are presented for
October 1991 (Plates 1a and 1b). The polarization dif-
ferences are also shown for these two frequencies (Plate
1c). The topography (the Global 10’ elevation data
from the U.S. Navy, 1984) and the vegetation classifi-
cation map [Maithews, 1983] are displayed for the same
region (Plates 2 and 3). Matthews’ vegetation classifi-
cation has been compiled from a large number of pub-
lished sources. The vegetation data distinguishes 30
classes, which are grouped into 10 classes for this study
as indicated in Table 1.

Regions of bare soil and rock (northern Africa, Ara-
bian Peninsula, southwestern Africa) show low emis-
sivities at horizontal polarization {Plates 1a and 1b,
right panels) and high polarization differences {Plate
1c) compared to vegetated areas. At this spatial scale
(~30x30 km), bare soils act as a smooth surface, pro-
ducing high polarization differences associated with qua-
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Emissivity for October 1991
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Plate 1. (a) Retrieved emissivities at 19 GHz for both polarizations for October 1991. (b) same
as Plate 1a but at 85 GHz. (c¢) Emissivity polarization differences (emisV-emisH) at 19 and 85

GHz for the same month.
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Plate 2. Topography map (extracted from the global
10-min elevation data from the U.S. Navy).

si-specular reflection. On the other hand, densely vege-
tated zones (the tropical rain forest for instance) exhibit
high emissivities at horizontal polarization and low po-
larization differences because of scattering by the vege-
tation. For sparsely vegetated or unvegetated areas the
polarization differences decrease with increasing topo-
graphic roughness. For example, the Sahara is associ-
ated with high polarization differences, but these differ-
ences decrease over the Tibesti or the Ahaggar moun-
tain areas. Open water (lakes and rivers) exhibit very
low emissivities with high polarization differences. The
major river systems (Congo and Niger) and their associ-
ated wetlands appear clearly on the emissivity maps. In
coastal areas where a substantial portion of the SSM/I
pixel may include ocean, low emissivities are associated
with high polarization differences (ocean in the ”side
lobes” of the SSM/I antenna pattern can also cause
an underestimate of the microwave emission for coastal
pixels). We illustrate these effects more specifically in
section 4.

3.2. Sensitivity of the Estimated Emissivity

3.2.1. Sensitivity to the SSM/I instrumen-
tal errors. The sensitivity of the emissivity to errors
in the measurement of brightness temperature is calcu-
lated from (3): It gives average values of 0.006/K at 22
and 85 GHz and 0.004/K at 19 and 37 GHz. The radio-
metric sensitivities of the SSM/I channels have been es-
timated by Hollinger et al. [1990] for the instrument on
the F8 satellite, and the F10 radiometers are expected
to have similar characteristics. With a typical value
of 0.6 K the radiometric noise will induce only small
uncertainties on the emissivity retrieval. On the other
hand, the absolute calibration accuracy of the SSM/I,
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within +3 K [Hollinger et al., 1990], may contribute
much more to the error budget. So far, calibration er-
rors have not been definitively established.

Over the rainforest, differences between the vertical
and horizontal polarizations at 85 GHz are often slightly
negative (also seen to a smaller extent at 37 and 19
GHz), which was not expected and a calibration prob-
lem was at first suspected. Neale et al. [1990] also
noticed that over land some pixels have brightness tem-
peratures at 85GHz that are higher for the horizontal
polarization than for the vertical polarization. How-
ever, Matzler [1990] measured a higher emissivity for
horizontal than for vertical polarizations over an oat
field during ripening. These features are explained in
terms of scattering by prolate ellipsoids. Such an in-
terpretation may also prevail at larger scale over the
rainforest but would require accurate description of the
vegetation canopy to be conclusive.

3.2.2. Sensitivity to the surface temperature.
From (3) the sensitivity of the emissivity to errors in the
surface temperature obtained from IR radiances can be
written as follows

. I Tb—Tatm_up—Tatm_downxe= (O H)/r
demzs/deurf - e=7(0H)/ s x(Tsur f—Tatm_down)?

The average sensitivity is estimated for July and Oc-
tober 1991 for a range of latitudes (Figure 1): The sen-
sitivity varies somewhat with latitude and season but
does not exceed 0.006 /K. Thus, with an accuracy of the
ISCCP surface temperature retrieval within 4 K, the
r.m.s. uncertainty of emissivities caused by uncertainty
in ISCCP surface temperature is about 0.024. The av-
erage differences in temperature between the two Me-
teosat overpasses that bracket the SSM/I observation
time are also plotted in Figure 1. The large diurnal
temperature variations in some areas, such as deserts
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Plate 3. Vegetation map for 10 classes (see Table 1).
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Table 1. Vegetation Types
Vegetation types
30 Classes 10 Classes Number of 30x30 km  Description
pixels in
the Studied Area
1 1 2432 tropical evergreen rain forest, mangrove
2 3 772 tropical/subtropical evergreen seasonal broadleaved forest
3 1 0 subtropical evergreen rainforest
4 3 0 temperate/subpolar evergreen rainforest
5 3 0 temperate evergreen seasonal broadleaved forest, summer rain
6 5 150 evergreen broadleaved sclerophyllous forest, winter rain
7 3 0 tropical/subtropical evergreen needleleaved forest
8 3 257 temperate/subpolar evergreen needleleaved forest
9 2 83 tropical/subtropical dronght-deciduous forest
10 2 1131 cold-deciduous forest, with evergreens
11 2 336 cold-deciduous forest, without evergreens
12 8 92 xeromorphic forest/woodland
13 5 530 evergreen broadleaved sclerophyllous woodland
14 5 49 evergreen needleleaved woodland
15 4 3860 tropical/subtropical drought-deciduous woodland
16 4 0 cold-deciduous woodland
17 8 606 evergreen broadleaved shrubland/thicket and dwarf shrubland
18 8 18 evergreen needleleaved or microphyllous shrubland/thicket
19 8 151 drought-deciduous shrubland/thicket and dwarf shrubland/thicket
20 8 0 cold-deciduous subalpine/subpolar shrubland and dwarf shrubland
21 8 1899 xeromorphic shrubland/dwarf shrubland
22 7 12 arctic/alpine tundra/mossy bog
23 6 3408 tall/medium /short grassland with 10-40% tree cover
24 6 1821 tall/medium/short grassland with <10% tree or tuft-plant cover
25 6 5314 tall/medium /short grassland with shrub cover
26 "6 603 tall grassland, no woody cover
27 6 310 medinm grassland, no woody cover
28 6 520 meadow /short grassland, no woody cover
29 6 1 forb formation
30 9 10007 desert (bare soil)

The 30 vegetation classes are as defined by Matthews [1983]. The number of pixels covered by each vegetation type
in the study area is indicated. The 10 class vegetation classification is also defined, in relation to the Matthews’ original

classification.

where the temperature can change by 30 K in 3 hours,
would produce errors in the retrieved microwave emis-
stvity as large as 0.18 without the interpolation to the
precise time of the SSM/I observation.

About 6% of the emissivities at 19 GHz in the desert
areas are slightly >1, which is not physical (Plate 1a).
With the sensitivity of the 19 GHz V channel to surface
temperature variations, -0.0035/K, an underestimate of
surface skin temperature by at least 3 K would explain
this effect. Such an underestimate would be produced
by an IR emissivity of about 0.96 consistent with values
for dry soils [Salisbury and D’Aria, 1992a).

3.2.3. Sensitivity to the atmospheric water va-
por profile. The sensitivity of the emissivity retrieval
to errors in the humidity profile is estimated by mod-
ifying the relative humidity in each layer of the atmo-
spheric profile and calculating from (3) the correspond-
ing error in the emissivity. The results are presented
in Table 2 for the U.S. standard, tropical, and subarc-
tic atmospheres. The 22 and 85 GHz channels show the

highest sensitivity to errors in the water vapor profile, as
expected, while the 19 and 37 GHz channels have lower
sensitivities. The lower the emissivity, the higher the
sensitivity to the water profile because of the reduced
contribution of the surface to the measured radiance.
For the estimated 30%" uncertainty in TOVS water va-
por amounts, the emissivity uncertainties at 19 and 37
GHz range from about 0.001 at higher latitudes to 0.02
at lower latitudes; the corresponding uncertainties at
22 and 85 GHz are from about 0.005 to 0.1. We return
later (section 5) to the question of whether the column
water vapor abundance can actually be retrieved from
SSM/T over land.

3.2.4. Sensitivity to the water vapor absorp-
tion model. In the microwave spectrum, water vapor
and oxygen are the main atmospheric absorbers. The
MPM93 gaseous absorption model [Liebe et al., 1993]
is adopted. In this model the H;O and O, lines are
included up to 1 THz and an empirical H3O continuum
derived from laboratory measurements is added. The
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Figure 1. Sensitivity of the retrieved emissivities to
changes in surface temperatures at 19 and 85 GHz for
the horizontal polarization for July and October 1991.
The zonal mean values are presented. The zonal mean
differences in surface temperatures between two Me-
teosat overpasses (3 hours) are also plotted.

behavior of the HyO absorption in the gaps between
the lines is still a debatable point and theoretical and
experimental efforts are still being carried out to in-
crease the accuracy of the estimation of this so-called
continuum. Depending on the frequency and the atmo-
spheric condition, up to 10% error in the H,O contin-
uum absorption may occur [Han et al., 1994; English
et al., 1994; Snider et al., 1995]. The impact of a 10¢
decrease of the continuum absorption on the retrieved
emissivity is estimated for three different atmospheres
and is generally comparable to the effect of the water
vapor uncertainty in the tropics and smaller at higher
latitudes (Table 3). The sensitivity to the water vapor
absorption model and the sensitivity to the water vapor
profile follows similar trends: The higher the frequency,
the higher the sensitivity, with an increased sensitivity
with decreasing surface emissivities.

3.3. Fluctuations of the Atmospheric and
Surface Contributions

To estimate the cloud and rain contributions to the
SSM/I observations, the time variability of all SSM/I
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measurements over a month are compared with only
the cloud-free SSM/I measurements (i.e. when the two
Meteosat observations that bracket the SSM/T observa-
tion are both cloud-free or contain only high and thin
ice clouds). The standard deviation of Tb in cloud-free
pixels and for all the SSM/I pixels (clear and cloudy)
are calculated over a month and the zonal means of
differences of standard deviations are plotted in Figure
2. The zonal average number of all SSM/I observations
along with the zonal average number of cloud-free situ-
ations are also shown. At 85 GHz, which is the channel
most sensitive to the presence of liquid water, most of
the time variability is associated with clouds and rain
in zones where they are prevalent (e.g., the tropics and
midlatitudes). At 19 GHz, which is the channel least
sensitive to liquid water, little of the temporal variabil-
ity is explained by clouds and rain. The high time vari-
ability of the 19 and 85 GHz above 35°N for both clear
and cloudy pixels is due to the coast effects: For a given
latitude above 35°N a large proportion of the pixels are
situated on the coasts and have a high standard devia-
tions (see below Figure 3 and the corresponding expla-
nation).

The influence of the high and thin clouds can be es-
timated by comparing the standard deviations of the
85 GHz channel (H polarization) when considering only
the cloud-free pixels and when including high and thin
clouds in the SSM/I fields of views. The ratio of the
number of cloud-free pixels to the number of cloud-free
plus high and thin cloud pixels has been calculated and
shows that tolerating high and thin clouds increases the
number of retrieved pixels by up to 20% in areas of

Table 2. Sensitivity of the Retrieved Emissivity to
the Water Vapor Content in-the Atmosphere (de/dWV

in (kg/m?)~ 1) for Three Different Atmospheres, Three
Different Emissivities, and Four SSM/I Frequencies

Frequency, GHz

e 19 22 37 85

Subarctic ®

0.95 -.34e-3 -.84e-3 -.35e-3 -.15e-2
0.85 -.12e-2 -.33e-2 -.12e-2 -.52e-2
0.75 -.20e-2 -.57e-2 -.19%e-2 -.8%e-2
U.S. Standard Atmosphere ®
0.95 -.21e-3 -.30e-3 -.21e-3 -.72e-3
0.85 -.10e-2 -.26e-2 -.9%e-3 -.42e-2
0.75 -.18e-2 -.49e-2 -.17e-2 -T7e-2
Tropical ©
0.95 -.26e-3 -.18e-3 -.32e-3 -.45e-3
0.85 -.11e-2 -.24e-2 -.13e-2 -.53e-2
0.75 -.19e-2 -.46e-2 -.23e-2 -.10e-1

aTsurf = 25TK; WV = 4.3kg/m"
bTsurf = 287TK; WV = 14.3kg/m?
cTsurf = 299K; WV = 40.4kg/m?
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Table 3. Sensitivity of the Retrieved Emissivity to
the Water Vapor Absorption Model (difference in the
retrieved emissivities for a 10% decrease in the water
vapor continnum absorption) for Three Different Atmo-
spheres, Three Different Emissivities and Four SSM/I
Frequencies

Frequency, GHz

e 19 22 37 85

Subarctic *

0.95 .26e-4 .34e-4 .96e-4 .50e-3
0.85 .88e-4 .11e-3 .32e-3 A7e-2
0.75 .15e-3 .1%e-3 .54e-3 .29e-2
U.S. Standard Atmosphere ®
0.95 .50e-4 .5T7e-4 17e-3 Tle-3
0.85 .23e-3 .29e-3 .83e-3 42e-2
0.75 A4le-3 .53e-3 15e-2 .76e-2
Tropical ©
0.95 .19%e-3 .18e-3 .66e-3 12e-2
0.85 .76e-3 .94e-3 .27e-2 12e-1
0.75 .13e-2 17e-2 .48e-2 22e-1

2Tsurf = 257TK; WV = 4.3kg/m?
bTsurf = 287K; WV = 14.3kg/m?
Tsurf = 299K; WV = 40.4kg/m?

persistent cloudiness (e.g., in the ITCZ), without a sig-
nificant increase in the Tbs standard deviations for a
month: The maximum increase i1s ~3 K for a few iso-
lated pixels in the ITCZ, where the actual mismatch of
ISCCP and SSM/I can occasionally allow for stronger
cloud contamination of the SSM/I pixel.

To estimate the contribution of the cloud-free atmo-
sphere alone to the observed microwave radiances, we
calculate

Tb—Tsueremisxe"T(o’H)/“
Th :

Figure 3 shows this ratio averaged over July and Oc-
tober 1991 at each latitude. Only the pixels used in the
estimation of the emissivities, that is, cloud-free pixels
or pixels with high and thin clouds, are included. For a
given frequency the vertical polarization is always a lit-
tle less sensitive to the atmospheric contribution than
is the horizontal polarization. The sensitivity to the
atmosphere also follows frequency in the expected way.
At 19 and 37 GHz, less than 157 of the measured clear-
sky brightness temperatures is due to the atmosphere;
the atmospheric contribution goes up to 50¢° over the
desert in July at 22 and 85 GHz. The 19 GHz vertical
polarization near 20°N shows a slightly negative contri-
bution of the atmosphere because of an estimated emis-
sivity larger than one in this area. Figure 3 also shows
the zonal monthly mean surface temperatures versus
latitude. In (1) with a low contribution from the at-
mosphere (i.e., low water vapor amounts) and a surface
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emissivity close to 1, a change in T is directly related
to a change in surface temperature. This is also true for
TbV —TbH. As a consequence, even if cloudy conditions
are carefully avoided and the contribution of the cloud-
free atmosphere to the TbV — TbH values at 19 and 37
GHz is low, it is not possible to compare 7oV — TbH
over long periods or from one area to another without
accounting for surface temperature changes. The mod-
ulation of the signal by the surface temperature, which
is highly variable in time and space, precludes direct
comparisons of the TV — TbhH values with vegetation-
related parameters. This seriously limits the usefulness
of the MVL '
After removing the effects of clouds, rainfall, atmo-
spheric emissions and surface temperature variations,
the remaining variability of the retrieved surface emis-
sivities is quite small over a month. Figure 4 shows the

50 |—
40 —

30 |— Y
20 — - / M-/

pixel mean number

10 — AN 4

—-40 -30-20-10 0 10 20 30
latitude

40 50 60

total

Tb std in K

-40-30-20—-10 0 10 20
latitude

19V total—clear
85V total—clear

Figure 2. The standard deviation of all the SSM/I
Tbs minus the standard deviation of the SSM /1 Ths for
cloud-free pixels only, at 19 and 85 GHz (vertical po-
larization) for October 1991. The zonal mean values
are presented. The zonal mean number of SSM/I over-
passes is also shown, along with the zonal mean number
of cloud-free overpasses for October 1991.
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LAND SURFACE EMISSIVITIES

standard deviations of the retrieved emissivities at 19
and 85 GHz horizontal polarizations for October 1991.
Histograms of the standard deviations of the emissiv-
ities for individual land points for October and July
are presented in Figure 5. The mode values of the stan-
dard deviations never exceed 0.012, confirming our orig-
inal hypothesis that the land surface emissivities are
nearly constant over a ‘month, despite large and com-
plex spatial variability. Most of the observed day-to-day
variability, which is caused by variations of the surface
temperature and atmospheric properties, has been re-
moved.

Nevertheless, the more sensitive the channel to the
atmosphere, the larger the standard deviations of the
emissivities, suggesting that there are still some resid-
ual errors associated with the atmosphere. Although
surface temperature errors do not favor any particular
channel, those errors in the ISCCP surface tempera-
tures caused by errors in the TOVS atmospheric prop-
erties reinforce the direct effect of the atmospheric er-
rors on the retrieved microwave emissivities. This ef-
fect is particularly evident over North Africa, where
the 85 GHz horizontal polarizations shows much larger
standard deviations (Figure 4) with obviously spurious
square patterns that are related to the 2.5°%2.5° TOVS
resolution. These areas of high 85 GHz emissivity stan-
dard deviations correspond to regions of very high stan-
dard deviations in the TOVS water vapor abundances
but not to any notable features in the original SSM/I ra-
diances. These problems in the TOVS data are caused,
in part, by neglect of diurnal variations in the ”first
guess” surface air temperature used in the original anal-
ysis, which were based on assimilated surface tempera-
ture from the NCEP forecast model used at the time [cf.
Jin et al., 1996]. Moreover, use of once-per-day atmo-

Standard deviation of the emissivity for October 1991
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Figure 4. Standard deviations of the retrieved emissivities for 19 and 85 GHz horizontal polar-
izations for October 1991. Negative values mean that fewer than two pixels have been processed

and standard deviation could not be calculated.
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Figure 5. Histograms of standard deviations of re-
trieved emissivities for a month. The results are pre-
sented at 19, 37, 85GHz for both polarizations for July
and October 1991.

spheric profiles neglects actual diurnal variations of the
lower atmosphere. If we replace the TOVS data with
assimilated water vapor fields from the NCEP/NCAR
re-analysis, the square artifacts in the emissivity disap-
pear.

Rivers, coasts and lake shores (i.e. land-water bound-
aries) are also associated with high standard deviations
that can be interpreted as satellite navigation errors.
These features are particularly obvious at 85 GHz: with
a 13x 15 km resolution, this channel is more sensitive to
mislocation problems than the 19 GHz channel (43x69
km resolution). ’

The stringent constraint imposed with respect to
cloudiness (no clouds or only high and thin clouds be-
fore and after the SSM /1 overpass) limits the number of
retrieved pixels but eliminates any sign of contamina-
tion by clouds. For a given area the number of retrieved
pixels for a month varies from 0 in regions of persistent
clouds to 80. The zonal mean number of retrieved pix-
els is plotted on Figure 2. Because of the orbit of the
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satellite and the scan pattern of the SSM/I, the num-
ber of satellite overpasses per month is lower at the
equator and increases as one moves to the pole. In the
inter tropical region between 10°S and 10°N, the av-
erage number of cloud-free overpasses falls to near 10.
Portions of tropical land areas are completely covered
by cirrus and low broken clouds for periods longer than
a month. In our processing, tolerating additional types
of optically thin clouds in the SSM/I field of view would
increase the number of data points per month: While
this might be acceptable for the lower frequency chan-
nels, it would certainly affect the 85 GHz channel, which
is highly sensitive to low liquid water clouds [ Weng and
Grody, 1994; Prigent et al, 1997]. Depending on the
application and the frequencies used for it, cloud con-
straints can be optimized. Further tests must be carried
out to determine the maximum cloud amount accept-
able for each specific application and each channel with-
out degrading the quality of retrieved emissivities.

Figure 5 summarizes the overall uncertainty of the
land surface emissivities retrieved by our analysis: The
day-to-day variability of the emissivities are generally
<0.02 and typically about 0.01 which is about the error
expected from uncertainties in the ISCCP surface tem-
perature and the TOVS atmospheric properties. These
distributions represent upper limits on the retrieval er-
rors. The notable exceptions for 85 GHz are associated
with larger errors in the TOVS water vapor abundances
over Africa. This figure also confirms the hypothesis
that land surface emissivities are nearly constant in time
in most areas.

4. Correlation of Microwave
Emissivities with Surface Properties

We now focus on the geographical and seasonal pat-
terns of land surface microwave emissivities and argue
that they can be represented by their correspondences
with recognized variations in the topography, vegeta-
tion types, snow caver, and flooding because these emis-
sivity changes are generally larger and more coherent
that the estimated retrieval uncertainties (Figure 5).
However, because we lack direct information about the
surface emissivity at these relatively large spatial scales,
our comparisons can only provide indirect support for
our interpretations. In particular, we note some spe-
cific difficulties in relating the surface properties to our
7effective” emissivity values. These same difficulties
point, however, to the potential value of using such a
combination of microwave and other satellite observa-
tions to study regional land surface variations: Further
progress in understanding the microwave emission from
land surfaces is facilitated by removing the confusing at-
mospheric effects on the microwave radiances with our
approach.

4.1. Influence of Topography

Different roughness scales may be involved within a
single field of view, from the small-scale roughness re-
lated to surface irregularities, small compared to the
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Figure 6. Histograms of emissivities at 19 and 85 GHz (both polarizations) for October 1991
over the north African desert for three ranges of large scale surface roughness. The number of
pixels involved in each category is shown on the right of the figure.

wavelength, to the large-scale topographic effects. The
effect of topography is to locally modify the viewing
angle with respect to the horizontal and vertical po-
larizations as defined for a flat surface. Within a field
of view, different surface slopes related to topography
tend to mix the vertical and horizontal polarizations as
defined relative to the mean flat surface. Thus with
increasing topographic roughness, the reflection prop-
erties of the surface approaches a lambertian behavior.

In vegetated areas this feature is difficult to evaluate,
first because the vegetation usually changes with the to-
pography, and second because the emissivity difference
in polarizations is already low. To closer examine the
influence of the topography on the emissivity, the his-
tograms of the emissivities are presented at 19 and 85
GHz, for the north African desert, for selected ranges of
terrain roughness (Figure 6). The roughness at a point
is measured as the standard deviation of the elevation
of the terrain, on a 90x90 km square centered on this
point.

As expected, Figure 6 shows that the difference of po-
larization decreases with increasing terrain roughness.
The 19 GHz channel is more sensitive than the 85 GHz
channel to the topography. In area of low roughness,
the polarization difference is already smaller at 85 GHz
because the higher the frequency, the larger the effect
of the small scale roughness of the soil surface.

4.2. Correlation with Vegetation Phenology

Maps of emissivities at 19 GHz for both polarizations
for March, July, and December are presented in Plate
4. Maps for October were presented in Plate la.

The Saharan/Arabian desert shows very high polar-
ization differences as expected for quasi-specular sur-
faces. The sand fields of Mauritania (El Djouf), Niger
(Tenere), and Libya appear with very high emissivities
at vertical polarization. The sharp gradient southward
of 15°N corresponds to the Sahelian transition between
arid shrub grassland to more humid grassland with tree
cover. The transition zone is broader in winter than it
is in summer. In the grassland area in Southern Africa
(see Plate 3), vegetation density declines during the
southern hemisphere winter: The emissivity in 19 GHz
horizontal polarization is lower as is the difference in po-
larizations. Woodland areas in southeastern Africa also
exhibit changes in emissivities during the annual vege-
tation cycle. The polarization difference decreases over
most of Europe in summer, where deciduous woodlands
are present. However, in Spain, where the vegetation is
dominated by sclerophyllous or arid evergreen wood-
lands (see Plate 3), the polarization difference does not
change much during the year.

That the microwave emissivities of the denser vegeta-
tion types behave more like lambertian scatterers (small
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Plate 4. Emissivity maps at 19 GHz for March, July, and December 1991 for both polarizations.
The map for October is presented in Plate la.
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Figure 7a.

Histograms of retrieved emissivities at 19 GHz (both polarizations) for the 10

vegetation types (see Table 1 for a description of the vegetation types). Results are presented for
March, July, October, and December 1991 for the northern hemisphere. The number of pixels
involved in each class is shown on the right of the figure.

polarization differences) means that a significant por-
tion of the microwave arises from within the vegetation
canopy. Since the temperature of the forest canopy can
vary over its vertical extent (e.g., Hall et al., [1992] show
this effect even in grasslands), the IR skin temperature
may differ systematically from, but vary together with,
the average microwave emission temperature for forests.
Whether the effects of differing penetration depths be-
tween different wavelengths of radiation can be detected
and exploited deserves further study.

Histograms of 19 GHz emissivities are presented in
Figures 7a and 7b for the 10 vegetation types (Table 1)
for the four studied months separated by hemisphere.

The classes that are underrepresented are omitted (see
Plate 3). With decreasing biomass density (from class
1 to class 9), the horizontal polarization decreases, the
vertical polarization increases, and the polarization dif-
ference increases in all months. Most histograms are
well defined with only one mode (classes 2, 3, 5, and 9 in
the southern hemisphere are disregarded because they
are underrepresented). The widths of the histograms
are much larger than are the standard deviations of
the emissivities over the month at individual locations
(see Figure 5): Dispersion in the histograms thus rep-
resents actual surface variability. Although covering a
large area, the xeromorphic vegetation type (class 8)
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Figure 7b. Histograms of retrieved emissivities at 19 GHz (both polarizations) for the 10
vegetation types (see Table 1 for a description of the vegetation types). Results are presented for
March, July, October, and December 1991 for the southern hemisphere. The number of pixels
involved in each class is shown on the right of the figure.

does not have the same behavior in the two hemispheres
and does not exhibit narrow distributions: Vegetation
in these arid zones is not well defined and can encom-
pass a very broad range of conditions [cf. Matthews and
Rossow, 1987]. In the northern hemisphere the grass-
land histogram in horizontal polarization is also very
broad, with a second peak corresponding to low emis-
sivities. Comparison of Plates 3 and 4 shows that the
desert-like emissivity signature in northern Africa ex-
tends slightly farther south than in the vegetation map,
with a very gradual transition compared to the vegeta-
tion map. In addition, and more important, Iran has
a desert-like emissivity in microwave, while the vegeta-

tion map indicates grassland. On NDVI maps (normal-
ized vegetation index as derived from optical and visible
AVHRR data), Iran also shows a desert-like behavior.
While the sensitivity of the microwave emissivities to
very sparse, arld vegetation is expected to be low, the
vegetation classification may also have to be reexam-
ined, particularly with respect to geographic transitions
and recent changes.

Seasonal variations in emissivity are examined for the
10 vegetation classes at 19, 37, and 85 GHz for both po-
larizations and for the difference in polarizations. Fig-
ures 8a and 8b show monthly mean emissivities for the
southern and northern hemispheres, respectively. For
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Figure 8a. Variations of the mean value of the emissivity at 19, 37, and 85 GHz (for both
polarizations and difference in polarizations) for the four studied months and for the 10 vegetation
types. Results are presented for the northern hemisphere.

each hemisphere, underrepresented classes are ignored
(see Plate 3). The emissivities for vegetation classes
exhibit similar variations with frequency. This prop-
erty of the emissivity can be exploited to estimate the
land emissivities at other microwave frequencies by in-
terpolation. For instance, this result can be used for
the Advanced Microwave Sounder Unit (AMSU), on
board the new generation of TIROS-NOAA satellites:
the prospect of AMSU processing calls for an estimate
of the land surface emissivities around 60G Hz to aid
retrieval of atmospheric profiles above land. However,
emissivities show very different behavior with frequency
under snow conditions, as can been seen for the north-

ern hemisphere over cold deciduous forest (class 2 in
Plate 3) for March and December. This point will be
further discussed in section 4.4.

For all frequencies the general trend with increasing
biomass density is an increase in horizontal polariza-
tion emissivity coupled with a decrease in polarization
difference. For all vegetation classes, emissivities in
both polarizations decrease with increasing frequency,
although this trend is clearer for sparsely vegetated ar-
eas. The amplitude of the annual cycle, on average,
is rather small, whatever the vegetation type. For the
rain forest straddling the equator the annual pattern is
the same for both hemispheres: The polarization dif-
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Figure 8b. Variations of the mean value of the emissivity at 19, 37, and 85 GHz (for both
polarizations and difference in polarizations) for the four studied months and for the 10 vegetation
types. Results are presented for the southern hemisphere.

ference is constant over the year but with a decrease
in emissivities for all frequencies and polarizations in
March. This feature seems to be related to an exten-
sion of the grassland-like area southwards during this
month. For grasslands (class 4) and deciduous wood-
lands (class 6), differences in polarization show a slight
annual cycle, which is opposite for the two hemispheres,
as expected: The polarization differences decrease dur-
ing the summer months as compared to the winter sea-
son. Although the seasonal cycle is rather weak, its
amplitude depends on the vegetation type and could be
further exploited for vegetation classification.

4.3. Monitoring of Inundated Areas and
Sensitivity to Soil Moisture

Microwave observations have been shown to be valu-
able for delineating flooded areas [Choudhury, 1989;
Giddings and Choudhury, 1989; Neale et al., 1990;-
Achutuni et al., 1996]. For instance, examination of the
major river basins in South America with 37 GHz ob-
servations [Giddings and Choudhury, 1989] has shown
that all major hydrological features, including wetlands
and seasonal lakes, have a microwave signature at 37
GHz. The NOAA experimental soil and wetness index
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(SWI), based on the observation of TbH85—TbH19, is
now used as guidance to monitor flooding on a global
basis [Achutuni et al., 1996]. But flooding begins in pe-
riods of heavy rainfall that are also periods of maximum
contamination of microwave radiances by clouds and
rainfall. As shown in Figure 2, the number of SSM/I
clear sky observations during the rainy season in Africa
is very low, and caution should be exercised when using
these indices.

In the microwave, flooding produces a decrease in
emissivity in both polarizations but an increase in the
polarization differences, especially at lower frequencies,
because of the differences in dielectric properties of wa-
ter and soil or vegetation. On the emissivity maps
(Plate 4) the main hydrological features are delineated
when their dimensions are comparable with the spatial
resolution of the microwave satellite instruments. For
instance, the Congo river appears clearly on the 19 GHz
maps (Plate la and 4), especially in Zaire, where the
river is wide and surrounded by swamps. Changes in
the seasonal extent of the swamps are apparent between
the rainy and dry months. In March, evidence of the
western part of the river does not even appear in the
retrieved 19 GHz emissivities because of the limited di-
mension of the river at that time of the year compared
to the instrument field of view. Seasonal variations of
some hydrological features are especially striking. In
western Zambia, for instance, around 13°S and 22°E,
a large flooded area apparent in March after the rainy
season completely disappears in July and October and
reappears to a limited extent in December. The Zam-
bezi river that flows in this region is associated with
seasonal swamps. We extracted monthly mean precipi-
tation rates for this region from the GPCP (Global Pre-
cipitation Climatology Project) gridded rain gauge data
set [Huffman et al., 1996]. These data show good agree-
ment with the extension of the Zambezi swamps. Fig-
ure 9 shows the emissivity in western Zambia for March
and October 1991 at 19, 37, and 85 GHz for both po-
larizations, along with the monthly precipitation in this
region for the same year. In Sudan, swamps related to
the White Nile (around 9°N and 29°E) also exhibit sea-
sonal variations associated with the rainy season: While
unobservable in March after the dry season, the extent
of the flooding increases from July to a maximum in
December. Another large seasonal feature can be ob-
served in Namibia around 19°S and 16°E (the Etosha
pan). In Mali the swamps connected to the Niger River
show a seasonal cycle in the horizontal emissivity, al-
though this wetland is situated in an arid region where
the horizontal emissivity of the dry soil is already low.

Although the microwave emissivity is known to be
sensitive to soil wetness [Schmugge et al, 1980, 1989;
Wang et al., 1983; Ulaby et al., 1983; Hallikainen et al.,
1985; Owe and Chang, 1988; Felde, 1996), soil roughness
and particularly the presence of vegetation pose serious
problems in the detection of soil moisture variations. In
the present study the sensitivity of the retrieved emis-
sivity to soil moisture has not been investigated in de-
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Figure 9. Surface emissivities in western Zambia for
March and October 1991 at 19, 37, and 85GHz for both
polarizations. In October for the 19 GHz H polariza-
tion, the main hydrological features are added. The
monthly precipitation (in millimeter) for this year is
also shown for the same area.
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Figure 10. Emissivity maps of part of Europe at 19, 37, and 85 GHz (both polarizations) for
December and March 1991. The percentage of snow cover pixels during a month is also presented

for these 2 months.

tail, for instance, with the help of AIP (antecedent pre-
cipitation index) [Wilke and McFarland, 1986]. There
is one notable feature that may be related to soil mois-
ture: On the 19 GHz emissivity maps (Plates la and 4)
northwestern FEurope (northern France, United King-
dom and Belgium) exhibits a decreased emissivity for
both polarizations from July, October, and December
to March, with a corresponding increase in polarization
difference. This signature is not seen in surrounding ar-
eas with similar vegetation types. Similar features are

apparent at 37 and 85 GHz, but the trend is weaker
at the higher frequencies. Correlative data are needed
to confirm that this feature is related to soil moisture,
but these maritime regions are very humid from fall to
spring under the influence of marine air.

4.4. Snow Effects

In December and March in eastern Europe and west-
ern Asia, the 19 GHz emissivity shows a pattern that is
probably related to the presence of snow (Plate 4). For
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the region north of 35°N, the retrieved emissivities are
displayed for 19, 37, and 85 GHz at both polarizations
(Figure 0). Also presented is the snow cover defined
for each location as the number of fully snow covered
pixels processed during the month divided by the total
number of SSM/I pixels processed for that month at
that location. The snow cover information is from the
NOAA operational analysis (as reported in the ISCCP
data set). In December, extensive snow cover corre-
lates with higher emissivity for all frequencies and po-
larizations, except at 37 and 85 GHz in areas of high
elevation (the Alps, the Transylvanian Alps, the Cauca-
sus mountains). Whatever the frequency, polarization
differences (not presented here) do not show any spe-
‘cial signature that correlates with the presence of snow.
However, a very different behavior prevails in March.
At 37 and 85 GHz the snow cover is associated with a
decline of the emissivities at both vertical and horizon-
tal polarizations, while the emissivity at 19 GHz vertical
polarization is higher than in the snow-free areas, and
the 19 GHz horizontal polarization is equivalent to the
snow-free emissivities in adjacent regions. Polarization
differences decline with the presence of snow; the lower
the frequency, the stronger this effect. At 85 GHz this
feature is not apparent. At this time of the year, the
emissivity behavior does not depend primarily on the
topography. At 85 GHz, high standard deviations for
the months of December and March are associated with
snow covered pixels; this is not the case at 19 GHz.

The substantially different behavior of the snow emis-
sivities for these 2 months may be explained by dif-
ferences in the snow physical properties. We analyzed
relationships between emissivities and surface temper-
atures, but no correlation was found; however, we did
not look for lagged correlations. Because in situ mea-
surements of snow parameters such as wetness or depth
are scarce and not readily available, we have not yet
examined them. Nonetheless, a short overview of the
microwave response to snow can help interpret the re-
trieved emissivity values.

A snowpack can consist of several layers having differ-
ent densities and crystal-size distributions. The prop-
erties of these layers reflect the snowpack’s history and
usually relate to location and elevation. Microwave ra-
diation penetrates the snow and responds to snowpack
properties such as depth, melting, refreezing, and em-
bedded vegetation. The penetration of the microwave
radiation also means that the IR skin temperature may
differ from the effective microwave emission tempera-
ture of the snow pack, adding to the variability of the
retrieved microwave emissivity. Large differences in the
dielectric properties of liguid and frozen water at mi-
crowave frequencies yield substantial variations of the
snow emissivity with wetness and melting. The dielec-
tric constant of dry snow varies between 1 (air) and 3.2
(ice), depending on the density of the snow and shape
of the grains. As a consequence, the dielectric losses
in dry snow -are very small, and the extinction coef-
ficient is dominated by scattering. Volume scattering
by individual ice grain reduces the emitted radiation.
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The scattering effect is stronger at shorter wavelengths
and for larger particles and drier snow. Because wa-
ter has a much higher dielectric constant, variations in
snow wetness produce large changes in snow emissiv-
ity: With increasing wetness the dielectric losses be-
come large and the scattering negligible. Wet snow-
packs radiate like black bodies at the physical temper-
ature of the snow layer. In the spring, prior to runoff,
the snow undergoes melting and refreezing cycles dur-
ing which large spherical grains are formed. The mi-
crowave signature of the snowpack then varies between
characteristics for wet snow to high reflectivities due to
strong volume scattering by the large inhomogeneities.
Although a number of studies have focused on mapping
snow cover and properties from microwave observations
le.g., Kunzi et al., 1984; Chang et al., 1987; Hall et al.,
1991; Grody and Basist, 1996}, the microwave signature
of snow, highly variable in time and space, is not well
understood. Thorough reviews of the snow microwave
signature are provided by Ulaby et al. [1983] and Foster
et al., [1984].

In the light of this brief review, a tentative inter-
pretation of the retrieved emissivities is proposed. In
December at lower elevation there is no sign of scatter-
ing by snow: Wet snow (high emissivity, higher than
the surrounding snow-free areas) covers part of eastern
Europe. The mountains are covered with dry snow that
produces scattering at high frequencies (lower emissiv-
ities). In March, regardless of the topography of the
snow-covered regions, the 37 and 85 GHz frequencies
exhibit scattering in the snowpack (low emissivities),
while the 19 GHz does not (higher emissivities). We
suspect that the snow is dry enough to permit scatter-
ing at higher frequencies, but that the inhomogeneities
are not large enough to scatter much 19 GHz radia-
tion. To better understand the observed signatures and
to interpret the day-to-day variations observed in the
snow emissivity, analysis of the depositional history of
snowfall and associated meteorological conditions is re-
quired.

5. Conclusions and Possibilities

Microwave emissivities of the land surface are esti-
mated from SSM/I observations by removing contribu-
tions from the atmosphere, clouds and rain using an-
cillary satellite data from ISCCP and TOVS. The mi-
crowave emissivities have been calculated for Africa,
large parts of Europe, and western Asia for March,
July, October, and December 1991. Correspondences
between geographical patterns and seasonal variations
of the microwave emissivities with variations in vegeta-
tion, flooded areas and snow cover have been analyzed.
In the absence of direct measurements of surface emis-
sivities at these larger spatial scales, these comparisons
show that the regional patterns and seasonal changes
of the retrieved emissivities are compatible with large-
scale topography and vegetation distributions and with
flooding and snow cover events. The standard devi-
ations of the day-to-day variations of the emissivities
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are typically about 0.012 for all the channels. Higher
‘standard deviations, especially over the desert, are re-
lated to significant and probably spuricus standard de-
viations of the water vapor amounts reported by the
TOVS analysis in these areas. The strong diurnal cy-
cle in these regions, in conjunction with the use of only
one TOVS profile, may also contribute to this feature.
Overall, the low standard deviations set an upper limit
on the errors in retrieving land surface emissivities with
this technique, ~0.02.

The feasibility of estimating accurate microwave emis-
sivities over land offers a number of interesting possibil-
ities for their use in atmospheric and cloud parameter
retrievals and monitoring the land surface itself. We
briefly review here the potential uses of these products.

With accurate estimates of land microwave emissiv-
ities (and surface skin temperature), it is possible to
consider extending atmospheric and cloud property re-
trievals from microwave measurements developed over
ocean to land areas. A sensitivity study can tell which
parameters can be retrieved with acceptable accuracy
and will help in selecting an adequate retrieval method.
Figures 11 and 12 present the sensitivity of the SSM/I
observations to changes in water vapor column abun-
dance (WV) and cloud liquid water path (LWP) along
with the sensitivity of the resulting WV and LWP to
errors in the estimated emissivities. As shown in these
figures, the higher the emissivity, the lower the sensi-
tivity to WV and LWP as expected. The 22 and 85
GHz channels are the most sensitive to water vapor,
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Figure 11. (a) Sensitivity of the SSM/I Tbs to changes
in the water vapor content (WV) in K per kg/m?. (b)
For a given SSM/T brightness temperature, sensitivity
of the corresponding WV to changes in surface emissiv-
ities, in kg/m? per unit emissivity. The simulations are
presented for a tropical atmospheric profile and a sur-
face temperature of 299 K. The water vapor content of
the tropical atmosphere is scaled to fit the given water
vapor content. Two surface emissivities are selected:
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Figure 12. (a) Sensitivity of the SSM/I Tbs to changes
in cloud liquid water contents, in K per kg/m?. (b) For
a given SSM/I brightness temperature, sensitivity of
the corresponding liquid water path to changes in the
surface emissivity, in kg/m? per unit emissivity. The
results are presented for two land emissivities (0.95 and
0.85) and two cloud types (high cloud from 650 to 585
mbar with a mean temperature of 262 K; low cloud from
800 to 725 mbar with a mean temperature of 273 K).
A U. S. Standard atmosphere is selected, with a water

vapor content of 14.3 kg/m? and a surface temperature
of 287 K.

but for high surface emissivities (>>0.95), the sensitivity
of Th to WV does not exceed 0.2 K per kg/m? As a
consequence, one cannot expect an accurate retrieval of
the water vapor content from SSM/I over densely vege-
tated areas where emissivities are ~0.95 for both H and
V polarizations. When land emissivities are lower, for
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example, over the desert for the H polarization, the sen-
sitivity of the 85 GHz channel to WV is much higher.
However, as a consequence of this high sensitivity to
WYV, the emissivity retrievals in these areas and at this
frequency are more sensitive to errors in the water vapor
data set used, as evidenced by the rather large standard
deviations for a month (as high as 0.04). Considering
the impact of errors in the WV for a given error in
emissivity (~200 kg/m? per unit change in emissivity,
see Figure 11b), the accuracy of the WV retrieval will
be low. However, an iterative approach exploiting the
different WV sensitivities of the SSM/I channels may
be possible.

For LWP the sensitivity of the SSM/I Tbs increases
with increasing frequency and shows dramatic varia-
tions with cloud parameters and surface emissivities.
The ability to estimate LWP essentially depends on the
contrast between the radiance emitted by the cloud and
the radiance that emanates from the surface. As a re-
sult, the accuracy of a potential LWP retrieval will de-
pend strongly on the cloud and surface conditions. The
85 GHz channel exhibits higher sensitivity to LWP, es-
pecially for low liquid water content but has a very non-
linear behavior. The 37 GHz channel, although less sen-
sitive, shows a smoother behavior. Future work will in-
volve the development of a variational inversion method
to retrieve the LWP from the SSM/I observations above
land. Such a process has already been adopted over
ocean [Phalippou, 1996, Prigent et al, 1997]. This
method is based on nonlinear optimal estimation the-
ory and will make use of the a priori information from
TOVS (atmospheric profile), ISCCP (surface tempera-
ture, LWP, and cloud top temperature), and the surface
emissivity estimates.

Given the weak frequency dependence of the emissiv-
ities, an estimate of the emissivities at AMSU frequen-
cies could be interpolated from the estimated SSM/I
emissivities, on a monthly basis, assuming a given an-
gular dependence of the emissivities. The use of these
emissivities in the advanced-TOVS (A-TOVS) process
will enhance the accuracy of the lower atmospheric tern-
perature retrieval.

Analysis of the correspondences between the micro-
wave emissivities and vegetation distributions suggests
the possibility of using microwave emissivities to mon-
itor vegetation phenology at regional and continental
scale. Although it may not be possible to discriminate
between a large number of vegetation classes with mi-
crowave emissivities alone, spatial variations of these
emissivities are well correlated with transitions in veg-
etation classes as defined by Matthews [1983] and may
help refine information about the spatial distribution in
land surface types, especially with respect to biomass
density. In addition, discriminating among a larger
number of vegetation classes may be possible when ant
alyzing the seasonal variations of the microwave emis-
sivity. Responding to different parameters of the vege-
tation, comparisons of the microwave emissivities. with
visible/IR reflectance are also very promising. Satellite
observations at 0.6 ym are sensitive to the chlorophyll
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absorption and this property has been used to monitor
the vegetation through the NDVI (normalized vegeta-
tion index as derived from optical and visible AVHRR
data). Comparisons of MVI and NDVI have already
been undertaken [Becker and Choudhury, 1988; Tucker,
1989; Townshend et al., 1989a, b; Justice et al., 1989].
However, the MVI is contaminated by surface temper-
ature variations and cloud and atmosphere effects, as
we have shown. In addition, the NDVI products con-
tain contamination by clouds, aerosols and instrumen-
tal calibration [Schlultz and Halpert, 1995; Rondeauz et
al., 1996; Gutman and- Ignatov, 1995], and the NOAA
NDVI products [Tarpley et al., 1984] are not yet avail-
able for 1991. Complementarity of the retrieved mi-
crowave emissivities and optical parameters have to be
examined. ‘

The SSM/I land emissivities show a strong sensitiv-
ity to flooding and snow and could be used to moni-
tor these conditions. However, for these applications,
shorter time composites of the emissivities should be
considered, although these events are usually associated
with significant cloudiness. Since a large proportion of
inundated pixels are within the intertropical cloud re-
gion, these results indicate that the 19 GHz could be
used for flood monitoring, and the stringent constraint
on cloud cover could be relaxed because of the lower
sensitivity of the 19 GHz channel to clouds. On the
other hand, for snow monitoring the sensitivity of each
channel to snow parameters makes it difficult to tol-
erate more clouds without degradation of the retrieval
at higher frequencies. Both of these tasks benefit from
combining SSM/I with another satellite data set, like
ISCCP, that is more sensitive to clouds.

Future research should include radiative transfer mod-
eling of the various land surfaces and comparisons with
retrieved emissivities to further understand the complex
physics of surface emissivities, possibly to invert the ra-
diative transfer equation to retrieve soil and vegetation
parameters [Calvet et al., 1994, 1996].
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