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Freqguency and Angular Variations of Land Surface
Microwave Emissivities: Can We Estimate SSM/T
and AMSU Emissivities from SSM/I Emissivities?

Catherine Prigent, Jean-Pierre Wignerbtember, IEEEWilliam B. Rossow, and Juan R. Pardo-Carrion

Abstract—To retrieve temperature and humidity profiles from  the advanced TIROS operational vertical sounder (ATOVS),
special sensor microwave/temperature (SSM/T) and advanced replaces the microwave sounding unit (MSU) on the previous

microwave sounding units (AMSU), it is important to quantify — NOAA polar orbiters. AMSU includes a temperature sounder
the contribution of the Earth surface emission. So far, no global

estimates of the land surface emissivities are available at SSM/T (AMSU-A) with 12 channels chated in the,@bsorption ba“‘?‘ .
and AMSU frequencies and scanning conditions. The land surface around 60 GHz plus three window channels and a humidity
emissivities have been previously calculated for the globe from the sounder (AMSU-B) with channels centered on the water vapor
p
SSMII conical scanner between 19 and 85 GHz. To analyze the apsorption line at 183.3 GHz. The instruments are described
feasibility of deriving SSM/T and AMSU land surface emissivities in [3] and [4]. The SSM/T and AMSU instruments have
from SSM/I emissivities, the spectral and angular variations track o hani ith ith | th
of the emissivities are studied, with the help of ground-based cross-track scanning mechanisms, with zenith angies on the
measurements, models, and satellite estimates. Up to 100 GHzEarth up to~48> for SSM/T and up to~58> for AMSU.
for snow and ice free areas, the SSM/T and AMSU emissivities The polarization observed by SSM/T and AMSU rotates with
can be derived with useful accuracy from the SSM/I emissivities. gcan angle due to the rotating-reflector/fixed-feed type of
The emissivities can be linearly interpolated in frequency. Based antenna design. Table | summarizes the SSM/T and AMSU
on ground-based emissivity measurements of various surface h teristi i d ai the total at heric t L ¢
types, a simple model is proposed to estimate SSM/T and AMSU ¢ arac eristics and gives the total atmospheric transmission a
emissivities for all zenith angles knowing only the emissivities for nadir for each channel for two standard atmospheres. Channels
the vertical and horizontal polarizations at 53 zenith angle. The with frequencies away from the centers of the &nd HO
method is tested on the SSM/T-2 91.655 GHz channels. The meanapsorption lines not only sense emission from the troposphere,
difference between the SSM/T-2 and SSM/I-derived emissivities | + they are also affected by the Earth surface emission. As a
is < 0.01 for all zenith angles with a root mean squared (RMS) to retri t heric t t dh ) idit
difference of =~ 0.02. Above 100 GHz, preliminary results are con;equence, O rétrieve aimospheric iemperature an. -ur.m ity
presented at 150 GHz based on SSM/T-2 observations and areProfiles from the SSM/T and AMSU measurements, it is im-
compared with the very few estimations available in the literature. portant to understand and quantify the contribution of the Earth
Index Terms—ATOVS, microwave radiometry, surface emis- surche emission to the observa_tl_ons. Using information theory,
sivity. English [5] quantifies the sensitivity of the temperature and
humidity retrievals to surface emissivity errors and concludes
that, for temperature sounding in cloudy areas and for humidity
_ | INTRODUCTION soundings, accurate estimates of the surface emissivity and the
HE special sensor microwave/temperature 1 and grface skin temperature are required to use AMSU sounding
(SSMIT-1 and -2) and the advanced microwave soundiigta effectively.
units A and B (AMSU-A and -B) are both cross-track temper- The microwave radiative properties of the ocean have been
ature and water vapor profilers with similar frequencies, bifie object of several studies in the past, from model develop-
AMSU has better spatial resolution. The SSM/T instrumenggents, airborne measurements to satellite observations (see for
are onboard the_I_Defence _Meteorolog|cal Satellite PrograAstance [6]-[8]), and are now fairly well understood. More-
(DMSP) polar orbiting satellites. SSM/T-1 has seven channglger, the low emissivity of the ocean in the microwave region
in the O, absorption band around 60 GHz for temperatuiigduces the surface radiative contributions and makes it easier
sounding of the atmosphere [1]. The SSM/T-2 is a water vap@y observe the atmospheric phenomena against this cold back-
profiler with five channels, three in the, absorption line at ground. Land surface emissivities are not only expected to be
183.3 GHz and two window channels at 91.655 and 150 Ghiguch higher (usually close to unity), making the surface con-
[2]. The advanced microwave sounding unit (AMSU), part afibution larger, but they are also more variable with location
and very complex to model. Efforts have been directed toward
a better understanding of the mechanisms responsible for the
: . , _ microwave emission of soil and vegetation, from both theoret-
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TABLE |
SSM/T AND AMSU CHARACTERISTICS

Channel Frequency Polarization Resolution Atmospheric Atmospheric
number (GHz) at nadir at nadir (km) transmission transmission
(tropical) (winter subarctic)
SSM/T-1
1 50.500 H 175 62 .67
2 53.200 H 175 .20 .22
3 54.350 H 175 .02 .02
4 54.900 H 175 .00 .00
5 58.400 v 175 .00 .00
6 58.825 v 175 .00 .00
7 59.400 v 175 .00 .00
SSM/T-2
8 91.655 H 88 .60 91
9 150.000 H 54 23 .84
10 183.3147.00 H 48 .00 40
11 183.31£3.00 H 48 .00 .07
12 183.31£1.00 H 48 .00 .00
AMSU-A
1 23.8 v 50 .78 .99
2 31.4 Y 50 .89 96
3 50.3 Vv 50 63 68
4 52.8 \% 50 .29 32
5 53.596+£.115 H 50 11 13
6 54.40 H 50 .02 02
7 54.94 \% 50 .00 00
8 55.50 H 50 .00 00
9 57.290=v H 50 .00 00
10 v+.217 H 50 .00 00
11 v £ .322 1+ .048 H 50 .00 00
12 v+ .322 +.022 i | 50 .00 00
13 v+.3224+.010 H 50 .00 00
14 v £ .322 £ .0045 H 50 .00 00
15 89.0 V 50 .61 91
AMSU-B
16 89.0£.9 \Y 15 .61 91
17 150.0%.9 \Y 15 .23 .84
18 183.314+1.00 A% 15 .00 .00
19 183.31£3.00 A% 15 .00 .07
20 183.31£7.00 A\ 15 .00 .40

of view, etc.) will not be available on a global basis with a re22 GHz, which has vertical polarization only. The emissivities
olution compatible with the satellite resolution. are available on d/4° grid, compatible with the~30 x 30
Microwave land surface emissivities over the globe have belem ISCCP DX grid and with the SSM/I observations, which are
estimated from the special sensor microwave/imager (SSMéBmpled at 25 km. The standard deviation of the day-to-day vari-
observations by removing the contributions of the atmospheegions of the retrieved emissivities within a month is typically
clouds, and rain using ancillary satellite data [16], [17]. Thabout 0.012 for all the SSM/I frequencies, which is an upper
SSM/l instrument is described in [18]. Cloud-free SSM/I obselimit on uncertainty of these estimates. Biases arising from un-
vations are first isolated with the help of collocated visible/incertainties in the IR emissivity are 0.02 [16].
frared satellite observations from International Satellite Cloud Similar techniques could be applied to SSM/T and AMSU
Climatology Project (ISCCP) data [19]. Then, the cloud-freebservations to derive the land surface emissivities for each fre-
atmospheric contribution is calculated from an estimate of tlg@ency and scanning angle, but because the viewing angles of
local atmospheric temperature-humidity profile from the N&8SM/T and AMSU are not constant, most scenes on the globe
tional Centers for Environmental Prediction (NCEP) analys&re not seen more than once a month under clear sky conditions
[20]. Finally, with a surface skin temperature derived from IRvith the same angle. Thus, to obtain an adequate climatology, a
observations (ISCCP estimate), the surface emissivity is caltong time series of data (three years at least) would have to be
lated for all the SSM/I channels. The emissivities are estimatpbcessed before having reliable estimates of the natural vari-
for a 53 zenith angle at 19.35, 22.235, 37.0, and 85.5 GHz fability of the surface emissivities. AMSU is now operational
both vertical and horizontal polarizations with the exception aince January 1999, and as the data become available, calcula-
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tions of the emissivities will be performed at the Centre de Me- TABLE I

teorology Spatial, Lannion, France, with a method similar to the SOIL PARAMETERS FOR THEINRA MODEL

one developed for SSM/I. However, before an adequate time se — — - — —

Soil type Frequency (GHz) heors Qsorn Nsorz

ries of the emissivities becomes available, some practical alter

native has to be implemented now in order to efficiently process Smooth soil o b4 0.3 3'{,

the satellite data over land. 90.0 0.41 0.31 0.0
We examine the feasibility of estimating the SSM/T and "ot =l o 0o 013 o

AMSU emissivities over the globe from the previously re- 90.0 0.71 0.40 0.5

trieved SSM/I emissivities, taking into account the different " ™! by 10 037 0o

frequencies of observation and the different scanning and polar 90.0 0.50 0.40 0.0

ization mechanisms of the instruments. In France at the Institu evEs a, an

National de la Recherche Agronomique (INRA), Avignon, o P oo e

France, ground-based emissivity measurements have bee 90.0 980 0.23 0.23

obtained between 1.4 and 90 GHz over different surface types

Emissivity models have been derived from these measurements

(Section 1), and they are used to analyze the frequency and

angular dependence of the surface emissivities, along with otidrerep andq stand for the vertical or horizontal polarizations,
measurements and model results available in the Iiterature.eyf‘: is thep-polarized specular emissivity, ang andQ s are,
Section Ill, the emissivity variation with frequency is examinedespectively, the roughness and the polarization mixing param-
with models with results from field experiments and comparesters.Ns is an exponent fitted to reproduce the angular vari-
to the emissivity frequency dependence derived from tlations. The soil dielectric permittivity is calculated from the
SSM/I observations. The angular and polarization variationsodel described in Calvet al.[22]. The values of the average
of surface emissivities are then studied (Section 1V). A simpleest-fit parameterss, Qs andNs are given in Table Il for the
model is proposed to derive SSM/T and AMSU land surfadhree plots and the three frequencies.

emissivities from SSM/I emissivities for all zenith angles and To account for the effect of the vegetation canopies, the emis-
for frequencies up to 100 GHz. In Section V, the method Hvity ¢~ of a vegetated surface is computed as follows for the
verified for SSM/T-2 emissivity estimates at 91.655 GHz anghpolarization:

the extension of the method to frequencies above 100 GHz is

discussed. Section VI concludes this study. ecp = €sp X fsp+ (1 — fsp) X ey 2

whereesg,, is the emissivity of the bare soil calculated from the
previous equations;, is the emissivity of the vegetation cover,
and fs, is the fraction of bare soil.

Simple models were calibrated on experimental data ac-1n€ modeling is based on several assumptions. It assumes
quired over bare soils and a wheat field during the PORTOS-§#t the vegetation emissivity simply depends on the crop type
experiment in Avignon, France [10], [11]. The measuremer@§d frequency and that it does not vary with polarization or
were performed with the multifrequency microwave radiometdicidence angle. The variation of emissivity as a function of
PORTOS (1.4, 5.05, 10.65, 23.8, 36.5 and 90 GHz) duri,l,@mdence angle gnd polarlzguon for a well-developed homo-
the spring of 1993 on a plot located on the INRA Avignoig€neous vegetation canopy is generally very small ([13], [16],
Agricultural Research Center test site. Only the observationdhf])- There are very few studies in the literature that describe
the higher frequencies (23.8, 36.5 and 90 GHz) are consideR®yv the vegetafuo_n characteristics (moisture conte_nt, structur_e)
here. affect these variations. For heterogeneous vegetation covers, in-

The soil is a silt-loam (27% clay, 11% sand dry weight). Thregluding mixed bare soil and vegetated areas, the dependence of
surface types are studied: a wheat field, smooth bare soil, affgetation emissivity as a function of incidence angle and po-
rough bare soil. The standard deviation of height and the héffization can be significant (in particular for crops which are
izontal correlation length characterizing the roughness condgnerally arranged in rows). Since crops are generally arranged
tions are 8.9 mm and 71.5 mm, respectively, for the smooth b OWs, geometrical effects may be significant. To account for
soil, and 19.1 mm and 65.7 mm, respectively, for the rough bafiS €ffect, a model is developed for polarizatjon
soil.

To simulate the bare soil microwave emission, a simple ap- fsp=(1—ap x tan(6)) X fso 3)
proach based on two best-fit roughness paraméte@nd @ s ] ] o . .

[21] and the exponen¥s were used to fit the PORTOS obserWhereq;, is a best-fit coeff'|C|ent, andso is the fracuongl cov-
vations. Thep-polarized soil emissivitys,, is given by erage of soil seen at nadir. However, this last equation can be
considered as a modeling refinement for crop covers with row
structure and is likely to be unnecessary for large scale foot-
spec spec prints, which include a variety of surface types.
esp=1- [(1 sy (@s 1) - Q@sey) } The simple model described here for vegetation and soil pro-
X eXp(—hS cos™s (9)) (1) vides a good fit to the available observations with an average

Il. A MICROWAVE EMISSIVITY MODEL DERIVED FROM
MEASUREMENTS UP TO90 GHz
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Fig. 1. Frequency dependence of land surface emissivities as measured at INRA at 23.8, 36.5, and 90 GHz. Results are presented for nadir vietvs and for 53
incidence for smooth and rough bare surfaces with various volumetric moistu@nd for a wheat crop at different growth stages.

RMS error of 0.002 between measured and simulated emissnissivities at nadir and at 3&cidence angle for both orthog-
ities. This model is used in our study to analyze the frequenopal polarizations from the INRA measurements. Results are
and angular dependence of the land surface emissivities ugptesented for both smooth and rough bare surfaces with varying

100 GHz. volumetric moisturen,, and for awheat crop at different growth
stages (indicated by the leaf area index [LAI]). Emissivities at
||| T HE FREQUENCY DEPENDENCE OFM|CROWAVE 90 GHZ are h|gher than at 238 GHZ, Whatever the Surface type
EMISSIVITY From 36.5 to 90 GHz, the trend is less clear, with an increase or

a decrease of the emissivities with frequency, depending on the
surface type. Over bare soils, field measurements usually show
Except for snow and ice surfaces, the frequency dependeacencrease of the emissivity with increasing frequency [9], [22],

predicted by models up to 100 GHz is gradual over a factor [#3]. The increase seems to be larger for wetter soils [22]. Over
~5 in frequency. Fig. 1 shows the frequency dependence of thegetated areas, the frequency dependence varies with both the

A. From Models and in Situ Measurements
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SSM/1 emissivities ization emissivity increases with frequency and the horizontal
(53deg zenith angle) polarization increases up to 35 GHz and then decreases. Over
an oat field, Matzler [9] also measured decreasing or increasing
emissivities depending on the phenological stage of the oat field
and on the polarization. For a large variety of surface types, air-
[RTTTT T borne measurements at 24, 50, 89, and 150 GHz were conducted
* by the U.K. Meteorological Office [14], [15]. To our knowl-
Desert edge, these are the only field measurements of emissivities at
frequencies above 100 GHz. These observations also show dif-
ferent emissivity spectra, depending on the surface type. For
most surface types, the emissivities at nadir increase between
Shrubland 24, 89, and 150 GHz. However, except for snow, ice and water
surfaces, the emissivities at 50 GHz are higher than at 24 and
89 GHz. In summary, the available field measurements do often
show a slight increase in emissivity with frequency, although
Tundra and they do not always indicate a consistent monotonic frequency
mossy bog dependence of surface emissivities between 20 and 150 GHz.
The RADTRAN surface model calculates vertically and
P ] horizontally polarized surface emissivities for various surface
- * {Grassland types for frequencies up to 40 GHz [24]. The modeling ap-
0 I~ 7 proach for vegetation and bare soil is based on radiative transfer
e theory, where the vegetation is treated as layers of continuous
7 random media bounded by an underlying homogeneous soil
1Sclerophylous layer. The RADTRAN model predicts an increase in emissivity
1 woodland with frequency for vegetation and for bare soil. However, the
L comparison between simulations and SSM/I data provided in
- R [24] shows that the surface emissivity is somewhat overesti-
B % 1 Deciduous mated by the model at 37 GHz (case c in Fig. 3 in the paper).
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I Evergreen The SSM/I frequencies range from 19 to 85 GHz. For
7| forest most surfaces, the emissivities in this frequency range vary
L] smoothly with frequency for both orthogonal polarizations at
1 53 incidence angle [16]. For nine vegetation classes derived
from Matthews [25], Fig. 2 shows the frequency dependence of
forest the mean surface emissivity atb8enith angle for each surface
L type, as calculated for the Meteosat area (Africa plus large
‘ portions of Europe and Western Asia) for October 1991. What-
I ever the vegetation type, the emissivities slowly decrease with
90 - forest frequency for both orthogonal polarizations. For the vertical
[ polarization, the emissivity change between 19 and 85 GHz
10 30 50 70 90 rarely exceeds 0.05 and is smaller over dense vegetation than
Frequency over bare soil. For the horizontal polarization, the changes are
smaller still (always<0.025). Under snow and ice conditions,
Fig. 2. Frequency dependence of the mean estimated surface emissiUil? surface emBSN'W_Va”eS more qUICKIy with frequency, and
for different surface types (as described by Matthews [25]). Emissivities al@€se surface types will have to be studied further.
estimated from SSM/I at 53zenith angle for the Meteosat area (Africa plus  Alternative estimates of microwave surface emissivities from
large portions of Europe and Western Asia) for October 1991. L .
satellite in this frequency range are scarce. However, all the
available estimates from SSM/I observations show that, for var-
vegetation characteristics and the measurement conditions (joos surfaces (bare soil, vegetated soil), the surface emissivity
larization and viewing angle). Over coniferous forest, Wignerastecreases with increasing frequency for both vertical and hori-
et al.[13] observed higher emissivities at 36.5 GHz than at 23zbntal polarizations at 33ncidence. Choudhury [26] analyzed
and 90 GHz. At 50 zenith angle, Matzler [23] measured a derain forest and desert locations for the period January 1988 to
creasing emissivity for horizontal polarization between 21 aridecember 1989 and found that emissivities at 37 GHz are al-
94 GHz and a decrease in the vertical emissivity between &ibst always lower than at 19 GHz for both orthogonal polariza-
and 35 GHz followed by an increase between 35 and 94 GHans. For a 70-day period over the central United States, Jones
over medium grass, while over short grass, the vertical poland Vonder Haar [27] also observed a decrease in emissivity
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Smooth bare surface Rough bare surface Vegelated surface with ianeaSing frequency over bare soil and various frequency
M e B e behaviors over vegetated areas, depending on the vegetation and
i T I observation characteristics. Several factors could explain the

95— e — —

i 4 different behaviors observed with satellite and field measure-
I~ - ments. Because SSM/I observes at a rather large zenith angle
85| mm 3 T R 1 (53), the SSM/I observations are very sensitive to the pres-
- Héns‘:'f11<-°16>*;\>—[rrﬁ: flfﬂ-o‘%ﬁ‘ | ‘l“ﬂf?fo‘lgomﬁz L ence of vegetation even when sparse. Most field measurements
KARARAEARARERARA RN UERARR RN i EEEEE over vegetated surfaces show a small frequency dependence of
o5 £ 1 I the emissivity that can be positive or negative depending on the
B : vegetation type. The diversity of surface types that have been
- S ) measured by field experiment is limited. Surface types that are
RS a0 et widely spread over the globe-like rain forest or deserts have
T never been the object of specific observations. The effect of
S large scale roughness (topography), which cannot be measured
by field experiments, could also be responsible for discrepan-
cies between satellite and field observations. This topography
effect, combined with the averaging process within a satellite
R O I VO field-of-view, could explain why the low emissivities associated
; with large frequency changes that characterize field measure-
ments over smooth surfaces are rarely observed from satellites.
Given the small frequency variations of the SSM/I surface

L90— B e
e -
T T

Emissivily

Emissivity

‘\‘}‘i“li'\[ I M

Emissivity

- . emissivities, the most conservative assumption for values at
5 B T T 7 other frequencies is that they can be obtained by linearly in-
.85 —nw=. e mlss —_1 =2.5 nv=. — . . . . e el
e 0010.019) | mecoi2( 02ty | sme oost 0my terpolating or extrapolating the microwave SSM/I emissivities
e o N S S RS A for the SSM/T and AMSU frequencies up to 100 GHz at least,

0 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 60 . . . .
Zenith angle Zenith angle Zenith angle except for snow and ice areas. In Section V, we will discuss

some preliminary results we obtain with SSM/T-2 at 150 GHz.

———- vertical polarization
****** horizontal polarization
— AMSU

———=-— AMSU fit=F(emisV(53deg) emisH(53deg) zenith angle) IV. THE ANGULAR DEPENDENCE OF THEMICROWAVE LAND

EmisV(53d Fmi sH(53deg 2
x [BmieV(Shdeg) simisH(53deg) I/ SURFACE EMISSIVITIES

Fig. 3. Angular dependence of land surface emissivities given by the INRA The SSM/T and AMSU instruments are both cross-track
models at 90 GHz. Results are presented for smooth and rough bare surfagesnners. SSM/T has seven scan posittarfsom — 39° to +

with various volumetric moisturez,, and for a wheat crop at different growth L
stages (indicated by the leaf area index [LAI]). The emissivities that would lf?égo and SSM/T'_2 he_‘s 28 pOSIt|0n$ from 40.5° t_o +40.5. .
seen with an AMSU-like instrument are indicated (solid lines), along with thEhese are satellite view angles which translate into local zenith
best-fit function to these emissivities (long dashes). The mean emissivity at E§n9|esgz up to 47.4 near the edge of the scan due to the

is plotted (x). The RMS of the angular fit is given for each surface type, alo "
with the RMS error that would be obtained when using a constant emissivr‘@‘”'Vature of the Earth. AMSU-A has 30 scan posmons at3.3
equal to the mean emissivity at 58n brackets). intervals from—14.5x 3.3° to +14.5 x 3.3°, while AMSU-B

has 90 positions at 1%dintervals from—44.5x 1.1° to +44.5

with increasing frequencies from SSM/I measurements at bgtht-1+ Which translate into local zenith anglésup to 58.5.

polarizations. The same trend is confirmed by Xiang and Smitfi€ Polarization measured by SSM/T and AMSU rotates with
[28] with SSM/I observations of the Sahelian region. scan angle due to the rotating-reflector/fixed-feed type of

Above 100 GHz, the only satellite emissivity estimates afd!ténna design. ; is the scan angle ard is the local zenith
due to Felde and Pickle [29]. They derive microwave land suf"d!€: then the SSM/T or AMSU surface emissivify. ) seen
face emissivities at 91 and 150 GHz from SSM/T-2 observatioffy @ l0cal zenith anglé. is given by
collocated with radiosonde measurements, assuming no angular _ 2 .9
dependence of the surface emissivities. For most land surface (=) = ep(0:) cos™(65) + q(0:) sin™(6:) “)
types, they estimate an increase in the emissivity between 914 ) and, (6. ) are the two orthogonal polarized surface emis-
and 150 GHz, although some surface types show the oppogiigiiies até. local zenith angle. Depending on the channels,

trend. will represent the vertical or the horizontal polarization. The
) ) ] polarizationp seen when the incidence is close to nadir (i.e.

C. Linear Interpolation/Extrapolation of the SSM/I for 6. = 6, very close to 0) is indicated for each channel

Emissivities up to 100 GHz on Table 1.6, = 45° corresponds t@. = 53°, which is also

Between 19 and 90 GHz, emissivity changes with frequentdye SSM/I zenith angle. For this angl€53°) = (¢,(53°) +
are within 0.1 for most land surface types excluding very we}(53°))/2.
bare soil, snow, and ice. The satellite estimates show a small an@he polarization state for SSM/T-2 is sometimes given as
slow decrease of the emissivity with increasing frequency, whilenspecified.” In some studies ([29] for instance), SSM/T-2 has
field experiments usually show an increase of the emissivibeen assumed to observe vertical polarization at nadir, whereas
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horizontal polarization at nadir has been assumed by Wessel and TABLE I
Boucher [30] in their comparison of the SSM/I and SSM/T-2 ANGULAR MODEL PARAMETERS
window channels near 90 GHz. From comparisons between ¢ “r_ ===

servations and simulations, Buresal.[31] concluded that the
instrument is observing the horizontal polarization at nadir ar V nadir ]

. . . . . 23.8 0.13 -5.99e-3 5.21e-4 -0.86e-5
this has been confirmed to them by information from the Aerojt 365 0.24 75663 §.33¢-4 -1.09¢-5
system engineers for the SSM/T-2 project. " Meix T ATiesxt asbesx i 0bhere

The SSM/I emissivities are only available at one zenith ang H08 -5-2ed FaThed S0TTe
(53) and for two orthogonal polarizations, giving no informa v3 s 013 Hnadir 007ed 0.09e.5
tion on the emissivity angular dependence. o e e e b

Model results derived from the INRA measurements are an f 32Tedx £ 3.90e5x f 3.002e6x { -0.66eTx [

lyzed to estimate the angular dependence of the emissivity. T o e e e

INRA model is used to simulate the surface emissivities at fri
quencies up to 100 GHz, for angles betwe&m@fd 60 and for
two orthogonal polarizations. The results are presented in Fiqivﬁ

at 90 GHz for different surface types (smooth and rough batre ered; is the zem_th a_ngle expressed in degre_es._lt_corresponds
. . 0 a Taylor expansion ifi, around the mean emissivity value at
soils and a wheat field).

Vegetation induces absorption/emission and scattering of t%:;e;;

. S L . or each frequency measured at INRA and for each polariza-
microwave radiation so that emission is almost unpolarized a . .
. " o . . iQn pattern corresponding to the cross-track scanners, a single
insensitive to the angle of incidence. This is fortunate since mos . . o

X - . set of coefficientsz,, is calculated to minimize the RMS er-

surfaces are vegetated, leaving only the necessity for interpo- . o o .

. . rors between the fitted(ey-(53°), e (53°),6.) and the sim-
lating or extrapolating the frequency dependence of the emis- L

L . ; ..~ _Ulated emissivities for all the surface types measured at INRA.
sivity (see Section lll). For bare soils, the surface emlssmn'J_.?

polarized and varies with scan angle. From (4), the surface en} 9 3 shows the AMSU simulated emissivities (solid line) and

. ; e fit at 90 GHz for each surface type, along with the RMS
sivity that would be seen by SSM/T or AMSU is calculated and ! .
the result at 90 GHz is shown in Fig. 3 (solid lines) for the ca crror (RMSE) between the fit and the model. The RMSE is

of vertical polarization close to nadir (i.e.= V andqg = H in %3'015’ whatever the surface type. The *x" sy'mbpl in Fig. 3 indi-
(4)). Because of the rotation of the polarizations with the sc cates the mean of the two orthogonal polarizations at $8e

- . . SE resulting from the use of this mean value regardless of
angle, the surface emissivity varies less with scan angle than € enith anale is indicated in brackets. The RMSE aiven b
two orthogonal polarizations do separately (this is also true fﬁ]r g ' g Y

. N . e angular dependent function is better or comparable to the
the case of horizontal polarization close to nadir). However, fi . . ) .

. o MSE obtained with a fixed mean value. The corresponding
bare soils, the angular dependence is still significant.

How can we infer the SSM/T or AMSU emissivity for all thecoefflments are indicated on Table Il for 23.8, 36.5 and 90 GHz,

. : L f?r the two possible polarization patterns, i.e. with horizontal or
scan angles, knowing only an estimate of the surface emissivi

for horizontal and vertical polarizations at®3This question ;./r%{:;ﬁ;p(:irsliz::?nnfsrs%Seenéo ir;a;llr. Ili:eodr zizhtﬁzegﬂggt'; din
has also been raised by Felde and Pickle [29] for SSM/T-2. in 9 N y1S appled, P 9

their effort to estimate the surface emissivities at 90 and 1&38; )Ca;e _?rllsl's izrgsi[\]/taelgrll? t'(l)'a:le lll:nasaa“];u;;r“?en :)e]:cstgi(ce)r:r'g
GHz, they simulate the SSM/T-2 emissivity over water surfac o Whyolé functionq PPyIng 9
and they conclude that the SSM/T-2 emissivities could be con )

sidered fixed with angle. Although this approximation is accepa-sllzet;léngfg%gs\)j :;(';Zee? ;enséi?l;r(]f(;Iflf)erg?/?gussl:)r’fi(;fcgipes

able for vegetated areas, it is not representative of bare soil SUd. The results are presented in Fig. 4 for two AMSU-A fre-

faces. uencies. For bare soils and for vegetated areas, the function in
For each frequency measured at INRA and for each polqg

. i ) represents well the model angular dependence, with RMSE
ization pattern corresponding to the cross-track scanners [ver-

tical or horizontal at nadi din to (4 inal | “Iower than 0.015. For open water surfaces, the angular depen-
ical orhorizontalat nadir according 0 (4)], asingle po YNOMIQance of the surface emissivity is not well reproduced. These
function of the angle, based only on the two orthogonal emi

Slrfaces are characterized by low emissivities at6Bthe hor-
sivities at 538, is tested to best-fit the angular variations of th y

fzontal polarization€ 0.5 at 19 GHz). They represent less than

sgrfape emissivities that would be seen by the cross-track SCRE of the surface emissivities as calculated from SSM/I and
ning |nstrclj.|mtelr’1\tlstASSSM/T-2 lofr AI\/It_SU),lffor all t?]e surtf)ace typegre concentrated in lake or coast areas. These pixels can be pro
measured a - Several functional forms have been exany g separately.

ined and the following one is selected:

V. VERIFICATION OF THE METHOD FOR SSM/T-2

€(0.) = F(ey(53°),en(53°),0.) OBSERVATIONS AT 91.655 GHZAND AT FREQUENCIESABOVE
— [y (53°) + ex(53°)]/2 100 GHz
+ [ev(53°) — en(53°)] From the analysis of the frequency and angular dependences

X (ao +a16, + a26? + agag) (5) of the microwave surface emissivities (Sections Il and V),
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23.8CHz 31.4GHz a function of zenith angles up to 47.4For the F-11 DMSP
B e S S S S e satellite, scan positions above 24 (i.e., scan angles larger than
= ol L i 18.5° in one side of the scan) have been filtered out because of
= o T T dien veselation an instrument problem (interference with the glare obstructor)
@y 1 1 i 5100, [32]. The 150 GHz channel failed on the F-11 but data are avail-
§ 7| mme=.009(.009) —~rms= 006( 008) T=283K) able from the F-12 satellite. Fig. 5 presents the emissivity maps
=S S S at 91.655 GHz for three different zenith angles 1.25.7,
2 ol £ ] and 47.4) for April 1994. Because SSM/T-2 is a cross-track
=L T Toderat Lt scanner, each location on the Earth is not seen with the same
@ L 4 1 e&?vf,gv,engfma, o zenith angle very often. For most pixels, the monthly mean
B 7| rms=.010(.007) = ms=.007(.008) — T=283K) emissivities presented on Fig. 5 are based on only one value,
b which limits the reliability of these estimates.
2 g pe—— :j,_—_\\// N The monthly mean land surface emissivities are calculated
B ‘{’—\\‘\— T ‘ from SSM/I for April 1993 for the nominal 53zenith angle
8 °r NN T e 1283 (note different year than SSM/T-2 data). To test our method,
& 7 mms=.003(.036) — sms=.003(. 035) - the SSM/I emissivities at 85.5 GHz are first linearly extrapo-
- lated up to 91.655 GHz. The angular fit derived from the INRA
p g
> sl i model [(5) and Table IlI] is applied to these extrapolated emis-
ERlaaE e 8 _ sivities and the results are presented in Fig. 5 for the same three
8" S N e 5 1o283K) zenith angles. The SSM/I derived emissivities are given on a
& r6jm:~016<»06’94\*:m:-015<‘062\>‘i 0.25 grid while the SSM/T-2 calculations could only be per-
NN NN A formed on a 0.33grid because of the lower spatial instrument
\\\]\‘]‘l‘\{]l‘}[lt\r\ g p
7 rms=052( 014) —|~rms=.088( 015) 1 resolution. For most locations, more than ten values are avail-
b TE -+ . lut F t locat than t I I
S //‘_;///\//i able from SSM/I to derive a monthly mean [16]. For all zenith
2 i;;é\’i‘_\/ D (Tebmak) angles, the spatial variability of the SSM/T-2 emissivities is
E N DRSNS well captured by the SSM/I derived emissivities. Large differ-
eIl L T 1 ences are concentrated along the coast and in Eastern Europe
o é(f)anziotioaiog Do 00 30 g 5o 6o (these areas have been excluded from the statistics presented
N on Fig. 5). The large differences along the coast are related to
e ;g:;gziaf‘);i’;;ﬁ;;‘ﬁon the different spatial resolutions of the instruments producing
AMSU different mixes of land and water. In Eastern Europe, the vari-

-— AMSU fit=F(emisV({53deg),emisH(53deg), zenith angle)

x  [EnisV(53deg)+EnisH(53deg)]/2 ability in snow cover between April 1993 and April 1994 is re-

sponsible for the change in surface emissivities. For compar-
Fig. 4. Surface emissivities simulated with the RADTRAN code for wdSon purposes-, the SSM/I de”V‘?d e.mISSIVItIeS are av.eraged.over
AMSU frequencies for different surface types. The fitted curves are also shobfe SSM/T-2 fields-of-view, taking into account the increasing
and the RMS error of the fit is indicated, along with the RMS error that woulflelds-of-view of the SSM/T-2 instrument with increasing zenith
be obtained when using a constant emissivity equal to the mean emissiyj _ . . . -~
at 53 (in brackets). For bare soilsp, represents the volumetric moisture\g%gle' The cross cprrelathn gqgfﬁments between the_ SSMIT-2
content in soil. For vegetatiom , represents the volumetric moisture contenfind the SSM/I-derived emissivities axe0.8 for all zenith an-
in soil, andD is the depth of the vegetation layer in cm. gles. The histograms of the differences between the SSM/T-2

emissivities at 91.655 GHz and the SSM/I derived emissivi-
SSM/T and AMSU emissivities up to 100 GHz can be estlies are presented on Fig. 5 for three zenith angles. The results

mated from SSM/I emissivities. First, the SSM/I emissivitiegPtained when using a mean emissivity calculated &t &
measured at 5%or vertical and horizontal polarizations are lin-9ardiess of the zenith angle, are also shown with dashed lines.
early interpolated or extrapolated in frequency for the SSm/T §¢hen using the angle-dependent model, the mean ecrdi(1)

AMSU frequency of interesf for each polarization. It gives the 21d the RMS 4 0.02) are similar or lower for all scanning an-
e (53°) andez(53°) for frequencyf. Then (5) is applied to the gles than when using the mean emissivity. Note that more than

frequency interpolated emissivities (53°) andez(53°). The half the RMS differences in Fig. 5 can be accounted for by the

coefficients to be used in (5) are calculated from Table IiI fgPtrinsic variations in the SSM/I emissivity values. This vari-
the AMSU or SSM/T frequency. ability appears in a single month and can be expected to appear

We first verify this method against SSM/T observations Y€ar-to-year [16].

91.655 GHz, and then we examine a possible extension of the
method above 100 GHz. B. Possible Extension of the Method to Frequencies Above
100 GHz

A. SSMIT-2 Observations at 91.655 GHz Fig. 6 presents the 150 GHz emissivities for February 1995
With the same method applied to SSM/I, using NCEP arfdr three zenith angles, along with the emissivity difference be-
ISCCP ancillary data, the land surface emissivities are estimategen 150 and 91.655 GHz. For desert and sparse vegetation,
at 91.655 and 150 GHz directly from SSM/T-2 observations #dse emissivities at 150 GHz are lower than at 91.655 GHz. This
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Fig.5. Emissivity maps at91.655 GHz at1,25.7, and 47.4 zenith angle, as calculated from SSM/T-2 and as derived from SSM/| estimations. The histograms
of the difference are presented for the three angles (solid line) along with the mean and RMS errors and the number of pixels considered indhgmajculati
The histograms of the difference when considering the mean SSM/I emissivity & &B&o indicated (dashed line), with the mean and RMS errors in brackets.

is not always the case for densely vegetated areas. These resetent spectral variations depending on the surface type. How-
are consistent with Felde and Pickle [29], who also found diéver, as previously mentioned, Hewison [15] found higher emis-
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Fig. 6. Emissivity maps at 150 GHz at £,725.7, and 47.4 zenith angle, as calculated from SSM/T-2 for February 1995, along with the difference between
the emissivities at 150 GHz and the emissivities at 91.655 GHz.

sivity at 150 GHz than at 89 GHz at nadir for all the surfaces Imsed to be homogeneous, have been selected to illustrate the
observed. Severafx 5° areas, where the surface types are supngular dependence of the surface emissivities at 91.655 and
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Fig. 7. Angular dependence of the emissivities at 91.655 and 150 GHz for five surface types, as observed with SSM/T-2. The mean values and the standard
deviations are presented for eachs 5° area. The corresponding SSM/I emissivity values extrapolated in frequencies at 91.655 GHz (x) are added to the figures
for both vertical and horizontal polarizations. The angular fit at 91.655 GHz is computed from those values and the result is drawn (solid line).

150 GHz, as estimated from SSM/T-2 measurements (Fig. if) tropical regions at 150 GHz and especially for zenith angles
For each zenith angle, the mean value is indicated along wihove 20. To explain the observed large angular trend over the
the associated standard deviation. As expected, at 91.655 Gtrtapical forests in terms of error in the water vapor continuum
the angular dependence for bare soil and sparse vegetatioaksorption at 150 GHz, it would have to be increased by close
stronger than for densely vegetated areas. Despite a large scait@0% (see Fig. 8), which is not realistic. The results presented
in the results, it appears that the angular dependence of the ennighis paper at 150 GHz have been obtained using the MPM 89
sivities over tropical forest is stronger at 150 GHz than at 9faseous absorption model [33]. This model has been shown to
GHz. Over deciduous forests, Hewison [15] also measuredslaghtly underestimate the water vapor absorption at 150 GHz
larger than expected angular dependence at 150 GHz. At I60tropical atmospheres [34], and Rosenkranz [35] proposed a
GHz, the standard deviations of the results are larger especialyrection to this model. We have recalculated the emissivities
in tropical areas for large zenith angles. This is probably relatading this new model and the results are not very different. There
to the larger atmospheric contribution at this frequency, esps-still a large angular dependence of the surface emissivities at
cially in tropical areas. 150 GHz over tropical forest.

Fig. 8 shows the change in the estimated emissivity for aAt this point, it appears that a simple frequency extrapolation
given change in the atmospheric contribution (increase in tfrem 90 to 150 GHz will not give satisfactory results. The
water vapor continuum absorption or increase in the water vagmarcity of emissivity field measurements, the lack of validated
column abundance) at 91 and 150 GHz for three standard mdels, and the few satellite estimations available will not
mospheres. The emissivity estimations are not very sensitlvelp fill the gap. Before reaching any conclusion, longer time
to changes in the atmospheric water vapor contribution, excegties of satellite data at 150 GHz will have to be processed,
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Fig. 8. Sensitivity of the estimated emissivities to changes in the water vapor column or continuum absorption model at 91 and 150 GHz for thdee standar
atmospheres and for two initial land surface emissivities.

and because of the sensitivity of this frequency to water vapiiese instruments is rather small. Based on ground-based
absorption, special attention will have to be paid to both themissivity measurements of various surface types, a simple
water vapor profile estimation and the water vapor absorptiomodel is proposed to estimate SSM/T and AMSU emissivities
model. These estimations may have to be performed in tfoe all zenith angles knowing only the emissivities for the
context of a simultaneous retrieval of atmospheric and surfagertical and horizontal polarizations at %3enith angle. The
parameters. method is tested on the SSM/T-2 91.655 GHz channel. The
spatial variability of the surface emissivities is well captured.
The mean difference between the SSM/T-2 emissivities and
the SSM/I-derived emissivities at 91.655 GHz is lower than
The land surface emissivities have been previously calcula@@1 for all zenith angles with an RMS difference~0.02. An
for the globe from the SSM/I conical scanner at 19, 22, 3atlas of the SSM/I land surface emissivities is available with a
85 GHz for vertical and horizontal polarizations (except for 2@.25" resolution. The inter- and intra-annual variability of the
GHz, which is vertical only) at 53zenith angle. The SSM/T and emissivitiesis now under study. Withthe method developedinthis
AMSU temperature and humidity sounders are cross-track scaaper, emissivity maps at AMSU-A frequencies and scanning
ners, and they both have channels that are sensitive to the sonditions are being prepared for the French Meteorological
face. To analyze the feasibility of deriving SSM/T and AMSUWffice, Centre de Meteorologie Spatiale, Lannion, France.
land surface emissivities from SSM/I emissivities, the spectr@hey will be used as emissivity first guesses in the temperature
and angular variations of land surface emissivities are studigbfile retrieval scheme.
with the help of ground-based emissivity measurements, emisAbove 100 GHz, preliminary results have been presented
sivity models, and satellite emissivity estimates. at 150 GHz based on SSM/T-2 observations. These results
Up to 100 GHz for snow and ice-free areas, the SSM/re compared with the very few estimations available in the
and AMSU emissivities can be derived with useful accuradiferature. It appears that a simple frequency extrapolation
from the SSM/I emissivities. For a given zenith angle, thigEom 90 GHz to 150 GHz will not give satisfactory results.
emissivities can be linearly interpolated in frequency. ThHeonger time series of satellite data at 150 GHz will have to
scanning and polarization patterns of SSM/T and AMSU ale processed, and because of the sensitivity of this frequency
such that the angular dependence of the emissivity seentbywater vapor absorption, special attention will have to be

VI. CONCLUSION
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paid to both the water vapor profile estimation and the water19]
vapor absorption model.
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