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Estimating Terrestrial Snow Depth With the
Topex—Poseidon Altimeter and Radiometer
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Abstract—Active and passive microwave measurements ob- the snow season. The sensitivity of snow cover extent and du-
tained by the dual-frequency Topex-Poseidon radar altimeter ration to temperature and its feedback effects [4], [5] suggest
from the Northern Great Plains of the United States are used to that snow cover would generally have a strong negative feed-

develop a snow pack radar backscatter model. The model results back relati hib to alobal . = le. th t
are compared with daily time series of surface snow observa- P2CK r€lalionsnip to giobal warming. For example, the apparen

tions made by the U.S. National Weather Service. The model Unprecedented global warming of the 1980s was accompanied
results show that Ku-band provides more accurate snow depth by a retreat of the mean annual North American snow cover
determinations than does C-band. Comparing the snow depth py 10% [6]. Using satellite observations of the Northern Hemi-
determinations derived from the Topex—Poseidon nadir-looking - ghnare snow cover extent made since the late 1960s, Robinson
passive microwave radiometers with the oblique-looking Satellite t al. 71 d ted this | lationship bet ! hemi
Sensor Microwave Imager (SSM/I) passive microwave obser- © a'[ ] documente IS Inverse _rea'ons Ip between _eml-
vations and surface observations shows that both instruments SPheric snow extent and surface air temperature, and Groisman
accurately portray the temporal characteristics of the snow depth et al. [8] demonstrated that snow exerted the strongest posi-
time series. While both retrievals consistently underestimate the tive feedback on the radiative balance of the earth during the
actual snow depths, the Topex—Poseidon results are more accurate.sprmg period. Goodison and Walker [9] presented other poten-

Index Terms—Microwave radiometry, Northern Great Plains of  tjally important indicators of changes in snow conditions that

the United States, radar altimetry, snow depth. reflect changes in climate. These include the changes in date of
the beginning or end of continuous snow cover, in the number
|. INTRODUCTION of days of continuous snow cover, in snow depth evolutions, or

. . in spatial distribution of snow cover over Canada. These indica-
EASONAL snow cover (excluding snow over ice Sh.?e% s suggest that spring snow extent should be a significant and
nd sea ice) has the largest areal extent a,nd varlab|I|tyS nsitive indicator of hemispheric temperature changes. Recent
any component of the cryosphere on the earth’s surface. M rts to expand the Northern Hemisphere satellite snow extent

of the earth's snow-covered area is located in the Northelré'cord within situ data [10] provided evidence of a significant

Hemisphere, and temporal variability is dominated by th&ecrease in spring snow extent over Eurasia since 1915.

seasonal cycle. Northern Hemisphere mean snow-cover extent
ranges from approximately 3.8 million Knin August to 46.5 Satellite observations provide a unique means of monitoring
million km? in January [1]. Accurate large-scale measuremeritf§0W cover characteristics and its variations on a regional
of snow extent, depth, and length of season are importéﬂtQ'Oba| scale. Several_ algorithms have been developed_ to
hydrological and climatic parameters that are necessary &gfimate snow water equivalent or snow depths [11], [12], using
determine river discharge especially in the Arctic Ocean whef@Mmbinations of brightness temperature measurements from
this fresh water input greatly influences the ocean circulatidhe Scanning Microwave Multi-frequency Radiometer onboard
and sea ice cover [2]. Nimbus7 and the Satellite Sensor Microwave Imager (SSM/I)
Snow pack thickness and extent and the duration of the sngfiPoard the Defense Mapping Satellite Program satellite series
period are important parameters to characterize and understitl- Seasonal biases mostly due to the transparency of thin
climate changes. Global average surface temperature hasSiRW cover £ 5cm) in the microwave frequencies in the
creased by approximately O°& since the last half of the ninet beginning of the snow season and the occurrence of melting
land in high latitudes [3]. events in the late season were clearly identified. These algo-
In that context, changes in snow cover mean characteristit§ms, developed to estimate snow depth, assume a spatially

take a special significance. The impact of a warming affecg@nstant grain size throughout the winter. _
the areal extent of continental snow cover and the length ofJosberger and Mognard [14] derived an algorithm that
includes a proxy for snow grain size growth. This algorithm,
_ _ _ _ which was compared with National Weather Stations (NWS)
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technique to determine the presence of snow using European 49 261 263 205 _ _267
Remote Sensing (ERS) satellite radar altimeter measurements A i
from the NGP. The technique is based on a reduction of “noise”
in the returned signal. Furthermore, a comparison between a8 b
radar altimeter measurements in Ku-band and snow depth from ’
NWS demonstrated the potential of such methods to recover
qualitative estimations of snow pack extent and depth based on 47
the attenuation of the radar signal. This paper investigates the
opportunities offered by the dual-frequency Topex—Poseidon

radar altimeters to improve the measurement of snow pack 46
properties from satellite sensors. The datasets used in this
analysis are presented in Section I, and the methods to esti-

49

48

47

46

sl

mate snow parameters are explained in Section Ill. Section IV 45
presents the results obtained over the NGP, and Section V
presents a discussion of the results. al: 44

261 263 265 267

Il. D Fig. 1. Map of the NGP with the T-P satellite tracks and the localization of
- DATASETS the five NWS sites.

The Topex—Poseidon altimeter is a dual-frequency in-
strument (Ku-band, 2.3-cm wavelength, and C-band, 6-daig. 1 shows the portion of the NGP used in this study along
wavelength with a footprint of a few kilometers) with a 10-dayvith the satellite tracks and the location of the five NWS sites
repeat cycle (instead of 35 days for ERS altimeter). Details
about the Topex—Poseidon altimeters can be found in [16]
or [17]. Even for continental targets, where variations in the 1. M ETHODS

surface elevation are important, measurements with both freq, «1o recent papers [15], [19], we analyzed four ERS2 radar
quencies can be considered simultaneously over a time intery@eter parameters derived from the altimeter waveform [20]:
of 0,'1 s,.cc.)rresp.cxndlng to 7OQ-m along-track distance [18]. e gitimetric height, the backscattering coefficient, the width
na@r-pomtmg microwave radiometer at 18, 23’ and 37 G the leading edge, and the slope of the trailing edge. For the
(with footprint of 42, 35, and 22 km, respectively) operateyp quring the extreme winter of 1997, the backscattering co-
simultaneously on the same platform to initially providegicient was found to be the most sensitive to the presence of

tropospheric corrections to the altimetric height measurementsy,, First, the snow indeed decreased the backscattering coef-

The presence of the two nadir pointing instruments onboard fi&q ¢ high-frequency variability along the satellite track due to

same platform offers the opportunity to compare simultaneoys, smoothing effect of snow cover [15]. Second, the mean value

active and passive microwave measurements. of the backscattering coefficient decreased as the snow cover
Four types of measurements are used in this study: fifkened through the winter. The extinction coefficient, cal-

backscattering coefficients in C- and Ku-band from the,jated from the backscattering coefficient and the NWS-mea-

Topex—Poseidon (T—P) radar altimeters; the 19- and 37-GH{zred snow depths, is close to the theoretical valses (1 ?)
horizontal polarization brightness temperatures measuremei{ts:n in [21].

from the SSM/I; the 18- and 37-GHz brightness temperatures
measurem_ents from the radiometer onboard Topex—PoseldRp,Modeled Backscatter for Snow
and the dailyin situmeasurements of snow depths and temper-
atures from five NWS stations located less than 50 km awayThe averaged backscattering coefficient over the altimeter
from the altimeters footprint. The active and passive microwavadar footprint is a sum of three different effects: reflection from
observations from T—P instruments were averaged evefy OtBe snow surface, the volume-scattering effect of the entire snow
in latitude and longitude and compared with the five NWS sitdgyer, and two-way attenuation of the ground return signal. With
located close to the satellite tracks. the ERS2 single -frequency radar altimeter, one cannot differ-
The study focuses on the 1996-1997 snow season, whantiate the ground reflection attenuation by the snow from the
record snowfalls occurred over the NGP and when the argi#—snow interface echo contribution. The dual-frequency T-P
along the Red River in North Dakota had maximum snowstrument offers the opportunity to differentiate and analyze
depths of 1 m or more. The NGP are well suited for this studhiese two effects.
because it consists primarily of open farm land or prairie, hasPrevious studies over Antarctica (the only region where an
little topographic variation, is subject to very cold temperaturesxtinction coefficient has been calculated) showed that volume
and has more than 280 stations that report the snow depthsoattering may contribute to half of the total backscattering co-
a daily basis. This area has been used for numerous passifieient if the snow layer is several meters deep [22]. This is not
microwave snow pack studies, where the extensivatu ob- the case for the NGP where snow depths never exceeded 1.5 m,
servations have been interpolated to the passive microwave gl where the volume-scattering contribution can be neglected
(25x 25 knt) using the geostatistical process called kriggingvhen compared with the two other terms.
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Fig. 2. (a) Snow evolution from NWH situ data in centimeters. (b) Backscattering coefficients evolution in C-band (0) and Ku-band (*) in decibels.

In the absence of snow cover, the mean backscattering coef- TABLE |
ficient oref is the ground signal RESULTS OF THEMODELED BACKSCATTER FORSNOW COVER
f 1 1 C band Ku band
oref = 101n (cground.
(g d (1) o surface (dB) ke (m-1) o surface (dB) ke (m-1)

In the presence pf snow, the mean backscattering coefficit Tracy 18 16 7 07
otot can be approximated by the sum of the surface echo and Lamour 12 24 7.6 3.4
ground signal attenuated by the presence of the snow as follo Fark Rapids 122 24 9.5 32
Argyle 2 1.6 2 2.5
Int. Falls 1 0.8 1 1.4

otot = 101n (ogroundx exp (—2 ke h) + osurfacé  (2)

whereke is the extinction coefficient in 1/meterk;is the snow i
depth in meters; andsurface = f(F2/S8?), whereF is the transparent at lower frequency), and second that the Ku-band is
Fresnel coefficie,nt and is the roughness (;f the surface noisier than the C-band. Moreover, the dual-frequency altimeter

Combining (1) and (2) gives the backscattering coefficieﬁpo‘,’vs trends that differ as a function of frequency for each

difference between the snow free and the snow covered are®2ton- , , _
For Lamour and Park Rapids the signal saturates, especially
L(Oref — otot) = ke x h in Ku-band where the backscattering coefficient decreases from
(2x) 21-8 dB as the snow depth increases to 50 cm, but then levels
11 <1 osurface ) 3) out as the snow depth continues to increase to more than 1 m.
2 (ogroundsx exp (—2 ke h)) On the contrary, the backscattering coefficient from Tracy,

with y = 4.34, due to the transformation of the neperian lo Argylg, and Intelrnatlonal Falls does not saturate, but shows the
: : : . ; ollowing behavior.
arithm into a decimal logarithm. The temporal evolution of the _ ) o
backscatter with respect taef gives information on the snow  * Tracy:Ku-band backscattering coefficient decreases from
20 dB to around 10 dB, and the C-band decreases from

pack characteristics during the winter season. )
25-19 dB as the snow depth increases to 75 cm.
B. Topex-Poseidon Dual-Frequency Radar Altimeter Over ~ * Argyle: In Ku-band, the signal decreases from 17-5 dB
the NGP and, in response to the 80-cm thickening snow cover, from
21-12 dB in C-band.
International Falls: Backscattering coefficient decreases
from 22 to about 16 dB for Ku-band and from 27-22 dB
for C-band as the snow depth increases to 50 cm.
For these three last stations, deeper snow corresponds to a
At the start of the snow season (end of October, beginnilfj9e" decrease in the backscatter coefficient, and the C-band is
of November), the values of the backscattering coefficients H!! 1SS attenuated than the Ku-band for same snow pack char-
C- and Ku-bands begin to decrease. As observed in a previé\‘}éer's_t'csy since low frequencies penetrate more than higher fre-
study [19], the evolution of the backscattering coefficient is @Uencies in the snow [21].
good parameter to detect and map the onset of snow cover.
For the five sites, the backscattering coefficient decreases
strongly for both frequencies as the snow depth increasds!
Also, note that the backscattering in C-band is less sensitive tdlable | shows the results of (3) used to compute the extinc-
shallow dry snow than the Ku-band (the shallow dry snow beinipn coefficient for both bands using the time series of snow

The temporal evolutions of the backscattering coefficients
in C- and Ku-bands are presented in Fig. 2. Fig. 2(a) displays *
the snow depth evolution measured at the NWS stations, and
Fig. 2(b) gives the collocated backscattering coefficient in C—
and Ku-bands.

Validation of Modeled Backscatter for Snow Cover With
P Measurements
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Fig. 3. (a) Snow evolution from NW situ data (centimeters); (b) dSIGMA 1/(27) * (o_ref — o_tot) evolution from the measured altimetric data; and (c)
dSIGMA = 1/(27) % (o_ref — o_tot) evolution from the modeled backscatter.

depth from each of the five sites. The calculated values béckscattering coefficientref is estimated with an accuracy of
the extinction coefficient are in the range of the theoreticabproximately 1 dB, which corresponds to the root mean-square
value given by [23] for both frequencies. For the five stationgjgh-frequency value in the absence of snow. In case of satu-
Fig. 3(a) shows the time series of thme situ snow depth; ration of the backscattering coefficient (for Lamour and Park
Fig. 3(b) shows the measured backscattering coefficient difféapids stations)ysurface is estimated for both frequencies as
ence dSIGMA= 1/(2x) = (oref — otot); and Fig. 3(c) shows the minimum value reached during the snow season.
the modeled backscattering coefficient difference dSIGMA Since we do not have information on the valué:efwe have
using the computed values 6¢ and the time series of snowassumed that, for each barid, is constant and has the same
depth from each NWS station. value for each test site. Using the work in [21], we chose a mean
The temporal behavior of the modeled backscattering cogtlue of 1.8 nt! for C-band and 2.5 m' for Ku-band. These
ficient is in good agreement with the observed backscatteringsumed values are in the range of the extinction coefficients
coefficient during the snow season. The saturation phenomefgermined in the previous modeling section. Thesitu and
at Lamour and Park Rapids are well reproduced, and for thkimeter-derived snow depths are plotted for the five test sites
three other stations, the modeled backscattering coefficigsée Fig. 4).
agrees with the measured backscattering coefficient. Comparing the derived snow depth time series with the
The modeled backscattering coefficient enables us to undebserved time series shows the following. First, the beginning
stand the physical processes that lead to the altimetric respoasé the end of the winter snow pack are accurately determined
to snow cover. within the repeat cycle of the satellite. The altimeter measures
IV. RESULTS snow during the first pass when snow is present on the ground
except for Tracy, where the altimeter misses the beginning on
the first pass when snow was present, detecting snow only on
the second pass ten days later. The end of the snow pack is also
To estimate snow depth from the altimeter measuremenjga|| reproduced except for Tracy, where the altimeter estimated
we use (3) where the tere « £ is the only unknown. Since that snow had disappeared at the end of February when there
the backscattering coefficient decreases when the snow co¥gk still snow on the ground, but where again measuring snow
starts, we estimate from the altimetric measurements the fgithe end of the snow season after March 20. This could be the

A. Snow Depth Estimations With Topex—Poseidon Radar
Altimeter

lowing terms: result of warming that produced liquid water in the snow pack
* 1/(2x) * (oref — otot); that would greatly alter the electromagnetic properties of the
» oground; snow pack.
* osurface; Next, while the snow depth retrievals from both bands ex-

and we obtain for each date and each station a valie efh.  hibit a temporal behavior quite similar to the NWS measure-
To reduce the altimetric noise level, we smoothed the backscatents, the Ku-band snow depth retrievals are generally more
tering coefficient in each band with a median filter. The grounaiccurate than the snow depths computed using C-band. Table II
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Fig. 4. Snow deptth (centimeters) estimated with the modeled backscatter inversion for the C-band (0) and Ku-band (*) versus the snow deitfoata
(centimeters).

shows the mean difference between the Ku-band altimeter-de- TABLE 11

rived snow depth estimation and tiresitu measurements. For ~ RESULT OF THEMEAN DIFFERENCEBETWEEN THE SHow DEPTH
Lamour and Park Rapids (the two stations where the backscat- AND THE STANDARD DEVIATION

tering coefficients saturate), the C-band-estimated snow depths

are over estimated by about 50 cm compared withirthgitu Tracy Mgdélégw Standard gelvziation (m)
measurements and to the Ku-band estimates. For the three other ramour 0.038 0.35
stations, C- and Ku-band-derived estimates are close tmthe Pafr Ralljds ggfg 8;2

situ measurements with C underestimating the snow depth by Iméyaus 0.074 011

up to 40 cm for International Falls compared with Ku.

Compared with the Ku-band, the C-band-retrieved snow
depth estimations are in poor agreement withithsitu mea- Shown in Table Ill. The snow depths derived from both sets of
surements for Lamour and Park Rapids. This can be explaif@gdiometric data consistently underestimate the snow depth, but
by the lack of information on snow pack parameters, whidpoth estimates correlate well with the measured snow depths
prevents us from evaluating the extinction coefficiehtsfor 0.69 < R < 0.94. For Tracy and International Falls, SSM/I
each station. More accuracy in the snow depth estimatipaorly estimates the snow depth evolutidn (= 0.23, R =
would result from information on the snow grain size and tH&69, b1 = 0.45, and R = 0.76 respectively), while the T-P
snow density at each site. radiometer is better withl = 0.95 andR = 0.85 for Tracy and

bl = 0.87 and R = 0.74 for International Falls. For Lamour

B. Comparisons of Snow Depth Algorithms Using T-P and and Park Rapids, both radiometers exhibit a similar temporal
SSM/I Radiometers Measurements behavior, and they greatly underestimate the snow depth. These

This section compares the observations from tH@o stations are the ones that exhibited saturated radar signals.

nadir-pointing radiometer onboard Topex—Poseidon with

those made by the SSM/I radiometer that operates at an angle V. DISCUSSION

of 52° of incidence. Several algorithms are currently available p comparison of snow depths determined from the TP ra-
to evaluate snow cover and snow depth parameters for specifismeters, the SSM/I radiometers, andithsitumeasurements
regions and specific seasonal conditions. The snow cover alihs that the radiometer onboard Topex—Poseidon yields more
snow depth study over the NGP presented here were generafeqrate snow depths. The differences may be the result of the

using the algorithm developed in [11]. The difference ififferent incidence angles between the two instruments, which
brightness temperature between the SSM/l 37- and 19-GRigyht infer shadowing phenomena, due to vegetation or topog-

horizontally polarized channels is used to derive snow deqtgphy as well as to the difference in footprint size.

over the five NGP stations according to the relation When comparing active and passive microwave responses,
h = 1.59(T195 — T37x) @) two different trends clearly appear.

* When the radar signal saturates (for Lamour and Park
whereh is the snow depth in centimeters, dfithh y and7'37 Rapids), the snow depth determinations from both ra-
are the horizontally polarized brightness temperatures in de- diometers are equivalent, and both underestimate the
grees Kelvin. snow depths.

Since the T-P radiometer senses at the nadir, and the SSM/le When the backscattering coefficients in C- and Ku-bands
has a 52 incidence angle, we corrected for the°58cidence are different and do not saturate (for Tracy, Argyle, and
angle difference and obtained the following relationship for the  International Falls), the SSM/I-derived snow depths com-
Topex—Poseidon data: pare poorly to snow depths derived from the Topex—Po-

(T19 — T37) §e|don r§d|ometer. . o
h =1.59 (5) This behavior may be the result of the different contributions

=90 )
cos (52°) of the surface signal. For the radar, the surface return is directly

Fig. 5 shows both thén situ snow depth measurements forelated to the relationship between the Fresnel coeffidieanid
the 1996—-1997 snow season and the estimates derived fromttigeroughness of the surfase Different scenarios fof” and.S
SSM/I and T-P radiometers. The results of the comparison ateuld be verified during ground campaigns.
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Fig. 5. Snow depth estimatidn (centimeters) from Topex—Poseidon radiometer (*) and SSM/I radiometer (0) Versiisdata (centimeters).

TABLE Il
REGRESSION ANDCORRELATION COEFFICIENT FORY VERSUSX'; Y = b0 + b1 * X; R CORRELATION COEFFICIENT. (@) SSM/I RADIOMETER VERSUSIN STU
DATA; (b) T-P RADIOMETER VERSUSIN STU DATA; (c) SSM/I RADIOMETER VERSUST—P RADIOMETER

SSM /I radiometer versus in-situ data (a)

b0 bl R Error b0*0.1 Error b1¥10-2
Tracy -0.44 0.33 0.69 4.09 9.6
Lamour -1 0.73 0.86 5.31 6.9
Park Rapids 4.80 0.57 0.82 5.53 10
Argyle -0.08 0.71 0.93 5.1 9.7
Int. Falls -0.07 0.45 0.76 0.5 10

T-P radiometer versus in-situ data (b)

bo bl R Error b0*0.1 Error b1*10-2
Tracy -0.51 0.95 0.85 6.92 16
Lamour 2.41 0.75 0.94 8.9 11
Park Rapids -4.47 0.83 0.93 4.51 8.8
Argyle 0.13 0.98 0.94 6.1 1.6
Int. Falls -2.25 0.87 0.74 1.3 3

SSM/I radiometer versus T-P radiometer (c)

bO bl R Error b0*0.1 Error b1*10-2
Tracy 3.7 0.34 0.53 4.37 10
Lamour -2.32 0.96 0.93 5.69 9.55
Park Rapids 7.80 0.64 0.88 4.07 10
Argyle 22 0.59 0.95 3.38 6.4
Int. Falls 4.67 0.42 0.93 2.09 5.18

1) If Fis small (dry snow conditions), the surface roughneske 37-GHz frequency, the surface effects become significant at
variation is not a strong contributor, and the surface retuamgles greater than 30For both rough and smooth snow sur-
is small when compared with the attenuation through tHace conditions, the 37-GHz frequency) at nadir has the same

snow layer. brightness temperature at about 263 K. For an angle of incidence
2) If Fis not small (wet snow conditions), two cases caof 51°, the brightness temperature for a smooth snow surface is
occur. 242 K, while it is 257 K for a rough surface. This 15-K differ-

a) The roughness of the air—snow interfagehas a €nce, for the same snow depth and grain size, may explain the
strong value:The surface echo term is small andlifferences in the snow depth estimations from the two passive
can be neglected when compared with the attenu&icrowave sensors.
tion by the backscattering coefficient.

b) The surface is not roughS has a small value; the
surface echo is the dominant term; and it is the VI. CONCLUSION
source of the saturation phenomena.

The behavior of the backscattering coefficient for both fre- This paper investigated the response of active and passive mi-
quencies represents, thus, a good parameter to estimate the ccowave measurements to snow cover and its evolution over the
tribution of the surface effects, which also play an importamtinter of 1996-1997 for five stations located in the Northern
role in the passive microwave measurements over snow-cove@meat Plains of the United States. The comparison and subse-
areas. quent merging of data from these two types of measurements is

Ulabyet al.[23] show the brightness temperature dependenaeneans to improve our understanding of microwave scattering
on the angle of incidence, the roughness and wetness paréamsnow packs that will lead to more accurate estimates of snow
eters. For the 10.7-GHz frequency (frequency used by Ulapgck thickness from satellite observations. First, the inversion
et al, but not available for the satellite radiometers considered a model of snow cover backscatter for the dual-frequency
here), the roughness of the snow has strong effects on the brightlar altimeter measurements reasonably reproduces the onset,
ness temperature for angles of incidence abovewhereas for the growth, and the end of the snow pack through the winter.
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the spatial variation in snow pack grain size can result in ermop;5) £ papa, N. Mognard, E. G. Josberger, and F. Remy, “Snow signature
neous snow depths when calculated from conventional passive with the ERS2 radar altimeter,” iRroc. IGARSSSydney, Australia,
microwave algorithms. Future more accurate snow pack prop; o July 2001.

A. R. Zieger, D. W. Hancock, G. S. Hayne, and G. L. Purdy, “NASA

erty algorithms mUSt include gr{;un .5'26 variations, bO.th tem— radar altimeter for the Topex/Poseidon projeddc. IEEE vol. 79,
porally and spatially. The combination of SSM/I passive mi- pp. 810-826, 1991.
crowave observations with multifrequency radar observationg7] E. Rodriguez and J. M. Martin, "Assessment of the Topex—Poseidon

altimeter performance using waveform retracking,"Geophys. Res.

can be the basis for such an algorithm. SSMI observations pro- | 99 pp. 24977-24 980, 1994.
vide large-scale coverage and a repeat observation time of one[t@] F. Remy, B. Legresy, S. Bleuzen, P. Vincent, and J. F. Minster, “Dual
three days that is necessary for hydrologic and climate studies, frequency Topex altimeter observations of GreenladdElectromag.

Waves App].vol. 10, pp. 1507-1525, 1996.
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Sensing Reading, MA: Addison-Wesley, pp. 1608-1610.
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