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ABSTRACT

Radar meteorologists have estimated, over a number of years, rainfall rate with ground-based radars. Since
the 1970s, use of weather radar as an active technique to measure rainfall from space has been proposed, and
anumber of radar concepts, including modified radar altimeter design, were proposed. However, no attempt has
yet been made to determine rain cell characteristics from available altimeter data. This paper presents a method
to estimate rainfall rate and rain cell diameter from TOPEX/Poseidon dual frequency radar altimeter waveforms.
The rain-affected waveforms are first selected using a criterion based on a departure from a normal Ku-C-band
backscatter coefficient relationship and on athreshold of liquid water content estimated by the TOPEX microwave
radiometer. The analytical representation of echo waveforms under rain conditions is used to model the effect
of rain. A minimization procedure is then used to determine the model’s best fit to the observed waveforms.
Several case studies are presented to illustrate the method. These cases include squall lines, isolated light rain
cells, and a tropical cyclone. The method, shown to give a high-resolution description of the rain distribution
under various weather conditions, could be used to obtain global rain cell characteristics over the ocean.

1. Introduction

Since the launch of Seasat, the observation of anom-
alously high winds obtained with unusually low values
of the backscatter coefficient o, on the altimeter echo
plateau when the satellite passed over storms has led to
investigate the effects of rain on the echo (SEASAT
1979). Subsequently, severa studies have been pub-
lished on both the theoretical and practical aspects of
the influence of rain on altimeter data. The main purpose
of these studies was to determine the uncertainties on
geophysical quantities such as sea surface height, sig-
nificant wave height, and wind speed, inferred from al-
timeter data (Walsh et al. 1984; Barrick and Lipa 1985;
Monaldo et a. 1986). Asno reliable correction can pres-
ently be made for the whole range of geophysical pa-
rameters, the strategy adopted in altimeter data
processing has been to flag possible occurrences of rain.
The flags are either based on concurrent passive micro-
wave radiometer measurements or, more recently, for
the dual frequency NASA radar altimeter (NRA) on
board the TOPEX/Poseidon satellite, on a departure
from a normal Ku- and C-band backscatter coefficient
(Morland 1994; Quartly et al. 1996; Tournadre and Mor-
land 1998).
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Different authors also proposed to modify altimeter
design to measure rain-rate profiles (Goldhirsh 1983;
Goldhirsh and Walsh 1982; Goldhirsh 1988; Testud et
al. 1992; Testud et a. 1996). The new design proposes
the incorporation in the altimeter radar system of a new
mode during which no range data are gathered, but rain
backscatter measurements are collected using unmod-
ulated continuous wave pulses during 50 ms every sec-
ond of altimeter operations.

Analysis of Ku-band ERS-1 radar altimeter wave-
forms during rain events (Guymer et al. 1995) showed
agood agreement between the observed waveforms and
the ones predicted by the theory developed by Barrick
and Lipa (1985). However, no attempt hasyet been made
to infer rain cell characteristics (size, rainfall rate, etc.)
from waveform analysis. Considering the good quality
of TOPEX Ku-band waveform data (Hayne et al. 1994)
and the fact that the theoretical approach of rain effects
on echo waveforms appears mature, we examined the
possibility of determining rain cell characteristics from
the analysis of waveforms. The waveforms possibly af-
fected by rain are first detected using the criterion based
on Ku- and C-band o,’'s defined by Quartly et al. (1996)
and Tournadre and Morland (1998) and then analyzed
in terms of rain cells.

A brief description of the NRA atimeter data and
echo waveform is given in section 2. The effects of rain
on altimeter waveforms and the model used in this study
are presented in section 3, as well as the criteria used
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to detect rain-affected altimeter samples. Section 4 de-
scribes the method used to determine rain cells char-
acteristicsfrom the analysis of waveforms. Casesstudies
illustrating different situations are given in section 5.
Finally, the conclusions of this study are presented.

2. TOPEX/Poseidon altimeter data

The TOPEX/Poseidon satellite, developed by the Na-
tional Aeronautics and Space Administration (NASA)
and the French Space Agency (CNES) was launched on
10 August 1992. TOPEX/Poseidon is dedicated to ocean
altimetry: the orbit, satellite bus, and payload are op-
timized to map the ocean surface. The satellite carries
two atimeters: one developed by CNES and the other
by NASA. The single-frequency solid-state altimeter de-
veloped by CNES, an experimental instrument intended
to demonstrate a new technology, operates approxi-
mately 10% of the time. The NRA altimeter, which op-
erates at 13.6 GHz (Ku band) and 5.3 GHz (C band)
simultaneously, is the primary sensor of the mission.
Only the dual-frequency NRA data will be considered
in this study.

The NRA antenna is a 1.5-m-diameter parabolic re-
flector. The beamwidth of this antenna, 1.1° for Ku band
and 2.7° for C band, covers an area on the surface of
20 km for Ku band and 50 km for C band. The pulse
limited operation of the system restricts the width of the
footprint to about 20 km for a flat sea surface at gate
128 for both frequencies. The NRA emits radar pulses
at arate of 4500 Hz in Ku band and 1200 Hz in C band
(Zieger et al. 1991; Marth et al. 1993). The received
pulses are deramped to remove the linear FM and pro-
cessed by frequency filtering to form waveforms, each
consisting of 128 samples of the power backscatter from
a particular range. The 320-MHz pulse bandwidth re-
sults in a sample resolution of 0.47 m (corresponding
to a two-way travel of 3.125 ns). The waveforms re-
ceived after reflection from the surface and transmission
through the atmosphere are averaged on board in groups
of 228 in the Ku band and 60 in the C band to minimize
the impact of noise. One track interval corresponds to
about 53 ms of data. This is the smallest time interval
over which the signal processor of the atimeter inter-
prets the waveforms. It corresponds to a satellite ground
track interval of 580 m. The 128 onboard waveforms
samplers are then combined (averaged) in multiples of
1, 2, and 4 to form the 64 telemetry samples available
in normal track mode used in this study (Hayne et al.
1994).

Based on a functional formulation of the altimeter
mean return waveform, the 20-Hz waveforms are in-
terpreted to yield geophysical variables of interest, that
is, the travel time of the radar pulse and thus the alti-
metric height, and the significant wave height (Zieger
et a. 1991). The automatic gain control (AGC) of the
altimeter is used to calculate the radar cross section o,
which is related to the surface wind speed (Chelton and
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Fic. 1. Model of rain cell geometry.

McCabe 1985). A detailed description of the analysis
and interpretation of altimeter sea echo was given in a
review paper by Barrick and Lipa (1985).

Each altimeter record contains 20 height, significant
wave height, and AGC measurements; 10 64-sample
Ku-band waveforms; and 5 64-sample C-band wave-
forms. The sensor datarecords (SDRs) used in this study
were provided by the NASA/Goddard Space Flight Cen-
ter, Wallops Flight Facility. The geophysical data re-
cords (GDRs) were provided on CD-ROMs by AVISO
(AVISO 1992).

After the launch of the satellite, a number of small
waveform departures from the model waveforms were
found, these waveform *‘features’ are described in de-
tail in Hayne et al. (1994). The waveforms used in this
study have been corrected using the correction factors
proposed by these authors.

3. Rain effects on altimeter data
a. Echo waveforms during rain events

All geophysical variables measured by an altimeter
can be affected by rain. A uniform rainfall filling the
entire altimeter footprint can, in principle, produce three
different possible effects on microwave pulses. First,
liquid water altersthe refractive index of the atmosphere
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Fic. 2. TOPEX Ku-band altimeter waveforms modeled using relation (3) showing the effect of rain as the altimeter passes over the rain
cell for four different rain cells corresponding to light, medium, heavy, and very heavy rainfall. The rms wave height used is 2 m, and the

rain cell height is 5 km.

and lowers the velocity at which microwaves propagate
through the medium. The arrival of the pulse is thus
retarded, artificially increasing the range measurement
made by the altimeter. At Ku- and C-band frequencies
the range measurements errors induced by rain can be
considered as negligible, except for heavy thunder-
storms (Goldhirsh and Rowland 1982). Second, rain-
drops scatter some of the energy of the incident pulse
back to the sensor and thus increase the power back-
scattered to the altimeter. Scattering is weak at Ku- and
C-band frequencies. The rain echo is four orders of
magnitude lower than the sea surface echo, even in a
heavy rainfall, and can thus be neglected (Goldhirsh and
Rowland 1982). Third, raindrops absorb the altimeter
pulse and cause a decrease in the return pulse power.
Absorption isthe prime contribution of rain to the signa
in Ku and C bands (Goldhirsh and Rowland 1982). Ab-
sorption can reduce the absolute level of the entire al-
timeter echo strength. This effect is frequency depen-
dent and is more than one order of magnitude less at C
band than at Ku band (Goldhirsh and Rowland 1982).

Examination of rain cell characteristics reveals that
rain might often not uniformly fill the altimeter foot-

print. In general, the more intense the rain rate, the
smaller therain cell on average (Goldhirsh 1983). When
this occurs, the signal received by the atimeter is dis-
torted. Walsh et al. (1984) and Monaldo et al. (1986)
used computer simulations and Barrick and Lipa (1985)
analytical representation to compute the altimeter echo
return powers for given rain cell dimensionsin order to
investigate the effect of changing the position of the
rain cell relative to the altimeter nadir.

The model developed by Barrick and Lipa (1985), used
extensively in this study, is given in detail in appendix
A. We considered a circular three-dimensional rain cell
model of height H. (see Fig. 1) with the rain rate R
defined as

R(x, y) = Rog(p), D

where p = (x2 + y?)¥2 is the polar distance from the
rain cell center x,, R, isthe peak rain rate at the surface,
and g(p) defines the rain-rate falloff normalized to unity
at the rain cell center.

Following Goldhirsh and Walsh (1982) and Barrick
and Lipa (1985), aswell as Testud et al. (1996), a Gauss-
ian shape was chosen for g. This is certainly a highly
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Fic. 3. SSM/I liquid water content, LW (kg m=2), at 0720 UTC 16 October 1992. The white line represents
the TOPEX ground track (cycle 3 pass 87) at 0844 UTC the same day.

idealized model for arain cell, but a study by Capsoni
et al. (1987) showed that for a rain rate up to 50 mm
h-1, the Gaussian model fit the radar observations rea-
sonably well. It also allows us to develop an analytical
representation of the effect of rain on altimeter echo.
Other rain-rate falloffs are considered in appendix A.

Here, g is defined by
P 2
—41n2 - 2

where d, the rain cell *diameter,”” correspondsto arain
rate half of the peak rain rate.

Assuming that the joint height-slope probability den-
sity of the sea surface is Gaussian, the normalized sea
surface echo can be expressed as (see appendix A)

£

gp) =

O' 0y0, 2
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where c is the speed of light, erf is the error function,
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o, is defined as \/h? + o, h is the sea surface rms
(~swh/4), o, is the compressed pulse standard devia-
tion, and o, is the average normalized backscattering
cross section per unit area at normal incidence. Here,
o is the first-order modified Bessel function; i, is the
antenna half-power beam width (0.4671° for TOPEX));

u, is defined by
1
- 2H< )l!fbi (4)

where H is the satellite altitude (1336 km) and a is the
earth’s radius. Here, u; is defined by

, _ W+ Hia)
* 1+ (2u,H)Ir?’ ®)

with r = d/(2\/In2). The two-way attenuation Az is
defined by

Ag = 10-@Hoo — 1, (6)

The one-way signal attenuation rate k, (dB km~*) due
to the rain is related by the Marshall-Palmer (Marshall
and Palmer 1948) relationship to the rainfall rate R:

k, = aRg. (7
At 13.6 GHz, the Ku-band operating frequency of the
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Fic. 4. TOPEX altimeter profilesfor TOPEX cycle 3 pass 87 (GDR
data): (a) o, at Ku band, (b) o, at C band, (c) significant wave height
(Hg) at Ku band, (c) TMR liquid water content, (d) departure from
the normal C—Ku-band relationship (solid line), (e) —1.9 rms of the
relation (thin line) [the stars denote the samples flagged for rain using
criterion (6)], and (f) scaling factor (attenuation) of the raw wave-
forms estimated from the departure of normal Ku—C-band automatic
gain control relationship.

NRA, a =
1994).

Figure 2 presents the evolution of TOPEX Ku-band
altimeter waveforms as the satellite passes over a rain
cell for four different rain-rate and cell diameters: R =
5mm h-*and d = 36 km (light rain), R = 10 mm h-*
andd = 23km, R=20 mm h-*and d = 13 km, and
R =50 mmh-and d = 4 km (heavy storm). For the
four cases, the rain height is fixed to 5 km. Attenuation
and distortion of the plateau (i.e., the slowly decreasing
portion of the echo) are the most severe when the rain
cell is centered on the satellite nadir. When the rainfall
is light, attenuation is small and distortion is weak. For
heavy rain, which corresponds in general to small rain
cell diameters (Goldhirsh 1983), distortion is severe and
can lead to tracker loss of lock and thus erroneous range
and significant wave height estimates (Guymer et al.
1995).

So far, absorption, the principal effect of rain on the
echo waveform, has been considered, but it is by no
means the only contribution to the modification of the
echo. Unexpected features in the o, measurements by
altimeter, such as enhanced backscatter in Ku and C
bands, have been reported by different authors (Guymer

3.14 x 102 and B = 1.14 (Slack et a.
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et al. 1993; Quartly et al. 1996; Tournadre and Morland
1998). They have been associated with the modification
of the sea surface roughness by rain.

Raindrops impinging on the sea surface generate ring
waves spreading radially from the impact craters. The
rings, which have awavelength of 1-2 cm and alifetime
on the order of tens of seconds, can expand to adiameter
of 25-50 cm before they disappear (Atlas 1994). They
obviously increase the roughness of the surface.

At the same time, rain dampens sea waves when the
surface is rough. This phenomenon has been observed
for centuries, but the exact mechanism by which it oc-
curs is not well understood. It is thought that rainfall
increases the viscosity or turbulence of athin layer near
the surface and thus dampens the waves because the
decay of surface gravity waves increases with viscosity.
Short waves are the most severely affected, but long
waves also lose their energy through wave-wave inter-
actions. The resulting decrease in surface roughness de-
creases the wind stress and impedes the growth of long
waves (Atlas 1994).

It is still unclear which of these two counteracting
effects, roughening or smoothing of the surface, dom-
inates for an atimeter. It is beyond the scope of the
present study to analyze these effects. In the present
study, we assumed that if the surface roughnessis mod-
ified by rain, the change of o, will be similar in the Ku
and C bands.

b. Selection of samples possibly affected by rain

Recent studies (Morland 1994; Quartly et al. 1996,
Tournadre and Morland 1998) analyzed the effects of
rain on the NRA altimeter data. Using the dual fre-
guency capability of the NRA altimeter and the fact that
attenuation is almost negligible at C band (except for
very high rain rate), they showed that departure from
the normal Ku—C-band relationship can be associated
with rain events. In this study we use the criteria pre-
sented by Tournadre and Morland (1998) to detect rain
events. A sample is considered to be corrupted by rain
if the o, anomaly, Ao, defined the deviation of the Ku-
band o, from its expected value given by the C-band
0o, isless than —1.9 rms of the observed Ku—C-band
relationship f. Asrain is expected to attenuate the Ku
band versus the C band, the search is for only negative
Ao,. To ensure that clouds are present, a second con-
straint is also imposed. The TOPEX microwave radi-
ometer (TMR) liquid water content estimate L, (see ap-
pendix B) is required to exceed 0.2 mm:

Ao, = o' — f(0§) < —1.9 rmg(o§)
and
L, > 0.2 mm. 8

The C-band rescaling function f, as well as the rms,
is computed using the observed coincident Ku- and C-
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Fic. 5. TOPEX Ku-band altimeter echo corresponding to the rain cell flagged at 34.7°N in Fig. 4. Raw, AGC scaled, attenuation rescaled,
and modeled waveforms (R = 3 mm h-* and d = 10 km).

band o, measurement over a whole cycle of data. This
method eliminates any possible calibration problem.

4. Determination of rain cell characteristics
a. Method

The possible rain events are first detected in the TO-
PEX GDR data using relation (8). The waveforms cor-
responding to the detected rain events are then analyzed.

0.5F

. . . ; ;
0 20 40 60 80 100 120
telemetry sample

FiG. 6. Measured (thin line) and best fit of the model to the most
attenuated waveform of Fig. 4. The dashed line represents an unat-
tenuated waveform. The telemetry samples used for the minimization
are represented by a plus sign.

Theraw Ku-band waveforms are scaled by the departure
from the normal Ku—C-band AGC relationship using
the following relation:

o(t) = U(t)lo[AGcK"—g(AGCC)]/lo’ (9)

where g is the normal Ku—-C-band AGC relation deter-
mined from the measurements over the whole cycle.
This rescaling eliminates the effect of the surface (vari-
ability of the surface roughness) and only the attenuated
part of the signal due to the rain is considered.

The waveform for which attenuation is maximum is
assumed to correspond to the minimum distance x, be-
tween the satellite nadir and the rain cell center. A first
estimate of the rain cell characteristics is obtained by
fitting model (3) to this waveform. The fit is done by
minimizing afunctional F, defined as the mean distance
in the least sguare sense between the measured o, and
modeled o,,, waveform:

F(R H,, d, %) = ;[«rm(ti)—om(ti)]z. (10)

Zlr
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FiG. 7. Functional F for the most attenuated waveform of case 1 as a function of (a) rain rate and diameter for x, = 1 km, (b) rain rate
and X, for a diameter of 10 km, and (c) x, and diameter for a rain rate of 3 mm h-. The contours are given every 10-3. The 1 X 103
isoline is represented by a thick solid line. The thick dashed line represents the 0.99 correlation line.

Only the telemetry samplest;, where thereis no prob-
lem of leakage, that is, for i = 5-44 and 51-60, are
considered (Hayne et al. 1994). The minimization al-
gorithm is the Nelder—Meade simplex search (Nelder
and Meade 1965).

As the rain cell height H, and the rain rate R come
into the model only through their product in the com-
putation of the total attenuation Az, the minimization is
in fact conducted on this parameter. It is thus pointless
to estimate H, and R separately. For convenience, we
choose to assume the rain cell height H_ to be constant
within therain cell and fixed to 5 km, that is, the average
mean 0°C isotherm (Goldhirsh and Katz 1979). Based
on observations of rain cells from ground-based radars
in several climate regimes, Szoke et al. (1986) and Zip-
ser and Lutz (1994) showed that the radar reflectivity
(thustherainfall) at C band was nearly constant between
the surface and the 0°C isotherm (4—6 km in the Tropics)
and rapidly decreased aloft. The constant height model
represents a first-order representation of arain cell and

is certainly highly idealized, especialy for a thunder-
storm. A further development of the method could in-
clude the determination of the 0°C isotherm from co-
incident radiometer data such as the ATSR onboard the
ERS satellites.

It would also be useless to seek the rain cell char-
acteristics with high precision. The tolerance for the
control parameters in the minimization procedure have
thus been fixed to 0.5 km for d and x, and 0.5 mm h-*
for R. The tolerance for the functional is fixed to 1.10-3
to take into account the noise of the waveforms.

The vector solution of the minimization is then used
as a starting vector of control parameters for the min-
imization of the functional F’ defined as the mean dis-
tance between the surface defined by the M successive
waveforms o, (t;) as the satellite passes over the rain
cell;

M

F'(Rd %) =—

1 2
MN = =2 [O-MJ(ti) N Umi(ti)] . (1Y
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FiG. 8. Functional F’ for case 1 as a function of (a) rain rate and diameter for x, = 1 km, (b) rain rate and x, for a diameter of 10 km,
and (c) X, and diameter for a rain rate of 2.7 mm h-*. The contours are given every 10-3. The 2 X 10-2 isoline is represented by a thick

solid line. The thick dashed line represents the 0.99 correlation line.

The tolerance constraints for the control parameters
arethe same as previously stated. Because of the noise
level of the waveforms and as the surfaceisin general
not exactly symmetrical on both sides of the most
attenuated waveform, the termination tolerance for
the functional has to be weaker for the surface of
waveforms than for a single one. Two convergence
criteria are thus applied: 1) the distance between the
model and measured waveforms has to be less than
2 X 1072 and 2) the correlation between the two sur-
faces has to be larger than 0.98 to ensure that the
shapes of the surfaces are similar.

As rain is highly sporadic in time and space, it is
very difficult to carry out simultaneous in situ and
remote-sensing measurements of rain cells. It is thus
very difficult to validate the results of the method
presented. It is, however, possible to estimate the ac-
curacy of the method by testing the convergence of
the minimization procedure. This will be done for
several rain cells.

b. Problems to overcome

When the altimeter tracker loses lock because of
strong distortion, the waveforms are shifted to smaller
time (Guymer et al. 1995) (see Fig. 11). The onboard
waveform fitting algorithm no longer works properly
and erroneous range, attitude, and significant wave
height estimates are produced. When the leading edge
of thewaveformsisstill present in the data, it ispossible
to retrack the waveforms using a procedure based on
the detection of the leading edge. Thefirst sample where
the signal becomes larger than the thermal noise can be
considered as the beginning of the leading edge of the
waveform. It can be detected using a gradient criterion.
The position of the beginning of the leading edge is, as
expected, remarkably stable outside rain cells and its
variation is less than one sample. When a shift is de-
tected for a particular waveform, the range shift is es-
timated by the difference with the normal leading edge
position. The waveforms are then repositioned, taking
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Fic. 9. SSM/I liquid water content, LW g, (kg m=2), at 0642 and 0842 UTC 17 October 1992 and TOPEX
ground track (black line) (cycle 3 pass 113, 0906 UTC 17 October 1992).

into account the timing of the telemetry samples as a
function of onboard samples. This procedure is only
designed to rematch the waveform and does not aim to
conduct any range estimate.

5. Case studies

Several case studies corresponding to different rain
cell sizes and rain rates are presented in this section to
illustrate the method.

a. An isolated light rain cell, cycle 3 pass 87,
0844 UTC 16 October 1992

The first case corresponds to a small isolated rain cell
detected in the rear of a cold front. The SSM/I liquid
water LWy, (kg m—2) estimated from the 85-GHz po-
larization ratio (Petty 1990; Petty and Katsaros 1992)
at 0720 UTC, that is, 1 h before the TOPEX pass, pre-
sented in Fig. 3, shows the presence of small clouds
near 34°N characterized by liquid water contents around
0.5kgm-=2. Thislevel of liquid water is not large enough
to ascertain the presence of rain. Figure 4 presents the
GDR’s Ku- and C-band o's, significant wave height,
and the TMR liquid water content measured around
34°N. The Ku-band o, is attenuated compared to the C
band at 34.6°, where L, reaches a local maximum of

0.25 mm. The rain detection criterion signals two GDR
samples near 34.6°N. The waveforms corresponding to
the GDR samples between 34.4° and 34.8°N were ex-
tracted from the SDR and rescaled by attenuation.

A V-shaped pattern typical of the presence of arain
cell isvisible in Fig. 5 near 34.7°N. A rainfall rate of
2 mm h~* was estimated from the attenuation of Ku-
band versus C-band o, (0.45 dB), using the Marshall—
Palmer relation. Attenuation reaches its maximum at
34.65°N. The model fitting of thismost attenuated wave-
form gives the following rain cell characteristics: R =
3mm h-t d= 11 km, and X, = 1 km. The modeled
and measured waveforms are given in Fig. 6. The fit of
the 40 waveforms affected by the rain cell gives similar
results, that is, R = 3 mm h-*, d = 10 km, and x, =
1 km. The correlation between the model and measured
waveforms is 99.3%.

This example shows that even a very light rain cell
gives a signature strong enough in the altimeter wave-
forms to be detected and its characteristics to be re-
trieved. Because of their resolution of the order of tens
of kilometers (17 km for SSM/I channel 85.5 GHz and
30 km for TMR channel 22.2 GHz), passive microwave
radiometers are unable to detect rain in these cases. If
we consider the present rain cell, a rain rate of 3 mm
h-* corresponds roughly to a water content of 2 g cm—2
(Ulaby et al. 1981, 319) and thus to an integrated liquid
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water content of approximately 1 mm for a 5-km height
rain cell. The total liquid water content of the rain cell
can be estimated by integration of (1), that is, 1.13 X
10° m3. By simple geometric consideration, a radiom-
eter with a resolution of 17 km, such as SSM/I channel
85, will measure a mean liquid water content of 0.5 mm
(or kg m=2) and a radiometer with a resolution of 36
km, such as TMR (22 GHz), will only detect a liquid
water content of 0.15 mm. These values agree well with
the ones observed by both SSM/I and TMR.

b. Accuracy of the method

A light rain cell constitutes a good case to test the
precision of the determination of the rain cell charac-
teristics because the deformation of the waveforms is
weak (see Fig. 2). For this rain cell, the functionals F
and F' have been estimated for different values of the
variables R, d, and x,. The isolines of the functional in
three orthogonal planes near the functional minimum
are presented in Figs. 7 and 8. The thick solid line
delineates the region where the convergence criterionis
met and the thick dashed line the region where corre-
lation is above 99%. For the most attenuated waveform,
the minimum of F is well defined for constant x, and
diameter d. It is less well defined for a constant rain
rate mainly because, as can be seen in Eq. (3), the mod-
eled waveform is dependent on the ratio x,/r. The range
of convergence in Ris[2—-4] mm h~t. For the rain cell
diameter d, the convergence range is [8-13] km, and
for the distance x,, the region of convergence is [0-3]
km. For aimost al of this region, the correlation is near
or above 99%.

Thefitting of al the attenuated waveforms allowsone
to reduce the uncertainties on the diameter and distance.
The region of convergence of F' is25mmht <R <
35mmh-t, 8km < d < 12 km, and 1 km < x, <
2.5 km.

For low to moderate rain rates (<15 mm h-?), the
variation of the attenuation A; with rain rate is strong,
and it is reasonable to think that the accuracy of the
method will be of the order of 1-2 mm h-* for rain rate.
For higher rain rates, Az asymptotically tends toward
—1 and the accuracy of rain-rate estimates will certainly
degrade. For rain rates above 25 mm h=* (for which A,
= —0.95) only a gross estimate can be given.

Asthe estimates of the rain cell diameter and distance
depend mainly on the number of affected waveforms
and telemetry samples, their accuracy will be indepen-
dent of the rain rate and will be of the order of 2 km
for diameter and 1 km for distance.

The region of convergence of the functional F’ will
be given for different rain cellsin thefollowing sections.

c. A large rainband of heavy rainfall, cycle 3
pass 113, 0906 UTC 17 October 1992

The second example illustrates a more complex case
where several rain cells are encountered when the sat-
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Fic. 10. Same as in Fig. 4 for TOPEX cycle 3 pass 113.

ellite passed over a North Atlantic low pressure system.
Figure 9 presents the SSM/I 85-GHz rain index for two
passes at 0642 and 0824 UTC and the TOPEX ground
track. Near 40°N, squall lines associated with the cy-
clone conveyor belt are clearly visible. Figure 10 pre-
sents the GDR data between 38° and 42°N. A large drop
in Ku-band o, is observed between 38.5° and 39°N,
which is associated with L, values close to the TMR
rain threshold of 1 mm. It is followed by two smaller
drops between 39° and 39.5°N. Within the larger rain
cell, erroneous significant wave height estimates are
produced. The rain flag is triggered between 38.7° and
40.35°N.

Between 38.7° and 38.9°N, the waveforms are highly
distorted (Fig. 11a), causing the tracker to lose lock.
These waveforms have been retracked using the method
described in section 4 and then AGC rescaled using (7).
The retracked waveforms are presented in Fig. 11b.
Threerain cells corresponding to the three drops of Ku-
band o, can be identified at 38.7°, 39°, and 39.2°N.

Table 1 summarizes the results of the analysis of the
three rain cells. The Ku-band signal is attenuated by 4
dB for the larger rain cell. For a 5-km-thick uniform
rain cell filling completely the altimeter footprint, this
attenuation corresponds to a rain rate R of 10 mm h-1,
A similar computation gives rain rates of 3.7 and 3 mm
h-t for the two other cells. The best fit on the most
attenuated waveform gives arain cell of 16 mm h-*, 9-
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Fic. 11. () Raw, (b) attenuation rescaled, and (c) modeled waveforms corresponding to the three rain cells flagged in Fig. 10.

0

km diameter, and x, = 0 km; the fit of the waveforms Table 1 shows that the accuracy of the estimates is 2
from 38.6° to 38.9°N (50 waveforms) gives nearly the mm h- for the rain rate, 1 km for the diameter, and 2
same characteristics: R = 16 mm h=*, d = 10 km, and km for the distance. The correlation reaches 98%. The
X, = 0 km. The region of convergence of F’ given in distribution of rain within this cell is not exactly Gauss-
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TaBLE 1. Modelization of the three rain cells of the second case study. The region of convergence of the functional F’ is given in

brackets.
Cell No. R, (mm h=?) d (km) X, (km)
Marshall-Palmer relation 1 10.0 — —
2 3.7 — —
3 3.0 — —
Most attenuated waveform 1 16.0 9 0
2 4 17 0
3 3 12 0
All waveforms 1 16[14-18] 10[9-11] 0[0-2]
2 4[3-5] 22[18-22] 0[0-2]
3 3[2-4] 14[13-15] 0[0-1]

ian but presents variations that can explain the splitting
of the area of maximum attenuation near 38.75°N.

The analysis of the two others rain cells gives the
following characteristics: R = 4 mm h=%, d = 22 km,
and R = 3 mm h=*, d = 14 km. The regions of con-
vergence of F' are comparable to the one presented for
the first case study. The three rain characteristics have
been used to compute the model waveforms between
38.8° and 39.5°N. The attenuation resulting from each
cell has been taken into account for the waveforms
where the effect of different cells overlap.

The analysis of waveforms allows the detection of
three rain cells with very different characteristicswhere
amicrowave radiometer detects only a nonprecipitating
cloud using the 1-mm threshold or a 50-km-long pre-

40

-24
Fic. 12. SSM/I liquid water content, LW, (kg m=2), at 0734 UTC 13 October 1992 and TOPEX cycle 8
pass 202 ground track (white line) at 0930 UTC 13 October 1992.

=31 =30 -26

cipitating one using the newly proposed 0.6-mm thresh-
old.

d. A small intense rain cell, cycle 3 pass 11,
0930 UTC 13 October 1992

A small rain cell was detected at 35.8°N in the cycle
3 pass 11 TOPEX data when the satellite overflew the
conveyor belt of a North Atlantic low pressure system.
The presence of convective cells is confirmed by the
SSM/I LW liquid water content (Fig. 12). A sharp
four-sample long drop in Ku-band o, is observed at
35.75°N (Fig. 13); attenuation reaches 3 dB but L, bare-
ly exceeds 0.2 mm. The 40 waveforms corresponding

ikl
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Fic. 13. Same as in Fig. 4 for TOPEX cycle 3 pass 13 (GDR
data).

to the four GDR samples flagged for rain are presented
in Fig. 14.

For this particular case, the simpleidealized Gaussian
rain cell model is not suitable, and the minimization
algorithm does not converge. The two V-shaped patterns
noticeable in the waveforms suggest that two adjacent
rain cells might be present or that the rainfall variation
within the cell is strong. For this case, the model was
first fit to the waveforms with weak constraints to get
afirst estimate of the larger rain cell characteristics. Its
contribution was then subtracted from the waveforms
to estimate the contribution of the intense core. A min-
imization was then conducted on this contribution. The
characteristics of both cells were then iteratively esti-
mated.

Asthe Gaussian fall off cell model was not converging
for the intense core, the constant cell model was used
and shown to converge. The analysis reveals that arain
cell of 10-km diameter and rain rate of 7 mm h-* con-
tained a small intense core of 4-km diameter located 5
km away from the satellite nadir where the rain rate
exceeded 25 mm h-*.

With the weaker constraints imposed on the conver-
gence of the functional, the regions of convergence for
the two embedded rain cells are larger than for the pre-
vious examples, especially for the rain-rate estimates.
For the larger rain cell the accuracy is 3 mm h-* for
rain rate, 2 km for diameter, and 1 km for distance. For
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the intense core, no estimate of the rain-rate uncertainty
can be given as al rain rates above 25 mm h-* that
correspond to an extinction of the signal within the rain
cell will give the same results. The uncertainty is 1 km
for the diameter and 1 km for distance.

The model waveforms for the rain cell and for the
core are presented in Fig. 14 as well as the final model.
The correlation between model and measured wave-
forms is lower than for the previous two cases (96%).
However, the model can describe a rain event of very
small extent and can give a first insight of the distri-
bution of rain within a cell.

e. Tropical Cyclone Elsie, cycle 5 pass 75,
1723 UTC 4 November 1992

During the first week of November 1992, the Tropical
Cyclone Elsie crossed the western Pacific. On 4 No-
vember, the TOPEX/Poseidon satellite passed over the
cycloneat 1723 UTC. The 85-GHz (V-polarized) SSM/I
brightness temperature (K) (1947 UTC 4 November
1992), presented in Fig. 15, gives an image of the struc-
ture of the cyclone. Under such extreme conditions, the
algorithm of liquid water content estimated from SSM/I
brightness temperature reaches its limits, and the results
are not fully validated.

The rain is so intense near the cyclone center that the
altimeter loses track several times. Several o, Ku-band
measurements are flagged and discarded in GDR's files
(Fig. 16). Values as low as 2 dB are measured between
15° and 17°N. Erroneous significant wave height values
are also observed. The TMR liquid water content ex-
ceeds 1 mm between 14.5° and 18.5°N.

The values reached by o, in both Ku and C bands
are so low that the relationship between the two bands
had to be interpolated for small o, values in order to
detect the rain-affected altimeter samples. The samples
flagged for rain by the o, criterion are almost identical
to the ones flagged by TMR. The relation between Ku-
and C-band AGCs has also been interpolated for small
values to estimate the attenuation from the SDRs.

Attenuation and distortion are sometimes so strong
that no valuable information can be retrieved, as seen
in Fig. 16. The corresponding waveforms are discarded
prior to the analysis. The tracker loses lock after almost
every rain cell and several waveforms are shifted. The
retracked and rescaled waveforms used for the analysis
are presented in Fig. 17.

One of the main difficulties of the analysis comes
from the overlapping of the different rain cells. To over-
come this problem, the minimization algorithm is first
applied to the southernmost cell. The contribution from
thisrain cell isthen subtracted from the waveforms, and
the characteristics of the second rain cell are estimated
and so on until the last rain cell is analyzed.

A second problem results from the saturation of at-
tenuation at Ku band for rain rates greater than 25 mm
h-1. For such high rain rates, the signal at Ku band is
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Fic. 14. (a) Attenuation rescaled waveforms corresponding to the rain cell at 35.75°N in Fig. 13, (b) model waveforms including (c) a
light rain cell (R =7 mm h=*, d = 10 km), and (d) an intense rainfall core (R = 25 mm h=*, d = 4 km, x, = 5 km).

amost extinct, for example; a 5-km-thick rain cell of
25 mm h-1* attenuates the signal by more than 12 dB.
This occurs, for example, between 15.5° and 16°N.
However, for rain rates above 25 mm h-1, attenuation
at C band is not negligible. For the same rain cell, the
two-way attenuation is 1 dB, using the Marshall-Palmer
relation (7) with @ = 1.79 X 10-2and 8 = 1.238 (Olsen
et a. 1978). Attenuation at C band can be estimated
from the depth of the drop observable in GDR’s data.
A first-order approximation of the maximum rain rate
can thus be made by inverting (7).

The analysis detected 16 rain cells between 14° and
18.5°N whose characteristics are given in Table 2. For
rain cell numbers 8 and 15, which correspond to two
attenuation maxima and for which several waveforms
are not usable, the fit of the model has been made for
the available waveforms. As the discarded waveforms
are the most attenuated ones, the rain rate might be
underestimated. The rain rates estimated from the at-
tenuation at C-band o, for these two cellsare also given
in Table 2.

Rain rates range from 4 to 35 mm h~* and the di-
ameters from 10 to 25 km. Figure 18 presents the rain
rate computed from the characteristics of the rain cells
along the satellite track.

The general distribution of rainfall is in agreement
with radar observations (Djuric 1994). The succession
of convective rainbands is clearly depicted. As in the
SSM/I image, the bands are clearly asymmetric, and the
largest band is located on the equatorial side of the
cyclone. The strongest rainfall occurs near the cyclone
center and corresponds certainly to the innermost band
or eyewall. This rainfall maximum is associated with
very low C-band o,, without taking into account the
attenuation by rain, and thus with avery high wind that
certainly exceeds 30 m s~*. The analysis of waveforms
also allows the detection of the space between rain-
bands, sometimes rain free, called moats.

6. Conclusions and per spectives

This study presents a first attempt to estimate rain
cell characteristics, that is, diameter and rainfall rate
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Fic. 16. Same as in Fig. 4 for TOPEX cycle 5 pass 75 (GDR
data).

from TOPEX/Poseidon dual frequency radar altimeter
echo waveforms. The analytical formulation of altimeter
echo waveform during rain events devel oped by Barrick
and Lipa (1985) is used to model the effect of a rain
cell on atimeter data. Some developments have been
included to model rain-rate falloffs other than the Gauss-
ian-like pattern used by these authors. Asrain is a spo-
radic phenomenon and affects approximately 1%—4%
of the altimeter samples (Petty 1995), the detection of
the waveforms affected by rain is the first step to be
taken in the analysis. Following the results of previous
studies (Quartly et al. 1996; Tournadre and Morland
1998), the dual frequency capability of the TOPEX al-
timeter is used to select the waveforms possibly affected
by rain. The criterion, presented by these authors and
used in this study, is based on adeparture from anormal
Ku—C-band o, relationship and on a threshold of liquid
water content measured by the TOPEX microwave ra-
diometer. The selected waveforms are then analyzed in
terms of rain cell characteristics by fitting the theoretical
model.

Four case studies, corresponding to different weather
conditions, have been presented to illustrate the method.
The method gives good results from very light rain cells
to heavy rainbands associated with tropical cyclones. It
allows the description of rainfall with aresolution better
than a kilometer and with an accuracy of the order of
1-2 mm h-* for the rain rate, 2 km for the rain cell
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Fic. 17. (a) Raw and (b) retracked and attenuation rescaled TOPEX waveforms over Cyclone Elsie.

diameter, and 1 km for the distance from nadir. It could
be used in conjunction with other spaceborne sensors,
such as a microwave radiometer to conduct climatol og-
ical studies.
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In practice, the method could be used systematically in
the processing facilities. During the routine processing, the
data possibly affected by rain could be flagged and the
corresponding waveforms selected and archived. The

TaBLE 2. Rain cells characteristics for Tropical Cyclone Elsie; the ‘1"’ symbol signals the rain cells for which the maximum rain rate

has been estimated using C-band attenuation, as given in parentheses.

Cell No Latitude R, (mm h-?) d (km) %o (km) Aa, (dB)
1 14.63 10 10 5 —1.40
2 14.84 10 17 0 —4.40
3 14.94 8 12 4 —2.80
4 15.01 10 12 3 -3.20
5 15.20 6 20 5 ~2.60
6 15.44 95 17 0 —4.45
7 15.51 5 10 5 ~3.45
8t 15.81 24(35) 25 0 ~7.00
9 15.88 9 10 0 —432

10 16.24 165 25 5 -6.30
11 16.54 11 12 0 —462
12 16.70 4 25 0 —252
13 17.10 11 12 0 ~4.10
14 17.75 85 13 0 —3.50
15t 17.94 25(25) 20 0 -5.81
16 18.16 4 15 5 -213
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method cannot be fully automated, and an operator would
be required to process the archive either online or offline
to create a global rain cell characteristics dataset. This
archive could a so be made accessible for scientific studies
(e.g., tropical cyclones, squall lines, etc.).

The method could also be refined to include the de-
termination of the cloud-top height from coincident ra-
diometer data. A further development could be the de-
termination of rainfall variation within rain cells. The
rain-free echo can be subtracted from the waveformsto
estimate the rain contribution and thus the attenuation
for each range bin. Therain rate could then be retrieved
by inversion of the waveforms.

To fully validate the method, it would aso be inter-
esting to compare the results with observations from
weather radars. However, because of the sporadic nature
of rain, the selection of coincident altimeter and weather
radar measurements would certainly prove difficult.
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APPENDIX A
Model of Altimeter Echo

The model of altimeter echo during rain events pre-
sented here is based on the work of Barrick and Lipa
(1985). The radar cross section for backscatter asafunc-
tion of time for an altimeter pulse and for a Gaussian
random distribution of rough-surface specular points
can be expressed as (Barrick 1972)

o(t) = 2m2a?R(0))?

Xf 9(#)(sech)* sing

X (A1)

f P(¢ — Opy(é) d¢| do,
where { is the sea surface elevation above the mean local
surface, ¢ isthe angle at the antenna from nadir to a point
£ of the surface, ¢ is the angle at the earth center from
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the satellite to ¢, g(¥) is the two-way antenna normalized
gain pattern, P(X) is the normalized effective pulse shape
as a function of spatial propagation distance x = (ct)/2, a
is the earth’s radius, R(0) is the Fresnel reflection coeffi-
cient of the sea surface at normal incidence, 6 isthe angle
between the loca normal to the surface at ¢ and the sat-
ellite, and p,(¢) is the joint height-dope distribution prob-
ability density function at elevation ¢ and wave slopes
corresponding to specular angle 6.

Using the small-angle trigonometric approximations
(as ¢ and ¢ are small), and the fact that ¢ is small
compared to a and H (satellite height), the normalized
radar cross section can be expressed as

o(t)

__ o
2mH"[R(0)?

few

where { = u — x and u = (a2¢?)/(2H") = (H'¢?)/2,
H’ = H(1 + H/a) is the extended satellite height, and
H"” = H/(1 + H/a) is the reduced satellite height. The
new antenna gain factor is defined as G(u) = g\/(2u/
H’).

We assume the Gaussian shape of half-power width
7 for the compressed altimeter pulse, that is, P(X) =
e ¥20% with o, = c7/21/81n2. We al so assume a Gauss-
ian shape for the antenna beam pattern near itsboresight.
From the two-way, half-power antenna beamwidth is,,,

f P(§ + x — u)p(¢) d¢| du, (A2)

—x

we define ¢, = ,,/(8\/In2). Thus,

o) = e, (A3)
and

G(u) = e W), (A4)
where u, = (H'y2)/2.

We also assume p; to be Gaussian:
(&) = p(£ 0, 0)
= L g (@2 (A5)
(2m)¥*hs,s, V1 — p2, '

where h is the rms wave height, s, and s, are the rms
wave slopes along two orthogonal directions of a plane
tangent to the mean sphere, and p,, is the correlation
coefficient of the wave slopes along these two axes.
Under these assumptions, the cross section is given by

o)

J e—(g2/2h2)e—[(§+x—u)2/2(r§] dg du,

—o

% f e (ulup)
V2 h ),
(AB)
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where o, = 1/(2s,5,\/ 1 — p3) isthe average normalized
backscattering cross section per unit area at normal in-
cidence.

By integration over &, (A6) can be expressed as

( ZX)
ol —
Cc
0,0,

— 0 f e—(u/ub)e—[(x—u)lem%] du
0

7T0'p

o(t) =

1 X o
= ﬁ(foo‘f 1+ ef V2 o2 e Wuw (A7)
3

where os? = h? + os2.

Let us now consider acircular rain cell of height H,,
half-power diameter d, and displacement x, from the
satellite nadir (Fig. 1). The rain density is assumed to
fall off in a Gaussian manner from the rain cell center.
The cross section can be expressed as

ol(t) =

Oy

7% f e Wwe e v72ri(1+ A(U)) du, (AS)
0

where A(u) is the total attenuation for range u. Within
the rain cell, the rain rate is given by

R = R,e xx0yan2 (A9)

where X, is the rain cell center coordinates and r = d/
(2/In2). Using the small-angle trigonometric approx-
imations, R becomes

R=Re™ 24/2—2H¢x0cos~,+x§/r2), (A10)

where y isthe azimuthal angle. Thetwo-way attenuation
by rain is given by

An = 10 210 — 1 (A11)

where K, is the one-way signal attenuation (dB km~?)
related to the rain rate by the Marshall-Palmer rela-
tionship:

k, = aRP. (A12)

Neglecting the variation of attenuation dueto the non-
linearity of the Marshall-Palmer relation, the attenua-
tion is obtained by integration over v;

-

0,0,

V2

e (x/up)

1+ erf(\/_a>

’7TO'p
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2w
@ (2Hyxg/r?)cosy d’}’

A()) = AgeH0re=6dr?) J

o]

5 2H
= Age” (H2y2Ir2) @ (/) | o <%0) , ( A 13)

where |, is the zero-order modified Bessel function of
the first kind. Using the relationship between u and i,
we obtain

2 2 2472 2 H
A(u) = ARef(xO/r )@ (UHZH'r )I°<xor—2¢,b\/u£>' (A14)
b

Thus, the radar cross section can be expressed as

2x

o | 22

M
- 97 ik A e )

~Var m;) ,

o | Y y
X e*[(X*U)Z/ZU%]f(uluh)lo 2X0 2¢b o du,
0 r U,

(A15)

g (up)

1+erf<

where u, is defined by
,— U(1+ Hia)
1+ (uH)Ir?

For arain cell of diameter d and constant rain rate
R, by simple geometric consideration we obtain

(A16)

2x OO X OO
—|= =1 + erf e W + ——A
UN( c ) \V2m (\/5 crp) 7o,

X j e*[(X*U)Z/ZU%]*(U/Ub)
0

X3 + (H2Uu)/H' — d2>
2x,HV (2u)/H’

X acos(

(A17)

For a rainband of constant rain rate R, of width I,
centered on x,, by simple geometric consideration we
obtain:

H'(—1) H'( + 1)
W) - arccos(w» du. (A18)
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APPENDIX B
TMR Liquid Water Content and Rain Flag

A complete description of the TMR instrument and
brightness temperature algorithm is given in Ruf et al.
(1995), Janssen et al. (1995), and Keihm et al. (1995).
Expressed in terms of kilometers on the ground seen at
nadir from the TOPEX orbit, the half-power beamwidth
is 43.4 km at 18 GHz, 36.4 km at 21 GHz, and 22.9
km at 37 GHz, whereas the effective altimeter footprint
diameter is on the order of 3 km (TOPEX 1989). Since
the three channels may not integrate the same atmo-
spheric patterns, ground processing partly solves the
problem by averaging along-track brightness tempera-
tures (TOPEX 1992). Therain flag, given in the merged
TOPEX/Poseidon products, is based on an algorithm for
detecting excess liquid water in the atmosphere (AVISO
1992). The atmospheric liquid water content L, (mm)
is calculated from the TMR brightness temperatures T,
at 18, 21, and 37 GHz (Keihm et al. 1995; S. Keihm
1995, personal communication), using the following re-
lationship:

L,=(A+ B) X 103 (B1)
A = —2280.4 — 12.241T, — 5.128T,
+ 28.964T,_. (B2)
If A > 600, then

B = 0.43(A — 600) + 0.0003(A — 600)2. (B3)
Otherwise, when A < 600, B = 0.
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