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Existing wind speed algorithms for satellite altimeters have been developed from data in the 
range 0 to 20 m/s. At higher wind speeds the available algorithms diverge alarmingly. By 
comparing Geosat altimeter values of the radar cross section with model predictions of the surface 
winds during satellite overpasses of tropical cyclones, a wind speed algorithm valid for wind speeds 
between 20 and 40 m/s is developed. There is, however, considerable scatter in these data. An 
error analysis shows that this observed scatter is consistent with the accuracy to which the tropical 
cyclone wind fields can be inferred. An approximately linear dependence of the radar cross section 
on wind speed is, however, clearly evident within these data. At the lower limit of its applicability 
(U10 - 20 m/s), these data are consistent with the previously derived algorithms. At its upper 
limit (U10 - 40 m/s), mean squared slope values inferred from the radar cross section are 
consistent with the theoretical upper limit. 

1. INTRODUCTION 

Satellite radar altimeters (ALT) were primarily developed 
for the measurement of sea surface elevation, from which 
such properties as the large-scale ocean circulation can be 
inferred. In addition, they can determine significant wave 
height quite accurately and wind speed to a lower accuracy 
[Fedor and Brown, 1982]. Multichannel microwave radiome- 
ters (such as SSM/I) can also measure wind speed. They 
provide a significantly greater spatial coverage than ALT but 
at poorer spatial resolution. The instrument of choice for the 
determination of surface wind speeds from an orbiting plat- 
form is generally regarded as the scatterometer (SCATT) 
[Chelton and McCabe, 1985]. While there are many years of 
data and global coverage from a number of ALT missions, 
SCATT data are still very limited. As a result, a consid- 
erable body of work has concentrated on methods for the 
accurate determination of wind speed from ALT data. 

To date, there have been four satellite altimeters from 
which useful estimates of wind speed could be made. The 
first of these was GEOS 3, which operated for a period of 
approximately 3.5 years until December 1978. Seasat had 
both ALT and SCATT but operated for the relatively short 
period from July 1978 until October 1978. The most com- 
prehensive high-quality ALT data available to date were 
provided by Geosat, which operated from March 1985 until 
September 1989. Recently (July 1991), ERS 1, which carries 
both ALT and SCATT, has been launched. 

A number of different algorithms have been proposed for 
the determination of wind speed from the radar cross sec- 
tion (r0 (see section 2). A variety of techniques have been 
used to derive these algorithms, but all are based on data 
below approximately 20 m/s. Although these various algo- 
rithms produce comparable results in the parameter range 
for which they were developed, when extrapolated to wind 
speeds above 20 m/s they yield very different results. In- 
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deed, there have been suggestions that ALT data may not 
be suitable for the determination of high wind speeds. [Wit- 
ter and Chelton, 1991]. 

In this paper, an indirect technique is used to determine 
an approximate relationship between the Geosat ALT radar 
cross section and wind speed for values of U10 ranging be- 
tween 20 and 40 m/s. This is achieved by examining data 
from Geosat tracks which pass through the centers of ma- 
ture tropical cyclones (or hurricanes or typhoons). The well- 
formed vortex motion of such storms makes it possible to use 
relatively simple mathematical models to predict the result- 
ing wind field with reasonable accuracy. The model values 
of U10 can then be used to form a synthetic calibration data 
set for high wind speeds. 

2. EXISTING WIND SPEED ALGORITHMS 

Satellite radar altimeters view the water surface at near 

normal incidence (nadir). At such angles, scattering occurs 
from the rough surface by specular reflection [Jackson et 
al., 1992]. As the surface roughness increases, the scattering 
increases and the power of the reflected radar pulse, as mea- 
sured by (r0, decreases. A convenient measure of the surface 
roughness is the mean squared surface slope, 

(1) 

where F(k_) is the directional wavenumber spectrum and k 
is the wavenumber vector. The radar cross section tr0 is ap- 
proximately inversely related to < s 2 > [Moore and Fung, 
1979; Barrick and Swift, 1980; Ghelton and McCabe, 1985]. 
In addition, for U10 < 20 m/s there is an approximately lin- 
ear relationship between U10 and • s 2 > [Cox and Munk, 
1954; Haimbach and Wu, 1985; Hwang and Shemdin, 1988; 
Jackson et al., 1992]. Data are not available for higher wind 
speeds, but on the basis of the argument that the momentum 
flux from wind to waves should not exceed the wind stress, 
Plant [1982] has proposed an upper limit to the wave slope. 
Jackson et al. [1992] have expressed this limit in terms of 
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mean squared slope as < s 2 > < 0.08. The existence of 
such a limit, together with the approximately inverse rela- 
tionship between (r0 and < s 2 > (ie., small errors in < s 2 > 
result in large errors in the derived value of U10), implies an 
upper limit to wind speeds at which ALT can provide useful 
data. At high wind speeds, however, enhanced white cap- 
ping may lead to further scattering in a manner similar to 
that described by Banner and Fooks [1985]. Hence the up- 
per limit to the wind speed at which reliable data can be 
obtained from ALT is unknown. 

2.1. Brown's Algorithm 

Brown et al. [1981] compared a total of 184 values of 
wind speed derived from buoy measurements with values 
of GEOS 3 (r0. The data were in the range from I to 18 
m/s. The resulting algorithm, commonly called the Brown 
three-branch algorithm, is 

5 

Ulo- • an Wn W< 16m/s 
- (2) 

U•0 - W W > 16 m/s 

where 

a• -- 2.087799, a2 -- -0.3649928, aa- 4.062421 x 10 -2, 
a4 -- --1.904952 x 10 -a, a5 -- 3.288189 x 10 -5 , 

and 

W - exp[(10 -(ø'2•+aø/•ø) - B)/A] 

McCabe [1985] argued that the averaging process employed 
would ensure that errors due to this spatial separation would 
have zero mean. A total of 1947 averaged values were con- 
sidered in the wind speed range 3 to 14 m/s. The resulting 
algorithm was 

Ulo - 0.943 x 10 [('•øl•ø-a)lH] (s) 

where G = 1.502, H = -0.468, (r0 has units of decibels, 
and the factor of 0.943 has been included here to convert 

the original algorithm from 
Chelton and McCabe [1985] noted that there was an in- 

dication in their data that (3) overestimated U•0 at high 
winds (greater than 12 m/s) and that although (3) and (2) 
agreed well over the range of wind speeds for which data were 
available, they diverged significantly at high wind speeds. 

2.3. Goldhirsh and Dobson Algorithm 

In order to develop an algorithm for use with Geosat un- 
til more detailed cahbration data became available, Gold- 
hirsh and Dobson, [1985] reviewed the algorithms proposed 
by both Brown et al. [1981] and CheVron and McCabe [1985]. 
Rather than adopt the Chelton and McCabe [1985] algo- 
rithm, which is based on indirect measurements of wind 
speed from SCATT, they smoothed the Brown three-branch 
algorithm with a fifth-order polynomial. 

5 

U•o - • a•a½ (4) 
r•--0 

with (r0 being the radar cross section expressed in decibels 
and 

A- 0.080774, B--0.124651:(r0 < 10.12 dB 
A - 0.039893, B - -0.031996' 10.12 dB <_ (r0 < 10.9 dB 
A - 0.01595, B - 0.017215: a0 >_ 10.9 dB 

Because the GEOS 3 and Seasat missions overlapped, Fe- 
dor and Brown [1982] attempted to cross-calibrate the al- 
timeters for the two satellites. They compared 14 simulta- 
neous (within 1 hour) measurements from the two platforms 
and found that within the approximate wind speed range 
from 1 to 10 m/s, the Seasat ALT was 1.6 dB higher than 
the GEOS 3 ALT. Hence they concluded that the Brown et 
al. [1981] algorithm could also be apphed to Seasat provided 
the Seasat values of (r0 were firstly reduced by 1.6 dB. This 
was then confirmed by comparison of Seasat ALT derived 
winds with a total of 87 buoy measurements in the range 1 
to 12 m/s. 

2.2. Chelton and McCabe Algorithm 

Chelton and McCabe [1985] examined the full three 
months of ALT data from Seasat and represented it as a 
temporal average on a 20 by 60 grid. They concluded that 
the discontinuities in the Brown three-branch algorithm lead 
to an unreahstic multimode probabihty distribution of wind 
speeds. To formulate a smooth function, they compared spa- 
tial and temporal averages from Seasat ALT and SCATT. 
Although the regions of the sea surface imaged by ALT 
and SCATT differ by approximately 200 km, Chelton and 

where a0 -- -15.383, al -- 16.077, a2 -- -2.305, a3 --- 
9.896 x 10 -2, a4 --- 1.8 x 10 -4, a5 -- -6.414 x 10 -5, and 
(r0 has units of decibels. The relationship is valid only over 
the range from 2 to 18 m/s for which the polynomial fit was 
applied. 

2.if,. Chelton and Wentz Algorithm 

Chelton and Wentz [1986] pointed out that there were a 
number of weaknesses in the wind speed algorithm devel- 
oped for Seasat by Chelton and McCabe [1985]. Principally, 
the SCATT wind speed algorithm was erroneous. They re- 
analysed the Seasat ALT and SCATT data and developed a 
new algorithm based on data in the wind speed range from 
0 to 21 m/s. Their result was expressed in a tabular form 
and is reproduced in Table 1. 

2.5. Witter and Chelton Algorithm 

Witter and Chelton [1991] attempted to cross-calibrate 
Seasat and Geosat ALT data in order to develop a wind 
speed algorithm for Geosat. As noted earlier, there was 
no overlap between Seasat and Geosat. Hence this cross- 
calibration was achieved by matching the probability dis- 
tributions from the two instruments. Witter and Chelton 

[1991] argued that such a process was valid since variations 
in such distributions between years would be minor. The 
results were again presented in a tabular form (reproduced 
in Table 1) covering the wind speed range between 0 and 20 
m/s. 
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œ.6o Comparison of Existing Algorithms 

Figure 1 shows a comparison of the various algorithms 
described in the preceding sections. There is reasonable 
agreement for wind speeds ranging from 3 to 15 m/s, the 
region for which the bulk of the data exits upon which the 
algorithms were based. At higher wind speeds the various 

TABLE 1. ALT Wind Speed Algorithms of 
Chelton and Wentz [1986] and Witter and Chelton [1991] 

c0, dB 

U10, m/s 

Chelton and Wentz [1986] Witter and Chelton [1991] 

7.0 20.154 
7.2 19.597 
7.4 19.038 
7.6 18.463 
7.8 17.877 
8.0 19.878 17.277 
8.2 19.182 16.655 
8.4 18.455 16.011 
8.6 17.697 15.348 
8.8 16.899 14.669 
9.0 16.049 13.976 
9.2 15.153 13.273 
9.4 14.219 12.557 
9.6 13.260 11.830 
9.8 12.284 11.092 

10.0 11.299 10.345 
10.2 10.315 9.590 
10.4 9.342 8.827 
10.6 8.385 8.059 
10.8 7.458 7.298 
11.0 6.608 6.577 
11.2 5.867 5.921 
11.4 5.216 5.321 
11.6 4.630 4.763 
11.8 4.111 4.252 
12.0 3.656 3.792 
12.2 3.255 3.378 
12.4 2.912 3.014 
12.6 2.628 2.708 
12.8 2.383 2.447 
13.0 2.156 2.208 
13.2 1.955 1.992 
13.4 1.794 1.817 
13.6 1.661 1.676 
13.8 1.536 1.547 
14.0 1.412 1.419 
14.2 1.288 1.292 
14.4 1.166 1.167 
14.6 1.056 1.056 
14.8 0.972 0.972 
15.0 0.916 0.915 
15.2 0.873 0.873 
15.4 0.834 0.833 
15.6 0.795 0.794 
15.8 0.755 0.755 
16.0 0.717 0.716 
16.2 0.677 0.677 
16.4 0.637 0.637 
16.6 0.599 0.599 
16.8 0.559 0.559 
17.0 0.521 0.520 
17.2 0.481 0.481 
17.4 0.442 0.442 
17.6 0.403 0.403 
17.8 0.363 0.363 
18.0 0.324 0.324 
18.2 0.285 0.285 
18.4 0.246 0.246 
18.6 0.207 0.207 
18.8 0.167 0.167 
19.0 0.128 0.128 
19.2 0.089 0.089 
19.4 0.050 0.050 
19.6 0.010 0.011 

algorithms diverge widely. The fact that many of the algo- 
rithms have been developed using indirect techniques such 
as SCATT winds and the comparison of wind statistics be- 
tween years clearly demonstrates the difficulty of obtaining 
such data, even at these relatively low wind speeds. Re- 
cent independent comparisons by Ebuchi et al. [1992] and 
Guillaume and Mognard [1992], however, confirm the perfor- 
mance of these algorithms at low to moderate wind speeds. 

The possibility of obtaining buoy data to extend these re- 
lationships to higher wind speeds is most unlikely. The in- 
strumentation problems under such extreme conditions are 
considerable. In addition, it is necessary to impose tight 
spatial and temporal tolerances between buoy and satellite 
measurements to avoid the introduction of significant errors 
[Brown et al., 1981]. Hence progress must rely on indirect 
means to determine the wind speeds for these severe condi- 
tions. 

3. THE TROPICAL CYCLONE WIND FIELD 

One indirect means of determining wind speed estimates 
for use in calibrating ALT data would be to use meteorolog- 
ical predictions of surface wind speeds. Witter and Chelton 
[1991] have already used meteorological predictions to sup- 
port the theory that interannual variation in the probability 
distribution of winds is small. A statistical approach such 
as this has the advantage that unbiased errors in the pre- 
dictions will have zero mean and hence will not influence 

the result. Applying such predictions to specific points, for 
comparison with instantaneous ALT values of •r0, is likely to 
introduce large errors. Provided there are sufficient points, 
however, such errors should still be randomly distributed 
with zero mean. 

One means of reducing such errors would be to consider 
only meteorological systems for which the wind field can be 
estimated with a reasonable degree of accuracy. An example 
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Fig. 1. A comparison of existing wind speed algorithms together 
with equation (8) (see section 4). All existing algorithms have 
been developed from data sets with U10 < 20 m/s, and hence 
the results shown for U10 > 20 m/s represent extrapolations for 
these data. 
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of this is the wind field within a mature tropical cyclone. 
The structure of the tropical cyclone wind field has been the 
subject of considerable research [Schloemer, 1954; Graham 
and Hudson, 1960; Smith, 1968; Gray and Shea, 1973; Shea 
and Gray, 1973; Simiu et al., 1976; Atkinson and Holliday, 
!977; Wan#, 1978; Holland, 1980]. The vortex-shaped wind 
fields in these well-formed systems are relatively similar from 
storm to storm. This similarity makes the prediction of 
the wind field more reliable than in other less organized 
meteorological systems. Nevertheless, there is variability 
between storms, and a full understanding of the tropical 
cyclone wind field is still lacking. 

Holland[1980] has shown that the wind field can be repre- 
sented in terms of a relatively simple parametric model. Fol- 
lowing Holland [1980], the gradient wind can be expressed 

(p. - po),p (-A/,") ,f Ug - pr • + 4 2 

where Ug is the gradient wind at radius r from the center 
of the storm, f is the Coriolis parameter, p the air density, 
P0 the central pressure, and Pn the ambient atmospheric 
pressure far from the storm. The parameters A and B can 
be expressed in terms of the radius to maximum winds, R, 
as 

630kin 

Fig. 2a. An example of the wind field generated by the Holland 
[1980] tropical cyclone model. The contours are of U10 in units of 
meters per second. The vectors indicate the wind direction. The 
tropical cyclone shown has the followin K wind field parameters: 
P0 - 950 HPa, Elm -- 10 m/s, and/• -- 50 km. The storm 
is propagating directly up the page as shown by the large arrow, 
whose base is located at the center of the storm. 

A (6) 

The dimensionless parameter B defines the shape of the 
wind field with increasing distance from the center of the 
tropical cyclone. Increasing B concentrates more of the 
pressure drop near R. Holland [1980] has shown that B 
can be related to the central pressure P0. A linear fit to his 
data yields 

B - 1.5 + (980 - p0)/120 (7) 

where P0 is expressed in hectopascals (or milhbars). 
Following Shea and Gray [1973], the radial winds are as- 

sumed to spiral in toward the center of the storm with a con- 
stant inflow angle of 25 ø. Also, a first-order asymmetry has 
been applied to the wind field by adding the cyclone forward 
speed Vym to the symmetric flow and rotating the maximum 
to an angle of 70 o to the direction of the cyclone forward 
motion (to the left in southern hemisphere and to the right 
in northern hemisphere). These modifications are consistent 
with the results of Shea and Gray [1973] and Shapiro [1983]. 
Naturally, there can be variability in all these parameters, 
particularly the angle to the maximum winds, which can 
vary significantly between storms [Shapiro, 1983]. The gra- 
dient wind velocity Ug was reduced to U10 (1-min. average) 
by the application of a factor of 0.8 [Powell, 1980]. Hence the 
full wind field is defined by the specification of the position 
of the center of the storm, the central pressure P0, radius 
to maximum winds, R, and the direction and velocity of 
forward translation. 

Figure 2 shows a typical example of the two-dimensional 
wind field generated by the model, together with the distri- 
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Fig. 2 b. The wind speed profile through the center of the tropical 
cyclone shown in Figure 2a alone the line AA. This is typical of 
the wind speed profile which would result for a satellite altimeter 
with a ground track corresponding to AA. 

bution of wind speed along a line through the center of the 
storm. The case shown has a central pressure P0 of 950 HPa, 
a velocity of forward movement Vym of 10 m/s, and a radius 
to maximum winds, • of 50 km. The asymmetric structure 
of the wind field is clear with the maximum wind occurring 
in the crescent-shaped region to the left of this southern 
hemisphere storm. The wind speed profile through the cen- 
ter of the storm (Figure 2b) shows the relatively calm eye of 
the tropical cyclone. The wind velocity increases rapidly to 
a maximum at a distance R from the center before decay- 
ing in an approximately exponential manner with a further 
increase in distance. 
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The model has been compared with recorded data by Hub- 
bert et al. [1991] and extensively validated in a number of de- 
tailed studies for the oil industry on Australia's North-West 
Shelf [B. A. Harper, private communication, 1992). As part 
of these studies, data from 24 tropical cyclones that have oc- 
curred in this region have been compared with model wind 
fields. Generally, the model performs remarkably well, par- 
ticularly for storms with relatively simple tracks and whose 
parameters do not vary rapidly. Model accuracy will be 
limited for two reasons. The first, is the model's inherent 
limitations in representing a possibly complex wind field by 
a relatively simple parametric form; the second, is the abil- 
ity to accurately determine the model parameters defining 
the storm. To give an example of model performance, two 
cases from this extensive database are considered in Figure 
3. The two storms considered here have been selected since 

their respective centers passed directly over anemometer sta- 
tions and they both had relatively simple tracks. In both 
cases, the parameters used in the model were those provided 
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Fig. 3a. Comparison between recorded (dots) and model (solid 
line) values of U10 at North Rankin A platform (--19.58øS, 
116.14øE) during the passage of tropical cyclone Orson in 1989. 
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Fig. 3b. Comparison between recorded (dots) and model (solid 
line) values of U•0 at Barrow Island (--20.82øS, 115.39øE) dur- 
ing the passage of tropical cyclone Ian in 1992. 

by the Australian Bureau of Meteorology, and no attempt 
has been made to optimize the agreement between model 
and data by altering these parameters. 

Figure 3a shows a comparison between the recorded 
and model winds at Woodside Offshore Petroleum's North 

Rankin A gas platform (-19.58øS, 11õ.14øE) during the 
passage of tropical cyclone Orson in 1989. Tropical cyclone 
Orson is the most severe tropical cyclone to have occurred in 
the Australian region since reliable records have been kept 
(50 years). The storm had a minimum central pressure of 
905 HPa at 1030 UT on April 22, 1989, when centered at 
-18.35øS, 11õ.35øE. Six hours later at 1630 UT it passed 
over the North Rankin A platform with a central pressure of 
906 HPa. The maximum wind speed recorded was U10 • 63 
m/s. Unfortunately, shortly after the passage of the eye of 
the storm over the measurement location, the anemome- 
ter failed. The agreement between model and data at the 
peak of the storm is very good. During the approach of the 
storm to the measurement location, the model significantly 
underestimates the wind speed. This can occur for a vari- 
ety of reasons. The model considers only the influence of 
the tropical cyclone vortex, and hence any winds resulting 
from the background synoptic flow are ignored. As a result, 
the model could generally be expected to underestimate the 
wind speed when the storm is distant from the measurement 
location. In Figure 3a, however, it is also likely that the ra- 
dius to maximum winds,/i•, has been underestimated during 
the approach of the storm, and possibly the parameter B 
was too large. 

Figure 3b shows the comparison between model and 
recorded data at Barrow Island (-20.82øS, 115.39øE)dur- 
ing the passage of tropical cyclone Ian in 1992. Tropical 
cyclone Ian was an intense tropical cyclone which reached a 
minimum central pressure of 930 HPa at 0700 UT on March 
1, 1992, when located at -1õ.37øS, 117.15øE. Its intensity 
gradually decreased as it approached Barrow Island, passing 
over the anemometer site at 1830 UT on March 2, 1992, with 
a central pressure of 961 HPa. Both model and recorded 
data indicate a maximum wind velocity of U•0 • 38 m/s. 
The data show a more rapid rise and fall of wind speed dur- 
ing the passage of the storm, indicating the model storm is 
spatially larger than indicated by the data. This is probably 
due to an overestimation of the radius to maximum winds, 
/•, which is generally difficult to estimate without additional 
information. 

These results are indicative of the quality of the wind field 
predictions expected from the model. Differences do occur, 
and as a result, it is important to assess the magnitude of 
such errors and whether they introduce a bias into the re- 
sults. Such an analysis is included in section 4.1ß 

4. THE (r0-U10 RELATIONSHIP FOR HIGH 
WIND SPEEDS 

The Australian Bureau of Meteorology, the U.S. National 
Oceanographic and Atmospheric Administration (NOAA), 
and the Joint Typhoon Warning Centre, Guam, provided 
data on the positions and wind field parameters of all tropi- 
cal cyclones that occurred in their respective areas of inter- 
est during the period of the Geosat missionß When corre- 
lated against Geosat track information, approximately 1500 
Geosat passes occurred within 1000 km of the center of 
a tropical cyclone. A total of 153 individual tropical cy- 
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clones were represented within this database. Although the 
Holland [1980] wind field model has been shown to repro- 
duce reasonably accurate tropical cyclone wind fields, it re- 
quires accurate estimates of the tropical cyclone parameters. 
Hence the database was heavily edited to remove storms for 
which the provided wind field parameters were fluctuating 
or for which the track changed direction rapidly. To ensure 
that there were no errors in the determination of the posi- 
tion of the storm centers, only storms for which the Geosat 
ground track passed through the calm eye of the storm were 
included. Such storms were determined by, first, examining 
only storms for which the reported position coincided with 
a Geosat ground track. Second, only storms for which the 
Geosat values of (Y0 showed a trend consistent with a rapid 
fall in wind speed in the eye of the storm were retained. 
This ensured that the central position of each of the storms 
was accurately determined. Further, provided that it is as- 
sumed that there is a monotonic relationship between (Y0 and 
U10, the radius to maximum winds, /•, can be determined 
from (Y0. That is, /• can be assumed to lie at the mini- 
mum value of (Y0 (maximum U10), the center of the storm 
being at the maximum value of a0 (minimum U10). The ve- 
locity and direction of forward movement were determined 
from successive fixes of the storm central position. As only 
storms with simple track geometries were included, errors in 
these parameters should be minimal. The central pressure 
P0 was taken as the value provided by the relevant meteoro- 
logical institute. The ALT values of significant wave height 
Hs were, however, compared with predicted values from the 
wind wave prediction model of Young [1988] to ensure that 
the quoted central pressures were plausible. 

The editing procedure described above reduced the data 
set to six passes of the satellite. The details of these storms 
are shown in Table 2. These passes represented a total of 
1476 ALT values of (Y0, 192 of which had values less than 
8 dB (indicating U10 • 20 m/s based on the algorithm of 
Witter and Chelton, [1991]). 

Figure 4 shows a scatter plot of the Geosat ALT (r0 val- 
ues against the corresponding values of U10 derived from 
the Holland [1980] model for each of the passes. In addi- 
tion, the Witter and Chelton [1991] result and a linear least 
squares fit to the portion of the data above U10 ---- 20 m/s 
are shown. Although there is significant scatter, obvious 
trends are clear. For U10 • 20 m/s the data falls below 
the Witter and Chelton [1991] result. As explained earlier, 

this occurs since these data are from regions far from the 
centers of the storms where the model could be expected 
to underpredict the actual wind speed due to its neglect of 
the synoptic background flow. This is particularly evident 
at the quite low wind speeds. At 20 m/s, the approximate 
upper limit of validity for the Witter and Chelton [1991] re- 
sult, the agreement is quite good. The minimum velocity 
predicted by the model will be limited by the velocity of 
forward movement, which is simply added to the wind field. 
This minimum wind speed floor in the model is clearly evi- 
dent at low wind speeds in Figure 4. 

For wind speeds above U10 -- 20 m/s, the model could 
be assumed to yield reasonable results, and a clear relation- 
ship is evident between (Y0 and U10, despite considerable 
and not unexpected scatter. In the region where U10 -15- 
25 m/s there is enhanced scatter. Data from cyclone 2 are 
consistently low in this region and data from cyclone 4 are 
high. At higher wind speeds, data from these cyclones are 
once again consistent with the other cyclones. This presum- 
ably indicates either that the wind fields for these storms 
deviated from the form assumed by the model or that there 
was an error in one or more of the parameters specifying 
their respective wind fields. Although these data may ap- 
pear anomalous, they have been retained in the subsequent 
analysis as there is no defensible reason for discarding them. 

•.1. Error Analysis 

The scatter observed in Figure 4 could have a number of 
sources, including errors in the determination of the tropi- 
cal cyclone parameters, inadequacies in the Holland [1980] 
model, the accuracy of the satellite (Y0 values, and small- 
scale variability of the wind field. Provided these errors are 
randomly distributed about some mean, they will not bias 
the result, given sufficient data to form a good statistica• es- 
timate of the mean. Freilich and Dunbar [1993] have shown 
that in certain circumstances wind field estimate errors can 

introduce a net bias in the results. To determine whether 

this is the case in the present application requires a careful 
error analysis. 

•.1.1. Tropical Cyclone Parameters. The Holland [1980] 
wind field model described in section 3 is fully defined by the 
specification of six parameters: the central pressure P0; the 
profile shape parameter B; the radius to maximum winds/•; 
the velocity of forward movement Vim; the angle to maxi- 

Table 2. Relevant Parameters of the Tropical Cyclones for Which Geosat 
Altimeter Ground Tracks Passed Through the Eye of Each Storm 

Cyclone Date Time Position Central Pressure 

UT Latitude, Lon$itude, 0 E HPa 

I March 3, 1987 0650 -19o38, 194.24 982 

2 Jan. 9, 1988 1928 -10.87, 169.85 962 

3 Jan. 9, 1988 1936 8.51,161.01 968 

4 Oct. 2, 1988 1628 14.55, 130.91 973 

5 Feb. 25, 1989 1828 -19.80, 74.65 958 

6 July 9,1989 1313 17.80, 116.28 991 
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Fig. 4. A scatter plot of the Geosat altimeter radar cross section (r 0 versus wind speed for the passes through 
the six tropical cyclones (TC) described in Table 2. The algorithm of Witter and Chelton [1991] is shown as a 
comparison. Least squares linear fits to the data with a10 > 20 m/s are also shown. The solid curve (equation 
(8)) represents the mean values of the Monte Carlo simulation; the dashed curve is the result if no Monte Carlo 
simulation is conducted (ie., mean wind field parameters used to determine a10). 

mum winds Omax; and the direction of forward movement of 
the storm, Os. Uncertainty as to the values of any of these 
parameters will lead to potential errors in the determination 
of the wind field. To assess the potential impact of such er- 
rors, an extensive Monte Carlo simulation was conducted. 

In this analysis it was assumed that errors in Vim and 
Os would be minor. This is a reasonable assumption since 
only storms with simple tracks and for which the satellite 
passed through the eye of the storm were considered. Hence 
the track and forward motion of the storm were well defined. 

The other four parameters were assumed to be random vari- 
ables distributed normally about their mean values for each 
storm. The adopted standard deviations of the normal prob- 
ability distribution for each parameter are summarized in 
Table 3. 

The determination of these values of fin is to some extent 
subjective; the rationale for the present choices is, however, 
described below. For variables which follow a normal prob- 
ability distribution, 68% of values will lie within :krrn of 
the mean and 95% within q-2ffn. The radius to maximum 
winds, /i• was determined from the minimum value of if0 
recorded by the altimeter. Noise in the radar if0 values as 
well as the spatial resolution of the ALT footprint (• 8 km) 
could influence/i•. The footprint resolution could introduce 
a maximum error of approximately 4 km. A value of fin -- 5 
km appears consistent with the possible error. In contrast 
to /i•, which is reasonably accurately defined, the central 
pressure P0 is often difficult to determine with precision for 
tropical cyclones which are distant from land. The adopted 

value of (rn : 10 HPa appears consistent with the preci- 
sion of such estimates [Dvorak, 1975]. The parameter B has 
been determined for the chmatological relationship (7). As 
such, its precision is difficult to estimate. Holland [1980] 
has, however, shown that it must lie between 1.5 and 2.5. 
On the basis of this possible range, a value of (rn = 0.2 was 
adopted. As mentioned earher, there can be significant vari- 
abihty in the position of the maximum winds. To reflect this 
uncertainty, the quite large value of (rn = 50 o was adopted 
for this parameter. 

The intention of the Monte Carlo simulation is to deter- 

mine whether these random errors introduce any net bias 
in the results and whether the observed scatter is consistent 

with such errors. Hence it is believed that the necessarily 

Table 3. Assumed Values of Standard Deviation •Yn 
Used for Each of the Tropical Cyclone Wind 

Field Parameters in the Monte Carlo Simulation 

Parameter Standard Deviation 

P0 10 HPa 

B o.2 

R 5km 

Omax 50 0 
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subjective determination of the an values will not detract 
from these goals. 

For each satellite value of •0, 1000 individual estimates 
of U10 were generated by randomly selecting values for each 
of the wind field parameters. The randomly selected val- 

ues for each parameter satisfied the normal distribution for 
that parameter. The mean and 5 and 95 percentfie points 
in the resulting distribution of U10 were then selected for 
each value of or0. A sensitivity analysis was also conducted 
in which the 1000 realizations were increased to 5000 to en- 
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sure sufficient points had been used to accurately define the 
resulting distributions. The results were, for practical pur- 
poses, identical. 

In order to understand the sensitivity of the results to 
the assumed probability distributions, a further set of sim- 
ulations were performed where only one of the parameters 
was allowed to vary at a time. The results for tropical cy- 
clone 5 are shown in Figure 5. This figure shows the results 
when no Monte Carlo simulation was conducted, when the 
parameters were considered one at a time and, finally when 
all parameters were simultaneously included in the simu- 

ß lation. Figures 5a-5] show the mean as well as the 5 and 
95 percentlie points in the resulting U10 distribution. Not 
surprisingly, the major influence is caused by P0, particu- 
larly at the high wind speeds. These points are near the 
center of the storm where changes in the central pressure 
have most effect. The radius to maximum winds, 1•, and 
parameter B have a smaller influence. Despite the large 
value of an selected for Omaz, this parameter introduces a 
relatively small amount of scatter in the results. It is the 
only parameter, however, that introduces variability to the 
low wind speed values obtained from points far from the 
storm center. When all parameters are combined, a trend 
consistent with the data shown in Figure 4 emerges. The 
confidence limits on the low wind speed data are relatively 
small. With increasing wind speed these confidence limits 
gradually increase. 

,i.l.2. Errors in (to. Another possible explanation for the 
observed scatter in the data are errors in the satelhte derived 

values of a0. The rms error for (r0 is approximately 0.3-0.5 

dB [Dobson et al., 1987]. The reducing slope of the •r0-U10 
relationship (Figure 4) means that errors in (r0 are magnified 
with increasing U•0. Such errors would introduce no net bias 
into the derived relationship but would certainly account for 
some of the observed scatter. 

An error source, however, which could introduce a net 
bias in the result would be the influence of atmospheric pre- 
cipitation. The tropical cyclones considered in this study 
will almost certainly be accompanied by significant preci p - 
itation. Emery et al. [1990] have shown that atmospheric 
water vapor degrades the radar return and hence would re- 
duce the observed values of (r0. As well as influencing the 
radar transmission through the atmosphere, rainfall affects 
the water surface directly. Tsirnplis and Thorpe [1989] show 
that rainfall tends to attenuate the high wavenumber com- 
ponents of the wave spectrum. This would result in less 
radar scattering and higher vaJues of (r0. 

Of the two effects mentioned above, one acts to increase 
(r0, the other to decrease it. The relative magnitudes of these 
two effects are difficult to quantify. It would be possible to 
make an estimate of the atmospheric water vapor for the 
tropical cyclones under consideration and hence correct (r0. 
A correction for the direct effects of the rainfall on the water 

surface, however, would require a quantitative understand- 
ing of the high wavenumber attenuation caused by rainfall, 
As such a quantitative understanding is not available, no 
corrections for either of these effects have been attempted. 
The above discussion is intended to alert the reader to the 

possible consequences of such effects. 
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d.œ. ero-U1o Algorithm 

To derive an approximate algorithm for high wind speeds, 
a linear least squares fit to the Monte Carlo results was 
performed for data in the region Ui0 > 20 m/s. The result 
is shown in Figure 4, indicating that the inclusion of the 
Monte Carlo analysis produces only a minor difference in 
the fit to the data. The best fit result is 

U10 • -6.4er0 + 72 (8) 

where U10 has units of meters per second and er0 has units 
of decibels. This result is shown in Figure 6, along with 
the 95% confidence limits obtained from the Monte Carlo 

analysis. These confidence limits are consistent with the 
observed data scatter. The magnitude of the scatter should 
be noted. As an example, for •r0 = 7 dB, (8) yields Ui0 = 
27 m/s but with 95% confidence limits between 20 m/s and 
35 m/s. In view of this scatter, there seems little validity in 
attempting anything other than a linear fit. 

Jackson et al. [1992] show that the mean square slope 
< s 2 > can be related to the radar nadir cross section by 

where P•n -- 0.38. Figure 7 shows the data of Figure 6 
expressed in terms of < s 2 > using (9), together with the 
95% confidence limits on the result. The theoretical upper 
limit to < s 2 > proposed by Plant [1982] and Jackson et al. 
[1992] is also shown. Except for the data outliers mentioned 

earlier (tropical cyclone 2), the data are generally below the 
Plant [1982] limit. 

5. DISCUSSION AND CONCLUSIONS 

Existing wind speed algorithms for spaceborne altimeters 
have been developed from data within the range U10 = 0 to 
20 m/s. When extrapolated to higher wind speeds, the var- 
ious algorithms yield divergent results. As the probability 
of obtaining data at wind speeds in excess of 20 m/s during 
a satellite overpass is extremely low, progress in extending 
the wind speed algorithm to higher values requires an in- 
direct means of determining the surface wind speed. One 
means of achieving such estimates would be to rely on me- 
teorological predictions of wind speed. The success of such 
a process, however, is critically dependent on the accuracy 
of these predictions. 

In an effort to reduce possible errors, this study examined 
Geosat passes that traversed the eyes of mature, stable trop- 
ical cyclones. These meteorological systems produce intense 
winds that, due to the nature of the well-organized pressure 
field, can be predicted with reasonable accuracy using ana- 
lytical models. On the basis of the predicted wind fields for 
six tropical cyclones, an estimate of the Geosat ALT wind 
speed algorithm for wind speeds between 20 and 40 m/s has 
been made. 

An extensive Monte Carlo simulation was conducted to 

assess the consequences of uncertainty in the wind field es- 
timates. The analysis indicates that wind field model errors 
introduce no net bias in the result. The Monte Carlo simu- 

lation does, however, explain a significant proportion of the 
observed scatter. 
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Owing to the significant data scatter and the inherent 
lack of accuracy of the altimeter at high wind speeds, the 
resulting wind speed algorithm is only an estimate. The 
results, however, show a clear trend within the scatter. The 
result is supported by the fact that at its lower limit of 
applicability (U10 -- 20 m/s), it is consistent with the higher 
quality low wind speed algorithms. A further check on the 
result can be made by determining the water surface mean 
squared slope corresponding to the measured radar cross 
section, for which there is a theoretical upper limit. The 
data generally lie below this limit, indicating that it has 
not saturated and contains information on the surface wind 

speed. 
It is unlikely that altimeters can be used to obtain highly 

accurate wind speed predictions at high wind speeds. The 
results presented above show, however, that estimates of the 
wind speed can be made from altimeter data for wind speeds 
up to 40 m/s. 
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