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ABSTRACT

Upper tropospheric temperature anomalies are detected in brightness temperature data from the
Nimbus 6 Scanning Microwave Spectrometer (SCAMS). Brightness temperature anomalies are related
to surface pressure anomalies through the radiative transfer and hydrostatic equation. Surface wind
speeds at outer radii are then estimated using the gradient wind equation and a shearing parameter. The
method is first tested using simulated satellite data constructed from temperature, pressure and height
data recorded by aircraft reconnaissance of four hurricanes. Wind speeds in the 80—-95 kPa region are
estimated with 2-3 m s~! accuracy. Next, 55.45 GHz SCAMS data over eight typhoons during 1975 are
used to estimate the radii of 15.4 m s=* (30 kt) and 27.5 m s~ (50 kt) winds. Accuracies of about +80 and
*+70 km, respectively, are found. It is suggested that the technique be further tested using data from the
Microwave Sounding Unit (MSU) on board the TIROS-N and NOAA 6 satellites.

1. Introduction

Over large areas of the oceans, the only feasible
method for monitoring tropical cyclones is through
the use of satelliteborne instrumentation. Since the
launch of the first meteorological satellite in 1960,
scientists have been collecting such data. Today the
data are abundant and the challenge is to translate
the raw data into accurate estimates of meteorologi-
cal parameters.

One of the most important parameters of a tropi-
cal cyclone is surface wind speed. Among the uses
of surface wind speed information are the following.
Numerical models of storm motion need the wind
speeds as input. Those responsible for routing ships
need to chart courses which are outside the radius
of 30 kt winds. Storm surge models are very sensi-
tive to wind speed. Over the years a great deal of
work has gone into the estimation of maximum
sustained surface wind speed (intensity). The cul-
mination of these efforts is the widely used Dvorak
(1975) technique which is based on a correlation of
intensity with cloud patterns. Unfortunately, the
Dvorak technique does not estimate wind speeds
at outer radii which are poorly related to intensity
(see Gray and Frank, 1978, Tables 14 and 15). Re-
cently, however, because of their importance to
ship routing and storm surge prediction (Jelesnian-
ski and Taylor, 1973), outer winds have become a
topic of interest. Rodgers et al. (1979) have obtained
good estimates of low-level wind speeds around
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tropical cyclones by tracking clouds in high-fre-
quency (7.5 min) GOES (Geosynchronous Opera-
tional Environmental Satellite) images. Initial re-
sults from the Seasat-A Scatterometer System
(SASS) and the Scanning Multichannel Microwave
Radiometer (SMMR)?, also on board Seasat, in-
dicate that in the future, these instruments may be
able to estimate surface wind speeds around tropical
cyclones by observing the sea state (Jones et al.,
1979; Lipes et al., 1979).

In a previous paper (Kidder et al., 1978) we pro-
posed a microwave technique for estimating surface
wind speeds at outer radii which has several poten-
tial advantages over other techniques. First, it is
suitable for use with the Microwave Sounding Unit
(MSU) on board the current polar-orbiting opera-
tional satellites (TIROS-N and NOAA 6). Second,
it requires only a small amount of computing and no
special equipment, such as video displays. Third, it
utilizes routinely available data; no special obser-
vations are needed. Fourth, the technique is unaf-
fected by the extensive cloudiness which surrounds
a tropical cyclone. And finally, it is an objective
technique based soundly on the radiative transfer,
hydrostatic and gradient wind equations. Note that
in related work Grody et al. (1979) have used micro-
wave data to estimate weighted mean tropospheric
wind speeds around Typhoon June (1975).

In this paper we drive a more exact relationship
between satellite-observed brightness temperatures
and surface wind speeds than presented in Kidder

* SMMR is also on board the Nimbus 7 satellite.
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et al. (1978). The theory is first tested using simu-
lated satellite data constructed from aircraft recon-
naissance of four hurricanes. The theory is next
tested using data from the 55.45 GHz channel of the
Nimbus 6 Scanning Microwave Spectrometer
(SCAMYS) to estimate the radii of 15.4 m s~ (30 kt)
and 25.7 m s~! (50 kt) winds in eight West Pacific
typhoons during 1975. We call this technique the
Surface Wind Inference from Microwave data
(SWIM) technique.

2. Theory

The high surface winds in a tropical cyclone are
caused by surface pressure gradients which are in
turn caused by warm temperature anomalies in the
upper troposphere. The basis of the SWIM tech-
nique is that microwave radiometers can measure
the upper level warming which may then be related
to surface winds.

a. Tropical cyclone temperature structure

Shown in Fig. 1 are the mean temperature anoma-
lies (difference from storm environment) for west
Pacific typhoons and for Atlantic (West Indies) hur-
ricanes as composited from rawinsonde data by
Ninez and Gray (1977). The two main features of
the curves are 1) the large positive anomalies peak-
ing between 25 and 30 kPa and extending several
hundred kilometers from the storm center, and 2) the
remarkable similarity in the shape of the profiles
at different radii. Specifically, the temperature
anomaly is well approximated by

T'(r,2) = a(r)T(2), §))

where T(z) is a standard known temperature anomaly
profile (slightly different in the different oceans)
and a(r) is a strength parameter, which will be dif-
ferent for different storms. That this relationship
is not an artifact of the compositing procedure may
be seen in plots of temperature anomalies in in-
dividual storms (e.g., in LaSeur and Hawkins, 1963;
Hawkins and Rubsam, 1968; Hawkins and Imbembo,
1976).

It must be noted that the profiles shown in Fig. 1
have been modified slightly from those presented in
Nufez and Gray (1977). First, because there were
few statistically significant temperature anomalies
at low levels, the profiles were extrapolated to zero
at 100 kPa in the Pacific and at 70 kPa in the Atlan-
tic. Second, small cold anomalies exist above the
storms due to overshooting Cb cloud tops and/or
radiative cooling. Because data are sparse at upper
levels, this cooling was parameterized as follows.
In the Atlantic, where storms are shallower
than in the Pacific, the cooling was assumed to be
zero at 16.25 kPa and 5 kPa and to be parabolic be-
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F1G. 1. Mean temperature anomalies in 1° radial bands for
(a) West Pacific typhoons and (b) Atlantic (West Indies) hur-
ricanes (after Ninez and Gray, 1977).

tween with the amplitude determined by the 20 kPa
anomaly such that the slope was continuous across
16.25 kPa. This parameterization fits the data rather
well (see Kidder, 1979). In the Pacific, the cooling,
shown schematically with the dotted line in Fig. la,
was ignored because of statistical uncertainty in
rawinsonde data at that altitude. It also made no
difference in the calculations presented below.
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Fi1G. 2. Weighting functions for (a) the Nimbus 6 Scanning
Microwave Spectrometer (SCAMS) and (b) the TIROS-N/NOAA
Microwave Sounding Unit (MSU) in the 15° North Annual
Atmosphere.

b. Radiometer characteristics

The SCAMS instrument is a five-channel radiom-
eter sensing radiation nominally at 22.235, 31.65,
52.85, 53.85 and 55.45 GHz (Staelin et al., 1975a).
The lower two frequencies are used to estimate
integrated liquid water and water vapor (Grody,
1976). The upper three channels, which are on the
wing of an oxygen (O,) absorption band, are used to
sound the atmosphere. In the absence of scattering
[due to particles of diameter = 0.2 mm (i.e., pre-
cipitation)] the brightness temperature measured by
channeli(i = 3, 4, 5) of the radiometer is given by a
form of the radiative transfer equation:

Ts = eTym; + J T Wiz)dz, @

(1}
where ¢; is the surface emittance, 7; the transmit-
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tance from the surface to the satellite, T, the surface
temperature, T(z) the atmospheric temperature at
height z and W (z) a weighting function (Staelin
etal., 1975a). W(z) and ¢; are both weakly dependent
on temperature but more strongly dependent on scan
angle. Fig. 2 shows the weighting functions for the
SCAMS and for the MSU on board the TIROS-N
and NOAA 6 satellites. The 15° North Annual
Atmosphere was used to construct these weighting
functions, and it was assumed that the surface was
the ocean where ¢; is ~0.5. .

At frequencies which peak in the upper tropo-
sphere, warm brightness temperature anomalies
should be observed over tropical cyclones. These
warm anomalies were first observed in 55.45 GHz
SCAMS data over Typhoon June of 1975 by Rosen-
kranz and Staelin (1976) and Rosenkranz ez al. (1978)
and over other storms by Kidder et al. (1978). All
of the above authors concluded that the brightness
temperature anomalies were not caused by clouds,
which are far too transparent to cause anomalies of
several kelvin (Staelin et al., 1975b; Kidder, 1979)
or by precipitation, which will be frozen (and thus
much less able to interact with microwave radia-
tion) at the levels sensed by the SCAMS 55.45 GHz
channel. The brightness temperature anomalies are
directly related to thermodynamic temperature
anomalies in the storms as shown in Fig. 1. The
object of this paper is to translate these satellite-
observed brightness temperature anomalies into
storm parameters of interest to the meteorologist.

c. Surface pressure equation

Warming in the upper troposphere is responsible
for the surface pressure drop in tropical cyclones.
Because satellite-measured brightness temperature
(at certain frequencies) is a measure of this upper
warming, brightness temperature ought to be related
to surface pressure. It was shown in Kidder et al.
(1978) that 55.45 GHz brightness temperature
anomalies are statistically correlated with central
pressure. A more exact relationship may be derived
as follows. At a frequency for which the transmit-
tance from the surface to the satellite is vanishingly
small, the surface term in Eq. (2) may be neglected.
Thus

Tg = J T(z)W(z)dz. 3)
0

If the atmospheric temperature is divided into en-

vironmental temperature T, plus temperature per-

turbation T, and if Eq. (1) is used to express 7',

we can write

T, = J T W@z + [ T(r)Wedz (4

o 0
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or

Tg = Tp, + afr) r T(z)W(z)dz,

0

)

where T, is the environmental brightness tempera-
ture. In the above, the small variation of the weight-
ing function with temperature has been neglected.
The surface pressure outside of the radius of maxi-
mum wind can be obtained from the hydrostatic
equation.® If the hydrostatic equation is integrated
from the surface to a height such as the S kPa level
which is undisturbed by the storm (Frank, 1977),
we have
g Hr dz
Inp; = Inp, + = _— 6
Ps pr+ 5 L T (6)
Substituting for 7(z) as above and using the binomial
expansion, keeping only terms linear in a(r), yields

Hr

Inp, = Inp, — a(r) _g_J l(z_)

R Jy Ti@)

where p, is the environmental surface pressure, and

H, the height of the 5 kPa surface. The unknown

a(r) may now be eliminated between Egs. (5) and
(7) to yield :

Alnp, = —AAT,, (8)

where A indicates a departure from the environ-
mental value and A is given by

g fHT T(z)
= ——dz
R |, T2(@)

dz, @)

A= ®

J T()W(2)dz
0

Eq. (8) relates surface pressure anomalies to
anomalies in a satellite-observed quantity (bright-
ness temperature). Its usefulness depends on the
characteristics of the coefficient A. Of chief concern
is the uncertainty in the calculated value of A. An
alternate method for calculating A which is slightly
more accurate than Eq. (9) [because it takes into
account the small variation of W(z) with tempera-
ture] is to calculate the brightness temperature for
a storm environment, then to perturb the environ-
mental temperature with one of the profiles in Fig. 1
and calculate the surface pressure and brightness
temperature anomalies. When this procedure was
carried out using Pacific and Atlantic environmental
soundings from the work of Nufiez and Gray (1977)
and atmospheric absorption coefficients calculated
using the formulas of Liebe and Gimmestad (1978)
and Liebe er al. (1977), the values of A listed in

3 See Kidder (1979) for a demonstration that on space scales of
100 km the hydrostatic equation is valid in tropical storms.
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TABLE 1. Values of the coefficient A (K™') as a function

of radius.
Radial band
(deg latitude) 55.45 GHz 54.96 GHz
Atlantic
0-1 1.13 x 10~ 0.66 x 102
1-2 1.10 0.66
2-3 1.07 0.64
3-4 1.03 0.62
4-5 1.01 0.62
5-6 0.94 0.54
6-7 0.85 0.51
Mean 1.02 x 1072 0.61 x 1072
Standard deviation 0.09 x 102 0.06 x 1072
Pacific
0-1 0.90 x 102 0.82 x 1072
1-2 0.94 0.83
2-3 0.98 0.84
3-4 0.99 0.86
4-5 1.02 0.87
5-6 0.95 0.85
6-7 0.83 0.80
Mean 0.95 x 102 0.84 x 102
Standard deviation 0.06 x 1072 0.02 x 102

Table 1 resulted. There seems to be no systematic
variation in A with radius, and the standard devia-
tions of the samples are less than 10% of the mean
values. Furthermore, A seems to be fairly insensi-
tive to changes in the environment. Changing to the
U.S. Standard Atmosphere changes A only ~12%.
Similarly, switching an Atlantic temperature anomaly
profile to a Pacific profile only changes A by ~11%.
It thus appears that the coefficient A can be cal-
culated from existing data, and it has a rather small
uncertainty.

Kidder et al. (1978) showed a high correlation
(—0.86) between central surface pressure and the
brightness temperature anomaly at the center of the
storm. Although there are problems with this rela-
tionship due to the eye having a variable diameter,
the high correlation is explained by Eq. (8).

d. Surface wind speed

If one has an estimate of the surface pressure
gradient, one ought to be able to estimate the sur-
face wind speed. Our simple approach to this prob-
lem is the following. Although surface pressure in
tropical cyclones is nearly symmetric about the cen-
ter (Frank, 1977), wind speeds are notoriously asym-
metric. Most of that asymmetry at radii = 1°, how-
ever, can be explained by the motion of the storm
(George and Gray, 1976). Therefore, we assumed
that at gradient level (~85 kPa) the relative winds
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(storm motion subtracted) were symmetric and to a
close degree in gradient balance,? i.e.,

d Inp;

Ve
— + fV, = RT, s (10)
r or

where V is the relative wind speed at gradient level,
r the radius, R the gas constant, T the temperature
at gradient level, f'the Coriolis parameter, and p, the
surface pressure. The surface pressure has been sub-
stituted for the pressure at gradient level because,
by the hydrostatic equation, the radial gradient of
the logarithms of the two pressures will be identical
if the radial gradient of temperature between the two
levels is small, which is the case (Fig. 1). Substitut-
ing from Eq. (8) yields

Ve

oT
-_ + fVG = —ARTG B
r

an

Eq. (11) relates relative wind speed at gradient level to
satellite-observed brightness temperature gradients.

If satellite data were noise-free, one could take
any two brightness temperature observations near
-a tropical cyclone and estimate the gradient level
wind speed between them from Eq. (11). Unfor-
tunately, the SCAMS instrument has about 0.5 K

1 —4r _ 1 -2x\2 3 3f

x—zpr N(Zr )]C x(1 - x)

+{_2f"i_
a1 -xy

where y = ART;T5.

One additional parameter is necessary. We used a
simple shearing parameter to relate the surface wind
speed to the wind speed at gradient level, i.e.,

V, = uVe. (15)

Based on the work of Bates (1977) and Gray and
Frank (1978), 0.7 was chosen as the value of . Be-
cause wind speeds above gradient level change slowly
in comparison with those below gradient level
(Frank, 1977; Bates, 1977), accurate knowledge of
the height of the gradient level is not required.

The SWIM technique for estimating surface wind
speeds from satellite-observed brightness tempera-
tures can then be summarized as follows:

1) Average the brightness temperatures in radial
bands about the storm center. [We used 56 km (}2°)
bands.]

2) Choose an appropriate value of x (see next
section). .

4 This assumption is not true at the surface where friction is
large. Surface wind speeds will be derived from gradient level
wind speeds by a simple parameterization of frictional effects.
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noise equivalent brightness temperature which would
result in extremely noisy winds. It is therefore
desirable to smooth the data before calculating the
winds. One way to accomplish this smoothing is to
assume a functional form for wind speed with radius.
A suitably simple function proposed by Hughes
(1952), Riehl (1954, 1963), and others is

V =Cre. (12)

The exponent x would be 1 for parcels conserving
their angular momentum. Near the surface where
friction is large, x is near 0.5 (Riehl, 1963; Gray and
Shea, 1973). The effect of changing x will be dis-
cussed later. Inserting Eq. (12) in Eq. (11) and in-
tegrating with respect to r holdmg C,x,f,Aand T
constant, gives

y2x ri-x

Ty = (ARTG)—‘(C2 ST fc

) + T, (13)
I -x

where T, is an integration constant. Given a field
of satellite-measured brightness temperature around
atropical cyclone, one can average the temperatures
in radial bands about the storm center (an additional
smoothmg technique) and calculate the C which
glves the best least squares fit to the data. This C
is the real, positive root® of

[z r1—3z — N- (z r—2r)(z rl—x) ]Cz

[ e G E ] - )—f[z yrete = (S (S 1) ]]c

2f
1 —x

1
+ {z yrior = (8 (S rlﬂ)} =0, (14

3) Calculate C with Eq. (14).

4) Calculate surface wmd speeds using Eqgs. (12)
and (15).

5) Add the storm motion to the relative winds to
obtain the asymmetric wind field.

The technique was tested using, first, simulated
satellite data constructed from temperature, pres-
sure and height data measured by hurricane recon-
naissance aircraft, and second, using 55.45 GHz
SCAMS data.

3. Results
a. Aircraft data

Although satellite data are prevalent over tropi-
cal cyclones, one invariably finds that the number
of cases in which one has both satellite data and
ground truth data is extremely small. Also ground

5 It is observed that Eq. (14) has only one real, positive root.

the other two are’generally real and negative, although they are
sometimes complex conjugates. Occasionally for weak storms,
no positive real root is found.
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TaBLE 2. Summary of aircraft reconnaissance data
from hurricanes used in this study.

Flight levels Intensity
Storm Date (kPa) change
Cleo 18 Aug 1958 80, 56, 24 Steady
Helene 26 Sep 1958 80, 56, 25 Deepening
Hilda 1 Oct 1964 90, 75, 65, 50, 18 Deepening
Hilda 2 Oct 1964 90, 70, 65, 20 Filling
Inez 28 Sep 1966 95, 75, 65, 50, 20 Deepening

resolution of microwave data is rather coarse—
145 km at nadir for SCAMS, for example. For these
reasons, we decided to first test the SWIM technique
using simulated satellite data which had good ground
truth data and high spatial resolution. Aircraft recon-
naissance data collected for the National Hurricane
Research Project (Gray and Shea, 1976) were utilized
for this simulation. The data were screened for the
following criteria: 1) There had to be at least three
flight levels; 2) one of the flights had to be near the
level of maximum warming (25-30 kPa); and 3) one
of the flight levels had to be near the surface to
measure low-level winds. Between 1957 and 1969
there were five days (four storms) on which such
data were taken (Table 2).

The satellite data were simulated as follows. At
each 4.6 km (2.5 n mi) radial grid point, smoothed
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i:IG. 3. Calculated 55.45 GHz brightness temperatures (circles)
and best fit line for four hurricanes.
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Fi1G. 4. Calculated gradient level (~85 kPa) wind speeds (line)
and observed low-level wind speeds (circles) for four hurricanes
(note that both scales are logarithmic).

vortex-averaged values of temperature, pressure
and height (at the lowest flight level) from Gray and
Shea (1976) and relative humidities from the mean
hurricane environment (Kidder, 1979) were used to
construct soundings. Between flight levels, the
equivalent potential temperature was assumed to
vary linearly with pressure (LaSeur and Hawkins,
1963), and above the uppermost flight level, the
mean environmental sounding was used. Finally,
55.45 GHz brightness temperatures were calculated,
from Eq. (2), for each grid point. The result was
simulated, vortex-averaged, 55.45 GHz satellite data
with a spatial resolution of 4.6 km (2.5 n mi).

Simulated data outside of the radii of maximum
wind were inserted into Eq. (14) to calculate C for
x =0.5 and A = 1.02 X 102 K7'. The offset T,
was also calculated, and the simulated brightness
temperatures along with the best-fit line from Eq.
(13) are shown in Fig. 3. It can be seen, particularly
in the case of Inez, that Eq. (13) fits the data well.
The wind speeds at gradient level (~85 kPa) were
then calculated with Eq. (12), and they are com-
pared with the observed, vortex-averaged wind
speed at the lowest flight level (Fig. 4). With the
exception of Hilda on 2 October 1964, the agreement
between observed and calculated wind speeds is
excellent with rms errors of 2—-3 m s—'.






