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ABSTRACT

Horizontal winds at 850 hPa from tropical cyclones retrieved using the nonlinear balance equation, where
the mass field was determined from Advanced Microwave Sounding Unit (AMSU) temperature soundings,
are compared with the surface wind fields derived from NASA’s Quick Scatterometer (QuikSCAT) and
Hurricane Research Division H*Wind analyses. It was found that the AMSU-derived wind speeds at 850
hPa have linear relations with the surface wind speeds from QuikSCAT or H*Wind. There are also
characteristic biases of wind direction between AMSU and QuikSCAT or H*Wind. Using this information
to adjust the speed and correct for the directional bias, a new algorithm was developed for estimation of the
tropical cyclone surface wind field from the AMSU-derived 850-hPa winds. The algorithm was evaluated in
two independent cases from Hurricanes Floyd (1999) and Michelle (2001), which were observed simulta-
neously by AMSU, QuikSCAT, and H*Wind. In this evaluation the AMSU adjustment algorithm for wind
speed worked well. Results also showed that the bias correction algorithm for wind direction has room for
improvement.

1. Introduction

Tropical cyclone (TC) wind observations are ob-
tained in a variety of ways. In situ surface observations
include those from surface stations, buoys, and ships,
and upper-air observations include those from radio-
sondes, aircraft reconnaissance, and global positioning
system (GPS) dropsondes. Winds can also be measured
using remote sensing such as Doppler radar, microwave
scatterometers, and microwave radiometers. Micro-
wave scatterometers provide the well-known sea sur-
face wind observations from the SeaWinds scatterom-
eter on the National Aeronautics and Space Adminis-
tration (NASA) Quick Scatterometer (QuikSCAT)

satellite. Microwave radiometers on satellites, such as
the Special Sensor Microwave Imager (SSM/I) on De-
fense Meteorological Satellite Program (DMSP), the
Tropical Rainfall Measuring Mission (TRMM) Micro-
wave Imager (TMI), and the Advanced Microwave
Scanning Radiometer Earth Observing System (EOS)
(AMSR-E) on Aqua, can only observe wind speed over
the ocean. Wind speed and direction above the surface
can be retrieved from sequential images from geosta-
tionary satellites using feature-tracking methods. The
traditional method for estimating the TC maximum
wind is the Dvorak technique (Dvorak 1975, 1984).

Satellite microwave soundings are also used for esti-
mation of TC winds. The first studies of TC surface
wind speed estimation using microwave soundings are
by Kidder et al. (1978, 1980). They describe a statistical
method to estimate surface wind speed from the 55.45-
GHz channel of the Scanning Microwave Spectrometer
on Nimbus-6. In these papers, outer surface wind
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speeds were calculated by assuming gradient balance
and using a regression between central pressure and the
55.45-GHz temperature anomaly, from which the tem-
perature and size of the hurricane warm core can be
estimated. Their works were followed by articles from
Velden and Smith (1983), Velden (1989), and Velden et
al. (1991) who expanded the use of high-resolution data
from the Microwave Sounding Unit (MSU) on National
Oceanic and Atmospheric Administration (NOAA)
polar-orbiting satellites. Merrill (1995) provided a new
algorithm to more accurately estimate the TC upper-
tropospheric warm anomaly from 55-GHz microwave
observations.

Recently, new microwave sounding systems were in-
cluded on NOAA-15, -16, and -17. The Advanced Mi-
crowave Sounding Unit (AMSU) is a successor of the
MSU, and its applicability to TC analysis was shown by
Kidder et al. (2000) and Knaff et al. (2000). The best
horizontal resolution of AMSU is 48 km, which is 2
times that of MSU. AMSU has also a finer vertical
resolution with 15 channels for atmospheric tempera-
ture sounding. Using this new instrument, there are sev-
eral techniques to estimate wind speed in TCs. A recent
extended version of the work of Kidder et al. (1978) is
described by Brueske and Velden (2003). They calcu-
lated minimum sea level pressure from the brightness
temperature of the AMSU 54.96-GHz channel with the
maximum likelihood regression algorithm developed
by Merrill (1995).

Demuth et al. (2004, hereinafter D04) chose an al-
ternate approach to the problem of TC intensity esti-
mation from AMSU. They calculated 15 physical esti-
mators from atmospheric temperature, geopotential
height, surface pressure, and the gradient wind around
TCs retrieved from AMSU brightness temperatures.
These estimators are the input to a multiple regression
analysis for TC intensity and wind structure. The Na-
tional Hurricane Center (NHC) best track was used
for the ground truth values of intensity (maximum
1-min-sustained surface winds and minimum sea level
pressure), and the wind structure was measured by
the radii of 34-, 50-, and 64-kt winds in four quadrants
relative to the TC center (1 kt � 0.5144 m s�1). Spencer
and Braswell (2001) used a somewhat similar statistical
approach to estimate the TC maximum wind from sev-
eral AMSU channels.

In the studies described above, single TC parameters,
such as maximum surface wind speed, central pressure,
or wind radii, were estimated. In some cases, subsets of
the wind field are estimated such as the gradient wind
as a function of radius in D04, but none of the AMSU
TC retrieval methods described above recovers the en-
tire wind field. In this paper a new method to estimate

the two-dimensional TC surface wind field is described.
The method uses the nonlinear balance equation
(Charney 1955) to estimate the three-dimensional wind
fields from the AMSU-retrieved mass field. The non-
linear balance winds at the lowest reliable level (850
hPa) are then used to estimate the surface wind. In
section 2 the three-dimensional wind retrieval is briefly
described. The datasets used in this study are described
in section 3. In section 4 the wind fields at 850 hPa are
compared with surface wind fields from QuikSCAT
and H*Wind analyses from the NOAA Hurricane Re-
search Division (HRD) of the Atlantic Oceanography
and Meteorology Laboratory (AOML) (Powell et al.
1998). Based upon this comparison, an algorithm to
convert the 850-hPa AMSU winds to surface winds is
developed. In section 5 this simple algorithm is vali-
dated in two cases that were simultaneously observed
by AMSU, QuikSCAT, and H*Wind. The results are
discussed and summarized in sections 6 and 7.

The algorithm described in this paper can be used to
estimate the horizontal distribution of sea surface wind
in and around TCs from AMSU brightness temperature
data. The estimated wind fields have potential applica-
tion to the improvement of TC warnings and the ini-
tialization of numerical TC prediction models.

2. Three-dimensional AMSU wind retrieval

The AMSU wind retrieval is a generalization of the
gradient wind retrieval described by D04. The tempera-
ture on an evenly spaced latitude–longitude grid from
50 to 920 hPa is determined in the same way as in D04.
A statistical retrieval is applied to the AMSU-A radi-
ances to determine the temperature profile and the ver-
tically integrated cloud liquid water (CLW), which are
then interpolated from the instrument “footprint” lo-
cations to a 0.2° latitude � 0.2° longitude grid centered
on the storm. Empirical corrections are applied to the
temperature retrievals to help to account for artificial
cooling resulting from attenuation by liquid water and
scattering by ice (D04; Linstid 2000). Cases are re-
stricted to those in which the storm center was within
700 km of the center of the AMSU swath, ensuring that
there is adequate data coverage over the 12° � 12°
analysis domain. Using a National Centers for Environ-
mental Prediction (NCEP) global analysis as a lower
boundary condition for surface pressure at the domain
boundaries, the hydrostatic equation is integrated up-
ward to 50 hPa using the AMSU temperatures to give
the geopotential height as a function of pressure at the
lateral boundaries. Virtual temperature effects are ne-
glected in all of the hydrostatic integrations. Under the
assumption that 50 hPa is above the storm circulation,
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a smoothness condition is applied to give the geopoten-
tial height over the entire domain at 50 hPa. The hy-
drostatic equation is then integrated downward to give
the three-dimensional height field. In D04 this height
field is azimuthally averaged relative to the storm cen-
ter and the gradient wind equation is used to determine
the wind at each pressure level as a function of radius.

For the three-dimensional winds the gradient wind
equation is replaced by the nonlinear balance equation
(Charney 1955). On a midlatitude beta plane this equa-
tion can be written as

uxux � 2�xuy � �y�y � �� f � �y� � �u � �2� � 0,

�1�

where u and � are the nondivergent horizontal wind
components, f and 	 are the Coriolis parameter and its
northward gradient, respectively, evaluated at the do-
main center, 
 is the geopotential, �2 is the horizontal
Laplacian operator, and subscripts x and y represent
eastward and northward derivatives. The properties of
the nonlinear balance equation are discussed in detail
by Paegle and Paegle (1976) and Kasahara (1982). An
important property of (1) is that it is an elliptic equation
provided that

f 2 � 2�2� � 2�u � 0. �2�

A number of iterative methods have been developed to
solve (1) for the nondivergent wind field given the geo-
potential field (e.g., Kasahara 1982; Iversen and Nor-
deng 1982). However, it was found that these conven-
tional solution methods did not converge for some of
the stronger TC cases, primarily because of violations
of (2) over small regions near the storm center. For this
reason, a least squares method was used to solve (1).

For the least squares solution, (1) is first written in
finite-difference form. Then, the residual of the finite-
difference form of (1) at each grid point is defined as
Rij. The mean square residual is defined as

L � �
i�2

I�1

�
j�2

J�1

Rij
2. �3�

The summation is over all of the points in the analysis
domain except the lateral boundaries. At the bound-
aries, u and � are determined from the NCEP analyses.
At all interior points, u and � are determined by mini-
mizing (3). The minimization is performed using a gra-
dient-descent method, where the gradient of L with
respect to u and � at each analysis point is calculated by
taking the derivative of (3) after substitution of the
finite-difference form of (1). The gradient-descent al-
gorithm converges much more slowly than the more

standard iterative solutions but is much more robust,
especially for the stronger TCs. The method provides u
and � at each pressure level from 50 hPa to the surface.

Because the AMSU radiances are attenuated in areas
with large amounts of liquid water, the temperature
retrievals are less reliable in the low levels near the
storm center. A method to partially correct for this
problem is included in the temperature retrieval algo-
rithm as described by D04. However, the wind retriev-
als are still considered less reliable below 850 hPa, so
the AMSU winds at 850 hPa will be used in the remain-
der of the paper.

3. Data

a. AMSU

This study utilizes the AMSU brightness temperature
data from NOAA-15 and -16, which are archived in a
Cooperative Institute for Research in the Atmosphere
(CIRA) database for TCs from 1999 to 2002. The cases
were restricted to those of hurricane strength (maxi-
mum surface winds of at least 33 m s�1). The data col-
lection process is the same as that described in D04, in
which the AMSU observations around all TCs being
forecast by NHC were saved at 6-h intervals. If new
data were available at a 6-h period and the storm center
was within 700 km of center of the AMSU swath, the
case was saved in the archive. This procedure resulted
in about one case per storm per satellite per day.

b. QuikSCAT

QuikSCAT sea surface wind data archived on a file
transfer protocol (FTP) site of Remote Sensing Systems
(RSS) were collected for comparison with the AMSU
wind data. The SeaWinds instrument on QuikSCAT
launched in June 1999 is a Ku-band (i.e., a frequency
near 14 GHz) radar. It works as a scatterometer to
transmit a radar pulse down to the sea surface and mea-
sures the power that is scattered back. The power of the
backscattered radiation is proportional to the ocean
surface roughness, which is correlated with the near-
surface wind speed and direction. QuikSCAT can easily
detect a TC as a closed circulation in the surface winds
on the ocean (Katsaros et al. 2001).

In the RSS database, sea surface wind was retrieved
from QuikSCAT with a geophysical model function
called Ku-2001 (Wentz et al. 2001). The wind speed and
direction at a height of 10 m are retrieved from mea-
surements of the power of the backscattered radiation.
The wind QuikSCAT data correspond to surface winds
with a time averaging period of 8–10 min.
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c. H*Wind

As will be shown in detail later, both the AMSU and
QuikSCAT winds have limitations. To provide “ground
truth,” H*Wind surface wind field analyses were ob-
tained from the HRD ftp site. H*Wind was developed
to integrate many kinds of wind data such as in situ
surface observations, aircraft reconnaissance, GPS
dropsonde, and remote sensing observations, into a
consistent surface wind field (Powell et al. 1998). All
data are quality controlled and processed to conform to
a common framework for height (10 m), exposure (ma-
rine or open terrain over land), and averaging period
(maximum 1-min-sustained wind speed) using results
from micrometeorology and wind engineering (Powell
et al. 1996; Powell and Houston 1996). H*Wind analy-
ses are provided on an FTP server for research pur-
poses, and to NHC hurricane specialists for forecast
applications on a regular 3- or 6-h schedule consistent
with NHC’s warning and forecast cycle. The spatial
resolution of H*Wind analyses used in this study vary
between 2.8 and 8.4 km.

The surface wind data synthesized into H*Wind in-
clude data from ships, buoys, coastal platforms, and
surface aviation reports. Aircraft reconnaissance data
are adjusted to the surface with a planetary boundary
layer model (Powell 1980). Remote sensing observa-
tions in H*Wind can include surface wind speed esti-
mates from microwave imagers such as SSM/I and TMI
on polar-orbiting satellites, surface wind estimates from
scatterometers on European Remote Sensing Satellite
(ERS) and QuikSCAT, low-level cloud drift winds
from Geostationary Operational Environmental Satel-
lites (GOES), and, if available, step-frequency micro-
wave radiometer measurements of surface winds from
NOAA WP-3D aircraft. In this paper the H*Wind
analyses are used for a comparison with AMSU and
QuikSCAT wind estimates. To maintain independence
among the three types of wind estimates, the H*Wind
analyses that did not include QuikSCAT observations
were used in this study.

d. AMSU–QuikSCAT comparison cases

Fifty-seven cases were chosen for comparison of the
AMSU and QuikSCAT wind fields. The time differ-
ences for the matching cases were less than 1.5 h. The
cases in which there were landmasses such as continents
or large islands in the analysis region were excluded.
Footprints in which the QuikSCAT rain flags were
marked for strong rain attenuation were also excluded
from comparison. Using a Barnes analysis (Barnes
1964), the QuikSCAT winds were interpolated to the
12° latitude � 12° longitude AMSU analysis grid. The

comparison was then restricted to only those grid points
within 500 km of the TC center.

e. AMSU–H*Wind comparison cases

For comparison of the AMSU 850-hPa wind field
with the H*Wind surface wind field, 16 cases were
found in which the time difference was less than 3 h.
Similar to the comparisons between AMSU and
QuikSCAT, cases in which continents or large islands
were located in analysis region were excluded. H*Wind
has large (8° latitude � 8° longitude) or small (4° lati-
tude � 4° longitude) analysis domains. In this study the
H*Wind data in the larger analysis domain were used.
Similar to the QuikSCAT data, the H*Wind analyses
were interpolated to the AMSU retrieval grid points
using a Barnes analysis, and the comparisons were re-
stricted to grid points within 500 km of the storm cen-
ter. H*Wind speeds were converted from 1- to 10-min
averages by dividing by 1.1 (Powell et al. 1996).

f. AMSU–QuikSCAT–H*Wind comparison cases

Out of the 57 AMSU cases with matching QuikSCAT
data and the 16 cases with matching H*Wind data,
there are two cases for which all three wind fields are
available. These cases were set aside for independent
validation of the algorithm to convert the AMSU 850-
hPa winds to surface values. Thus, all of the analysis
described in the next section includes 55 QuikSCAT
cases and 14 H*Wind cases.

Table 1 shows statistics of wind parameters and cen-
tral pressure in the comparison cases. Statistics of maxi-
mum wind and central pressure can be calculated from
all comparison cases, but wind radii of 34, 50, and 64 kt
for four directions (northeast, southeast, southwest,
northwest) can be averaged only from the cases in
which those wind speed thresholds are archived. From
the upper table, the maximum wind speeds in each set
of comparison cases have about the same average value
(
30 m s�1). However, from the lower table, the
AMSU–H*Wind comparison cases have 1.5–2 times
the wind radii of AMSU–QuikSCAT comparison cases.

Figure 1 shows the locations of TCs in the comparison
cases. This figure shows that TCs in AMSU–QuikSCAT
comparison cases were distributed over all western At-
lantic Ocean and eastern Pacific Ocean basins except
for the Caribbean Sea and Gulf of Mexico. On the
other hand, TCs in the AMSU–H*Wind comparison
cases are restricted to the far western side of the At-
lantic basin because they all include aircraft reconnais-
sance data. According to Table 1, the average central
pressure for the AMSU–H*Wind cases is 983 hPa as
compared with 992 hPa for the AMSU–QuikSCAT
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cases. The storms in H*Wind cases tend to be more
mature than in QuikSCAT cases. The uneven spatial
distribution of the TCs in H*Wind cases probably ex-
plains the wind radii difference between the AMSU–
H*Wind and AMSU–QuikSCAT comparison cases
mentioned above.

4. Comparison of AMSU 850-hPa winds with
QuikSCAT and H*Wind

Figure 2 shows scatterplots of wind speed and direc-
tion from the 850-hPa AMSU winds and the Quik-
SCAT surface wind field (Fig. 2a) and the H*Wind
surface wind field (Fig. 2b) for the matching cases. The
QuikSCAT comparison includes 84 576 grid points
from the 55 cases, and the H*Wind comparison includes

22 217 grid points from the 14 matching cases. Statistics
of the comparisons are summarized in Table 2.

Figure 2a shows that the QuikSCAT surface wind
speed reached almost 60 m s�1 but the AMSU wind
speed only reaches about 40 m s�1. The new RSS Quik-
SCAT retrieval is supposed to measure surface winds
above 30 m s�1 (Wentz et al. 2001). Figure 2a shows
that some estimates are considerably higher than 30
m s�1. The maximum wind speed differences are be-
cause of many factors, such as the very different way in
which the winds are estimated, geophysical noise result-
ing from rain attenuation and ice scattering, and the
temporal variability of wind speed. However, the big-
gest reason for the difference is considered to be the
horizontal resolution difference between AMSU and
QuikSCAT. According to Quilfen et al. (1998), the

FIG. 1. Locations of TCs in the comparison cases. Filled circles are locations in the comparison cases for
AMSU and QuikSCAT and open squares are those for AMSU and H*Wind.

TABLE 1. Statistics of the TC wind parameters and central pressures in the comparison cases. The upper table shows the maximum
wind speed and central pressure statistics, and the lower table shows the average radii of 34-, 50-, and 64-kt winds for the four quadrants
(northeast, southeast, southwest, northwest) relative to the storm center.

Avg Max Min Std dev

AMSU–QuikSCAT (55 cases)
Max wind speed (m s�1) 28 72 13 14
Central pressure (hPa) 992 1010 921 19

AMSU–H*Wind (14 cases)
Max wind speed (m s�1) 35 59 10 15
Central pressure (hPa) 983 1013 924 25

Northeast Southeast Southwest Northwest

AMSU–QuikSCAT (45 cases)
34-kt wind radii (km) 173 151 125 146
50-kt wind radii (km) 75 56 51 63
64-kt wind radii (km) 24 22 17 22

AMSU–H*Wind (13 cases)
34-kt wind radii (km) 269 221 177 209
50-kt wind radii (km) 158 100 89 108
64-kt wind radii (km) 63 37 33 50
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fine-horizontal-resolution data of the scatterometer
data (ERS in their case) enable the detection of fairly
higher wind speeds in TCs. The finest AMSU horizon-
tal resolution is 48 km, while QuikSCAT has a resolu-
tion of 25 km. Thus, QuikSCAT can better resolve the
inner-core region of TCs, which is consistent with Fig.
2a in the high-wind regime. Except for the grid points in
which the QuikSCAT wind speed is much higher than
AMSU, most of the points are spread evenly around
the dotted line in Fig. 2a where the AMSU wind speed
is equal to the QuikSCAT wind speed. As shown in

TABLE 2. Statistics of the comparisons of AMSU wind speed
and direction at 850 hPa with QuikSCAT or H*Wind; MAD:
mean absolute difference; COR: correlation coefficient between
AMSU and QuikSCAT, or H*Wind.

Bias MAD COR

QuikSCAT
Wind speed (m s�1) �1.49 4.10 0.609
Wind direction (°) 14.8 42.7 0.519

H*Wind
Wind speed (m s�1) �0.59 4.91 0.533
Wind direction (°) 13.4 38.1 0.621

FIG. 2. Scatter diagrams of (a) AMSU wind at 850 hPa vs QuikSCAT surface wind, and (b) AMSU wind at 850
hPa vs H*Wind surface wind. The diagrams on the left side are for wind speed, and the diagrams on the right side
are for wind direction.
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Table 2, the AMSU wind speed bias relative to Quik-
SCAT is �1.5 m s�1, and the mean absolute difference
(MAD) is almost 4 m s�1. The correlation coefficient
between the AMSU and QuikSCAT wind speeds is
0.609.

Similar results are found in the comparison of AMSU
winds with H*Wind surface winds as shown in Fig. 2b.
The maximum wind speed of H*Wind is almost 60
m s�1, but the maximum AMSU wind speed is only
about 40 m s�1. This speed difference is also related to
differing horizontal resolution. As mentioned previ-
ously, the resolution of the H*Wind analyses ranged
from 2.8 to 8.3 km in the 14 comparison cases, which
was necessary to resolve the aircraft data. The bias of
the AMSU wind speed relative to H*Wind is �0.6
m s�1 in Table 2. The MAD of the wind speed is about
5 m s�1, which is larger than the MAD between AMSU
and QuikSCAT, and the correlation coefficient of
AMSU and H*Wind wind speed is 0.533, which is
smaller than that of AMSU versus QuikSCAT.

The statistics of wind direction differences are com-
plicated by the fact that 0° and 360° have the same
meaning. Recently, “circular statistics” were developed
(Fisher 1993; Jammalamadaka and SenGupta 2001) to
handle this problem. Statistical parameters such as the
mean absolute difference, standard deviation, bias, and
correlation coefficient for wind direction in this paper
were calculated by circular statistics.

As shown in Fig. 2a and Table 2, the MAD of wind
direction between AMSU and QuikSCAT is about 40°
and the bias is 14.8°. The directional bias was defined as
AMSU minus QuikSCAT, which indicates that the
AMSU wind direction is larger than the mean Quik-
SCAT wind direction. Assuming cyclonic flow, the
QuikSCAT surface wind direction turns inward toward
the hurricane center by about 15° from the direction of
the AMSU wind at 850 hPa. This result is consistent
with previous studies of TC wind structure. For ex-
ample, Frank (1977) found mean inflow angles within
200–700 km of northwest Pacific TCs to be 23°–25° at
the surface and 3°–8° at 850 hPa. Thus, the surface
winds turned inward about 19° relative to the 850-hPa
winds, which is similar to the bias of AMSU wind di-
rection relative to the QuikSCAT wind direction.

Similar results are found in the comparison of AMSU
and H*Wind wind directions, as shown in Table 2. The
MAD is about 40° and the bias is consistent with the
expected inflow angles at 850 hPa and the surface. The
large mean absolute differences and biases can be seen
in the scatterplots of wind directions in Fig. 2b. The
correlation coefficient between AMSU and H*Wind
wind directions is better than that for the comparison of
AMSU with QuikSCAT. This improved correlation is

probably because of the fact that the QuikSCAT wind
directions also sometimes have substantial errors.

As briefly described in section 2, empirical adjust-
ments are applied to help to correct the AMSU tem-
perature soundings for attenuation by liquid water and
scattering by ice. Although these corrections improve
the retrievals as described by D04, there are still errors
resulting from these effects, especially in regions of
deep convection near the storm centers. To further in-
vestigate this issue, the AMSU wind retrievals will be
stratified as a function of convective activity. For this
purpose, the AMSU-retrieved CLW will be used as a
proxy for convection.

Before stratifying the AMSU wind comparisons, the
AMSU-retrieved CLW is compared with GOES infra-
red brightness temperatures (TB) to provide some
physical insight into the accuracy of the CLW values.
For this purpose the GOES channel-4 (10.7 �m) TB for
the 55 AMSU–QuikSCAT comparison cases were ob-
tained from an archive at CIRA. Because the GOES
data are available at time intervals that are usually no
longer than 0.5 h, the GOES data are very close in time
to the AMSU data. The AMSU CLW values and
GOES TB were azimuthally averaged at 20-km radial
intervals from the TC centers. This procedure resulted
in 984 points with TB colder than 273 K. If TB were
warmer than 273 K, the point was regarded as a near-
surface sea or land temperature and was not included in
the comparison.

Figure 3 shows a scatterplot of the azimuthally aver-
aged TB versus CLW, where an exponential regression
curve is shown by a solid line. The determination coef-
ficient of this curve is 0.426. As shown by Negri and
Adler (1993), a TB value of 235 K is often used as a

FIG. 3. Scatter diagram of tangentially averaged TB vs azimuth-
ally averaged CLW. The solid line shows exponential regression
curve and the formula in the diagram shows its equation.
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threshold for the identification of convective areas.
From the regression curve in Fig. 3, a CLW value of
0.44 mm corresponds to a TB value of 235 K. Thus,
CLW � 0.44 mm will be used as a threshold for sepa-
rating convective and nonconvective points in the
AMSU analysis domain. Generally, CLW in convective
clouds is larger than that in stratiform clouds and CLW
has larger values in more developed convective clouds.
If CLW � 1.32 mm, the region is regarded as being
“highly” convective. From the regression curve in Fig.
3, a CLW value of 1.32 mm corresponds to a TB value
of 200 K.

Figure 4 (left column) shows scatter diagrams of the
AMSU–QuikSCAT wind differences versus AMSU
wind speeds, stratified into nonconvective, convective,
and highly convective regions. In each scatterplot least
squares linear regressions are shown by dotted lines.
Rain-flagged QuikSCAT data were detected by micro-
wave brightness temperature observations from SSM/I
and TMI (Wentz et al. 2001). On the other hand, con-
vective and highly convective region were estimated
from the value of AMSU CLW. As already mentioned
above, QuikSCAT data with strong rain flags were ex-
cluded in this analysis, but there are still convective and
highly convective regions because of the difference of
these two estimation methods. The correlation coeffi-
cients, the slopes, and intercepts of the regression lines
for each scatterplot in Fig. 4 are shown in Table 3. For
all three stratifications on the left side of Fig. 4 there is
a positive correlation between the AMSU winds and
the AMSU–QuikSCAT difference. The y intercept for
the highly convective region is the largest (�18 m s�1),
which indicates the largest bias of the AMSU wind
speeds relative to the QuikSCAT speeds for the low
AMSU wind speed cases. The y intercepts for the non-
convective and convective regions are also negative but
are considerably smaller in magnitude than for the
highly convective cases. The threshold values of AMSU
wind speed between negative and positive AMSU–
QuikSCAT differences also increases with each CLW
stratification. For high values of AMSU wind speed in
Fig. 4 the AMSU values are on average higher than the
QuikSCAT winds, which is expected because Quik-
SCAT measures at the surface but AMSU is at 850 hPa.

Results similar to those described above are found in
comparisons between AMSU wind speed at 850 hPa
and the AMSU–H*Wind differences as shown in the
Fig. 4 (right column) and Table 3. In the comparisons
with H*Wind the correlation coefficients in all CLW
categories are above 0.60. The linear regressions have
almost the same slopes (
0.60), and intercepts range
from �7.6 to �12.2 m s�1. In the highly convective ar-

eas, the intercept in the AMSU–H*Wind difference is
less than that for the AMSU–QuikSCAT difference.

Figure 5 shows the dependency of the wind direction
difference between AMSU wind and QuikSCAT on
AMSU wind speed. The mean and standard deviation
of the wind direction differences in 5 m s�1 AMSU
wind speed intervals are also shown in Fig. 5. For low
AMSU wind speeds (�10 m s�1), the wind direction
differences vary widely from �180° to �180°. For
AMSU wind speeds greater than 10 m s�1, the standard
deviations of wind directional differences decrease and
converge to near zero. The averaged differences of
wind direction range from 12° to 25°. As described pre-
viously, a positive difference means that the AMSU
wind at 850 hPa turns less inward toward the TC center
than does the QuikSCAT surface wind. To adjust the
AMSU wind direction at 850 hPa to the surface wind,
the direction must be turned inward slightly.

The same trend is found for the dependence of the
AMSU–H*Wind direction difference on the AMSU
wind speed, except for a small negative bias at the low-
est AMSU wind speeds in Fig. 5 and Table 3.

From these comparisons described above, the
AMSU winds have some systematic differences from
the QuikSCAT and H*Wind winds. The wind speed
differences between the AMSU wind at 850 hPa and
the surface winds are proportional to the AMSU wind
speed itself. The wind direction differences of AMSU
and the two surface wind datasets also have biases that
depend on the AMSU wind speed. Using these rela-
tionships, the TC surface wind distribution retrieved
from the 850-hPa AMSU winds can be converted to
surface wind. The surface wind speed is retrieved from
the AMSU wind speed at 850 hPa with a regression
model. The surface wind direction is obtained from the
AMSU wind direction at 850 hPa minus the bias as a
function of the AMSU wind speed. Two sets of AMSU
surface wind adjustment relationships were derived.
The adjustments derived from the AMSU–QuikSCAT
comparison are called QCOM (Table 4) and the adjust-
ments from H*Wind are called HCOM (Table 5). In
the relationships shown in Tables 4 and 5, WSsurf
means surface wind speed, and WSamsu means AMSU
wind speed at 850 hPa; WD (°) is the abbreviation for
wind direction, and subscripts are the same as for WS
(m s�1). Validations of these relationships applied to
the AMSU 850-hPa winds to provide surface winds are
described in the next section for two independent cases.

5. Validations of retrieval methods of surface wind

To validate the QCOM and HCOM adjustments,
these methods are applied to AMSU wind fields at 850
hPa and compared with corresponding QuikSCAT and
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H*Wind surface wind fields. For these comparisons, the
two cases in which all three types of wind data were
obtained simultaneously are used. The first case is from
Hurricane Floyd (1999) observed by AMSU at 2332
UTC 11 September, by QuikSCAT at 2221 UTC 11
September, and by H*Wind at 0130 UTC 12 Septem-

ber. The second case is from Hurricane Michelle (2001)
observed by AMSU at 0023 UTC 3 November, by
QuikSCAT at 2319 UTC 2 November, and by H*Wind
at 0130 UTC 3 November. As described in section 3
these were the only two cases in the 1999–2002 sample
that were away from major landmasses and had all

FIG. 4. (left) Scatter diagrams of 850-hPa AMSU wind speed vs 850-hPa AMSU wind speed minus QuikSCAT surface wind speed,
and (right) diagrams of 850-hPa AMSU wind speed vs 850-hPa AMSU wind speed minus H*Wind surface wind speed; points with (top)
CLW � 0.44 mm, (middle) 0.44 mm � CLW � 1.32 mm, and (bottom) CLW � 1.32 mm.
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three data types available. These two cases were with-
held from the development of the QCOM and HCOM
relationships to provide an independent sample. As a
third wind estimate, NCEP global model surface analy-
ses are also used to assess the quality of the QCOM and

HCOM adjustments. NCEP analyses for the validation
are at 0000 UTC 12 September for Floyd and 0000 UTC
3 November for Michelle. The purpose of including the
NCEP winds is to determine if the AMSU algorithm
has any advantage over what is possible from the as-
similation of operational data sources. The AMSU sur-
face wind fields could also have been compared with in
situ wind data such as buoys. However, these data are
very sparse, and the H*Wind analyses already include
them when available.

Figure 6 shows the wind fields for Floyd from AMSU
at 850 hPa (Fig. 6a), QuikSCAT (Fig. 6b), H*Wind
(Fig. 6c), and NCEP (Fig. 6d). The CLW field esti-
mated from AMSU is also shown in Fig. 7. The 850-hPa
AMSU wind field in Fig. 6a does not include the modi-
fication by QCOM or HCOM (hereinafter NOMO).
The wind speed distribution of AMSU above 12 m s�1

is similar to the wind speed distribution of QuikSCAT
(Fig. 6b). The high-speed region is asymmetric and is
located in the direction from north to southeast of the
hurricane center, similar to a rainband. The distribution

FIG. 5. Scatter diagrams of 850-hPa AMSU wind speed vs 850-hPa AMSU wind directions (top left) minus QuikSCAT surface wind
direction and (top right) minus H*Wind surface wind direction. (bottom) Histograms of the total grid numbers, the mean wind direction
differences, and bars of standard deviation of the wind direction differences in 5 m s�1 intervals of 850-hPa AMSU wind speeds:
comparison with (bottom left) QuikSCAT and (bottom right) H*Wind.

TABLE 3. Statistics of the comparisons of AMSU wind speed at
850 hPa with the wind speed difference between AMSU at 850
hPa and QuikSCAT or H*Wind surface winds, stratified by cloud
liquid water amount.

No. of
data Slope Intercept COR

QuikSCAT
CLW � 0.44 mm 72 166 0.63 �6.42 0.709
0.44 mm � CLW

� 1.32 mm
10 466 0.41 �8.84 0.439

1.32 mm � CLW 1964 0.64 �18.31 0.624
H*Wind

CLW � 0.44 mm 16 265 0.67 �7.58 0.695
0.44 mm � CLW

� 1.32 mm
4618 0.55 �8.95 0.627

1.32 mm � CLW 1334 0.58 �12.16 0.612
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of CLW roughly corresponds to the distributions of
wind speed above 12 m s�1 (Fig. 7). The AMSU wind
speed distribution above 18 m s�1 is wider along the
direction from north to south than that of QuikSCAT
winds. It can also be seen that the AMSU wind speed
distribution above 18 m s�1 is narrower in the east–west
direction than that of QuikSCAT. The AMSU wind
speed field has some patches of weak speed below 2
m s�1 located on the west side of the strong wind speed
area already mentioned. The H*Wind wind speed dis-
tribution in Fig. 6c is different from those of AMSU
or QuikSCAT. The wind speed distribution of H*Wind
is almost symmetric, and there is no band-type high
wind speed area in the distribution. Thus, neither the
AMSU nor QuikSCAT retrievals are able to capture
the intense inner core of the storm because of the hori-
zontal resolution limitations described previously. The
NCEP surface wind analysis also shows an asymmetric

distribution, which is similar to those of AMSU and
QuikSCAT (Fig. 6d).

The AMSU wind direction near the hurricane center
has a structure similar to that for QuikSCAT, H*Wind,
and NCEP, with a general counterclockwise rotation.
However, in the outer region of the hurricane center
the AMSU wind direction distribution shows remark-
able differences from those of QuikSCAT, H*Wind,
and NCEP, which still show counterclockwise circula-
tions away from the storm center. Especially in the
weak wind speed regions of AMSU there are some
small vortices, which are widely different from an ideal
distribution of wind direction in TCs. The small vortices
are likely artifacts of the AMSU retrieval technique
because of the problems of liquid water attenuation or
ice scattering.

The wind fields from the four data types for the Hur-
ricane Michelle case (not shown) are fairly similar to
the results for Floyd. Generally, the two satellite wind
fields show similar structures, where the high wind
speed region is located on the periphery of the hurri-
cane center with speeds lower than in the H*Wind
analyses, and the speed gradually decreases away from
the storm center. Wind directions show counterclock-
wise circulation near the storm center. The NCEP sur-
face wind field for the Michelle case is different from
other three wind fields. The center of rotation of
Michelle in the NCEP wind field is located on north-
eastern side of those of other three wind fields. The
AMSU wind speed distribution shows several weak
speed patches below 6 m s�1 away from the hurricane
center, with small vortices similar to those in the Floyd
case. These features were not seen in the QuikSCAT,
H*Wind, or NCEP wind fields.

Figure 8 shows the surface wind field retrieved from
the AMSU wind at 850 hPa using the QCOM (Fig. 8a)
and HCOM (Fig. 8b) adjustments for the Floyd case.
When QCOM is compared with the QuikSCAT surface
image (Fig. 6b), it is easily seen that the wind speed
distribution of QCOM more closely resembles that
of QuikSCAT than the original AMSU wind field
(NOMO). It has also similar characters with the NCEP
wind field. In QCOM, the wind speed area above 12
m s�1 spreads in the east–west direction, but the strong-
est wind region above 24 m s�1 is shortened in the
north–south direction. The weak wind speed patches
away from the hurricane center in NOMO have almost
disappeared in QCOM. Similar tendencies are also
found in HCOM, but the strongest wind region near the
center has shrunk excessively. The asymmetric wind
speed distribution of QCOM and HCOM are still con-
siderably different from the very symmetric H*Wind
distribution.

TABLE 4. QCOM: surface wind retrieval method derived from
comparison with QuikSCAT.

WS
WSsurf � [(1 � 0.63)

� WSamsu] � 6.42
(CLW � 0.44 mm)

WSsurf � [(1 � 0.41)
� WSamsu] � 8.84

(0.44 � CLW � 1.32 mm)

WSsurf � [(1 � 0.64)
� WSamsu] � 18.31

(1.32 � CLW mm)

WD
WDsurf � WDamsu � 12.60 (WSamsu � 5 m s�1)
WDsurf � WDamsu � 12.30 (5 � WSamsu � 10 m s�1)
WDsurf � WDamsu � 15.02 (10 � WSamsu � 15 m s�1)
WDsurf � WDamsu � 18.30 (15 � WSamsu � 20 m s�1)
WDsurf � WDamsu � 22.35 (20 � WSamsu � 25 m s�1)
WDsurf � WDamsu � 23.81 (25 � WSamsu � 30 m s�1)
WDsurf � WDamsu � 25.08 (30 � WSamsu � 35 m s�1)
WDsurf � WDamsu � 21.08 (35 � WSamsu)

TABLE 5. HCOM: same as Table 4, but for H*Wind.

WS
WSsurf � [(1 � 0.67)

� WSamsu] � 7.58
(CLW � 0.44 mm)

WSsurf � [(1 � 0.55)
� WSamsu] � 8.95

(0.44 � CLW � 1.32 mm)

WSsurf � [(1 � 0.58)
� WSamsu] � 12.16

(1.32 � CLW mm)

WD
WDsurf � WDamsu � 2.78 (WSamsu � 5 m s�1)
WDsurf � WDamsu � 8.62 (5 � WSamsu � 10 m s�1)
WDsurf � WDamsu � 15.34 (10 � WSamsu � 15 m s�1)
WDsurf � WDamsu � 16.98 (15 � WSamsu � 20 m s�1)
WDsurf � WDamsu � 19.45 (20 � WSamsu � 25 m s�1)
WDsurf � WDamsu � 20.92 (25 � WSamsu � 30 m s�1)
WDsurf � WDamsu � 17.29 (30 � WSamsu � 35 m s�1)
WDsurf � WDamsu � 18.67 (35 � WSamsu � 40 m s�1)
WDsurf � WDamsu � 8.28 (40 � WSamsu m s�1)
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FIG. 6. (a) The 850-hPa AMSU wind distribution, (b) QuikSCAT surface wind distribution, (c) H*Wind surface
wind distribution, and (d) surface wind distribution of NCEP global model analyses for Hurricane Floyd (1999).
The contour interval for wind speed is 2 m s�1. The wind direction is indicated by the white arrows, and the arrow
length is proportional to the wind speed.
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Wind direction differences away from the hurricane
center of QCOM or HCOM become smaller than that
of NOMO as compared with the QuikSCAT, H*Wind,
or NCEP surface winds. However, the small vortices,
corresponding to weak wind speed regions located on
the west side of the periphery of the center, still exist in
QCOM and HCOM.

The QCOM and HCOM surface winds for the
Michelle case were also compared with the QuikSCAT,
H*Wind, NCEP, or NOMO wind fields (not shown),
and the results were similar to the Floyd case. The
strong wind speed distribution in QCOM is more simi-
lar to that of QuikSCAT and H*Wind than NOMO.
The NCEP surface wind field for the Michelle case did
not resemble the QCOM field. The weak wind regions
on periphery of the center were reduced in QCOM, but
the small vortices seen in NOMO still exist. HCOM
shows the same features as QCOM except for the maxi-
mum wind speed, which is lower than that of QCOM.

Table 6 shows statistical results for comparisons of
the three kinds of AMSU wind retrievals (NOMO,
QCOM, and HCOM) and the surface winds of Quik-
SCAT for the combined sample from Hurricanes Floyd

and Michelle. Statistics of the comparisons of the sur-
face wind of NCEP with the surface wind of QuikSCAT
for the cases of Hurricanes Floyd and Michelle are also
shown as reference. This table shows that the QCOM
adjustment improves the AMSU wind speed retrieval
relative to the NOMO case. The NOMO correlation
coefficient and MAD are 0.589 and 5.48 m s�1, respec-
tively. For QCOM, the correlation coefficient increases
to 0.776 and the MAD is reduced to 3.40 m s�1. The
wind speed improvements for the HCOM adjustments
are similar to (but not quite as good as) those for
QCOM, with a correlation coefficient and MAD of
0.753 and 3.58 m s�1, respectively. The NCEP wind
speed MAD from QuikSCAT is comparable to that
from NOMO and a little larger than those for QCOM
and HCOM.

The improvements in the AMSU wind direction for
the QCOM or HCOM adjustments are not as good as
those for wind speed. The MAD for NOMO in Table 6
is 34.4°, which reduces only slightly to 33.6° and 33.0°
for QCOM and HCOM, respectively. The correlation
coefficients for QCOM and HCOM are a little smaller
than that for NOMO. The NCEP wind directions shows
better results than do those of QCOM and HCOM,
especially for the MAD and the correlation coeffi-
cients. The differences between the results of three
kinds of AMSU winds (NOMO, QCOM, and HCOM)
and NCEP surface winds are probably because of the
spurious vortices away from the storm center in the
AMSU analyses. These results indicate that the simple
algorithm to modify the AMSU wind direction by sub-
tracting the bias as a function of AMSU wind speed has
some limitations.

The results from comparisons between the H*Wind
surface wind and three AMSU wind fields (NOMO,
QCOM, and HCOM) are shown in Table 7. The statis-
tical results from comparisons between the H*Wind
and NCEP surface winds are also shown. The results
generally are similar to those for the comparison with
QuikSCAT in that the QCOM and HCOM procedures
improve the wind speed error more than the wind di-
rection error. However, the correlation coefficients are
smaller and the MADs are larger in the comparisons
with H*Wind than in those with QuikSCAT. This deg-
radation in the comparison is primarily because of the
fact that the H*Wind analyses resolve the inner core of
the storm, but the AMSU and QuikSCAT analyses do
not. Similar to the comparison with QuikSCAT, NCEP
shows comparable results to QCOM and HCOM in the
MAD for wind speed, and better results than QCOM
and HCOM in the MAD and the correlation coeffi-
cients for wind direction. Because of the aircraft data in
H*Wind, the comparisons with AMSU and NCEP are

FIG. 7. AMSU cloud liquid water distribution for Hurricane
Floyd (1999). The contour interval for CLW is 2 mm.
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measures of the accuracies of these two methods. This
result indicates that in the vicinity of TCs, the AMSU
retrievals have comparable accuracy to global data as-
similation systems.

Table 8 shows the results from comparisons between
the NCEP surface wind and the three AMSU wind
fields (NOMO, QCOM, and HCOM). Almost the same
results are found in this table as previously mentioned
in the discussion of Tables 6 and 7. QCOM and HCOM
improve the correlation coefficients for wind speed, but
the values of the coefficients are lower than other two
validations with QuikSCAT and H*Wind. The wind
direction retrieval algorithm in QCOM and HCOM
again do not show much improvement. In these statis-
tics, the bias of wind direction in QCOM and HCOM
shows the same (but negative) magnitude as that in
NOMO.

6. Discussion

One purpose of this paper is a comparison of the
wind field retrieved from AMSU temperature data us-

ing the nonlinear balance equation at 850 hPa with sur-
face wind fields obtained from QuikSCAT or H*Wind.
The second objective is to use the results of the com-

TABLE 6. Statistics of the comparisons of the three kinds of
AMSU wind with the surface wind of QuikSCAT for the cases of
Hurricanes Floyd (1999) and Michelle (2001). Statistics of the
comparisons of NCEP surface wind with QuikSCAT are also
shown for reference.

No. of
data Bias MAD COR

850-hPa wind (NOMO)
Wind speed (m s�1) 2514 �1.94 5.48 0.589
Wind direction (°) 2514 11.8 34.4 0.803

QCOM
Wind speed (m s�1) 2514 �0.49 3.40 0.776
Wind direction (°) 2514 �4.4 33.6 0.794

HCOM
Wind speed (m s�1) 2514 �1.11 3.58 0.753
Wind direction (°) 2514 �0.9 33.0 0.792

NCEP
Wind speed (m s�1) 2514 �1.94 3.83 0.593
Wind direction (°) 2514 2.3 17.8 0.919

FIG. 8. Surface wind distributions estimated by (a) QCOM and (b) HCOM. Contours and arrows are the same as in Fig. 6.
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parison to develop an adjustment procedure for reduc-
ing the AMSU 850-hPa winds to the surface, and then
to evaluate the adjustment procedure on independent
cases.

The estimation of surface wind speed using the ad-
justment procedure showed positive results. The corre-
lation coefficients increased and the wind speed errors
decreased after the adjustments were applied, when
AMSU wind fields were compared with those from
QuikSCAT, H*Wind, or NCEP. Franklin et al. (2003)
show the mean vertical profile of wind speed in hurri-
canes obtained from GPS dropwindsonde from the sur-
face to 700 hPa. Their results confirmed recent opera-
tional procedures to estimate surface winds from flight-
level winds. In their study, they proposed that reduction
factors be multiplied by aircraft wind speeds at 850 or
700 hPa to estimate the surface wind speed. The surface
adjustments using the regression equations in this paper
have some similarities with those described by Franklin
et al. (2003). However, according to Kepert (2001) and
Kepert and Wang (2001), the use of universal constants
for adjustment factors to reduce the surface wind speed
is incorrect. In this paper, the adjustment factors are a
function of CLW. The reduction factors used by Frank-

lin et al. (2003) are below 1.0, which means that the
surface wind speeds are always less than those at 850 or
700 hPa. This type of procedure would not work well
for adjusting the AMSU data to the surface because the
adjustment procedure also corrects for a speed bias that
is function of the AMSU wind speed. As seen in the
wind speed formulas in Tables 4 and 5, the AMSU
adjustment procedure acts to increase (decrease) the
AMSU wind speeds at 850 hPa when the AMSU speeds
are lower (higher) than a certain wind speed value to
estimate of surface wind speed.

Powell and Black (1990) showed that low-level at-
mospheric stability has a strong influence on surface
wind speeds in TCs. They found different reduction
factors from the flight-level wind speed to the surface in
stable, unstable, and neutral conditions. However, the
QuikSCAT surface wind speeds are retrieved assuming
neutral stratification. In this paper, atmospheric strati-
fication is not considered in the development of the
AMSU adjustment procedure from wind speeds at 850
hPa to the surface. As a next step, this issue should be
considered to refine the AMSU wind speed adjustment
procedure using the sea surface temperature and the
low-level atmospheric temperature.

There are some problems in the wind direction esti-
mated by AMSU. As seen in Fig. 6a, the AMSU wind
field at 850 hPa has several small vortices away from
the storm center, which is not realistic in a TC, and
were not seen in the corresponding QuikSCAT,
H*Wind, or NCEP analyses. It can be seen in the com-
parison of Fig. 6a and 7 that these small vortices are
located on the periphery of areas of higher CLW, or
near land. Thus, they are likely results from errors in
the AMSU temperature retrieval algorithm in these ar-
eas. Further work is needed to remove these “contami-
nation” effects from AMSU brightness temperature
data, so that the nonlinear balance equation will pro-
duce more realistic flow around a TC without these
small vortices being created.

Another problem is the bias-removing algorithm for
adjusting the AMSU wind directions to the surface. In
the validation for Hurricanes Floyd and Michelle it was
found that wind directions in the strong wind speed
regions were improved by the QCOM and HCOM pro-
cedures. However, in the weak speed areas, such as in
the vicinity of the small vortices, the wind directions in
QCOM and HCOM do not correspond to the surface
wind directions of the QuikSCAT, H*Wind, or NCEP
analyses. The correlation coefficient and MAD of wind
direction for QCOM and HCOM with QuikSCAT,
H*Wind, or NCEP do not show any significant im-
provements relative to the unadjusted AMSU wind di-
rections. This lack of improvement indicates that the

TABLE 7. Same as Table 6, but for H*Wind.

No. of
data Bias MAD COR

850-hPa wind (NOMO)
Wind speed (m s�1) 2916 �0.10 5.97 0.461
Wind direction (°) 2916 15.7 29.5 0.784

QCOM
Wind speed (m s�1) 2916 1.36 4.63 0.612
Wind direction (°) 2916 �0.7 28.5 0.781

HCOM
Wind speed (m s�1) 2916 0.70 4.25 0.594
Wind direction (°) 2916 2.7 28.0 0.783

NCEP
Wind speed (m s�1) 2916 �0.42 4.36 0.454
Wind direction (°) 2916 11.8 19.0 0.921

TABLE 8. Same as Table 6, but for NCEP.

No. of
data Bias MAD COR

850-hPa wind (NOMO)
Wind speed (m s�1) 3404 0.10 5.24 0.453
Wind direction (°) 3404 7.8 35.6 0.630

QCOM
Wind speed (m s�1) 3404 1.66 3.89 0.545
Wind direction (°) 3404 �8.5 37.4 0.626

HCOM
Wind speed (m s�1) 3404 1.21 3.19 0.542
Wind direction (°) 3404 �5.2 36.6 0.628
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bias-removing method is of limited usefulness for re-
ducing the AMSU directions to the surface. The adjust-
ment does, however, provide a better estimate of the
inflow angle of the surface wind relative to the 850-hPa
wind in an area-averaged sense.

Further improvements in the estimation of surface
wind direction from the 850-hPa AMSU wind direction
will require an analysis of the relation between the wind
direction difference and additional physical parameters
such as vertical wind shear, direction of TC motion,
convective activity around the TCs, and so on. It will
also be necessary to derive a regression model between
wind direction and wind speed, or CLW using circular
statistics.

Although the AMSU surface wind algorithm still has
some problems, especially for the wind direction, the
results show that the wind speeds compare well with
QuikSCAT. The QuikSCAT winds also sometimes
have large errors in the wind direction estimates, espe-
cially near the center and the edges of the wind swath.
Even with these errors, QuikSCAT has proved to be
very useful for TC analysis, especially away from the
inner core. Thus, the AMSU surface winds should have
similar utility.

In future studies, the problems above mentioned will
be further investigated. The effectiveness and impact of
the AMSU surface wind will be investigated, particu-
larly in the periphery and center region of TCs. In ad-
dition, the accuracy of the AMSU surface winds in dif-
ferent parts of the storm will be studied (e.g., in the
inner core versus the outer part of the storm). It may be
possible to combine the AMSU winds in the areas
where they are most accurate with parameters derived
from other instruments or numerical model fields.

Zhu et al. (2002) showed that a hurricane bogus vor-
tex derived from three-dimensional AMSU observa-
tions can have a large impact on the numerical TC pre-
diction. Their algorithm for making a vortex from
AMSU data is similar to the method described here for
the 850-hPa AMSU winds. However, Zhu et al. (2002)
do not include a surface wind field estimate. Applying
our method to generate a bogus vortex for numerical
TC prediction model initialization may help to further
improve the forecast results of Zhu et al. (2002).

AMSUs are now on board the current series of
NOAA operational polar-orbiting satellites and the
data are available in real time on operational centers. If
the surface wind retrieval algorithm in this paper works
suitably, diagnosing the wind field of TCs from AMSU
will be practical in routine TC analysis and prediction
models in the near future. Similar to QuikSCAT, it
should be especially useful for TCs in most ocean basins
that do not have routine aircraft reconnaissance.

7. Summary

AMSU-retrieved wind fields at 850 hPa were com-
pared with the surface wind fields from QuikSCAT and
H*Wind. From these comparisons, it was found that the
AMSU wind speed at 850 hPa has a linear relationship
with the surface wind speed of QuikSCAT or H*Wind.
The characteristic bias of wind direction also appeared
between AMSU and QuikSCAT or H*Wind. Applying
regression models for adjusting AMSU wind speeds
and the bias-removing method for AMSU wind direc-
tions, an algorithm was developed to estimate the sur-
face wind field from the AMSU wind at 850 hPa. This
algorithm was simple but robust, especially for wind
speed.

The algorithm was validated in two independent
cases from Hurricanes Floyd and Michelle, which were
simultaneously observed by AMSU, QuikSCAT, and
H*Wind. In this validation the regression model for
wind speeds showed positive results. On the other
hand, the bias-removing method for wind direction has
room for improvement.
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