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[1] This research focuses on assessing the accuracy of the advanced scatterometer
(ASCAT) wind vector around tropical cyclones by using data from dropwindsondes
deployed by the surveillance and reconnaissance flights during 2007–2010. There are 987
matching samples for the comparisons, with wind speed up to 50m s�1. The bias and
root-mean-square differences of wind speed between ASCAT and dropwindsonde data are
�1.7 and 5.3m s�1, respectively. Further analyses also indicate that large wind direction
differences occur in the low wind speed regime, while large wind speed differences occur in
the high wind speed regime. The accuracy of wind vector in weak wind speed and high wind
speed regimes are significantly reduced in saturated regions, implying that the rain
contamination issue still affects the accuracy of ASCAT wind retrieval. The wind vector in
the medium wind speed regime has much better quality, in good agreement with the
satellite’s designed specification. The ASCAT wind data obviously contain negative wind
speed bias, which grows larger as wind speed increases. A regression fit between ASCAT
and dropwindsonde wind speed is adopted to correct the bias of the ASCAT wind speed.
The error characteristics are largely determined by the magnitude of wind speed and
moisture saturation which are highly variable around the storm. Nevertheless, results from
this study suggest that ASCAT wind data of velocities measuring between 12 and 18m s�1

are more reliable and can be applied to determine the radius of 34 knot winds, a critical
parameter in operational tropical cyclone analysis.
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1. Introduction

[2] Since the Quick Scatterometer (QuikSCAT) mission
ended in November 2009, the advanced scatterometer
(ASCAT) launched in October 2006 has become one of
the key satellite scatterometers, and since then, validating the
accuracy of ocean surface wind vector data from ASCAT
has become an important issue. Bentamy et al. [2008] exam-
ined the accuracy of ASCAT wind observations through com-
parison with collocated measurements from buoys and
QuikSCAT. The comparison between the ASCAT data and
buoys indicated that the wind speeds and directions derived
from ASCAT agree well with the buoy data. The root-mean-
square (RMS) differences of the wind speed and direction
are less than 1.72m s�1 and 18°, respectively. However,
it was found that the ASCAT wind data have a slightly nega-
tive bias of about 0.5m s�1 in high wind speed conditions

(above 10m s�1). The comparison between the ASCAT and
QuikSCAT data also showed that for higher wind speed con-
ditions, ASCAT has low bias, and the ASCAT underestima-
tion with respect to QuikSCAT wind data increases with
wind speed.
[3] To evaluate the accuracy of the scatterometer wind data,

several studies have been performed to compare QuikSCAT
wind data against surface buoy data [Freilich and Dunbar,
1999; Ebuchi et al., 2002; Pickett et al., 2003]. All these
studies demonstrated that the RMS differences between
the scatterometer and buoy data were within the satellite’s
designed specifications for both wind speed (±2m s�1) and
direction (±20°) [Pickett et al., 2003]. Although the above
studies have demonstrated the accuracy of wind data derived
from QuikSCAT in a variety of applications, their accuracy
in heavily precipitating regimes such as tropical cyclones
(TCs) is reduced due to the contamination in backscattering
[Brennan et al., 2009]. The effects of rain, resolution, and sig-
nal saturation would affect the confidence level of operational
forecasters in determining the TC wind speed [Brennan et al.,
2009;Weissman and Bourassa, 2011;Weissman et al., 2012].
[4] Early studies of scatterometer observations and valida-

tion by aircraft observations over TCs were accomplished
by Seasat-A satellite scatterometer (SASS) in Hawkins and
Black [1983] and Black et al. [1985]. Based on 50 matching
samples of SASS-derived wind speeds with surface truth
value, Hawkins and Black [1983] and Black et al. [1985]
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showed that the RMS error of non-rain-contaminated wind
vector was 0.8 m s�1 for wind speed and 11° for wind di-
rection and that of rain-contaminated wind data revealed
larger errors of 1.6m s�1 and 18.5°. Recently, the accu-
racy of QuikSCAT wind vectors in the environment of
TCs was examined via comparison with Global Positioning
System (GPS) dropwindsonde winds from Dropwindsonde
Observations for Typhoon Surveillance near the Taiwan
Region (DOTSTAR) [Wu et al., 2005, 2007] missions dur-
ing 2003–2007 [Chou et al., 2010]. The results indicated
that the RMS difference between the non-rain-flagged
QuikSCAT and dropwindsonde wind data is 2.6m s�1

(17°) for wind speed (direction). Moreover, further analyses
showed that QuikSCAT wind data below tropical storm
wind strength (17.2m s�1) are reliable as one useful param-
eter in determining TC structure.
[5] Following the work from Chou et al. [2010], a compar-

ison between ASCATwind data and equivalent wind observa-
tions from the GPS dropwindsondes is conducted for TCs over
the Pacific and Atlantic Oceans in this study. These tropo-
spheric soundings include data acquired from DOTSTAR,
National Oceanic and Atmospheric Administration/Hurricane
Intensity Forecasting Experiment (NOAA/IFEX) [Aberson
and Franklin, 1999; Aberson, 2010; Rogers et al., 2006,
2013] during 2007–2010, The Observing System Research
and Predictability Experiment-Pacific Asian Regional
Campaign (T-PARC) [Chou et al., 2011; Elsberry and
Harr, 2008; Parsons et al., 2008; Chen et al., 2011;
Huang et al., 2012; Wu et al., 2012a, 2012b] in 2008, and
Impacts of Typhoons on the Ocean in the Pacific (ITOP)
[Hawkins and Velden, 2011; D’Asaro et al., 2011] in
2010. The goals of this study are to validate the ASCAT
wind vector around TC against dropwindsonde data and to
analyze the error characteristics under different TC wind
and moisture conditions. More collocated samples can be
expected between ASCAT and dropwindsonde data in
higher wind speed regions because these dropwindsondes

are mostly deployed around the TC. ASCAT data are useful
in estimation of the 34 knot wind radius. Moreover, the
results of error characteristics can also provide useful infor-
mation on accuracy of satellite-derived wind products,
especially in TCs, which is helpful for the operational TC
analysis and for initializing numerical forecast models.
[6] In section 2, the data and techniques used to identify

the rain-contaminated samples are described. Results for
different wind speed regimes, moisture condition, portion
of storms, and bias correction are provided in section 3,
followed by discussions and conclusions in sections 4 and
5, respectively.

2. Data and Methodology

[7] ASCAT is one of the instruments carried on board
the meteorological operational polar satellites launched by
the European Space Agency and operated by the European
Organisation for the Exploitation of Meteorological Satel-
lites (EUMETSAT). ASCAT is an active microwave sensor
designed to retrieve ocean surface wind data. The mission
of ASCAT is to enhance the spatial and temporal resolution
of surface wind observations at global and regional scales.
ASCAT is designed with two sets of three antennas which
are used to generate radar beams on both sides of the satel-
lite ground track. These beams illuminate approximately
550 km wide swaths (separated by about 700 km) as the satel-
lite moves along its orbit, and each provides measurements of
radar backscatter from the sea surface on a 25 or 12.5 km grid.
For the Satellite Application Facility on Ocean and Sea Ice
and the advanced scatterometer of EUMETSAT Advanced
Retransmission Service wind products, the C-band geophysi-
cal model function (CMOD5.N) for calculating equivalent
neutral winds is applied [Hersbach et al., 2007; Verhoef
et al., 2008]. More detailed information about the ASCAT
wind products can be found in the ASCAT Wind Product
UserManual (www.knmi.nl/scatterometer). The ASCAT orbit
data are obtained from the Royal Netherlands Meteorological
Institute (KNMI) website, with a resolution of 25 km during
2007–2009 and of 12.5 km in 2010.
[8] Global Positioning System (GPS) dropwindsondes

designed by the National Center for Atmospheric Research
are applied for validating the ASCAT wind vector. The
dropwindsondes are designed with a near-surface fall rate
of 10m s�1 and a sampling rate of 2Hz, thus providing
approximately 5m vertical resolution measurements in the
lower troposphere. Note that newer dropwindsondes are
designed with a sampling rate of 4Hz since 2010. The esti-
mated typical measurement errors in the wind speed are
0.5–2.0m s�1 [Hock and Franklin, 1999]. Therefore, the
dropwindsonde measurements provide good quality wind
observations for validating the scatterometer-retrieved wind
data. The data set used for the validation in this study consists
of 7142 atmospheric sounding profiles obtained from
dropwindsondes in four different programs (DOTSTAR,
NOAA/IFEX, T-PARC, and ITOP) during 2007–2010.
[9] Although the GPS dropwindsonde has a sampling in-

terval of 0.25 or 0.50 s, not all the dropwindsondes directly
measure the 10m wind (U10). In order to obtain a larger sam-
pling database by including cases with missing surface wind
measurements, the surface-to-40m averaged wind speed
(M40) is calculated and used to estimate U10 based on a

Figure 1. Scatter diagram of wind speed with the linear
regression fit line for the 10m wind speed (U10) and an aver-
aged surface-to-40m wind speed (M40).
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regression fit (following the method developed in Chou et al.
[2010]). In this method, the U10 and M40 are defined and
calculated by averaging wind vector between 8–12m and
0–40m of dropwindsonde measurement, respectively. In the
data set used in this study, only 3516 (49%) dropwindsondes
could be applied to calculate U10, whereas 5233 (73%)
dropwindsondes are available for the M40 calculation.

Figure 1 shows the scatter diagram between M40 and U10 and
the linear regression fit line calculated from dropwindsondes
globally during 2007–2010. The corresponding best fit
regression line between the M40 and U10 values is given
by U10-M40 = 0.961×M40 + 0.179, with a correlation co-
efficient square (R2) of 0.995. Note that the regression
fit equation is further updated based on several thousand

Figure 2. The locations of dropwindsonde and ASCAT-dropwindsonde matched samples over the
(a) western North Pacific and (b) eastern Pacific and Atlantic. Black dots indicate the locations of
ASCAT wind data, and other symbols represent the dropsonde locations from different research projects
and field campaigns.

Figure 3. Scatter diagram of the (a) wind speed and (c) wind direction for ASCAT and dropwindsonde.
Differences of (b) wind speed (ASCAT minus dropwindsonde) and (d) wind direction as a function of the
dropwindsonde wind speed.
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dropwindsondes across the globe that directly measured
the U10. The original equation formulated in Chou et al.
[2010] was U10-M40 = 0.977×M40+0.056; the difference be-
tween the above two regression formulas is insignificant.
[10] When the temporal and spatial differences between an

ASCAT observation and a dropwindsonde observation are
within 1 h and one wind vector cell distance, they are defined
as matched samples. With this definition of collocation criteri-
ons, the differences between the observations are larger over
high wind speed gradient regions, i.e., near the storm’s inner
core. As a result, the dropwindsondes that are located within
the 500 km radius from the storm center are transformed to
storm-relative coordinates at the time of the satellite overpass.
Note that the ASCAT data with the finest resolution are
downloaded in real time, and thus, the data resolution is
25 km from 2007 to 2009 and 12.5 km in 2010. Overall, there
are 1005 matched samples obtained under the above criterion.
Figure 2 shows the ASCAT-dropwindsonde matched samples
analyzed in this study. Although the number of samples is not
large enough to conduct a robust statistical analysis, these
samples still provide some values to assess the accuracy of
the ASCAT wind data.
[11] In this paper, the accuracy of rain-contaminated ASCAT

wind data is also examined. Instead of using the rain-flagged
information from the ASCATwind products, the depth of accu-
mulated saturated layers (DASL) of dropwindsonde is applied
to identify if the wind vector cell is influenced by the rain
or not. DASL is calculated based on the relative humidity
measured by the dropwindsonde profile: DASL=Nsa×dz,
where Nsat is the accumulated amount of layer where relative
humidity exceeds 95.0%, and dz is the vertical resolution of
the dropwindsonde profile. Higher DASL means that the
dropwindsonde profile exhibits a thicker zone of saturated
air, and lower DASL represents the dropwindsonde passing
through the much clear sky condition. If the DASL value is
larger than 200m, the dropwindsonde is identified as a
saturated condition dropwindsonde; otherwise, it is called an
unsaturated condition dropwindsonde. Hereafter, the ASCAT-
dropwindsonde matched samples can be categorized into satu-
rated and unsaturated air samples according to the conditions
of dropwindsondes. It should be noted that the threshold values

of relative humidity and lengths of DASL on determining
the saturated condition are also examined in section 3.2. It
will be shown below that the main comparison results of
ASCAT wind data accuracy are not significantly changed,
and thus, it is reasonable to choose the 95% of relative hu-
midity and 200m of DASL as criterions in identifying the
rain-contaminated ASCAT wind data.

3. Results

3.1. Overall Error Characteristics

[12] Because fewer matched samples between the ASCAT
and dropwindsonde data are identified under the condition of
higher wind speed, only 987 matched samples with ASCAT
wind speed ranging between 0 and 50m s�1 are analyzed. The
scatterplot of the wind speed for dropwindsonde and ASCAT
is shown in Figure 3a. The wind speeds derived from ASCAT
are overestimated (underestimated) by dropwindsonde data in
the condition of lower (higher)wind speed. The scatter diagram
ofwind speed difference betweenASCAT and dropwindsonde
as a function of dropwindsonde wind speed (Figure 3b) clearly
shows the wind speed bias of the ASCAT data. The ASCAT
wind data have a positive wind bias for wind speeds below
10m s�1, while a negative bias is found inwind speeds above
20m s�1 as compared with dropwindsonde data. This result
is consistentwith theanalyses inBentamyet al. [2008],which
compared the data betweenASCAT and the buoys. The anal-
yses of theASCAT-buoy collocated samples indicate that the
ASCAT wind data have positive (negative) bias in samples
where wind speed is below 5m s�1 (larger than 10m s�1),
and a larger negative bias is found in higher wind speed.
Note that Figure 3a shows a good number of samples in
which the ASCAT wind speed is many times larger than
the dropwindsonde wind speed. It is shown that those sam-
ples are located around the eye of the tropical cyclone, im-
plying that the ASCAT data could not correctly retrieve
the smaller wind speed value at this region. The difference
of wind direction between ASCAT and dropwindsonde
(Figures 3c and 3d) shows that a larger difference in wind
direction occurs at lower wind speed (<10m s�1) and vice
versa. Note that the wind direction error is a relative

Figure 4. Scatter diagram of the wind speed and direction difference between the ASCAT surface wind
and the estimated 10m wind (U10-M40). All matched samples (below 50m s�1) are sorted by wind speed
and allocated (U10-M40) to three different wind speed regimes. The samples with green, red, and blue
markers represent those with weak wind (below 12m s�1), medium wind (12–18m s�1), and high wind
(above 18m s�1), respectively. (a) All matched samples, (b) samples in unsaturated air condition, and
(c) samples in saturated air condition.
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quantity, which is dependent on wind speed. This appears as
the main reason leading to large directional error for sam-
ples with smaller wind speed.

3.2. Error Characteristics in Different Wind Speed
Regimes and Atmospheric Moisture Condition

[13] Figure 4a shows the scatter diagram of the wind
speed and direction difference between the ASCAT and
dropwindsonde data for all matched samples. To further
examine the error characteristics, these samples are sorted
into three different wind speed regimes by the magnitude
of U10-M40: weak wind speed (below 12m s�1), medium
wind speed (between 12 and 18m s�1), and high wind speed
(above 18m s�1). It is clearly shown that a large negative
wind speed bias occurs in the high wind speed regime and a
large wind direction difference appears in the weak wind speed
regime, consistent with the result in Figure 3c. Furthermore,
both wind speed and wind direction differences are relatively
small in the medium wind speed regime.
[14] The error statistics are also calculated based on all

available ASCAT-dropwindsonde matched samples. The
ASCAT wind speed has a negative bias of �1.7m s�1 calcu-
lated from all 987 matched samples. The wind speed bias is a
positive value of 0.7m s�1 in the weak wind speed regime,
while it is a negative bias of �1.6 and �6.9m s�1 in the me-
dium and high wind speed regimes, respectively. The overall
RMS difference of wind speed is 5.3m s�1. The RMS differ-
ence of wind speed in the weak, medium, and high wind
speed regimes is 3.8, 2.1, and 8.7m s�1, respectively, indicat-
ing that the large RMS difference is mainly contributed by
samples in the high wind speed regime. In wind direction
comparisons, the overall wind direction bias is relatively
small with a value of �3.7°, while the RMS difference is
quite large with a value of 41.9°. The RMS difference of
wind direction in the weak, medium, and high wind speed re-
gimes is 48.6°, 28.0°, and 35.2°, respectively. Thus, the large
RMS difference of wind direction is contributed by samples
in the weak wind speed regime. The detailed error statistics
are summarized in Table 1. Based on these ASCAT wind er-
ror statistics, it is found that the RMS differences of wind

speed and direction in the medium wind speed regime
are closer to the instrument design specifications for wind
(±2m s�1 in wind speed and ±20° in wind direction [Pickett
et al., 2003]) as compared to those for the weak and high
wind speed regimes.
[15] The influence of precipitation on wind retrieval due to

the contamination of backscatter is examined by comparing
the unsaturated and saturated ASCAT-dropwindsonde sam-
ples as shown in Figures 4b and 4c. In general, the scatter
points in unsaturated samples are closer to the center of the
figure than those in saturated samples, indicating that the
wind difference between ASCAT and dropwindsonde in un-
saturated air is smaller than that in saturated air. The RMS
wind speed difference in unsaturated samples is 2.8m s�1,
about 38% of the value in saturated samples. Meanwhile,
the RMS wind direction difference in unsaturated samples
is also reduced to a smaller value of 35.3° as compared to
that in saturated samples. This result of larger errors in the
rain-contaminated ASCAT wind data is generally consistent
with the findings of Hawkins and Black [1983] and Chou
et al. [2010], indicating that the accuracy of wind data re-
trieved from scatterometers is limited and is influenced by
rain [Weissman et al., 2012].
[16] The sensitivity of different cutoff values of saturation

and lengths of DASL on determining the rain-contaminated
samples is shown in Table 2. It is clear that as DASL in-
creases at the same cutoff value of saturation, the number
of rain-contaminated samples is reduced since a thicker satu-
rated layer is required to identify those samples. Furthermore,
the magnitude of bias and RMS difference for wind speed in
rain-contaminated samples also increases with the DASL
value. This result indicates that the wind speed difference be-
tween ASCAT and dropwindsonde becomes larger in more
saturated sounding profiles, implying that the ASCAT wind
retrieval is obviously influenced by the saturation of air col-
umn and that the more negative bias of wind speed difference
is found when the air column is more saturated. By compar-
ing the wind speed differences among three cutoff values of
saturation, much lower bias and RMS values between
ASCAT and dropwindsonde unsaturated samples are found

Table 1. Comparisons of Wind Speed and Direction Between ASCAT and Dropwindsonde Dataa

ASCAT Data Bias Mean Absolute Difference RMS Difference Number of Matching Samples

Total
All �1.7 (�3.7) 3.2 (23.3) 5.3 (41.9) 987
Weak: below 12m s�1 0.7 (�5.3) 1.9 (28.8) 3.8 (48.6) 533
Medium: between 12 and 18m s�1 �1.6 (�2.8) 1.8 (13.8) 2.1 (28.0) 199
High: above 18m s�1 �6.9 (�1.2) 7.0 (19.1) 8.7 (35.2) 255

Saturated Air Condition
All �2.7 (�5.8) 4.9 (28.2) 7.3 (48.8) 442
Weak: below 12m s�1 2.5 (�8.9) 3.4 (39.7) 6.3 (61.9) 163
Medium: between 12 and 18m s�1 �1.3 (�6.6) 1.6 (18.4) 1.8 (37.1) 88
High: above 18m s�1 �7.7 (�2.9) 7.8 (22.8) 9.4 (40.1) 191

Unsaturated Air Condition
All �0.9 (�2.0) 1.8 (19.3) 2.8 (35.3) 545
Weak: below 12m s�1 �0.0 (�3.7) 1.2 (24.0) 1.8 (41.4) 370
Medium: between 12 and 18m s�1 �1.7 (0.2) 2.0 (10.1) 2.4 (17.7) 111
High: above 18m s�1 �4.4 (3.9) 4.7 (7.7) 6.2 (12.2) 64

Total After Bias Correction
All �0.2 2.6 4.6 987
Weak: below 12m s�1 1.4 2.1 4.5 533
Medium: between 12 and 18m s�1 �0.6 1.4 1.8 199
High: above 18m s�1 �3.1 4.5 6.0 255

aWind speed is given in m s�1. Direction is given in degrees clockwise (value in parentheses).
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in the classification of cutoff value of 95%. The bias difference
between the saturated and unsaturated samples is also larger.
These results indicate that using the cutoff value of 95% can
reasonably classify the samples to saturated and unsaturated
samples. Furthermore, the amounts in saturated and unsaturated
samples are roughly the same when classified by a DASL of
200m. As a result, considering the lower bias and RMS differ-
ence in unsaturated samples, the larger bias and RMS difference
between saturated and unsaturated samples, as well as the equal
amount of saturated and unsaturated samples, the 95% cutoff
value of saturation and 200m of DASL are chosen as the
thresholds to categorize the samples into rain-contaminated
and non-rain-contaminated groups in this study.

3.3. Error Characteristics in Different Portions of
Tropical Cyclone or Dropwindsonde Sources

[17] The ASCAT wind error characteristic is further ex-
plored based on five different areas of TCs as demon-
strated by the microwave brightness temperature image
in Figure 5a. For a typical TC, the extent from the TC
center to the outer environment is generally divided into
five distinct areas from the axisymmetric viewpoint, i.e., the
eye, eyewall, moat, rainband, and rain-free areas. The air is
unsaturated in the eye, moat, and rain-free areas, while it is
saturated in eyewall and rainband areas. In addition, the radius
of the eye is empirically within 80 km, and the moat and
eyewall regions are generally located near the inner core of
the storm (about 200 km from the TC center). Therefore, the
dropwindsonde data are classified into five groups corre-
sponding to five TC areas, which are identified based on the
wind speed, saturated condition of air, and the distance be-
tween the storm center and dropwindsonde observations.
[18] The distance between each dropwindsonde and the

storm center is calculated based on the dropwindsonde
splash location, while the location of the storm center at
the dropwindsonde splashed time is interpolated from 6 hourly
Joint Typhoon Warning Center or National Hurricane Center
best track. Empirical criteria used to identify the five areas of
a TC in this paper are as follows: eye (distance below 80 km,
unsaturated air), eyewall (wind speed above 12m s�1, distance
below 200 km, saturated air), moat (wind speed above 12ms�1,

distance between 80 and 200 km, unsaturated air), rainband
(wind speed above 12m s�1, distance between 200 and
500 km, saturated air), and rain-free (wind speed above
12m s�1, distance between 200 and 500 km, unsaturated
air) areas. It should be noted that this partition has an arbi-
trary nature to it and the results have an uncertainty that stems
from this. Furthermore, the best approach to classify five TC
regions is likely using the orbit satellite microwave or aircraft
radar imageries. However, since the dropwindsonde measure-
ment does not always collocate with the orbit satellite mea-
surement in both space and time, and the aircraft radar
imagery is not easily accessible from the archive of aircraft
measurement platform, therefore, the proposed empirical
criteria are applied in this study. Figure 5b shows the locations
of ASCAT-dropwindsonde samples of the five categories rel-
ative to the storm center. Overall, there are at least 20 samples
in each group, and thus, the error statistic could still provide
basic understanding of the accuracy of ASCAT wind data in
different areas of the storm.
[19] Figure 6 shows the histogram of the wind difference

between the ASCAT and dropwindsonde data in different
areas of the TC. The ASCAT wind speeds are consistently
underestimated in all the areas except in the eye area. The
largest RMS difference of wind speed occurs around the
eyewall area, and the largest RMS difference of wind direc-
tion appears in the eye area. The RMS differences of wind
direction in moat, rainband, and rain-free areas are only about
12°, which are within the satellite’s designed specifications
for wind direction. The RMS differences of wind speed are
between about 2.8 and 5.7m s�1, which exceed the satellite’s
designed specifications for wind speed.
[20] The ASCAT wind error characteristic could be further

elaborated by sorting the dropwindsonde data based on dif-
ferent programs for data collection (i.e., DOTSTAR, IFEX,
T-PARC, and ITOP; Figures 7a and 7b). It is found that the
errors of both wind speed and direction for the matched sam-
ples from DOTSTAR and T-PARC are smaller than those
from IFEX and ITOP. This error characteristic could be
explained by the location of matched samples relative to the
storm center and the magnitude of wind speed of the matched
samples (Figures 7c and 7d). The wind speed of matched

Table 2. Comparisons of Samples That Are Sorted Under Different Cutoff Values of Saturation and Lengths of DASL for Saturated and
Unsaturated Air Conditionsa

DASL
(m)

Saturated Air Condition Unsaturated Air Condition

Number of Matching Samples Bias RMS Difference Number of Matching Samples Bias RMS Difference

Cutoff Value of Saturation (RH> 95)
0 693 �2.13 (�4.25) 6.19 (46.95) 348 �0.87 (�2.75) 3.17 (30.38)
50 568 �2.29 (�5.53) 6.53 (46.93) 419 �0.86 (�1.28) 2.99 (33.82)
100 535 �2.36 (�6.15) 6.71 (47.90) 452 �0.89 (�0.86) 2.94 (33.34)
200 442 �2.67 (�5.83) 7.33 (48.78) 545 �0.89 (�2.02) 2.79 (35.27)

Cutoff Value of Saturation (RH> 97)
0 426 �2.51 (�3.63) 6.98 (42.64) 561 �1.06 (�3.80) 3.58 (41.27)
50 386 �2.67 (�3.29) 7.27 (43.50) 601 �1.05 (�4.01) 3.56 (40.78)
100 355 �2.84 (�3.44) 7.55 (45.25) 632 �1.04 (�3.89) 3.50 (39.84)
200 294 �3.41 (�6.53) 7.87 (45.29) 693 �0.96 (�2.54) 3.76 (40.32)

Cutoff Value of Saturation (RH> 99)
0 273 �2.90 (�6.57) 7.65 (46.94) 714 �1.22 (�2.64) 4.10 (39.76)
50 254 �3.09 (�6.83) 7.91 (48.22) 733 �1.20 (�2.65) 4.06 (39.42)
100 221 �3.69 (�5.72) 8.24 (43.43) 776 �1.11 (�3.15) 4.12 (41.40)
200 172 �3.87 (�5.67) 8.20 (44.63) 815 �1.23 (�3.32) 4.49 (41.26)

aDASL is calculated based on the dropwindsonde profile. Wind speed is given in m s�1. Direction is given in degrees clockwise (value in parentheses).

CHOU ET AL.: ASCAT WIND VECTOR VERSUS DROPWINDSONDE DATA

9016



samples from DOTSTAR and T-PARC almost belongs to the
lower wind regime (less than 20m s�1), and the distance be-
tween the storm center and most samples is more than
200 km. On the contrary, the wind speed of matched samples
from IFEX and ITOP almost belongs to the higher wind re-
gime (more than 20m s�1), and the distance between the
storm center and most samples is less than 200 km.

3.4. ASCAT Wind Speed Bias Correction

[21] Based on the analyses in the previous subsection, the
wind speed derived from ASCAT shows a systematic nega-
tive bias in the vicinity of the storm as compared with
dropwindsonde data. In order to remove this negative wind
speed bias, the original ASCAT wind speed is calculated
and interpolated to dropwindsonde wind speed by a quadratic
regression fit. Furthermore, to reduce the uncertainty of the
signal attenuated by rain for retrieving scatterometer wind
data, the interpolation is only calculated for 545 unsaturated
ASCAT-dropwindsonde matched samples. It should be
noted that since no significant bias is found in the wind direc-
tion comparison, the wind direction remains the same for this
bias correction calculation.
[22] As shown in Figure 8a, the scatter diagram between the

ASCAT wind speed (AWS) and dropwindsonde-estimated
10m wind speed (DWS) indicates that the values of ASCAT
wind data agree well with those of dropwindsondewind obser-
vations. The corresponding best fit regression line between
the ASCAT and dropwindsonde wind speeds is given by
DWS=0.014×AWS2+ 0.821×AWS+0.961, with a correla-
tion coefficient square (R2) of 0.851. The regression equation
is applied for adjusting the ASCAT wind speed. Figures 8b
and 8c show the scatterplots between the wind speed difference
of the ASCAT-dropwindsonde sample and dropwindsonde
wind speed for the unsaturated samples without and with
ASCAT wind speed adjustment. It is evident that the negative

Figure 5. (a) The microwave image of 89GHz brightness
temperature at 1729 UTC on 5 October 2007 for Typhoon
Krosa (from the Web site of the Naval Research Laboratory,
Monterey, California) is shown in the schematic diagram for
identifying the different components of the TC structure. (b)
The locations of dropwindsonde and ASCAT-dropwindsonde
matched samples relative to the TC center. Samples are
classified into five different categories to represent the different
portions of a tropical cyclone.

Figure 6. Histogram of the wind difference between the
ASCAT and dropwindsonde data in terms of different com-
ponents of TC structure: (a) wind speed and (b) wind direc-
tion. MAE represents the mean absolute difference; RMSE
means the root-mean-squared difference.
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bias in the high wind speed regime is significantly reduced in
the matched samples with ASCAT wind speed adjustment.
Moreover, the bias is reduced from �0.89 to 0.01ms�1, and
the RMS value is decreased from 2.79 to 2.49ms�1 as well.
Note that the sensitivity of linear and quadratic regression fit
is also examined in this study. Results show that ASCAT data
corrected by quadratic regression fit lead to much lower RMS

values of wind speed difference and larger correlation coeffi-
cient square between both data. The quadratic regression fit is
thus applied in the study (figure not shown).
[23] The error statistic of wind speed between the adjusted

ASCAT and dropwindsonde for all the samples (including sat-
urated and unsaturated samples) is also shown in Table 1.
After the bias correction for all samples, the bias and RMS

Figure 7. (a, b) Same as in Figure 6, but are for comparisons in which the dropwindsonde data are sorted
by different projects. (c) The histogram of matched samples in different projects where the samples are
sorted by the estimated 10m surface wind speed. (d) Same as Figure 7c but samples are sorted by the dis-
tance from the storm center.

Figure 8. (a) Scatter diagram of the wind speed with the quadratic regression fit line for ASCAT wind
speed and the dropwindsonde-estimated 10m wind speed. (b) Relationship between the wind speed differ-
ence of ASCAT-dropwindsonde samples and the dropwindsonde-estimated 10m wind speed. (c) Same as
Figure 8b, but the ASCAT wind speed is adjusted by the proposed regression fit.
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values are reduced from �1.7 to �0.2m s�1 and from 5.3 to
4.6m s�1, respectively. Furthermore, among the three wind re-
gimes, the bias and RMS values for the medium wind regime
are only �0.6 and 1.8m s�1, which are under the satellite’s
designed specifications. However, the bias and RMS values
in weak and high wind regimes still exceed the satellite’s
designed specifications. Since the error statistic of saturated
samples is much larger than that of unsaturated samples, it can-
not be efficiently removed by the proposed regression fit.

4. Discussion

[24] According to the previous assessments on validating the
scatterometer wind data (most are QuikSCAT) against the buoy
observations, the RMS difference between scatterometer and
buoy wind data is under the satellite’s designed specifications
[Freilich and Dunbar, 1999; Ebuchi et al., 2002; Pickett
et al., 2003; Bentamy et al., 2008]. However, since the wind
speed of these scatterometer-buoy samples ranges between 3
and 15m s�1, the accuracy of scatterometer wind data under
the condition of higher wind speed should be further exam-
ined. Chou et al. [2010] firstly validated the scatterometer
wind data against GPS dropwindsonde observations, for
the non-rain-flagged scatterometer-dropwindsonde samples,
indicating that the RMS difference in wind speed and wind
direction is 2.6m s�1 and 16.9°, respectively. Because more
samples are analyzed in the high wind speed region around
the storm, the errors are much larger than those obtained
from the comparisons between the scatterometer and buoy
wind data.
[25] In this study, following the work from Chou et al.

[2010], the accuracy of ASCAT wind data is validated
against the collocated GPS dropwindsonde observations. It
is found that for the matched samples without the effect of
rain contamination, the RMS difference of wind speed and
wind direction is 2.8m s�1 and 35.3°, respectively. The
RMS difference value in wind speed is almost equal to that
analyzed in Chou et al. [2010], while the RMS value in wind
direction doubles. The RMS difference in the samples where
ASCAT is validated only against DOTSTAR dropwindsonde
(as shown in Figures 7a and 7b) is 2.8m s�1 for wind speed
and 14.2° for wind direction. These error statistics are nearly
the same as the values inChou et al. [2010], because the anal-
ysis is conducted on samples of weak wind speed around
the eye area, thus leading to larger RMS wind direction
difference. This comparison shows that the error statistic
of ASCAT wind is strongly dependent on the magnitude of
wind speed, which is highly variable in the inner core of
the storm. Furthermore, the atmospheric moisture condition
is also highly changeable around the storm; thus, the error
values increase due to the heavy rain attenuation effect in
the eyewall and rainband areas.
[26] The comparison between the ASCAT wind data and

the dropwindsonde wind observations in this study shows that
the ASCAT wind speed has a negative bias, the magnitude of
which increases with the wind speed. The bias is �6.9m s�1

for samples with wind speed larger than 18m s�1. This result
is in agreement with the findings in Bentamy et al. [2008,
2012]. Bentamy et al. [2008] showed that the ASCAT wind
has a slightly negative bias of about 0.5m s�1 in high wind
speed conditions (above 10m s�1). The comparison between
ASCAT and QuikSCAT indicates that for higher wind

conditions, ASCAT has a low bias and the ASCAT underesti-
mation with respect to QuikSCAT wind data becomes more
significant when wind speed increases. Bentamy et al. [2012]
conducted more collocated ASCAT-QuikSCAT samples for
13 months. The result showed that ASCATwind speed is con-
sistently lower than QuikSCAT for wind speed larger than
15m s�1 and revealed a clear dependence of the difference
between ASCAT and QuikSCAT on ASCAT wind speed for
wind speed between 15 and 25m s�1.
[27] It should be noted that because the sampling amount

and range are different from those in Bentamy et al. [2008],
the bias of ASCAT wind speed obtained in this study is much
higher than the previous result. Nevertheless, based on our
result and previous studies, the negative bias of ASCAT
wind speed is robust. A systematic approach should be con-
sidered to correct the bias, such as methods proposed in this
study, Draper and Long [2004], Ricciardulli and Wentz
[2011], and Bentamy et al. [2012], for acquiring more accu-
rate information from the ASCAT wind data.

5. Concluding Remarks

[28] In this study, the accuracy of ASCAT wind vectors in
the environment of tropical cyclones (TCs) is evaluated
through comparison with GPS dropwindsonde wind observa-
tions from 2007 to 2010. The data set used for the validation
consists of several thousands of dropwindsonde atmo-
spheric sounding profiles obtained in four different pro-
grams (DOTSTAR, NOAA/IFEX, T-PARC, and ITOP).
The ASCAT orbit data are obtained from the KNMI website,
and the resolution is 25 km between 2007 and 2009 and
12.5 km in 2010. Following the research by Chou et al.
[2010], to obtain a larger sampling database, the surface-
to-40m averaged wind speed is calculated and interpolated
to 10m surface wind speed by a quadratic regression fit. When
the temporal and spatial differences between an ASCAT
observation and a dropwindsonde observation are within
1 h and one wind vector cell distance, they are defined as
matched samples. The depth of accumulated saturated layers
of dropwindsondes is applied to assess the rain attenuation
issue of the ASCAT wind retrieval.
[29] In general, based on the calculation from 987 available

ASCAT-dropwindsonde matched samples in which the wind
speed ranges between 0 and 50m s�1, the bias and RMS dif-
ferences of wind speed between ASCAT and dropwindsonde
data are �1.7 and 5.3m s�1, respectively. Further analyses
also indicate that large wind direction differences occur in
the low wind speed regime (below 12m s�1), while large
wind speed differences occur in the high wind speed regime
(above 18m s�1). The accuracies of wind vector in weak and
high wind speed regimes are significantly reduced for sam-
ples with the saturated condition of air, indicating that the ac-
curacy of ASCAT wind retrieval is mainly limited by rain
contamination. The wind vector in the medium wind speed
regime (between 12 and 18m s�1) has much better quality,
with a RMS difference of 2.1m s�1 for wind speed and
28.0° for wind direction, in good agreement with the satel-
lite’s designed specification.
[30] The ASCAT wind error characteristic could be further

elaborated by sorting the data according to the areas in a TC
and the dropwindsonde sources. For samples categorized by
different areas of a TC, it is found that the largest RMS
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difference of wind speed occurs around the eyewall area, and
the highest RMS difference of wind direction appears in the
eye area. The RMS differences of wind direction in moat,
rainband, and rain-free areas are only about 12°, which is
smaller than that in the eye and eyewall areas. Moreover,
for samples sorted by different dropwindsonde sources, the
error values of wind speed and direction are lower in
dropwindsondes from DOTSTAR and T-PARC than those
from IFEX and ITOP. These comparisons show that the error
statistic of ASCATwind is strongly dependent on themagni-
tude of wind speed, which is highly variable in the inner
core of the storm. Furthermore, the saturated condition of
the atmosphere is also highly changeable around the storm,
and thus, the error values are higher for samples in the
eyewall and rainband areas where heavy rain-contaminated
effects exist.
[31] In this study, the wind speed retrieved from ASCAT

shows a systematic negative bias in the vicinity of the storm,
which is consistent with the findings in Bentamy et al. [2008,
2012]. In order to correct this negative bias in wind speed, the
original ASCAT wind speed is calculated and interpolated to
the dropwindsonde wind speed by a quadratic regression fit.
After applying the bias correction to all matched samples, it
is clearly shown that the negative bias in the high wind speed
regime is reduced. Analyses also indicate that the bias and
RMS values in the medium wind speed regime are only
�0.6 and 1.8m s�1, respectively, which are under the satel-
lite’s designed specifications. However, since the error statistic
of saturated samples is much larger than that in unsaturated
samples, the bias and RMS values in weak and high wind
speed regimes still exceed the satellite’s designed specifica-
tions. Nevertheless, results from these comparisons suggest
that ASCAT wind speeds of around 12–18m s�1 are more re-
liable and can be helpfully applied to determine the wind ra-
dius of 34 knot winds, a critical parameter in operational
TC analyses.
[32] Since 2010, KNMI has released ASCAT data with the

finest resolution of 12.5 km. The new product covers more
data on coastal areas, and the wind quality is better with the
wind speed bias below 0.5m s�1 and wind component
RMS above 2.0m s�1 [Verhoef et al., 2012]. Since the
ASCAT data with the finest resolution are archived in real
time, the resolution of ASCAT data is different in the
analyzed period (from 2007 to 2010). The issue of how the
error statistic of ASCATwind data is likely related to the data
resolution needs to be addressed in follow-up studies by
using more collocated ASCAT-dropwindsonde samples.
Furthermore, the definition to identify the rain-contaminated
data by the rain-flagged information of ASCAT wind prod-
ucts should be considered. In the future, the work will be ex-
tended to evaluate the wind accuracy within the environment
of TCs for the Oceansat-2 scatterometer (OSCAT) which was
launched in September 2009. The OSCAT is a Ku-band con-
ically scanning scatterometer system designed and built by
the India Space Research Organization/Space Applications
Center. The accuracy of the OSCAT wind vector can be
assessed by the same approach as in this study. In higher
wind speed regions around TCs, there may be increases in
temporal variability and spatial variability, i.e., gustiness
and mesoscale structures, that render the comparison of
point and area-averaged measurements difficult. Thus, com-
parison of the areal averaged scatterometer wind data and

point dropwindsonde wind observations in the highly variable
TC environment is another representative issue that needs to
be addressed. A follow-up study is ongoing in which high spa-
tial and temporal resolution data from numerical simulations
of TCs are used to examine the representativeness and time-
averaging issues of TC wind data. It is anticipated that this
work will provide basic understanding on the accuracy of sat-
ellite-derived wind products, especially in TCs, for use in fore-
caster analysis and for initializing numerical forecast models.
Moreover, the errors estimated here provide a benchmark for
better scatterometers that will be designed in the future.
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