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Abstract—A Ku-band geophysical model function for wind speed
retrieval named as KuLMOD-H is proposed based on the quasi-
specular reflection model for the Chinese Tiangong-2 Interferomet-
ric Imaging Radar Altimeter (TG2-InIRA), which can be used to
retrieve the wind speed with 2 km resolution. The model is derived
by expanding the effective nadir reflection coefficient term and
the mean square slope term in the quasi-specular reflection model
using quadratic polynomials with wind speed as variable. The
model coefficients are obtained by fitting the radar backscattering
coefficient data from TG2-InIRA to the collocated sea surface wind
speed data from European Center for Medium-Range Weather
Forecasts (ECMWF). For solving the problem of potential am-
biguous solutions when the incidence angles are relatively large,
a regularization approach is further proposed. The retrieved wind
speed results have a root-mean-square error (RMSE) of 1.42 m/s
compared with the collocated ECMWF wind speed data and at the
same time, they are highly consistent with the buoy data. Different
from the previous works on TG2-InIRA wind speed retrieval,
this article derives a semiphysical model suitable for incidence
angles from 1◦ to 8◦, by which better retrieval results are achieved.
This work not only explores the wind speed retrieval capability
of the instrument under low incidence-angle observation, but also
provides high-resolution wind speed data for further correction of
sea state bias for TG2-InIRA sea surface height measurements.

Index Terms—Low incidence angles, quasi-specular reflection,
regularization approach, Tiangong-2 interferometric imaging
radar altimeter (TG2-InIRA), wind speed retrieval model.

I. INTRODUCTION

THE spaceborne interferometric imaging radar altime-
ter (TG2-InIRA) was launched onboard the Chinese

Tiangong-2 space laboratory on September 15, 2016 [1]. TG2-
InIRA works at 13.58 GHz with 40 MHz bandwidth, it is the
first wide-swath ocean altimeter [2]. TG2-InIRA aims to validate
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the working principle for realizing wide-swath measurement of
sea surface height (SSH) and the payload design as well [3]–
[5]. Different from traditional altimeters, TG2-InIRA takes a
short interferometric baseline and adopts small incidence angles
from 1◦ to 8◦ along with synthetic aperture imaging technique
to obtain amplitude images and wide-swath SSH at the same
time. Synthetic aperture processing is applied to improving the
azimuthal resolution while pulse compression is used to obtain
high range resolution under off-nadir observation geometry [6].
Hence, TG2-InIRA can measure SSH with wide-swath and the
sea surface normalized backscattering cross section (σ0) with
high resolution owning to the realized high signal to noise ratio
(SNR) under the specific observation geometry.

The sea surface wind field is the main power source of the
upper ocean motion, which is directly related to almost all the
seawater movements in the ocean. Wind speed is one of the
important physical parameters in oceanography, which is of
great significance for marine environment numerical prediction,
marine disaster monitoring, air-sea interaction, meteorological
forecast, climate research, etc [7], [8]. Spaceborne remote sens-
ing technologies have been widely used to monitor the sea
surface wind field [7], [9], [10]. Geophysical model functions
(GMFs), such as the C-band models CMOD4, CMOD5, and the
Ku-band models NSCAT-2, Ku-2011, and QSCAT-1 [11]–[17],
describe the relationship between σ0 and incidence angle, polar-
ization, wind speed, and other parameters. They play an impor-
tant role in retrieving wind field by scatterometer. In fact, GMFs
have been also proved to be applicable to the sea surface wind
field measurement by synthetic aperture radar (SAR) [18]–[20].

Since the launch of Tropical Rainfall Measuring Mission Pre-
cipitation Radar (TRMM PR), the sensitivities ofσ0 at incidence
angles less than 20◦ to winds and waves have been investigated
extensively [21]–[26], so as to obtain the relationship between
σ0 and significant wave height (SWH), wind speed and other sea
state parameters. It has been shown that σ0 decreases monotoni-
cally as wind speed increases when the incidence angles are from
nadir to 5◦, while it increases monotonically when the angles
are greater than 10◦. Besides, σ0 exhibits low sensitivity to wind
speed in the range of 5◦–10◦ [23]. Chu et al. [26] analyzed the
relationship between σ0 and wind and wave parameters using
collocated National Data Buoy Center (NDBC) buoy data, and
found that the sea surface roughness is strongly correlated with
wind speed and surface wave slopes. And the sensitivity of σ0
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to wind direction is significantly weaker than to wind speed for
incidence angles less than 10◦. Accordingly, some wind speed
models have been developed. Freilich and Vanhoff constructed
an empirical model using PR σ0 and wind speeds extracted from
TRMM Microwave Imager [21]. In 2004, Li et al. [27] retrieved
the sea surface wind speed from PR measurements using the
SASS-2 model function. Bao et al. [28] established an empirical
GMF to retrieve wind speed using PR σ0 and QuikScat wind
speed data. An artificial neural network model was developed
using PR measurements in [29].

As for the interferometric imaging altimeter, Zhang et al. [30]
retrieved the sea surface wind speed via the neural network
approach using TG2-InIRA data. Ren et al. upgraded the em-
pirical Ku-band low incidence model (KuLMOD) derived from
TRMM PR σ0 data to KuLMOD2 and applied it to retrieve
the wind speed using TG2-InIRA data [3], [31]. The previous
works have demonstrated the wind speed measurement ability
of TG2-InIRA with good wind speed retrieval results achieved.
This work further analyzes the relationship between TG2-InIRA
data and sea state parameters at low incidence angles based on
the complete data obtained during the whole lifetime, and the
data are fully utilized to derive the updated model. Besides, the
sea state bias (SSB) of altimeter SSH measurement depending
on wind speed and SWH has been widely investigated [32], [33].
Accurate acquisition of wind speed will be helpful for correcting
SSB and improving the accuracy of SSH measurement for
TG2-InIRA.

This article focuses on wind speed retrieval from TG2-InIRA
data and develops a Ku-band high-resolution GMF at low in-
cidence angles (KuLMOD-H) by fitting the measured σ0 from
TG2-InIRA to the model using the wind speed data from Euro-
pean Center for Medium-Range Weather Forecasts (ECMWF).
TG2-InIRA σ0 data used in this work cover a wider range of
incidence angles (1◦- 8◦) than previous works after an updated
calibration was performed. We first analyze the relationship
between the sea state parameters and σ0 at low incidence angles
and then develop the model based on quasi-specular reflection
with the effective nadir reflection coefficient and the mean square
slope parameters expanded as quadratic functions of wind speed.
To deal with the multivalue ambiguous problem of wind speed
retrieval when incidence angles are larger than 4◦, a regulariza-
tion method is proposed. Based on the KuLMOD-H model, the
retrieved wind speeds by combining the look-up table approach
and the regularization approach are highly consistent with both
the reanalysis wind speed data and the buoy data.

The rest of this article is organized as follows. Descriptions of
the datasets and the proposed GMF are presented in Sections II
and III, respectively. Sections IV and V introduce the wind speed
retrieval method and compare the results with that of buoys,
reanalysis data, and the existing model. Finally, Section VI
concludes this article.

II. DATASETS DESCRIPTION

A. TG2-InIRA Observations

A total of 40 tracks of TG2-InIRA data are allocated, among
which 21 tracks are matched with the reanalysis data for model

Fig. 1. Spatial coverage of TG2-InIRA data for this study. The data corre-
sponding to less than 50 m depth have been removed out for getting rid of the
coastal effects on the measurement.

Fig. 2. Amplitude images of TG2-InIRA with resolutions of (a) 500 m and
(b) 2 km.

establishment and validation, while the remaining 19 tracks are
matched with Buoys for model validation. They were acquired
between December 2016 and November 2018. The spatial dis-
tribution of the tracks is presented in Fig. 1. The raw spatial
resolutions of intensity image are about 30 m along-track and
30–300 m cross-track and the ground swath is greater than
40 km. Fig. 2(a) and (b) present TG2-InIRA amplitude images
with spatial resolutions of 500 m and 2 km, and they are obtained
by performing spatial filtering on the same raw image with
500 m and 2 km windows, respectively. The sea surface σ0

data contaminated by rainfalls are first screened out before the
following processing. The spatial resolution ofσ0 is downgraded
to 2 km for guaranteeing much higher SNR, which helps for
accurately analyzing their variation versus different incidence
angles and different SWHs.

B. ECMWF ERA-5 Data

The wind speed data 10 m above sea surface with 0.25◦

× 0.25° spatial resolution and 1-h temporal resolution from
ECMWF ERA-5 are collocated to match TG2-InIRA data for fit-
ting the model coefficients and validating the developed model.
The ECMWF SWH data are also collocated to TG2-InIRA
data for analyzing their correlation. The spatial resolution of
SWH is 0.5° × 0.5° and the temporal resolution is also 1 h.
By using a combined 10-min time window and 2-km spatial
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Fig. 3. Histogram of wind speeds from ECMWF matching to TG2-InIRA
data.

window, 171 764 groups of ERA-5 data are matched to the
TG2-InIRA data. Fig. 3 presents the histogram of the collocated
wind speeds, as can be seen from which there is a small number
of wind speeds higher than 14 m/s and lower than 2 m/s. The
mean and the standard deviation of the collocated wind speeds
are, respectively, 6.82 and 2.95 m/s. We randomly select 3/4 of
the data for model fitting and the remaining 1/4 of the data for
model validation.

C. ETOPO1 Data

The ETOPO1 is built from the global and regional datasets.
It is a 1 arc-min global relief model of the Earth’s surface
integrating both the land topography and the ocean bathymetry.
Here, it is used to remove out the shallow water areas with depth
less than 50 m.

D. NDBC Buoys Data

The wind speeds from NDBC buoys 50 km away from off-
shore are used to validate the retrieved wind speeds. The wind
speed and wind direction are available per 10 min by buoys, so
the time and spatial matching windows of 10 min and 50 km
are applied for selecting the data. The spatial distribution of the
collocated buoys is presented in Fig. 4, as it is shown, a total of
seven NDBC buoys are matched to the TG2-InIRA orbits.

Since the anemometers installed on NDBC buoys are about
3–9 m above the sea surface, so the measured wind speeds are
transferred to that of 10 m above sea surface according to the
following equation [34]:

u = 8.7403× uz

ln z
0.0016

(1)

where z represents the height above sea surface, u and uz rep-
resent the wind speed at 10 m and that at z height, respectively.

Fig. 4. Spatial distribution of buoys matching to the TG2-InIRA tracks. The
red triangles represent the position of the buoys, and the blue lines indicate the
tracks of TG2-InIRA.

Fig. 5. Spearman rank correlation coefficients between TG2-InIRA σ0 and
wind, SWH.

III. DATA ANALYSIS AND MODEL DERIVATION

A. Data Analysis

The first step of model derivation is to analyze the relationship
between the TG2-InIRA measuredσ0 and the parameters related
to sea states such as wind speed and SWH. In order to explore the
sensitivity of σ0 on the sea states at small incidence angles, three
Spearman rank correlation coefficients are calculated [35], i.e.,
that between σ0 and wind speed, that between σ0 and relative
wind directionφr, and that betweenσ0 and SWH. The results are
presented in Fig. 5. The relative wind direction φr is defined as
the angle between the wind direction and the incident direction
of the radar antenna beam projected on the sea surface, where
both directions are measured from true north. If the wind blows
toward the projected direction of the radar beam, then φr is
defined as zero.

As can be seen, the σ0-wind speed correlation coefficients
are negative, which is consistent with the quasi-specular reflec-
tion theory [36]. As the wind speed increases, the sea surface
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Fig. 6. Relationship between TG2-InIRA σ0 and φr at wind speed of 7 m/s
and at incidence angles of 2° and 7°. The red solid lines show the curve-fitting
results.

becomes rougher and the σ0 becomes smaller correspondingly.
Theσ0-SWH correlation coefficients are also negative as same as
the σ0-wind speed coefficients. The σ0-φr coefficients are close
to zero, which means the σ0 is not sensitive to the variation
of wind direction. The absolute values of the σ0-wind speed
coefficients are greater than that of the other two, this means
that σ0 is more sensitive to the wind speed than it is sensitive to
the wind direction and SWH.

Next, the dependence of σ0 on wind and SWH is analyzed in
detail. The variations of σ0 versus the relative wind direction at a
typical wind speed of 7 m/s and at incidence angles of 2° and 7°
are presented in Fig. 6, as shown in which the fluctuations
of σ0 over variation of relative wind direction are quite small
and less than 1 dB. As for quantitative comparison, we fit the
mean values of the measured σ0 to a similar model adopted by
scatterometer, which are shown as the red curves and calculate
the correlation coefficient between σ0 and the fitted model. It is
shown that the correlation coefficient is about 0.54 at 7°, while it
is about 0.31 at 2°. It is to say although the relationship between
them exhibits a biharmonic behavior, the variations of σ0 on
wind direction are quite small. However, the wind direction is
considered in the GMFs of scatterometers because quite larger
incidence angles are adopted. As shown in Fig. 8 in [37], the
variation of scatterometer σ0 on wind direction is greater than
5 dB. Chu et al. explored the relation of Ku-band σ0 with wind
speed based on TRMM PR, and their results show that the
influence of wind direction on σ0 cannot be neglected if the
incidence angle is greater than 13.5° [35]. Based on the above
reasons and the maximum incidence angle of TG2-InIRA is 8°,
we do not consider the influence of wind direction in this work.

Because the mean value of the collocated SWH is 1.87 m, all
available σ0 are classified into two groups for better demonstrat-
ing the SWH influence on σ0, one group is for SWH > 1.87 m,
and the other group is for SWH ≤ 1.87 m. Fig. 7 presents the
scatter plots of σ0 variation on wind speed at incidence angles
of 1°, 3°, 5°, and 7° in the above two SWH regions. It is clearly
shown in Fig. 7 that when the incidence angle increases from
1° to 7°, the variation of σ0 versus the increase of wind speed
becomes smaller. Specifically, taking the SWH > 1.87 m region

for example, in the 1° case, the σ0 decreases about 4 dB as the
wind speed increases from 2 to 14 m/s, as shown in Fig. 7(a),
while in the 7° case, the σ0 decreases about 2 dB, as shown in
Fig. 7(d). Besides, the decreasing rate of σ0 under larger SWH
is always smaller than that under smaller SWH except for the 7°
case. It can be summarized that the σ0 is much more sensitive
to the variation of wind speed under smaller SWH and smaller
incidence angle conditions. From the fitted lines, it can be seen
that the slope difference between two SWH regions becomes
smaller as the incidence angle increases. Fig. 7 also shows that
the SWHs are likely larger under larger sea surface wind speeds.

B. Model Derivation

Yan et al. [38] analyzed the correlation coefficients between
σ0 and wind speed from near 0° to 18° using the measure-
ments of global precipitation measurement (GPM) Ku/Ka-band
dual-frequency precipitation radar (DPR). Their results show
that at nadir, the rougher the sea surface, the less the signal
can be reflected to radar. Conversely, at incidence angles near
18°, the radar backscatter increases as the sea surface roughness
increases. The transition point is around 9.2°, at which the
σ0 loses its dependence on wind speed since the sum of the
quasi-specular reflection and the Bragg scattering does not vary
along with the surface roughness. It can be inferred that the
quasi-specular reflection dominates the backscattering within
the incidence range of TG2-InIRA, i.e., 1°–8°, as has also been
demonstrated above.

For microwave backscattering from ocean surface at less than
15° incidence angle, the quasi-specular backscattering from an
isotropic rough surface meeting the Gaussian statistics can be
modeled as following [39]:

σ0 =
|R0|2
s

sec4θexp

[
− tan2θ

s

]
(2)

where |R0|2 denotes the effective nadir reflection coefficient, s
denotes the sea surface mean square slope, and θ denotes the
incidence angle.

A lot of efforts have been made to explore the relations of
|R0|2 and s versus wind speed [19], [40], [41]. Freilich et al.
showed in [21] that |R0|2 varies between 0.38 and 0.50, while
s increases monotonically and nonlinearly as wind speed varies
from 0 to 25 m/s for TRMM PR data. Wu suggested that the
mean square slope varies approximately as the logarithm of wind
speed [42], [43].

For describing the model development process for TG2-
InIRA, σ0 measurements of TG2-InIRA and the modeled σ0

of (2) are both presented in Fig. 8, as can be clearly seen their
variation trends along with wind speed and incidence angle are
consistent well. However, there are still some notable differ-
ences, especially for smaller and larger wind speeds. It is to say
the model of (2) cannot be directly used for wind speed retrieval
for TG2-InIRA. The above results inspire us to modify (2) by
expressing the effective nadir reflection coefficient |R0|2 and the
mean square slope of sea surface s as functions of wind speed
so as to better model the backscattering behavior of TG2-InIRA
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Fig. 7. TG2-InIRA σ0 variations on wind speed for 1°, 3°, 5° and 7° incidence angles under smaller and larger SWH conditions. The red and blue lines are
obtained by linear least square fitting representing SWH ≤ 1.87 m and SWH > 1.87 m, respectively.

Fig. 8. Comparison between the quasi-specular σ0 and the mean values of
TG2-InIRA σ0. The scatter plots represent the mean values of TG2-InIRA σ0

and the lines represent the quasi-specular modeled σ0.

and then the developed model can be used to retrieve the wind
speed.

The modified model is expressed as follows:

σ0(θ, u) =
|R(u)|2
s(u)

sec4θexp

[
− tan2θ

s(u)

]
(3)

where

|R(u)|2 = a1u
2 + a2u+ a3 (4)

s(u) = b1u
2 + b2u+ b3 (5)

and u is the wind speed at 10 m above sea surface, θ is the inci-
dence angle, a1, a2, a3, b1, b2, and b3 are the model coefficients
obtained by curve fitting.

In this article, we explore the variations of |R0|2 and s on wind
speed and express them as quadratic polynomials by (4) and (5),
respectively. The processes for determining a1, a2, and a3 in
(4), and b1, b2, and b3 in (5) are outlined as follows. TG2-InIRA
measured σ0 corresponding to incidence angles from 1° to 8°,
and the collocated wind speeds from 1.2 to 15.2 m/s are used.
The reason why the wind speed range is limited to 15.2 m/s is
that the amount of data with wind speeds larger than 15.2 m/s
is not enough for fitting the coefficients of the polynomials due
to discontinuous observation of TG2-InIRA when in orbit. The
concrete fitting steps are as follows.

1) The wind speeds are divided into 71 bins: 1.2 ± 0.5 m/s,
1.4 ± 0.5 m/s, 1.6 ± 0.5 m/s, . . ., 14.8 ± 0.5 m/s, 15.0 ±
0.5 m/s, 15.2 ± 0.5 m/s.

2) For different wind speed u, |R(u)|2 and s(u) are extracted
by fitting (3) using the collocated data.
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TABLE I
MODEL COEFFICIENTS OF KULMOD-H

Fig. 9. Variations of |R(u)|2 and s(u) on wind speed. Small blue circles
represent the derived |R(u)|2 and s(u) at step 2) for different wind speeds,
while the red lines are from (4) and (5) using the fixed model coefficients.

3) a1, a2, and a3 are obtained by fitting the obtained |R(u)|2
at step 2 to the right-side of (4) using different u; b1, b2,
and b3 are obtained by fitting the obtained s(u) at step 2
to the right-side of (5) using different u.

With the above three steps completed, we get all the model
coefficients as listed in Table I. Fig. 9(a) and (b) plot the fitted
curves of |R(u)|2 and s(u) versus the wind speedu, respectively.
Fig. 10 plots the TG2-InIRA σ0 measurements along with
that calculated by the developed KuLMOD-H at different wind
speeds versus incidence angles from 1° to 8°. It can be seen that
they agree with each other very well. Compared with Fig. 8, the

Fig. 10. Comparison of the KuLMOD-H σ0 and TG2-InIRA σ0 for incidence
angles from 1° to 8°. The solid lines represent the model values while the points
represent the mean values of TG2-InIRA σ0.

consistency between the measurements and the model values
has been obviously improved. In addition, the proposed model
results highly agree with the measurements of GPM DPR, as
compared with [38, Fig. 5].

IV. METHOD FOR WIND SPEED RETRIEVAL

In 2004, a retrieval algorithm for the application of TRMM PR
was proposed by Li based on the maximum likelihood estimation
aiming for solving the insensitive problem of σ0 to wind speed
at low incidence angles [27]. Bao et al. [28] also proposed
a maximum likelihood estimation method based on multiple
incidence angles to obtain the optimal wind speed by minimizing
the objective function. These methods assumed that σ0 does
not change remarkably, however, although this assumption can
ensure retrieval accuracy, there is a cost of spatial resolution
reduction.

In our work, if the look-up table approach is directly used to
retrieve the wind speed as commonly adopted, the results are not
stable when the incidence angles are larger than 4°. This problem
can be solved by taking a regularization approach [44], [45].
This is to say, the look-up table approach for incidence angles
less than or equal to 4°, and the regularization approach for
incidence angles greater than 4°. As shown in Fig. 10, there exists
a relatively weaker sensitivity problem of σ0 on wind speed
and even the multisolution problem for larger incidence angles.
Based on the assumption that the wind speed should not change
much within the swath of TG2-InIRA, we impose the averaged
least square wind speed from incidence angles smaller than 4°
within the same azimuth angle as the regularization reference
for incidence angles larger than 4°. Thus, the regularized wind
speed can be obtained using the following objective function:

min
1

2
|σ0

measured(θ, u)− σ0
model(θ, u)|2 + λ|u− uref|2 (6)

where uref is the average of the least square wind speeds for
incidence angles smaller than 4° within the same azimuth angle,
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Fig. 11. Retrieved wind speeds as λ varies from 0 to 15, (a)RMSE, (b) bias, and (c) RMSE+bias.

λ is the regularization coefficient, σ0
model is the model value

calculated by (3) andσ0
measured is the measuredσ0 by TG2-InIRA.

In order to ensure the robustness of the algorithm, we conduct
sufficient experiments to select the optimal λ. It should be noted
that in this part of work, we randomly select 10 000 sets of data
for guaranteeing both efficiency and reliability at the same time.

We set the range of λ as 0–15, and retrieve the wind speed
with different λ. The RMSE, bias, and the sum of RMSE and
bias of the retrieved wind speeds are shown in Fig. 11(a)–(c),
respectively. As shown in Fig. 11(a), the RMSEs of retrieved
wind speeds using regularization are always better than that
without regularization (i.e., λ = 0). As λ increases from 0, the
RMSE decreases to a local minimum when it is around 0.3, and
then the RMSE increases gradually to a stable level when it is
larger than 6. As shown in Fig. 11(b), the bias with regularization
is slightly larger than that without regularization. As shown in
Fig. 11(c), when λ is equal to 0.2, “Bias + RMSE” has the
smallest value. Based on the above results, we finally setλ = 0.2,
because it is able to make a balance between the ambiguity
removal and the retrieval accuracy. It is clearly shown that if
λ is too smaller, the strength on suppressing the ambiguity is
not enough, if it is too larger, the accuracy will be degraded.
The proposed regularization approach can not only ensure the
accuracy but also maintain the high spatial resolution of wind
speed retrieval.

V. VALIDATION AND DISCUSSION

In this section, we validate the derived model by three experi-
ments, i.e., the first is to compare the retrieved wind speeds with
that from ECMWF-ERA5 alone, the second is to compare the
retrieved wind speeds with that from both buoys and ECMWF-
ERA5, and the last is to compare the retrieved wind speeds with
that from KuLMOD2 [3].

A. Validated by ECMWF Reanalysis Data

We first validate the retrieved results by comparing with the
collocated reanalysis wind speeds from ECMWF, and 42941 of
the total 171 764 groups of data are used. Fig. 12 compares the
wind speeds retrieved from the KuLMOD-H and that from the
collocated ECMWF wind speeds, as can be seen from which,
they are agreed very well with each other and the RMSE is about

Fig. 12. Density scatter diagram of the retrieved wind speeds using the
KuLMOD-H and those collocated from ECMWF. The red line indicates “y=x”
for reference.

1.42 m/s while the mean difference is about 0.15 m/s. It meets
the 2 m/s accuracy standard of wind speed measurement [46].

B. Validated by Both Buoy and ECMWF Reanalysis Data

Now, we further validate the retrieved results by comparing
both with the in situ buoys data and the reanalysis data. Nineteen
buoy sets of data have been matched to TG2-InIRA observations.
Table II lists the wind speeds retrieved from the KuLMOD-H
along with the collocated buoy wind speeds, as can be seen
from which, the all groups except for group 2 have differences
less than 2 m/s, and especially, 13 of them are less than 1 m/s.
The incidence angles of matched measurements cover almost
1° to 8°. The good agreement demonstrates the effectiveness of
the developed model as well as the retrieval algorithm. As for
the abnormal group 2 with the largest difference of 2.10 m/s,
we should investigate if there are some reasons behind it. The
corresponding amplitude image and the normalized spectrum
image of a small region near the buoy position are presented
in Fig. 13(a) and (b), respectively. As it is shown in Fig. 13(a),
there are obvious strips along the azimuthal direction, which
are generated from ocean waves, and this can be verified by
Fig. 13(b), where the wave spectral pattern is clearly shown.
It can be inferred that the wave stripes may affect the σ0 so that
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TABLE II
BUOY AND TG2-INIRA COLLOCATED WIND SPEEDS

Fig. 13. Collocated data corresponding to the second group data in Table II. (a) Part of the intensity image with buoy position marked. (b) The corresponding
image of normalized wave spectral.

the retrieved wind speed has a large error compared with the
buoy.

Besides, we double validate the TG2-InIRA results by com-
paring both with the buoys and the reanalysis data, and present
the results in Fig. 14(a), as can be seen, they are highly consistent
with each other. We further calculate the difference between the
retrieved wind speed and the ERA- 5 reanalysis wind speed, as
well as the difference between the retrieved wind speed and the
buoy speeds as shown by the red and blue lines in Fig. 14(b),

their RMSEs and biases are, respectively, about 1.30 and
0.07 m/s, and about 1.06 and 0.29 m/s. We notice from Fig. 14(b)
that the first and 12th groups of data have relatively larger errors
between the ERA-5 wind speeds and the retrieved wind speeds,
while they are relatively smaller between the buoy wind speeds
and the retrieved wind speeds. Considering that the buoy data are
from in situ measurements while the ERA-5 reanalysis data are
obtained through interpolation, so the consistency between the
retrieved results and the buoy wind speeds is much more reliable.
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Fig. 14. (a) Triple collocation of TG2-InIRA, NDBC buoy and ERA-5 wind speeds, (b) the wind speed difference between TG2-InIRA and NDBC, and the
difference between TG2-InIRA and ERA-5.

Fig. 15. RMSEs of KuLMOD-H and KuLMOD2 for (a) different wind speeds
and (b) different incidence angles.

C. Comparison With the Model KuLMOD2

Compared with the work on KuLMOD2 in [3], we extend
the observation data for incidence angles below 2°. Besides,
KuLMOD2 is derived by using a simple second-order polyno-
mial obtained based on TRMM PR data, while the proposed
model is derived from TG2-InIRA data based on the quasi-
specular reflection model.

The same data of Section V-A are used to retrieve the wind
speed based on KuLMOD2. The RMSE of the retrieved results is
about 1.64 m/s as compared with the ECMWF data. The results
are close to the results in [3], where the retrieved wind speeds
were compared with that from ASCAT. We further compare the
RMSEs of the retrieved wind speeds for different incidence an-
gles and different wind speeds by using the KuLMOD-H and the
KuLMOD2 with results presented in Fig. 15, as can be seen from
which our new model outperforms the KuLMOD2 obviously.

As Fig. 15(b) shows, the retrieval accuracy decreases as the
incidence angle increases, which can be reasonably explained
as follows. As shown in Fig. 10, the sensitivity of σ0 to wind
speed decreases as incidence angle increases, and the sensitivity
is very crucial for accurate retrieving. It means that the higher the
sensitivity, the higher the accuracy can be achieved. In addition,
as shown in Fig. 6, the correlation betweenσ0 and wind direction
increases as incidence angle increases, it means at larger inci-
dence angles, the σ0 measurement is likely influenced by wind
direction and thus the retrieval accuracy is likely influenced. This

influence deserves us to take into account in our future work for
further improving the retrieval accuracy of wind speed.

The above three experiments validate the developed model
and the retrieval algorithm very well. It makes us confident about
their applicability. We should point out that, the results for wind
speeds greater than 15 m/s are only preliminarily validated with
good accuracy by the collocated data of ECMWF because the
available datasets are limited.

VI. CONCLUSION

In this article, the variations of TG2-InIRA σ0 on wind
speed, wind direction, and SWH are first demonstrated and
analyzed, then a high-resolution GMF named as KuLMOD-H is
developed based on the quasi-specular reflection model. The
key to the model derivation is to expand the effective nadir
reflection coefficient and the sea surface mean square slope
as quadratic polynomials of wind speed. As for the retrieval
stage, the regularization approach combined with the look-up
table approach is adopted for accurate retrieval of wind speed
at all incidence angles for TG2-InIRA. The retrieved results are
well validated by both the collocated ECWMF reanalysis data
and the buoy data. Besides, it is shown that the performance of
KuLMOD-H surpasses the KuLMOD2.

As it is demonstrated, TG2-InIRA σ0 is also influenced by
SWH at low incidence angles. It deserves further exploration for
the possibility of retrieving SWH along with the wind speed at
the same time or to exclude the influence of which for achieving
much higher accuracy of wind speed retrieval.
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