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Abstract—Doppler Scatterometer (DopScat) is a new tool for sea
surface wind and current fields remote sensing with rapid global
coverage and wide observation swath. Existing current inversion
methods for DopScat are based on maximum likelihood estimation
(MLE), and its inversion accuracy cannot meet the requirements
of many offshore operations. To improve the accuracy of ocean
surface current measurement for DopScat, a method using prior
probability distributions extracted from historical current fields is
presented. First, according to the temporal correlation of ocean
surface current, the minimum root mean square differences of
current speed and direction are used to select the historical ocean
current data correlated to those of the observation area. Next, a
fitting method based on maximum likelihood is employed to fit
the selected current speed and direction data to determine their
prior probability distributions. Then, the obtained distributions
are used to construct the cost functions of the proposed maxi-
mum a posteriori (MAP)-based current inversion method. Finally,
taking the current result provided by the MLE-based current
inversion method as initial guess, the cost functions of the proposed
MAP-based method are optimized to obtain the final current field.
Validation experiments were conducted using simulated DopScat
data based on the current generated by the ocean surface current
analyses real-time model, the results show that the biases of the
estimated current speed and direction are better than 0.05 m/s and
15◦, respectively. Compared with that of the MLE-based method,
the biases are reduced by 0.16 m/s and 9◦, respectively.

Index Terms—Doppler scatterometer (DopScat), inversion
accuracy, maximum a posteriori (MAP), ocean surface current.

I. INTRODUCTION

OCEAN surface current finds its applications in many off-
shore businesses and studies, such as fishing [1], commer-

cial shipping, global climate change analysis [2], etc. Accurate
inversion of ocean surface currents over a wide area is of great
significance and has attracted extensive attention [3].
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Ocean surface current can be measured by both in-situ and
remote sensing tools, as listed in Table I. Different observation
methods have different measurement accuracy and application
scopes. In-situ instruments [4], [5], high-frequency surface wave
radar (HFSWR) [6] and X-band marine radar [7] can measure
ocean current with high accuracy, but they can only provide
the current field in the nearshore area. Satellite altimeters [8]
can observe ocean circulation on a large scale (>200 km),
but their capability of current inversion in small and medium
scales is limited. Synthetic aperture radar (SAR) [9], [10] can
realize global current observation with high spatial resolution,
but a monostatic radar can only estimate radial current speeds
rather than vector current fields. Moreover, it cannot achieve
continuous observation due to its revisit period. Therefore, it
is expected to develop a new sensor for estimating the vector
current field with rapid global coverage.

In 2013, European Space Agency (ESA) proposed a new
scatterometer system with multiview observations. Unlike the
traditional scatterometry for wind field estimation [11], it was
named Doppler scatterometer (DopScat) as it owns Doppler
measurement capability. Compared with other ocean surface
current measurement tools, such as HFSWR, spaceborne altime-
ter, SAR, etc., DopScat adopts a special pencil-beam rotation
scanning system (see Fig. 1), thus it can achieve rapid global
observation of vector currents using only a single radar. In
addition, it can estimate wind and current simultaneously.

Due to the aforementioned advantages, DopScat has attracted
increasing attention since Fabry et al. [12] theoretically demon-
strated its feasibility. Bao et al. [13], [14] developed a simu-
lation model for DopScat working in Ku-band and proposed
a maximum likelihood estimation (MLE) method to estimate
global vector currents. Their results show that the accuracies of
current speed and direction retrieval are higher than 0.16 m/s
and 22◦, respectively. Subsequently, Rodriguez et al. [15], [16],
[17] developed a Ka-band airborne DopScat for measuring the
current field of the Mississippi River plume. The current speeds
obtained agree well with those measured by in-situ buoy, but
the retrieval accuracy of current direction is worse than 20◦.
A survey on “User demand index of ocean current” [18] shows
that most marine services require the current speed and direction
accuracies to be higher than 0.1 m/s and 20◦, respectively. To
further improve the ocean current inversion accuracy, Dong
et al. [19] designed a Ku-Ka dual-band DopScat model and
achieved a current speed accuracy of 0.05 m/s. However, the
complexity of the estimation method is high. Recently, Sun
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TABLE I
COMPARISONS OF OCEAN SURFACE CURRENT MEASUREMENT TOOLS

Fig. 1. Observation diagram of a pencil-beam rotation scanning system.

et al. [20] proposed a vector current velocity inversion method
using optimally selected observation azimuths and obtained
an estimation accuracy of 0.06 m/s for current speed, but the
estimation accuracy of current direction is still not satisfactory.

Existing ocean current inversion methods for DopScat only
employ real-time field data, the estimation accuracy may not sat-
isfy the requirements of certain applications. In reality, model-
generated or historical data can be used along with real-time
field data to improve the accuracy of ocean dynamic parameter
estimation. For example, Johannessen et al. [21] used wind
direction data generated by the numerical weather prediction
(NWP) model to improve wind field inversion accuracy. Ely-
ouncha et al. [22] proposed a Bayesian-based joint method for
ocean surface wind and current inversion using satellite SAR
data, where the NEMO (Nucleus for European Modeling of the
Ocean) model was used to provide near-surface currents and
help improve the current inversion accuracy.

It is found that the change of ocean current within a period
in a specific area is slow and follows some pattern, i.e., the
ocean current has strong temporal correlations [23]. Therefore,
the temporal characteristics can be well explored using historical
data to predict present current field in an observation area, then
the predicted results can be combined with those estimated from
field data to further improve the ocean current results. Based on
this consideration, an ocean surface current inversion method
incorporating the information extracted from historical ocean
current data is proposed for DopScat for the first time.

The rest of this article is organized as follows. The proposed
ocean current inversion method is described in detail in Section
II. In Section III, experimental results are presented and ana-
lyzed. The advantages, disadvantages, and applicability of the
proposed method are discussed in Section IV. Finally, Section
V concludes this article.

II. METHODOLOGY

The MLE-based method is widely used for ocean current
estimation with DopScat. To further improve the inversion ac-
curacy, the historical ocean current data correlated with those of
the observation area are fitted to produce the prior probability
distributions of current speed and direction. The obtained prob-
ability distributions are then incorporated with the cost function
of the MLE-based method to develop an ocean current retrieval
method based on the maximum a posteriori estimation (MAP)
algorithm. The proposed method consists of three modules: 1)
the historical ocean current data selection module, 2) the prior
distribution fitting and the cost function modification module,
and 3) the current field inversion module.

A. Selection of Historical Ocean Current Data

Root mean square differences (RMSDs) of current speed and
direction are used to determine the preceding period in which the
ocean current data have high correlation with those on present
date for an observation area. As the ocean current for time tr at
present is unknown and to be estimated, the corresponding data
collected at the same time tr of the same day last year are used as
reference for correlation analysis. Suppose there are M obser-
vation points within the sea surface area of interest, the RMSDs
of current speed RMSDVi

and current direction RMSDφi
at the

ith (1 ≤ i ≤ M) observation point are calculated using

RMSDVi
=

√∑n
j=1 (Vsi − Vhj)

2

n
(1)

Equation (2), shown at the bottom of the next page.
where Vsi and φsi denote the current speed and direction at
reference time tr for the ith observation point, Vhj and φhj
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TABLE II
AVERAGE RMSDS BETWEEN REFERENCE AND CANDIDATE HISTORICAL CURRENT FIELDS FOR DIFFERENT TIME INTERVALS

represent the current speed and direction at time tr in the jth
preceding day, and n is the number of selected ocean current
data.

Then the average RMSD of currents of the observation area
can be calculated as

RMSDavg =

∑M
i=1 RMSDi

M
(3)

where RMSDi denotes either RMSDVi
or RMSDφi

for the ith
observation point within the sea surface area of interest.

The candidate historical current datasets are usually selected
from the data obtained several months before the observation
time of the reference current in the same area. Average RMSDs
RMSDavgs for current speed and direction are obtained for each
candidate historical current dataset. The time interval between
the reference dataset and candidate historical current dataset
with the minimum RMSDavg for either current speed or current
direction is regarded as the preceding period to select the histori-
cal current data for present observation area. Since the estimation
accuracy of current speed is better than that of current direction,
RMSDavg of current speed is used for selecting the historical
current data in this work.

To demonstrate how to select the historical current data, in this
study, the OSCAR [24] current data from the Gulf Stream, the
Equatorial region, and the North Pacific Ocean downloaded from
the website https://www.esr.org/research/oscar/oscar-surface-
currents/ were selected for analysis. The Gulf Stream has high
current speeds ranging from 1–2 m/s due to oceanic gyre. The
equatorial current is mainly affected by the northeast winds and
its current speed ranges from 0.5–1 m/s. The current speed of
the North Pacific Ocean is relatively small (0–0.5 m/s) all year
round. It can be noted that the selected current speed data cover
a wide range (0–2 m/s). Therefore, these data are good for
analyzing the temporal correlation between historical current
fields and those under observation.

The ocean current data collected on September 1, 2020 in
these three regions were selected as references, while those col-
lected in June, July, August 2020, and September from 2014 to

2019 were chosen as candidates. In each region, 100 observation
points were selected for analysis. For each observation point,
only the current data point at 8:00 A.M. of each day is provided,
i.e., the data rate is one data point per day. The average RMSDs
between reference and candidate current fields were calculated
and shown in Table II. In Table II, “Jul. + Aug.” and “Jun. +
Jul. + Aug.” denote that the candidate current data are from the
months of July and August, and those of June, July and August,
respectively. “Sep.” represents the historical ocean current data
collected in every September from 2014 to 2019.

It can be seen from the results in Table II that the average
RMSDs obtained from the “Sep.” candidates are larger than
those calculated using the data from other periods, especially
for current direction, indicating that the historical current data
from the same months of different years are not a good choice
for prior information extraction for the experimental data used
here. Thus, the historical current data of every September from
2014 to 2019 are not used in the following analysis. The average
RMSDs of current speed calculated using the historical current
data are all less than 0.50 m/s except for the “Sep.”, which
shows that the historical current data from these periods have
higher temporal correlations with the reference current data. It is
noticed that the average RMSDs of current speed and direction
have similar variation trends. For all the regions, the average
RMSDs of ocean current speed and direction calculated using the
current data from August are the smallest. Therefore, the ocean
current data collected from each day of the preceding month are
selected as the historical ocean current data for prior distribution
extraction.

B. Prior Distribution Fitting and Cost Function Modification

The cost function of the MLE-based current inversion
method [14] for DopScat in probability form is formulated as

JMLE = −
N∑
i=1

[
(fmi − fsi)

2

2VRi

+ ln
√
VRi

]
(4)

RMSDφi
=

√
1

n

∑n
j=1 (δφij)

2

δφij =

{
φsi − φhj 0◦ ≤ |φsi − φhj | ≤ 180◦

360◦ − |φsi − φhj | 180◦ ≤ |φsi − φhj | ≤ 360◦ (2)

https://www.esr.org/research/oscar/oscar-surface-currents/
https://www.esr.org/research/oscar/oscar-surface-currents/
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Fig. 2. Fitting results of historical ocean current data at one observation point. (a) Current speed. (b) Current direction.

Fig. 3. Jarque Bera test results. (a) Current speed. (b) Current direction.

where N is the number of measurements for an observation
point, fmi denotes the Doppler frequency shift for the ith mea-
surement, fsi is the Doppler frequency shift generated by the
ocean surface Doppler spectrum model [25], VRi

represents the
variance of the residual error of the measured Doppler frequency
shift.

The fitting method based on maximum likelihood [26] is
applied to the selected historical ocean current data to determine
the probability distributions of current speed and direction to be
used as prior knowledge of the current field under observation.
The fitting results of current speed and direction for one obser-
vation point are shown in Fig. 2 as an example. Similar results
can be obtained for other observation points. The Jarque-Bera
test was applied to the collected current speed and direction
data to evaluate the goodness of fit between the probability
distribution of data and normal distribution in terms of skewness
and kurtosis. The current data used for probability distribution
fitting contain 90 data points with current speeds ranging from
0.1–1.86 m/s and current directions varying from 30° to 110°,
and the resolution of current direction is 5◦. The corresponding
normal probability plots are shown in Fig. 3. The red lines
represent the probability plots of standard normal distributions.

It can be seen that the scattered probability plots of the collected
current speed and direction data fit the red lines well, and the
Jarque-Bera test accepts the null hypothesis with a significance
level of 5%. It should be pointed out that since the amount
of current speed data within the ranges of [0.1, 1.8] m/s and
[1.6, 1.86] m/s is small, the fitting results corresponding to these
data slightly deviate from the standard normal distribution, as
shown in Fig. 3(a). Therefore, the historical current speed and
direction data involved in this study follow normal distributions.
The log-likelihood functions of historical current speeds and
directions are denoted as JV and Jφ, respectively,

JV = −
[
(V − μV )

2

2σ2
V

+ lnσV +
1

2
ln 2π

]
(5)

Jφ = −
[
(φ− μφ)

2

2σ2
φ

+ lnσφ +
1

2
ln 2π

]
(6)

where μV and μφ, σV and σφ are the mean values and standard
deviations of historical current speeds and directions, respec-
tively. V and φ denote current speed and direction, respectively.
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Fig. 4. Flowchart of the MAP-II based ocean current inversion method.

There are two ways to incorporate the obtained log-likelihood
functions JV and Jφ into the cost function (4). The first way,
called the MAP-I based method, is to add JV and Jφ to (4)
directly, the obtained cost function can then be formulated as

JMAP = JMLE + JV + Jφ. (7)

The second way, named as the MAP-II based method, is
to combine JV , Jφ with (4) separately to produce two cost
functions JMAPV

and JMAPφ
, which can be written as

JMAPV
= JMLE + JV (8)

JMAPφ
= JMLE + Jφ. (9)

C. Estimation of Ocean Surface Current Field

The refined ocean current speed and direction can be estimated
by maximizing JMAP in (7) or maximizing both JMAPV

and
JMAPφ

in (8) and (9). Taking the MAP-II-based method as an
example, the proposed ocean surface current inversion method
is illustrated in Fig. 4 and described as follows.

Step 1: The historical current data correlated with those of
the observation area are selected based on the RMSD criterion.
The mean value μV , standard deviation σV of the historical
current speed, the mean value μφ, standard deviation σφ of the
historical current direction are calculated, then the distributions
JV of current speed and Jφ of current direction are determined
by (5) and (6), respectively.

Step 2: The Doppler spectrum model driven by the parameters
listed in Table III is used to generate the Doppler frequency
shift data [14]. Then the MLE-based current inversion method
is applied to obtain the initial estimates of current speed V0 and
direction φ0.

Step 3: The obtained initial estimate φ0 is used in the Doppler
spectrum model to calculate fsi in (4), then the simplex search
algorithm [27] is used to solve (8) to determine the final current
speed V .

TABLE III
SIMULATION PARAMETERS OF DOPSCAT OCEAN CURRENT DATA

Step 4: The final current speed V is employed to update fsi
and JMLE in (4), then the simplex search algorithm is used to
solve (9) to obtain the final current direction φ.

It should be pointed out that for the MAP-I-based method, the
final current speed V and current direction φ can be simultane-
ously obtained in Step 3 by solving (7) using the simplex search
algorithm.

III. EXPERIMENTS AND ANALYSIS

To evaluate the performance of the proposed MAP-I-based
and MAP-II-based ocean current inversion methods, a DopScat
model [13] with the parameters listed in Table III is used as the
simulation platform, the ocean current, and wind data provided
by the OSCAR model are used for analysis. Suppose the current
field at the Gulf Stream on September 1, 2021 needs to be
estimated, 222 observation points from the Gulf Stream were
selected for the test. It is found that the historical ocean current
data with the minimum average RMSD (i.e., high correlation)
for both current speed and direction were from August, 2021,
thus the historical ocean current data acquired at 8:00 A.M. each
day in August (i.e., 31 days) at the Gulf Stream with a data rate
of one data point per day were collected, i.e., 6882 current data
points in total were used in the experiments.

The ground-truth current fields and those estimated by the
MLE-based method, MAP-I based method, and MAP-II-based
method are depicted in Fig. 5. The magnitude of current speed
is indicated by the color bar, while the arrow shows the current
direction. The correlation coefficients between the estimated and
ground-truth current speed and direction are denoted as corrv and
corrφ, respectively, and calculated via

corr =
1

M − 1

M∑
i=1

(
Uti − μut

σut

)(
Uri − μur

σur

)
(10)

whereUti andUri denote the ground-truth and estimated current
speed or direction.

It can be seen from Fig. 5(b)–(d) that the current speeds
estimated by the MLE-based method, MAP-I-based method, and
MAP-II-based method all agree well with the ground-truth val-
ues with correlation coefficients of 0.9767, 0.9919, and 0.9926,
respectively. However, the current directions obtained by the
three methods show a large difference. The correlation coeffi-
cient of the current direction estimated using the MAP-I-based
method is similar to that obtained using the MLE-based method.
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Fig. 5. Comparison of current fields. (a) Ground-truth. (b) MLE-based method. (c) MAP-I based method. (d) MAP-II based method.

In contrast, the correlation coefficient of the current direction es-
timated using the MAP-II-based method is 0.9966, which is 0.24
higher than that obtained using the MAP-I-based method. Thus,
the proposed MAP-II-based method has a superior performance
in current direction estimation.

To further illustrate the generalization of the proposed
method, a total of 100 observation points were selected from
different ocean areas with high speeds (1–2 m/s), moderate
speeds (0.5–1 m/s), and low speeds (0–0.5 m/s), respectively.
The MLE-based, MAP-I-based, and MAP-II-based current in-
version methods were applied and the results were compared.
The error bar graphs of the estimated current speeds and direc-
tions are shown in Fig. 6. It can be seen from Fig. 6(a) and (b)
that compared with the results obtained using the MLE-based
method, the current speed estimation errors of the MAP-I-based
method are much lower, especially for current speeds greater

than 1 m/s. However, the errors of current direction almost
remain the same. It can be observed from Fig. 6(c) and (d) that
compared with the current inversion results obtained using the
MAP-I-based method, the current direction estimation accuracy
of the MAP-II-based method is significantly improved.

Besides, current speed bias BiasV and current direction bias
Biasφ are also used to evaluate the ocean surface current retrieval
accuracy, which are calculated separately as

BiasV =
1

M

M∑
i=1

|Vri − Vti| (11)

Equation (12), shown at the bottom of this page.
where Vri and φri denote the estimated current speed or di-
rection, Vti and φti denote the ground-truth current speed or
direction.

Biasφ =
1

M

M∑
i=1

Δφi

Δφi =

{|φri − φti| 0◦ ≤ |φri − φti| ≤ 180◦

360◦ − |φri − φti| 180◦ ≤ |φri − φti| ≤ 360◦
(12)
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Fig. 6. Error bar graphs. (a) Current speed estimated using the MLE-method and MAP-I based method. (b) Current direction estimated using the MLE-method
and MAP-I-based method. (c) Current speed estimated using the MAP-I based method and MAP-II based method. (d) Current direction estimated using the
MAP-I-based method and MAP-II-based method.

TABLE IV
COMPARISON OF CURRENT INVERSION IN TERMS OF BIAS AMONG MLE,

MAP-I, AND MAP-II METHODS

The biases of the estimated current speed and direction for
ocean areas with different current speeds were calculated and
the results are listed in Table IV. It can be found that the average
bias values of current speed and direction estimated using the
proposed MAP-II-based method are better than 0.05 m/s and
15◦, respectively. The average bias of the current speed of the
MAP-II-based method is almost the same as that of the MAP-
I-based estimations, but the average bias of current direction
drops by nearly 6◦. Compared with the results estimated by the

MLE-based method, the average bias values of current speed
and direction are improved by 0.16 m/s and 9◦, respectively.
The bias of the estimated current speeds in the area with high
current speeds is improved by nearly 82%, while the bias of the
estimated current direction in the area with moderate current
speeds is increased by about 50%. The above results validate
that the estimation accuracy of current speed can be substan-
tially improved by introducing prior distributions extracted from
the correlated historical current data, and the current direction
retrieval accuracy is greatly improved by the MAP-II-based
method.

In order to verify the effectiveness of the RMSD criterion
for selecting historical ocean current data, the ocean current
inversion accuracy for the historical current data from different
periods listed in Table II except “Sep.” were analyzed using the
proposed MAP-I and MAP-II ocean current inversion methods.
With the current inversion results obtained using the ocean
current data from September 1, 2020 as reference, the bias values
were calculated and listed in Table V.

It can be seen from the results in Table V that the estimation
accuracy of current speed and direction in terms of bias achieves
its maximum and minimum values for the current data from
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TABLE V
BIASES OF CURRENT INVERSION RESULTS FOR DIFFERENT HISTORICAL OCEAN CURRENT DATA

August and June 2020, respectively, and the accuracy for the
data from other periods lies in between. The order is consistent
with that of the RMSD results listed in Table II, which verifies
the effectiveness of the RMSD criterion for selecting historical
current data.

IV. DISCUSSIONS

For better illustration of the MAP-based ocean surface cur-
rent inversion method, its working principle, applicability, and
advantages are discussed in this section.

A. Principle of the MAP-Based Ocean Surface Current
Inversion Method

The MLE-based current inversion method designed for Dop-
Scat estimates the current field only using real-time measured
data. Due to the influence of system noise and model error, the
estimation accuracy is relatively low. In contrast, the MAP-based
current inversion method takes the MLE-based estimation result
as an initial guess, which is then refined using the predicted
results obtained from historical data. In other words, the current
field estimated using the MAP-based method can be regarded
as a weighted average of the measured current field obtained
from real-time collected data and the predicted result from
historical current data. The averaging process can reduce both
measurement and prediction errors, thus the estimation accuracy
is improved.

B. Applicability and Superiority of the MAP-Based Method

The selection and application of historical current data play
an important role in the MAP-based current inversion method.
In this study, the historical current field data correlated with that
of the observation area are selected first according to the RMSD
criterion, then the histograms of the selected historical current
speed and direction data are fitted using the maximum likelihood
fitting method to determine their prior probability distributions.
Finally, the cost functions of MAP-based ocean current inver-
sion are obtained by combining these prior distributions with
maximum likelihood representations. It should be noted that the
historical current data involved in this study all follow normal
distributions. Whether this result can be applied to other current
data or not needs further investigation.

Compared with the MLE-based method, the current speed
retrieval accuracy of the MAP-I based method is increased by
0.15 m/s. However, the current direction estimation accuracy is

only improved by 3◦. It can be concluded that the accuracy im-
provement of current direction is more challenging. Moreover,
the MAP-I-based method estimates current speed and direction
simultaneously. In contrast, the MAP-II-based method employs
a two-step procedure to estimate current speed and direction
separately. The current speed is estimated first due to better ac-
curacy, then it is incorporated into (9) to obtain current direction.
In both the MLE-based and MAP-based methods, a Doppler
spectrum model is employed to produce a Doppler frequency
shift fs with current speed and direction as input parameters,
then the current speed and direction values are adjusted to
make fs approximate the measured Doppler frequency shift
fm till a preset difference is achieved, and the corresponding
current speed and direction are regarded as the estimation results.
Therefore, the higher the estimation accuracy of current speed
is, the higher the estimation accuracy of current direction will
be. As a result, the MAP-II-based method estimates the ocean
current direction more accurately.

V. CONCLUSION

An MAP-based ocean surface current inversion method for
DopScat is proposed to improve the current field retrieval accu-
racy. The contribution of this work is threefold. First, the idea that
prior information of current field can be employed to increase the
current inversion accuracy is proposed and validated. Second, a
scheme for historical current data selection and a feasible method
for prior information extraction and application are developed.
Third, a two-step MAP-based method is designed to estimate
current speed and direction separately, which significantly im-
proves the current direction estimation accuracy. Experimental
results demonstrate that the proposed methods perform better
than existing ones.

It should be pointed out that all the DopScat data used in
the experiments were simulated using ideal wind data without
measurement errors. In real applications, the measurement errors
of the wind field may also reduce the estimation accuracy of
ocean current. Therefore, joint wind and ocean current inversion
incorporating prior information is our ongoing research.
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