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Abstract: High-quality wind field data are key to improving the accuracy of storm surge simulations
in coastal and estuarine water. These data are also of great significance in studying the dynamic
processes in coastal areas and safeguarding human engineering structures. A directional correction
method for ECMWF reanalysis wind data was proposed in this paper based on the correlation with
the measured wind speed and direction. The results show that the accuracies of wind speed and
direction were improved after being modified by the correction method proposed in this paper. The
modified wind data were applied to drive the storm surge model of the Yangtze Estuary for typhoon
events, which resulted in a significant improvement to the accuracy of hindcasted water levels. The
error of the hindcasted highest water levels was reduced by 16–19 cm.

Keywords: wind correction; storm surge; numerical model; reanalysis wind field

1. Introduction

Estuarine and coastal areas with dense populations and numerous human projects are
highly vulnerable to coastal disasters, e.g., typhoon-inducing storm surges. The abnormal
rises and falls of water levels caused by strong wind and low pressure during the typhoon
period are called storm surges. Usually, along with strong winds, waves, and coastal
erosion, they can cause great damage to coastal ports, embankments, and cities. Therefore,
the storm surge is one of the primary themes of studies on coastal floods.

Numerical modelling has been widely applied to investigate storm surges, disaster
assessments, and coastal management. Many studies have focused on the numerical
model and typhoon storm surge simulation [1–4]. For instance, Hu et al. adopted an
integrated model system to hindcast storm surges and analyzed the wind and wave effect
on storm surges under the conditions of two different typhoons in the Yangtze Estuary and
Hangzhou Bay [1]. Wang et al. used the Finite Volume Coastal Ocean Model (FVCOM) to
investigate the impacts of wind field correction on the storm surge simulation [2]. He et al.
used measured data and the FVCOM model to evaluate the impacts of interaction between
tide, wave, and wind on a storm surge in the Yangshan Deep-Water Harbor during Typhoon
Chan-hom [4]. It can be found from previous studies that the accuracy of model input,
especially wind, is crucial for the performance of modelling storm surges. Moreover, the
wind is also an important dynamic factor that is closely related to the physical process in
the estuary area. In recent years, saltwater intrusion in estuaries due to strong winds, salt
and fresh water mixing, and sediment transport have received extensive attention [5–9]. It
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also has been found that the wind has an important influence on the hydrodynamics in
estuaries. Therefore, valid and accurate wind data are significant for modelling estuarine
physical processes, such as storm surges, saltwater intrusion, and sediment transport.

The wind data are usually measured at stations with short time series and uneven
spatial distribution, so long-term wind data in a spatial range cannot be obtained easily.
Numerical weather prediction system models, such as the WRF model, can provide wind
field input to hydrodynamic models. However, the coupled method increases the complex-
ity of the model. Therefore, reanalysis wind data are now widely applied to hydrodynamic
modelling. The normally used reanalysis wind data include NCEP data from the National
Environmental Prediction Center of the United States, ERA series data from the European
Centre for medium-range weather forecasts (ECMWF), the Cross Calibrated Multi-Platform
(CCMP) ocean surface reanalysis wind data, MRRA data from the National Aeronautics
and Space Administration (NASA), and JRA data from the Japanese Meteorological Agency
(JMA). These data have been used to solve problems related to ocean and coastal hindcast-
ing modelling applications. For example, Lu et al. simulated the waves in the Bohai Sea
using ECMWF wind data and found that the wind speed was underestimated in the Bohai
Sea area [10]. Li et al. found that the extreme waves generated by the ECMWF winds were
better than those generated by the NCEP winds [11]. Zhang et al. evaluated the quality
of ERA, CFS, and NCEP data in the Taiwan Province Strait. They found that the three
had a poor description ability and low reliability in the low wind speed interval [12]. A
number of studies using ECMWF wind data found that the magnitudes of ECMWF wind
were generally underestimated [10,13]. Although many researchers have estimated the
performance of different reanalysis wind data in the ocean, there is little research on the
applicability of wind in the estuary.

Nowadays, different methods have been developed to improve the wind field data.
Traditional methods are improving weather model grid resolution and observation data
assimilation. However, these methods need considerable computational time and a high
resolution of measured data. Simple wind correction is an effective method to improve the
wind field quality. Yang et al. used the dynamic projection method and thermodynamic
revision method to modify the Mesoscale Meteorology Model (MM5) wind field in the Bohai
Sea. After correction, the accuracy of the wind field was enhanced, and their hydrodynamic
model can be used to simulate strong storm surges [14]. Bajo et al. took the wind from
QuickSCAT to modify the reanalysis wind data from ECMWF. As a result, the accuracy of
the simulated storm surges evidently increased [15]. Wang et al. investigated the response
of storm surges in the DongZhai Harbor to a local wind field correction depending on
the underlying surfaces [2]. They found that a lower resolution meteorological model
failed to be represented, with harbors and lakes regarded as land due to the effect of two
different underlying surfaces: land and sea. As a result, the underestimation of wind speed
is expected. On the other hand, storm surges induce high water levels, converting the land
into water surfaces, resulting in less wind energy dissipation. Mazaheri et al. proposed
a correction method in which the modification factor is obtained by the linear regression
of wind components of ECMWF and QuickSCAT [16]. This method does not include the
effect of different underlying surfaces. In conclusion, the applicability of reanalysis wind
data is still unclear in the estuary, and obtaining more accurate wind data in the nearshore
area has become an urgent need.

The Yangtze Estuary is the largest estuary in China (shown in Figure 1). Chongming
Island separates the estuary into the North Branch and the South Branch. The North
Channel and the South Channel are divided by Changxing Island and Hengsha Island.
The Jiuduansha Shoal separates the South Channel into the North Passage and the South
Passage. The ECMWF wind field data for the Yangtze Estuary were taken as the research
object in this paper. Correlation analysis of the wind data between observed data and
ECWMF reanalysis data was carried out in the Yangtze Estuary. A linear regression
correction method for different underlying surfaces was proposed. The results were applied
to the two-dimensional hydrodynamic model of the Yangtze River estuary to simulate the
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water level setup. The effects of the wind field on the model simulation results, before and
after correction, were investigated.
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Figure 1. The bathymetry of Yangtze estuary and locations of wind stations.

2. Materials and Methods
2.1. ECMWF Reanalysis Wind Data and Correction Method

ERA-interim wind data were employed as the reanalysis wind data, with a spatial
resolution of 0.125◦ (latitude) × 0.125◦ (longitude). As shown in Figure 2, the domain
of reanalysis wind data covers the entire Yangtze Estuary and Hangzhou Bay. The wind
speed and pressure at the height of ten meters above mean sea level are used at the time
interval of 6 h, that is, at 0:00, 6:00, 12:00, and 18:00 GMT, every day. The duration of
the reanalysis data is from 2014 to 2015. The observed wind data in 2014 at four stations
were used to assess the quality of the reanalysis wind data. The measured wind data are
supported by Shanghai Flood Risk Information Center. The locations of the 4 wind stations
in the Yangtze Estuary have different characteristics: Gaoqiao station is located inside the
estuary, which is constrained by the channel bank. Jinshanzui and Luchaogang stations
are located on the north bank of the Hangzhou Bay, and the land is on their northerly and
westerly sides. Changjiangkou station is located outside the estuary with a homogeneous
underlying surface.

The correction method proposed by Mazaheri et al. allowed us to simply apply linear
regression to obtain the modification factor of the wind components, including u and v.
Based on the modification factors at every single station, the modification factors at each
wind field grid point were obtained using interpolation. However, Wang’s research has
pointed out that the underlying surface has a significant influence on the performance
of wind correction. The wind correction method for the reanalysis data was proposed
considering the different underlying surfaces in this research. First, we established a linear
regression relationship between the direction of measured and reanalysis wind, which
was used to modify the reanalysis wind direction. Then, the measured wind speed was
divided into eight groups according to different wind directions in order to take different
underlying surfaces into consideration: N–NE (0–45◦), NE–E (45–90◦), E–SE (90–135◦), SE–S
(135–180◦), S–SW (180–225◦), SW–W (225–270◦), W–NW (270–315◦), and NW–N (315–360◦).
The linear regression relationship between the observations of wind speed and reanalysis
wind speed data in each group was obtained. Wind speed linear regression equations were
also used to modify the reanalysis wind speed.
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After the above processes, the difference between the measured and reanalysis wind
data could be obtained. Due the effect that a single station’s distance can have, we used
inverse distance weight interpolation with an influence radius [17] to modify the wind field.

Wi = 1 − di
R

(1)

Zmi = Zei +
n

∑
i=1

erri × Wi (2)

In Equation (1), Wi represents the weight of the physical information, such as wind
speed and direction. di represents the distance between the reanalysis wind data sample
and the ith weather station. R denotes the influence radius. It means that the error only
has an impact on the area under the influence radius. The impact at the wind station is the
maximum and decays along the radius. In Equation (2), Zmi represents the modified wind
data, Zei represents the original reanalysis wind data, and erri denotes the error between
the modified and original data in a single station.

The correlation coefficients (CCs) of ERA-interim reanalysis data error between stations
were analyzed to determine the influence radius, R. According to Yao’s research, the CC of
wind data error shows a negative correlation with distance. The distance is the influence
radius when the CC is 0. As shown in Figure 2, due to the distances between the 4 stations
being less than 100 km, the CCs are all positive. The linear fitting is used to fit the distances
and CCs. R-squared of wind velocity and direction is 0.5393 and 0.5224, respectively. Based
on the distribution of CCs and distances, the influence radius, R, is 210 km in this research.

After a single station’s wind data are corrected, the wind field data are modified by
Equations (1) and (2). The deviation between original and corrected reanalysis data is dis-
tributed in the weight of Wi to each grid point in the wind field within the influence radius.

In order to evaluate the corrected wind data quantitatively, error indices, including
mean error (ME), root mean square error (RMSE) and skill scores (SSs) [18], are calculated
as follows:

ME =
1
n

n

∑
i=1

(Si − Oi) (3)
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RMSE =

√
1
n

n

∑
i=1

(Si − Oi)
2 (4)

SS = 1 − ∑n
i=1(Si − Oi)

2

∑n
i=1
(∣∣Si − O

∣∣+ ∣∣Oi − O
∣∣)2 (5)

Herein, S represents the reanalysis value, O represents the measured value, n repre-
sents the number of samples used for calculation, and superscript represents the average
of data. The following groups are classified based on SS > 0.65, indicating an excellent
agreement with measured data; SS is between 0.5 and 0.65, which suggests a very good
agreement with the observed data; the SS value of 0.2–0.5 suggests a good validation; if the
value is less than 0.2, the model performance is poor.

2.2. Numerical Hydrodynamic Model

The calibrated and validated process-based model for the Yangtze Estuary based on
Delft3D was used in this study to simulate the water level [6,19,20]. The flow model domain
extends over about 800 km in the longitudinal direction and about 400 km in the lateral
direction. It covers the entire Yangtze Estuary, Hangzhou Bay, and their adjacent seas
(shown in Figure 3). The model is separated into three parts for computational efficiency:
The Yangtze River, from Datong to Xuliujing, has 1056 grid nodes along the river and
30 points in the transverse direction, with a resolution varying from 100 m to 1.5 km. The
Qiantang River, from Lucipu to Haining, has 137 grid nodes along the river and 6 points in
the transverse direction, with a resolution varying from 200 m to 1.2 km. The estuary and
adjacent coast cover a 300 km × 300 km area. This grid contains 200 × 200 grid nodes with
a higher resolution near the river boundary and lower resolution near the sea boundary.
The resolution of the estuary grid varies from 200 m to 6 km.
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The daily mean discharge at Datong station and the monthly mean discharge at
Lucipu station were provided as upstream boundary conditions. Tidal evaluation at open
boundaries is represented by the mean sea level and 13 tidal constituents (M2, S2, N2, K2,
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K1, O1, P1, Q1, M.F., MM, M4, MS4, and MN4). The wind data used in the model were
derived from ERA-interim data, and the wind was only applied to the sea domain. The
bed friction coefficient is a key parameter that determines the bed shear stress and the
distribution of the velocity field. The Manning coefficient was chosen to represent the
bottom roughness in the model. A value of 0.019 s/m1/3 was applied in the riverine part,
and 0.011 s/m1/3 was used in the estuarine part. The computational time step was selected
as 1 min.

3. Results
3.1. Modified Single Station’s Wind Data

Figure 4 shows the comparison between measured and reanalysis wind speeds for the
year 2014 in different directions at the four wind stations. The root mean square error at
each station is within the range of 1.02–3.30 m/s, and the correlation coefficient, r, is within
the range of 0.41–0.89. Therefore, high correlations between two types of wind data can be
observed, confirming the feasibility of the linear regression method for wind modification.
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Figure 4. Correlation of measured and ERA-interim wind speed with different directions at different
stations. (a) Gaoqiao, (b) Jinshan, (c) Changjiangkou, and (d) Luchaogang (the horizontal axis is for
the ERA-interim wind speed, the vertical axis is for the measured wind speed, and the unit is m/s).

Previous research has shown that reanalysis data underestimate the intensity of tropi-
cal cyclones. However, the results of this research show a different finding. The wind speed
obtained from the ERA-interim data does not show the underestimation of the actual wind
speed for all the stations. Figure 5 shows the error of the reanalysis wind data compared to
the observation at stations in the Yangtze Estuary in 2014. Only at Gaoqiao station was the
reanalysis wind speed lower than the measured wind speed. The MEs of Gaoqiao station
are between 0.12 and 0.27 m/s, and the RMSEs are between 1.02 and 3.33 m/s. The reason
for this could be the location of the Gaoqiao station, which is located inside the Yangtze
Estuary. The reanalysis wind magnifies the influence of the land underlying surface during
data assimilation. The main channel of the estuary is in the NW–SE direction, resulting in
the underestimation of reanalysis data in the direction from E to W.
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Luchaogang station is located on the eastern side of Shanghai. The MEs are negative
in all directions, indicating that the reanalysis data overestimate the measured data. The
maximum ME is 1.15 m/s in the N–NE direction group. The reanalysis data cannot
capture the characteristic of different underlying surface types near the shoreline due to its
resolution. In the SW–N direction toward Luchaogang station, the underlying surface is a
landform with a water surface in the other directions. As a consequence, the wind speed
has a larger deviation in the W–NE direction group.

Jinshanzui station is located inside Hangzhou Bay. Its topographic effect is more
significant than that of Luchaogang station. The wind speed is overestimated in the
SW–NE direction and underestimated in the other directions.

Changjiangkou station is located outside the estuary, with little impact from the land’s
underlying surface. The MEs in all directions were within the range of 0.15–0.96 m/s
except for that in the E–SE direction. The small islands are on the south-eastern side
of Changjiangkou, which could lead to the overestimation of the wind speed in the
E–SE direction.

3.2. Validation of the Numerical Model

The model has previously been validated in the Yangtze Estuary and is shown to be
capable of simulating water level, circulation, and salinity in the Yangtze Estuary. Here,
more details on the performance of the model during the period of the winter season in
2017 are present when measured data are available.

There are eight tide stations and eight current stations installed inside the estuary,
which measure the water level and vertical profiles of current and salinity. The validation
results are shown in Figures 6–8. Overall, the model reproduced the water levels well in
the Yangtze Estuary. All the SSs of water level at the stations are more than 0.96 during the
simulation period.

Figures 7 and 8 show a comparison of the depth-averaged current velocity and di-
rection between the observation and model results. Although the SS is lower than that
for the water level, the agreement between the model and measurements is satisfactory
and reasonable.

Overall, the model provides reasonable and acceptable water level and current simula-
tions in the Yangtze Estuary. It can be applied in the further simulation of water level setup.
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4. Discussion
4.1. Modified ERA-Interim Reanalysis Wind Data

As shown in Figure 4, there is a robust linear relationship between the reanalysis wind
data and the measured wind data. The wind direction was modified by directly establishing
the linear regression equation, and the wind speed was modified in the different wind
direction groups. Table 1 shows the wind direction correction relationships for each
station, where dire represents the direction of reanalysis data and dirr denotes the modified
wind direction.

Table 1. Correction equations of wind direction at each station.

Stations Modified Relation

Gaoqiao dirr = 0.92 × dire − 18.29
Jinshanzui dirr = 0.89 × dire + 41.95

Luchaogang dirr = 0.88 × dire + 37.46
Changjiangkou dirr = 0.96 × dire + 13.00

The wind speed correction equations are similar to the wind direction correction
method in the following form: velr = a × vele + b, where velr is the modified wind speed, vele
is the reanalysis wind speed, and a and b are coefficients. Table 2 shows the coefficients of
wind speed correction equations for wind directions at each station. Modification factors of
Mazaheri’s wind correction method for each station were also tested. However, excluding
Changjiangkou station, the stations failed to obtain a reasonable modification factor (see
Figure 9). Changjiangkou station is surrounded by the same underlying surface. There is an
evident relationship between these observations and the reanalysis data. The other stations
are influenced by different underlying surfaces. Mazaheri’s wind correction method is not
suitable for the complex conditions in estuarine areas.



Water 2022, 14, 1826 11 of 15

Table 2. Coefficients of corrections equations of wind speed at stations.

Stations Gaoqiao Jinshanzui Luchaogang Changjiangkou

Coefficients a b a b a b a b

N–NE 0.96 1.70 0.65 1.39 0.80 0.08 1.04 0.05
NE–E 0.67 3.15 0.66 1.64 0.87 0.38 1.03 0.07
E–SE 0.85 0.79 0.89 2.19 0.75 1.03 0.76 −0.03
SE–S 0.78 1.08 0.78 1.98 0.62 1.33 0.95 0.15
S–SW 0.71 0.93 0.90 1.69 0.68 1.11 0.97 0.74
SW–W 0.93 1.05 0.62 1.48 0.62 1.35 0.93 0.62
W–NW 1.18 1.63 1.23 −1.15 0.67 0.89 0.82 1.28
NW–N 0.99 1.94 0.37 1.97 0.70 0.92 1.15 −0.13
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The measured wind data in 2015 were used to verify the effectiveness of the correction
method. The deviations between the reanalysis data and the measured values were cal-
culated before and after the correction. First, the reanalysis wind direction was modified
by the linear relationship with the coefficient shown in Table 1. Then, classified by the
modified wind direction, the linear regression method with the coefficient shown in Table 2
was applied in each direction group. The results are shown in Table 3. After the correction,
the MEs and RMSEs of the wind direction at Gaoqiao and Jinshanzui stations decreased.
However, an increase in MEs and RMSEs at Luchaogang station could be observed. The
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reason for this may be the difference in the wind direction at Luchaogang station between
2014 and 2015.

Table 3. Comparison of wind direction and speed errors of each station before and after correction.

Error Indices ME RMSE

Station Original Modified Original Modified

Wind direction
Gaoqiao −32.60 −1.87 41.79 26.94

Jinshanzui 30.78 −0.65 42.37 28.86
Luchaogang −10.32 −31.45 27.81 38.82

Wind speed
Gaoqiao 1.22 −0.05 1.68 1.34

Jinshanzui 0.62 −0.04 1.45 1.25
Luchaogang −0.39 0.02 1.27 1.13

For wind speed, the MEs of the three stations decreased from 1.22 m/s, 0.62 m/s,
0.39 m/s to −0.05 m/s, 0.04 m/s and 0.02 m/s, respectively, and the RMSEs decreased
from 1.68 m/s, 1.45 m/s, 1.27 m/s to 1.34 m/s, 1.25 m/s and 1.13 m/s, respectively, which
indicates that the linear wind speed correction method with different wind direction has a
good correction effect.

The modified wind speeds and directions at Gaoqiao station in July 2015 were compared
with the observed data, as shown in Figure 10. The agreement of wind speed and direction
between the modified ERA-interim data and observational data was significantly improved.
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4.2. Application of Modified ERA-Interim Reanalysis Wind Data in the Estuary

To test the performance of modified ERA-interim reanalysis wind data in the water
level hindcast, the ERA-interim wind and the modified ERA-interim wind were applied
to drive the Yangtze Estuary flow model in order to simulate the water level during
Typhoon Phenix.

Typhoon Phoenix landed near the Yangtze River estuary on 22 September 2014. The
maximum wind speed near the center was about 20 m/s, and the minimum air pressure at
the center was 995 Pa. Figure 11 shows the wind speed at Changjiangkou station during
the Typhoon Phoenix period. The original reanalysis data and the corrected wind field data
were adopted in the numerical model to investigate the wind quality after the correction.

Figure 12 shows the observed water levels against those simulated under different
wind conditions at the four stations in the Yangtze Estuary. The statistics of the errors in
the measured and simulated water levels before and after the application of the modified
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winds are shown in Table 4. Although the errors in the ME and RMSE at Luhuashan
station increased, the errors in the other stations displayed a visible decrease. The skill
scores at all stations increased, indicating that the modified wind improved the water level
simulation performance. High water level (HWL) is the characteristic water level of concern
in coastal protection. The simulated high water levels were about 28 cm, 38 cm, 30 cm, and
18 cm lower than those observed at Baozhen, Hengsha, Wusong, and Luhuashan stations,
respectively. By applying the corrected reanalysis wind data, the simulated highest water
level was consistent with the observations. The deviations in high water level at the four
stations were about 12 cm, 21 cm, 13 cm and 1 cm. It is noted that this application only
focuses on the wind-induced water setup. Previous research proposed that the radius
of maximum winds and the wave-induced water setup have a significant effect on the
simulation of storm surges [21,22]. The purpose of this research is to propose a wind
correction method suitable for estuarine areas. Applying the correction method proposed
in this paper to reanalysis wind data can improve the accuracy of simulated water levels in
the Yangtze Estuary during typhoons.
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Table 4. Statistics of errors in measured and simulated water levels before and after application of
the modified winds.

ME RMSE SS Deviation of HWL
(Unit: m)

Stations Original Modified Original Modified Original Modified Original Modified

Baozhen 0.096 −0.065 0.28 0.26 0.977 0.98 0.286 0.106

Hengsha 0.091 −0.063 0.298 0.281 0.976 0.979 0.379 0.2

Wusong 0.126 −0.038 0.309 0.282 0.969 0.974 0.3 0.112

Luhuashan 0.011 −0.135 0.694 0.703 0.892 0.893 0.187 0.007

5. Conclusions

In this paper, the correlation between ERA-interim wind data and measured wind
data in the Yangtze Estuary was analyzed. A modification method considering different
underlying surface influences was proposed, with linear regression for a single station and
inverse distance weight interpolation for a spatial wind field. The modified wind field was
used to drive a two-dimensional hydrodynamic model for the Yangtze River estuary in
order to simulate the water levels under typhoon conditions.

The results show that the proposed linear correction method of wind speed at stations
with different underlying surfaces can significantly improve the agreement between reanal-
ysis wind data and measured wind data. After the wind field was corrected, by using the
inverse distance weight interpolation method, the accuracy of simulated high water levels
under typhoon conditions could be significantly improved. This study provides useful
guidance on the modification of reanalysis wind data for the simulation of storm surges in
the Yangtze Estuary. With more measured data becoming available, the correction method
can be further improved.
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