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a b s t r a c t 

Surface wind speed (SWS) not only plays a crucial role in regulating the Earth’s energy and hydrological cycle, but 

also is an important source of sustainable renewable energy. This study assesses the credibility of SWSs in three 

reanalyses (ERA5, MERRA2, and JRA-55) in East Asia using both satellite and in-situ observations. Results show 

all three reanalyses can capture the spatial pattern of SWS as in observations, yet there are notable differences 

in magnitude. On land, ERA5 and MERRA2 overestimate the SWS by about 0.6 and 1.5 m s− 1 , respectively, 

whereas JRA-55 underestimates it. The biases over the oceans are opposite to those on land and are relatively 

small due to the assimilation of observations of oceanic surface winds. Overall, JRA-55 and ERA5 offer better 

estimates of seasonal means and variances of SWS than MERRA2. The observed SWS shows a negative trend of 

− 0.08 m s− 1 /10 yr on land and a positive trend of 0.09 m s− 1 /10 yr in the western North Pacific. Only JRA-55 

shows similar trends to observations over both land and ocean, while ERA5 and MERRA2 show varying degrees 

of deviation from the observations. Further investigation shows that there is a strong link between the trend of 

SWS and that of the large-scale circulation, and that a large part of the SWS trend can be attributed to changes 

in large-scale circulations. 
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. Introduction 

The wind speed near the surface (10 m) plays a crucial role in in-

uencing surface evaporation and sensible heat flux, and its importance

n regulating the Earth’s energy and hydrological cycle can never be

verestimated ( Zheng et al., 2009 ). Additionally, surface wind is an im-

ortant kind of sustainable renewable energy resource, which is being

apidly developed around the world due to its safety, cleanliness, and

bundance ( Fischedick et al., 2011 ). As a result, there is a growing need

o understand and accurately represent surface winds, which is essen-

ial to assist in a wide range of applications such as weather forecasting
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nd renewable energy assessment ( Vishnu and Francis, 2014 ; Wu et al.,

018 ; Miao et al., 2020 ; Goutham et al., 2021 ). 

Due to the lack of long and homogeneous records of wind

peed observations on a global scale, reanalysis products have been

idely used as a proxy for assessing wind resources ( Cannon et al.,

015 ; Ramon et al., 2019 ; Minola et al., 2024 ; Das and Roy, 2024 ;

orralba et al., 2017 ). While reanalysis products provide a comprehen-

ive record of meteorological fields on a global scale, they are inevitably

ubject to a degree of uncertainty caused by physical parameterizations

f the assimilation models ( Miao et al., 2019 ; Wang and Zhang, 2024 ).

n the other hand, remote sensing observations from satellites equipped
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ith onboard scatterometers provide unprecedented information, from

hich surface winds can be retrieved. The wind retrievals are typically

ased on the inversion of the Geophysical Model Function, an empiri-

al model which describes the dependency of the backscatter on ocean

ind speed and direction as well as other parameters related to the

iewing geometry ( Ricciardulli and Manaster, 2021 ). Numerous stud-

es have been conducted by comparing scatterometer wind speeds with

n-situ buoy wind speeds, and good agreement has been found between

he two (e.g., Ray et al., 2022 ; Dickinson et al., 2001 ). 

While many previous studies have used in-situ observations to assess

and surface winds in reanalyses, few studies have assessed ocean wind

esources, which are typically larger than those over land. The objective

f this study is to assess the credibility in surface wind speed (SWS) in

hree reanalyses in East Asia using satellite and in-situ observations, and

o determine which aspects of surface winds in the reanalyses are credi-

le and which are not. In the following, Section 2 describes the datasets

nd methodology used; Section 3 evaluates the seasonal means and vari-

nces of land and ocean surface winds in East Asia; Section 4 compares

he trends of SWS between reanalyses and observations, and discusses

he extent to which this trend can be attributed to large-scale circula-

ions; and the main findings are summarized in Section 5 . 

. Data and methodology 

The observed wind speeds on land were obtained from Daily Climate

ata from Chinese Surface Stations (V3.0), which includes 6-hourly val-
ig. 1. Spatial distribution of the (a, e) mean and (i, m) variance of the observed SW

) ERA5, (c, g, k, o) MERRA2, and (d, h, l, p) JRA-55 reanalyses and observations. Po

han observed, and the RMSE value is shown in the bottom left of each panel. Units: 

2

es from 824 Chinese ground stations. The observations of SWS over

he ocean were obtained from the Advanced Scatterometer (ASCAT) on-

oard Meteorological Operational satellite A, which includes daily val-

es of SWSs with a horizontal resolution of 0.25° × 0.25°. Specifically,
e used the version of ASCAT-A (V.2.1.1), which corrected small cali-

ration issues experienced after 2016 ( Ricciardulli and Manaster, 2021 ).

The three reanalyses investigated in this study are the fifth gen-

ration ECMWF reanalysis (ERA5; Hersbach et al., 2020 ), the sec-

nd Modern-Era Retrospective Analysis for Research and Applications

MERRA2; Gelaro et al., 2017 ), and the Japanese 55-year Reanaly-

is (JRA-55, Kobayashi et al., 2015 ), with horizontal resolutions of

.25°×0.25°, 0.5°×0.625°, and 1.25°×1.25°, respectively. The time pe-
iod of all reanalyses spans from March 2007 to October 2021 over the

cean, and from January 1980 to December 2016 over land, thus en-

bling a maximum overlap between reanalysis products and observa-

ions. To facilitate comparisons between different datasets, all observa-

ion and reanalysis datasets were extrapolated and processed into daily

verages. 

. Seasonal means and variances of SWS 

.1. SWSs over China 

Firstly, we compare the seasonal means of SWSs from the reanal-

ses against in-situ observations over China. The left two columns of

ig. 1 show the spatial distribution of the observed SWS in winter and
S over China in winter and summer, and the differences between the (b, f, j, 

sitive values indicate the reanalysis provides a wind speed or variance greater 

m s− 1 . 
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ummer (first row), along with the differences between reanalyses and

bservations (second to fourth rows). Positive (negative) values mean

he wind speed is larger (smaller) in reanalyses than in observations

 Fig. 1 (b–d, f–h)). From top to bottom are the observations, and differ-

nces compared with ERA5, MERRA2, and JRA-55, respectively. The

bserved SWSs are mostly concentrated in the range of 1–3 m s− 1 , with

igh wind speeds ( > 3 m s− 1 ) located in the western and northern parts

f China, and even higher wind speeds ( > 5 m s− 1 ) observed over the

igh mountains. In contrast, wind speeds in central and southern China

re generally weak ( < 2.5 m s− 1 ). There are no significant differences

etween summer and winter. While all three reanalyses successfully cap-

ure the spatial pattern of the wind speed as in observations, there are

otable differences in magnitude. Compared to the observations, ERA5

nd MERRA2 tend to systematically overestimate the SWS, with devi-

tions ranging from 0.3 to 0.9 m s− 1 for the former to > 1.5 m s− 1 for

he latter. In contrast, JRA-55 underestimates the SWS in most parts of

hina, with deviations mostly in the range of 0.6 m s− 1 . In view of the

patially averaged root-mean-square error (RMSE) labeled in the bot-

om left corner of each plot, ERA5 and JRA-55 show comparable per-

ormance, and both outperform MERRA2. To explore the intraseasonal

ariability of SWS, the right two columns of Fig. 1 show the spatial distri-

ution of the seasonal variance of SWS. The observations exhibit larger

ariance of SWS in northeastern China, with an amplitude greater than

.2 m s− 1 . The variance of SWS is generally smaller in summer than in

inter. Compared to observations, ERA5 and JRA-55 underestimate the

ariance of the SWS, with differences mostly in the range of 1.2 m s− 1 ,

hile MERRA2 tends to overestimate the variance of SWS. In terms of

he spatially averaged RMSE, MERRA2 performs best in winter with an
 i  

ig. 2. Spatial distribution of the (a, e) mean and (i, m) variance of the observed SW

) ERA5, (c, g, k, o) MERRA2, and (d, h, l, p) JRA-55 reanalyses and observations. Po

han observed, and the RMSE value is shown in the center left of each panel. Units: m

3

verage RMSE of 0.86 m s− 1 , whereas ERA5 performs best in summer

ith an average RMSE of 0.66 m s− 1 . 

.2. SWSs over the western North Pacific 

Fig. 2 presents the spatial distribution of the seasonal means and

ariances of SWS over the western North Pacific (WNP). Observed wind

peeds are remarkably larger than those over land, especially in winter,

ith wind speeds exceeding 9 m s− 1 in most areas. In comparison with

he observations, ERA5 and MERRA2 underestimate the SWS, with the

eviations ranging from 0.2 to 1.6 m s− 1 , while JRA-55 slightly over-

stimates the SWS. Most strikingly, the biases in the three reanalysis

roducts are of opposite sign to those on land and are relatively smaller

han those on land. The reason for this is that all three reanalyses used in

his study assimilate some observations of surface oceanic winds in their

ssimilation models, whereas the SWS over land is entirely parametrized

n planetary boundary layer schemes based on surface characteristics,

tability indices, and the lowest model level winds ( Ramon et al., 2019 ).

nother difference from the terrestrial situation is that SWS over the

cean has a distinct seasonal variation, with higher winds in winter and

elatively lower winds in summer, partly due to the lowering of the

eight of the planetary boundary layer in summer, which decouples up-

er atmospheric levels and their associated winds from the surface. All

hree reanalyses show positive deviations from observations, and the

iases are mostly within a small range of 0.4 m s− 1 . With respect to

he variance of SWS, larger values are observed over the northern and

outhern parts of the ocean in winter, and near the southern offshore

n summer. All reanalyses except JRA-55 underestimate the variance of
S over the WNP in winter and summer, and the differences between the (b, f, j, 

sitive values indicate the reanalysis provides a wind speed or variance greater 

 s− 1 . 
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Fig. 3. PDFs of SWSs for both observations (black line) and the ERA5 (green line), MERRA2 (blue line), and JRA-55 (red line) reanalyses over (a, b) China ( “Land ”) 

and (c, d) the WNP ( “Ocean ”) in winter and summer. 
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WS, particularly in winter, with differences mostly between − 4 and

 1 m s− 1 . In terms of the spatially averaged RMSE, JRA-55 performs

est in winter, followed by ERA5 and then MERRA2. In summer, ERA5

erforms best, followed by MERRA2 and then JRA-55. 

To further explore the variability of SWS, Fig. 3 displays the probabil-

ty distribution functions (PDFs) of SWSs, which are divided into 50 bins

f equal width. The observed distribution appears to be single peaked,

beying a Gaussian distribution over the ocean and a Gamma distri-

ution with positive skewness over land. While the PDF characteristics

shape and width) in all three reanalyses bear a close resemblance to the

bservations over the ocean, considerable differences are observed over

and. In comparison with the observation, MERRA2 shows a significant

DF rightward shift, indicating that its first-order statistical distance is

he largest of the three, in line with a larger value of SWS ( Fig. 1 (c,

)). On the contrary, JRA-55 shows a leftward shift, indicating that its

rst-order statistical distance is the smallest of the three, in line with a

maller value of SWS ( Fig. 1 (d, h)). Furthermore, MERRA2 underesti-

ates the peak value, while JRA-55 overestimates it, compared to the

bservation. ERA5 is the only one that produces PDF features close to

he observation. Given that wind power density is highly nonlinearly

elated to SWS (∝ 𝑉
3 ) , differences in the PDF of SWS can lead to sig-

ificant biases in wind power density, even if the seasonal means are

nbiased. This highlights the importance of accurate representation of

hort-timescale SWS in numerical weather prediction models for better

orecasting the wind power density. 

. Trend analysis of SWS 

Fig. 4 illustrates the spatial distribution of the SWS trend over China

nd the WNP for both observations and the three reanalyses. Although

here are sporadic positive trends in central and southern China, neg-

tive trends prevail in most parts of China, with a typical value of

 0.2 m s− 1 /10 yr. The spatially averaged trend is − 0.08 m s− 1 /10 yr,
4

n agreement with many previous studies showing a decline of about

.3 m s− 1 for SWS over land in the northern midlatitudes during the

ast 30 years ( Bichet et al., 2012 ). The decrease in SWS is partly due to

ncreased surface roughness lengths as a result of urbanization and/or

fforestation ( Pryor et al., 2009 ; Guo et al., 2011 ). Changes in atmo-

pheric circulation due to the meridional temperature gradient induced

y global warming may also partly explain the observed wind stilling

 Klink, 1999 ; Zhou et al., 2017 ). The reanalyses show very different

haracteristics compared to the observation. ERA5 shows no significant

rend over land, as the value is mostly < 0.01 m s− 1 /10 yr. MERRA2

uccessfully captures the negative trend as in the observations, yet its

agnitude is obviously underestimated. JRA-55 shows a negative trend

imilar to that in the observations in eastern China, but erroneously

roduces a positive trend in northwestern China. Regarding SWS trends

ver the ocean, the observation shows a positive trend in most parts of

he WNP, with values greater than 0.2 m s− 1 /10 yr ( Fig. 4 (h)). The spa-

ially averaged trend is 0.09 m s− 1 /10 yr, which may be related to the

trengthening of the winds as a result of increased sea surface temper-

ture ( Zheng et al., 2016 ). Such a positive trend is marginally captured

y ERA5. MERRA2 exhibits a significant negative trend in most of the

egions, with a spatially averaged trend of − 0.17 m s− 1 /10 yr, contrary

o the observations. Only JRA-55 shows a positive trend comparable to

bservations in most areas, although the spatially averaged trend is un-

erestimated by almost half. The above analysis suggests that while re-

nalyses with assimilated surface wind observations can well represent

easonal means of SWS, it remains a difficult challenge for assimilated

odels to accurately represent long-term trends of SWS. 

To understand the extent to which the SWS trend can be attributed

o large-scale circulations, we also show in Fig. 4 the wind speed trends

t the native level of 850 hPa, which has been used to investigate the

ole of large-scale circulation in wind speed trends ( Chen et al., 2013 ;

chaba et al., 2017 ; Troccoli et al., 2012 ). As can be seen, there is a sim-

larity between the SWS trends at 10 m and 850 hPa, with the average
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Fig. 4. Linear trend of SWSs for (a, h) observations, (b, e, i, l) ERA5, (c, f, j, m) MERRA2, and (d, g, k, n) JRA-55. The first and third columns are for the spatial 

mean value of SWS, while the second and fourth columns are for the wind speed at 850 hPa, where the average correlation between the SWS trends at 10 m and 

850 hPa are shown by the numbers. Units: m s− 1 /10 yr. 
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orrelation exceeding 0.7 for ERA5, and 0.4 for MERRA2 and JRA-55.

his suggests there is a strong link between the trend of SWS and that

f the large-scale circulation, and that a large part of the SWS trend

an be attributed to changes in large-scale circulation. The strength-

ned impact of internal climate variability (e.g., the Pacific Decadal Os-

illation, North Pacific Oscillation, and El Niño–Southern Oscillation)

n the recent pronounced warming may further regulate surface wind

ariation by influencing ocean temperature and atmospheric circulation

 Cai et al., 2024 ; Chen et al., 2024 ). The above analysis demonstrates

hat although wind speeds are sensitive to the methodologies used to

erive the 10 m wind speed, the long-term trend is largely determined

y the large-scale circulation. 

. Conclusion 

In this study, the credibility of SWSs in three reanalyses (ERA5,

ERRA2, and JRA-55) in East Asia is assessed using both satellite and

n-situ observations. The key findings and implications can be summa-

ized as follows: 

All three reanalysis datasets can generally capture the spatial pattern

f wind speeds but show diversity in terms of wind intensity. On land,

RA5 and MERRA2 overestimate the SWS by about 0.6 and 1.5 m s− 1 ,

espectively, whereas JRA-55 underestimates it by about 0.6 m s− 1 . In

iew of the spatially averaged RMSE of SWS, JRA-55 and ERA5 show

omparable performance, and both outperform MERRA2. The biases

ver the oceans are opposite to those on land and are relatively small

ue to the assimilation of observations of oceanic surface winds. Overall,
5

RA-55 and ERA5 offer better estimates of seasonal means and variances

f SWS than MERRA2. Further investigation reveals that MERRA2 pro-

uces PDFs with a significant rightward shift, whereas JRA-55 shows a

eftward shift. Only ERA5 produces PDFs with characteristics close to

hose observed. 

The observed SWS shows a negative trend of − 0.08 m s− 1 /10 yr

ver China and a positive trend of 0.09 m s− 1 /10 yr over the WNP. The

eanalyses show very different characteristics compared to the observa-

ion. ERA5 shows no significant trend in China. MERRA2 captures the

egative trend as in observations, yet the magnitude is obviously un-

erestimated. Only JRA-55 shows a negative trend similar to that in the

bservations. Over the ocean, the positive trend in observations is suc-

essfully captured by JRA-55, but only marginally captured by ERA5.

ERRA2 exhibits a significant negative trend in most regions, with a

patially averaged trend of − 0.17 m s− 1 /10 yr, contrary to the observa-

ions. Comparison of the wind speed trends between 10 m and 850 hPa

hows strong similarities, indicating there is a link between the trend of

WS and that of the large-scale circulation, and that a large part of the

WS trend can be attributed to changes in large-scale circulations. 

ata availability 

All satellite and reanalysis datasets used in this study are available

o the public. The QuikSCAT and ASCAT satellite products can be down-

oaded from https://data.remss.com/ . The ERA5 reanalysis is avail-

ble from https://cds.climate.copernicus.eu/ . The MERRA2 reanalysis

http://www.elsevier.com/xml/linking-roles/research-data
http://www.elsevier.com/xml/linking-roles/research-data
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