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Abstract: Wind speed data derived from reanalysis datasets has been used in the plan and design
of wind farms in China, but the quality of these kinds of data over China remains unknown.
In this study, the performances of five sets of reanalysis data, including National Centers for
Environmental Predictions (NCEP)-U.S. Department of Energy (DOE) Reanalysis 2 (NCEP-2),
Modern-ERA Retrospective Analysis for Research and Applications (MERRA), Japanese 55-year
Reanalysis Project (JRA-55), Interim ECMWF Re-Analysis product (ERA-Interim), and 20th Century
Reanalysis (20CR) in reproducing the climatology, interannual variation, and long-term trend of
near-surface (10 m above ground) wind speed, for the period of 1979–2011 over continental China are
comprehensively evaluated. Compared to the gridded data compiled from meteorological stations, all
five reanalysis datasets reasonably reproduce the spatial distribution of the climatology of near-surface
wind speed, but underestimate the intensity of the near-surface wind speed in most regions except
for Tibetan Plateau where the wind speed is overestimated. All five reanalysis datasets show large
weaknesses in reproducing the annual cycle of near-surface wind speed averaged over the continental
China. The near-surface wind speed derived from the observations exhibit significant decreasing
trends over most parts of continental China during 1979 to 2011. Although the spatial patterns of the
linear trends reproduced by reanalysis datasets are close to the observation, the magnitudes are weaker
in annual, spring, summer and autumn season. The qualities of all reanalysis datasets are limited
in winter. For the interannual variability, except for winter, all five reanalysis datasets reasonably
reproduce the interannual standard deviation but with larger amplitude. Quantitative comparison
indicates that among the five reanalysis datasets, the MERRA (JRA-55) shows the relatively highest
(lowest) skill in terms of the climatology and linear trend. These results call for emergent needs for
developing high quality reanalysis data that can be used in wind resource assessment and planning.

Keywords: near-surface wind speed; climate; linear trend; interannual; annual cycle; reanalysis data

Atmosphere 2019, 10, 804; doi:10.3390/atmos10120804 www.mdpi.com/journal/atmosphere

http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0002-5829-7279
https://orcid.org/0000-0003-3423-2443
http://www.mdpi.com/2073-4433/10/12/804?type=check_update&version=1
http://dx.doi.org/10.3390/atmos10120804
http://www.mdpi.com/journal/atmosphere


Atmosphere 2019, 10, 804 2 of 17

1. Introduction

Wind energy, as a visible renewable energy resource, has attracted much attention in the recent
decades. Wind power has been the fastest growing energy technology in the world for the last
decades [1,2]. Development of wind farms has been regarded as a useful way for the mitigation to
global warming caused by burning fossil fuels for energy. Investigation of near-surface wind changes
is of crucial importance to the development of wind powers.

The near-surface wind speed show multi-scale changes and great efforts has been devoted to the
study of near-surface wind speed change by the climate research community in recent years [3–6].
Observations indicate that many regions have been suffering a long-term decreasing trend in annual
mean near-surface wind speed during the past few decades [7,8]. For example, in the United States, the
mean annual 10 m (10 m above ground) wind speed decreased significantly over past 30–50 years, based
on the data from 1300 stations over the contiguous USA [9]. In contrast, the monthly maximum winds
are increasing, and monthly minima are decreasing within the United States during 1961–1990 [10].
The declining trends of the mean annual 10 m wind speeds over past 30–50 years are also found in
Canada, Europe, Asia and North Africa [2,8,11–15]. In contrast, the annual mean 10 m wind speeds
experience increasing trends in Nigeria [16], Australia [17] and Antarctica [18].

In China, the annual mean 10 m wind speeds generally exhibited a significant decreasing trend
over the period of 1960 to 2009, based on meteorological stations data [19–21]. The linear trends of 10
m wind speeds show regional differences in China. For example, the 10 m wind speeds show a weak
increasing trend over the period of 1960 to 2009 in coastal area and Sichuan Basin (~30◦ N, 103◦ E). The
dramatic decreasing trends are mainly evident in northwest China, northeast China, northern China
and other areas [22]. The magnitudes of decreasing trends of wind speed are seasonal-dependent,
with larger magnitude in cold seasons (spring and winter) but weaker magnitude in warm seasons
(summer and autumn) [15,23].

Reanalysis datasets have been widely used in various climate studies because of their spatial
and temporal continuity [24–27]. The reanalysis datasets have also been used in the investigation
on wind energy. The daily wind speed at 80 m (80 m above ground) derived from the 30-year wind
records from the North American Regional Reanalysis (NARR) show the large seasonal variability and
interannual variability with the largest values in winter months and smallest values in summer months
over Great Lakes region of the United States [28]. In addition, the daily maximum wind speeds derived
from the National Centers for Environmental Prediction-National Center for Atmospheric Research
(NCEP-NCAR) reanalysis data have shown increasing trend over the ocean in winter but weakening
trend over continental Europe in summer between 1958 and 1998 over the region 47.5–65◦ N and
12.5W–22.5◦ E [6,28]. The CFS (Climate Forecast System) reanalysis data shows significant uncertainties
and biases relative to measured wind speeds in U.S. Great Plains, such as their underestimation of wind
at high elevations, at high measurement heights, and in unstable atmospheric conditions [29]. Over the
offshore areas, the high-resolution simulation wind data is most similar to Advanced SCATteromete
(ASCAT) [30]. A comparison of three sets of reanalysis data, including the NCEP-NCAR, NCEP-U.S.
Department of Energy (DOE), and 40-year European Centre for Medium-Range Weather Forecasts
(ECMWF) Re-Analysis (ERA-40), with the near-surface measurements of wind speeds found that
the reanalysis datasets failed in reproducing the stilling trends observed at Australian stations [31].
Worldwide, the ERA-40 is better than JRA-55 and NECP-2 in reproducing the wave energy and they
show best agreement in northern winter [32]. Compared to the ASCAT, the ERA5 and ERA-Interim
show the similar spatial distributions and the spatial error patterns of annual mean wind over ocean,
but ERA5 reduce the error in amplitude [33]. However, in Ellsworth Land Region, both ERA5 and
ERA-Interim could reasonable reproduce the observation of mean wind speeds, and ERA-interim
shows a smaller deviation than ERA5, especially in the coastal area [34]. In the Saskatchewan Prairies,
the ERA5 and ERA-Interim have a negative wind speed bias in warm and cold season, and the ERA5
is slightly worse than ERA-Interim in warm season [35]. In Portugal, the ERA-Interim, MERRA,
NCEP Climate Forecast System Reanalysis (NCEP-CFSR), NCEP Global Forecast System (NCEP-GFS),
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and NCEP FNL (Final) Operational Global Analysis (NCEP-FNL) data could provide a considerable
improvement in wind simulation when compared to NCEP-2 and the ERA-Interim is the best one that
could reasonable reproduce observed data [36].

In contrast to the efforts devoted to the study of wind speed changes over the world, our
knowledge on the performance of the reanalysis data in measuring the near-surface wind speed
changes over China is quite limited [37]. In this paper, we aim to provide a comprehensive evaluation
on the performances of five sets of reanalysis data including NCEP-U.S. Department of Energy (DOE)
Reanalysis 2 (NCEP-2), Modern-ERA Retrospective Analysis for Research and Applications (MERRA),
Japanese 55-year Reanalysis Project (JRA-55), Interim ECMWF Re-Analysis product (ERA-Interim), and
20th Century Reanalysis (20CR) in reproducing the climatology, interannual variation, and long-term
trends of near-surface wind speed over contiguous China. In our knowledge, this is the first endeavor
of the Chinese climate research community devoted to such a comprehensive assessment.

Here, we use ERA-Interim instead of ERA5, because ERA-Interim and ERA5 show similar ability
to reproduce wind speed and sometimes ERA-Interim is better than ERA5 based on the previous
studies [33–35]. Compared to the ERA-Interim, ERA5 show a little improvement in reproducing
wind over land [34,35], and ERA-Interim show best performance in wind speed [36]. In addition,
ERA-Interim have a good ability in reproducing the temperature and precipitation over mainland
China [38], but its performance in reproducing the near-surface wind is not clear.

The remainder of this paper is organized as follows. Section 2 describes the observational and
reanalysis datasets and analysis method. In Section 3, the main results are presented, including
climatology, linear trend, and interannual variability of 10 m wind speeds. The concluding remarks
are presented in Section 4.

2. Data and Method

2.1. Data Description

The observation data is the monthly mean 10 m wind speed gridded observation dataset during
1979–2011 produced by National Climate Center (CN05.1). This is constructed by the “anomaly
approach” during the interpolation but with more station observations (about 2400 stations) in
China [39,40]. In the “anomaly approach”, a gridded climatology is first calculated, and then a gridded
daily anomaly is added to the climatology to obtain the final dataset.

The monthly mean 10 m wind speed derived from the following five reanalysis datasets is used:
(1) NCEP-U.S. Department of Energy (DOE) Reanalysis 2 (NCEP-2), which is an improved version of
NCEP-1 [41]. (2) Modern-ERA Retrospective Analysis for Research and Applications (MERRA), which
is a NASA reanalysis for the satellite era using a major new version of the Goddard Earth Observing
System Data Assimilation System Version 5 (GEOS-5) [42]. (3) Japanese 55-year Reanalysis Project
(JRA-55) [43]. (4) Interim ECMWF Re-Analysis product (ERA-Interim), which is to improve on certain
key aspects of ERA-40 [44]. (5) The 20th Century Reanalysis (20CR) [45]. Detailed information of the
five reanalysis datasets is presented in Table 1.

Table 1. Detailed information of the five reanalysis datasets used in this study.

Providers Time Periode Resolution Assimilation Algorithm

NCEP-2 NCEP + DOE 1979–2011 2.5◦ × 2.5◦ 3DVAR SSI
MERRA NASA + GMAO 1979–2011 1/3◦ × 2/3◦ GEOS-5 DAS
JRA-55 JMA 1979–2011 1.25◦ × 1.25◦ 4DVAR

ERA-Interim ECMWF 1979–2011 0.75◦ × 0.75◦ 4DVAR
20CR NOAA + DOE 1979–2011 2.5◦ × 2.5◦ Ensemble Kalman Filter

All datasets are bilinearly interpolated onto a common 1.25 by 1.25 grid. The reanalysis datasets
from January 1979 to December 2011 are evaluated against the observation in this study.
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2.2. Analysis Method

The ordinary linear trend analysis, regressed on time, is used to reveal the trend of 10m wind
speeds. This method has been used in many studies to detect the yearly changes (i.e., linear trend)
which are calculated by ordinary least squares (OLS) method. The Student’s t-test [46,47] is used to
detect whether the linear trend is statistically significant. In addition, pattern correlation coefficient
(PCC) and root-mean-square error (RMSE) are used to measure whether the reanalysis datasets are
consistent with the observation.

2.3. Division of Subregions in China

Wind speed show distinct regional characteristic [48]. Due to effect of certain climate systems, such
as East Asian monsoon system and complex topography in China, the mean annual near-surface wind
speed exhibits the maximum values in the northwest, northern, and coastal area and the minimum
values in the Sichuan Basin [15]. In this study, nine subregions (Figure 1) were defined to investigate
the characteristics of regional changes in wind speed based on climate features, topography, and
wind resource.
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Figure 1. The distribution of nine regions: A (Xinjiang), B (Inner Mongolia), C (Notheast China), D
(North China), E (Sichuan Basin), F (Southwest China), G (Central China), H (coastal area), and I
(Tibetan Plateau).

3. Results

3.1. Climate Mean States of Near-Surface Wind Speed

The spatial pattern of 33 year averaged near-surface wind speeds derived from both reanalysis
dataset and observation are shown in Figure 1. The quality of reanalysis datasets is measured by
PCC and RMSE with reference to the observation. In the observational data CN05.1 (Figure 2a), the
values of the mean annual near-surface wind speed vary between 1.0 and 7.0 m·s−1 across the entire
continental China. The observation shows large values in the Inner Mongolia, the north of Xinjiang
in the northwestern China and Tibetan Plateau, but low values in Sichuan Basin. Both MERRA and
JRA-55 data can reproduce the maximum regions in the Inner Mongolia and the northern Xinjiang,
while the others show weaknesses in reproducing the observed pattern. The mean annual near-surface
wind speeds over Greater Khingan Range (~45◦ N, 115–122◦ E) and southern Tibetan Plateau are
overestimated in five reanalysis. It should be noted that the mean annual near-surface wind speeds
are ~1.0–2.0 m·s−1 less than observation over most area in all reanalysis datasets and greater than
observation in main body of Tibetan Plateau in NCEP-2, MERRA, and 20CR and northwestern Tibetan
Plateau in JRA-55 and ERA-Interim. It is ~1.0–3.0 m·s−1 greater than observation across the entire
Tibetan Plateau, the south of Yangtze River (~30◦ N, 110–120◦ E), and Greater Khingan Mountains,
whereas the northern Inner Mongolia and northern Xinjiang see an underestimation of near-surface
wind speed.
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m·s−1) over China: (a) CN05.1, (b) NCEP-2, (c) MERRA, (d) JRA-55, (e) ERA-Interim, and (f) 20CR.

The results of four seasons are also compared (see figures in Supplementary Material). The spatial
distributions of mean spring (MAM), summer (JJA), autumn (SON), and winter (DJF) near-surface
wind speeds are similar to mean annual near-surface wind speeds in observation, but the central values
in spring are stronger than the annual mean. Similar to the mean annual near-surface wind speeds,
both the maximum values and the corresponding locations are different among five reanalysis datasets
in winter. The largest positive deviations between the observation and reanalysis datasets are seen
over Tibetan Plateau in winter. Among four seasons, the value of near-surface wind speeds in spring is
the largest in observation, whereas the maximum value is seen in winter in five reanalysis datasets
(Table 2). The minimum value appears in the autumn in observation but in summer in MERRA,
JRA-55, and ERA-Interim. Nonetheless, the difference between observation and reanalysis datasets is
more than 1.0 m·s−1. Thus, the reanalysis datasets reasonable reproduce the spatial distribution of
near-surface wind speed but have evident bias in magnitude in five reanalysis datasets. Among the
five reanalysis datasets, the MERRA is the best one in comparison to the observation.

Table 2. The domain-averaged near-surface wind speeds (unit: m·s−1) over China in annual, spring,
summer, autumn, and winter.

Annual Spring Summer Autumn Winter

CN05.1 2.871 3.356 2.785 2.619 2.732
NCEP-2 2.901 2.724 2.644 2.612 3.617
MERRA 2.263 2.336 1.687 2.104 2.922
JRA-55 1.25 1.348 0.934 1.151 1.568

ERA-Interim 1.667 1.651 1.345 1.595 2.076
20CR 2.196 2.177 2.352 1.91 2.34
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To provide regional details, the nine subregions of China (Figure 1) are defined based on the climate
features following Lin et al. [40]. The Taylor diagram is used to determine whether the reanalysis
datasets could reasonably reproduce the climatology of near-surface wind speeds over continental
China and nine specific regions (Figure 3). All reanalysis datasets reasonably reproduce the space
distribution of mean annual near-surface wind speeds with large pattern correlation coefficients (PCC)
(larger than 0.9), although a RMSE lager than 1m·s−1 is also evident over China as whole (Figure 3a).
Over the nine regions, the reanalysis datasets show poor performances in reproducing the climatology
of annual mean wind speeds with relative lower PCC and larger RMSE in high latitude and complex
terrain areas, such as region A, B, C, D, H, and I. The skill of JRA-55 is the lowest among the five
reanalysis datasets.

The performances of the five reanalysis datasets are season-dependent (Figure 3b–e): the summer
season generally sees a poor performance, whereas the autumn season generally witness a reasonable
performance. Like annual mean conditions, the quality of reanalysis data is generally poor over the
high latitude and complex terrain areas in four seasons. If we take the continental China as a whole for
assessment, the MERRA shows the best performance, while the JRA-55 shows the lowest skill. For
annual mean and seasonal mean conditions, the quality of JRA-55 data exhibits the lowest skill in
eight regions (B–I region). The quality of other reanalysis data is regional dependent. For example, for
annual and season mean near-surface wind speeds, the NCEP-2 shows reasonable performances over
regions C, D, and F. The 20CR is the best one over regions A, E, and G, while the MERRA exhibit the
best skill over regions B, H, and I. It should be noted that MERRA is ranked as the second-best datasets
in reproducing the observed near-surface wind speeds over the other analyzed regions. However,
MERRA shows reasonable performances in reproducing the climate of near-surface wind speeds over
the regions A, B, C, and H where are rich in wind energy.

The performances of the five reanalysis datasets are seasonal dependent (Figure 3b–e), while
summer season generally sees a poor performance, the autumn season generally witness a reasonable
performance. Like annual mean conditions, the quality of reanalysis data is generally poor over the
high latitude and complex terrain areas in four seasons. If we take the continental China as a whole
for assessment, the MERRA shows the best performance, while the JRA-55 shows the lowest skill.
For annual mean and seasonal mean conditions, the quality of JRA-55 data exhibit the lowest skill in
eight regions (B–I region). The quality of other reanalysis data is regional dependent. For example, for
annual and season mean near-surface wind speeds, the NCEP-2 shows reasonable performances over
regions C, D, and F. The 20CR is the best one over regions A, E, and G, while the MERRA exhibit the
best skill over regions B, H, and I. It should be noted that MERRA is ranked as the second-best datasets
in reproducing the observed near-surface wind speeds over the other analyzed regions. However,
MERRA shows reasonable performances in reproducing the climate of near-surface wind speeds over
the regions A, B, C, and H, which are rich in wind energy.
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3.2. Annual Cycle of Near-Surface Wind Speed

In order to evaluate differences across different month, the monthly mean near-surface wind
speeds are shown in Figure 4. In the observation, the maximum wind speed is seen in spring, while
the minimum wind speed is seen in winter (Figure 4a). The wind speed increases from January to
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April, but decreases from April to December. The seasonal cycle of near-surface wind speeds in the
nine regions are similar. Regions B and I have the high values in magnitude, while regions E and
G have the lowest values. Features different to the observation are seen in the reanalysis datasets
(Figure 4b–f). They all show the maximum wind speed in winter months. In MERRA, ERA-Interim,
and JRA-55, the wind speed tends to decrease from January to August, but increase from August
to December. The seasonal cycle of NCEP-2 and 20CR data resemble the curve of cosine type. The
seasonal cycles over the nine regions derived from NCEP-2 data show similar characteristics. The
other reanalysis datasets also show limitations in reproducing the seasonal cycle over the nine regions.
Only in regions B, C, and I does the seasonal cycle of reanalysis resembles the observations. In other
regions, the wind speed tends to peak in summer and winter and levels off in spring and autumn, this
feature is however inconsistent with the observations. In summary, the reanalysis datasets are unable
to reasonably reproduce the observed seasonal cycle of wind speed over China.Atmosphere 2019, 10, x FOR PEER REVIEW 8 of 17 
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3.3. Linear Trend Analyses

To further examine changes in near-surface wind speeds, both the temporal and spatial trends in
observations and five reanalysis datasets are examined for the period of 1979–2011. The trends for
annual and seasonal mean wind speeds derived from the observation and the reanalysis datasets are
compared in Figure 5. Decline trends are seen in both the observation and five reanalysis datasets for
the annual mean condition (Figure 5a). The magnitudes of the trends derived from the five reanalysis
are weaker than the observations. Only the trends in MERRA and JRA-55 are statistically significant at
the 5% level. The annual trend derived from the MERRA data is the closest to the observation.

1 
 

 

Figure 5. Linear trends (unit: m·s−1 per decades) of annual, spring, summer, autumn, and winter mean
near-surface wind speeds for the observation (column) and reanalysis datasets (star) NCEP-2 (red),
MERRA (blue), JRA-55(green), ERA-Interim (purple), and 20CR (yellow), respectively, over China (a)
and nine subregions (b–j).
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For the seasonal average (Figure 5a), the negative trends of near-surface wind speed in the
observation are evident in all four seasons, with the largest magnitude in spring but the smallest
magnitude in winter. The largest trend of spring time is seen in all reanalysis datasets. Among the
reanalysis data, the NCEP-2 and MERRA data are close to the observation. No significant trend is seen
in the ERA-Interim dataset. Note the observed trend in summer and autumn are well reproduced in
MERRA data. The largest bias is seen in winter, when all the reanalysis datasets except for the JRA-55
show an increasing trend instead of the observed decline trend.

In Figure 5b–j, the decreasing trends of near-surface wind speed are evident over nine regions
for the annual mean and season mean near-surface wind speeds. Among the four seasons, the
trend in spring is the strongest. Among the nine regions, the decline trend over region I/E is the
largest/smallest. All reanalysis datasets are unable to reproduce the observed trends, in particular
for the most remarkable decline trend of the observation in spring. The reanalysis datasets show
increasing trends of annual and season mean wind speed. The decreasing trends of the annual, summer,
autumn, and winter mean wind speed over B region are overestimated by MERRA. The decreasing
trends of annual and seasonal mean wind speed over region E are also overestimated by NCEP-2. The
performance of NCEP-2 is poor in region H. In summary, our analysis shows that the reanalysis dataset
could reproduce decline trends of mean annual wind speed with weak magnitude. For the seasonal
trends, the reanalysis datasets show poor performance, in particular over the complex topography
terrain. Among the five reanalysis datasets, MERRA show the best performance.

We further examine the spatial patterns of mean annual near-surface wind speed trends in Figure 6.
In the observation, the significant decreasing trends are seen in most part of China except for the
Sichuan basin and southern China where weak increasing trends are seen (Figure 6a). Differences are
seen among the five reanalysis datasets in measuring the trends (Figure 6b–f). All the reanalysis datasets
show increasing trends in the northern Greater Khingan Mountains, the south edge of Tibet Plateau,
and North China Plain. Trends different to the observations are seen in Xinjiang and Inner Mongolia for
NCEP-2, JRA-55, ERA-Interim, and 20CR data, meaning that reanalysis datasets, especially the MEERA,
reproduce the major observed features over rich wind resource region, but the magnitude is weak. The
abilities in reproducing linear trend over complex terrain are also weak in reanalysis datasets.

We also examine the patterns of mean seasonal near-surface wind speed trend (see the figures
in Supplementary Material). In spring, the decline trends are seen in most part of China while an
increasing trend is seen in Greater Higgnan Mountains, Sichuan basin, and the southern China. In
winter, the decline trends are weaker in the reanalysis datasets. However, a rise in near-surface wind
speed over most regions is seen in five reanalysis datasets in winter. In autumn, all the reanalysis data
show poor performances, with the trends over Tibetan Plateau and North China Plain being contrary
to the observations. Encouraging results are seen in spring and summer when all the five reanalysis
datasets show similar patterns to the observation. The largest bias is found in winter.
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·10a−1) from 1979 to 2011 for (a) CN05.1, (b) NCEP-2, (c) MERRA, (d) JRA-55, (e) ERA-Interim,
and (f) 20CR. Areas with above 0.05 significance level using the Student’ s t-test are dotted.

3.4. Interannual Variability

To reveal the interannual variability of the mean annual and seasonal near-surface wind speed
over the period of 1979 to 2011, the time series of near-surface wind speed averaged over continental
China derived from the reanalysis datasets are compared with that derived from the observations in
Figure 7. While the interannual variability in the observation is not significant for the average over
whole China, robust interannual variability is seen in the results derived from the reanalysis. For the
annual mean average (Figure 7a), the MERRA and JRA-55 agree well with the observation, whereas
both NCEP-2 and 20CR disagree with the observation. A further examination on the seasonal mean
trend in Figure 7b–e finds that the results of MERRA and JRA-55 closely resemble the observation.
Unfortunately, all the reanalysis data show poor performances in winter.

To quantitatively measure the performances of reanalysis data, the correlation coefficients between
the observation and the reanalysis are compared in Table 3. The time series of anomalous wind speed
derived from JRA-55 (0.577, 0.558, and 0.418 for annual, summer, and winter, respectively) and MERRA
(0.578 and 0.58 for summer and autumn, respectively) show the highest correlation coefficients with
the observation among the five reanalysis datasets. NCEP-2 and 20CR show the lower correlation
coefficients. All five reanalysis datasets show the lowest correlation coefficient in winter. The reanalysis
datasets show different performances over nine regions. All reanalysis datasets show the lowest
correlations in regions A, C, D, H, and I, and highest correlations in regions B, F, and G. JRA-55 more
closely resembles the observation, with high correlation coefficients (greater than 0.7), in regions C, G,
and F. MERRA is closer to the observation in B region.
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Table 3. The temporal correlation coefficients of anomalous near-surface wind speeds during 1979 to
2011 over China between observed data and five reanalysis datasets.

Annual Spring Summer Autumn Winter

NCEP-2 0.358 0.502 0.037 0.309 0.228
MERRA 0.545 0.578 0.5 0.58 0.321
JRA-55 0.577 0.565 0.558 0.542 0.418

ERA-Interim 0.423 0.441 0.454 0.408 0.236
20CR 0.356 0.461 0.305 0.22 0.073

The spatial distributions of the interannual variability, which is measured by standard deviation of
mean annual near-surface wind speeds during 1979 to 2014, are shown in Figure 8. Larger interannual
variations of mean annual near-surface wind speeds are found in region A, B, C, and I, whereas smaller
interannual variations are found in the other regions. All reanalysis datasets could reproduce the
spatial distributions, with the regions A, B, C, and I have large interannual variations. We also note
that both the locations and value of interannual standard deviations in reanalysis datasets are different
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from observation. For example, the lager interannual variation in region I is located in the central
Tibet Plateau in observation, while they are found in the south edge of Tibet Plateau in reanalysis
datasets. Both NCEP-2 and MERRA overestimate the interannual variations in region A and B, but
underestimate the interannual variations in C region. JRA-55, ERA-Interim, and 20CR show the lower
values of interannual variations across the whole China.Atmosphere 2019, 10, x FOR PEER REVIEW 13 of 17 
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Seasonally (Figures are seen in Supplementary Material), the interannual variations in spring and
winter are larger than those in summer and autumn. The spatial distributions in four seasons are like
the annual mean wind speeds. In all reanalysis datasets, the larger interannual variations also are
found in the spring and winter, but the magnitude are larger than the observed. All reanalysis datasets
overestimate the interannual variations in the A, B, C, and I region in spring, summer, autumn, and
winter. Thus, the performances of reanalysis data are quite limited in complex terrain areas.

4. Summary and Concluding Remarks

4.1. Summary

In this study, we evaluated the performance of five reanalysis datasets in reproducing the
climatology, linear trend and interannual variability of near-surface wind speeds derived from are
assessed by comparing to CN05.1 dataset over continental China.

The long-term mean near-surface wind speeds vary between 1.0 and 7.0 m·s−1 across the entire
China. The large mean winds are found in the Inner Mongolia, Xinjiang, and Tibetan Plateau. The mean
near-surface winds are weak in the Sichuan Basin. All five reanalysis datasets reasonably reproduce
the climatology of near-surface wind speeds with PCCs higher than 0.8 and RMSEs less than 1.5 m·s−1.
Compared to the observation, the near-surface wind speeds are smaller in reanalysis datasets. The
reanalysis dataset show the higher skills over the flat regions than complex terrain region. Among
the five reanalysis datasets, MERRA (JRA-55) does the best (worst) job of revealing the climatological
spatial distribution over continental China.
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Averaged over the continent, the near-surface wind speeds derived from observation dataset
show an evident seasonal variation with maximum (minimum) near-surface wind speed in spring
(winter). All subregions show the similar variations. In the reanalysis datasets, the near-surface winds
are stronger than the observation in summer and winter. In spring and autumn, the near-surface winds
are weaker. The skills of reanalysis datasets also are seasonal dependent with reasonable performance
in the autumn.

The linear trend analysis for the mean annual wind speeds indicates that near-surface wind speeds
dramatically decrease during 1979 to 2011 over continental China. The declines are stronger in the
northeastern China and Tibetan Plateau than the other regions of China. Among the four seasons,
the near-surface winds in spring have the highest rate of decrease over continental China and most
subregions. That decreasing trend is underestimated in five reanalysis datasets. Only two datasets
(MERRA and JRA-55) show the significant decreasing trend of mean annual near-surface wind speed
over continental China as whole. MERRA is closest to the observation. All reanalysis datasets fail to
reproduce the decline in winter over China. The poor performances exist in all nine subregions.

The near-surface wind speeds vary year-to-year over continental China as whole. The large
interannual variability is seen in the spring and winter, whereas weak variation is found in the summer
and autumn. The observed interannual variations exhibit evident regional differences. The lager
interannual variations are found in the northern China and high altitude region and smaller interannual
variations are found in the other region. The observed regional differences are underestimated in the
reanalysis datasets. The changes from year to year are similar to the observed but more obvious in
reanalysis datasets. The reproduce of the changes of near-surface wind speeds are reasonable in spring,
summer, and autumn and unreasonable in winter.

4.2. Concluding Remarks

The poor performances of the reanalysis datasets in reproducing the trend in near-surface winds
are also found over Netherlands [49], contiguous U.S. [5,29], Australia [31], and other areas [8,50].
The changes of land use may contribute the decline of near-wind speed [8,50–52]. The unassimilated
surface observation of wind over land in the reanalysis may contribute that limitation [8,53].

In addition, although among the five reanalysis datasets, the MERRA (JRA-55) shows the relatively
highest (lowest) skill in terms of the climatology and linear trend. The performance is also far behind
the expectations. These results call for emergent needs for developing high quality reanalysis data that
can be used in wind resource assessment and planning.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/12/804/s1,
Figure S1: Mean Wind Speed in Spring, Figure S2: Mean Wind Speed in Summer, Figure S3: Mean Wind Speed in
Autumn, Figure S4: Mean Wind Speed in Winter. Figure S5: Linear Trend in Spring, Figure S6: Linear Trend in
Summer, Figure S7: Linear Trend in Autumn, Figure S8: Linear Trend in Winter, Figure S9: Inter-annual Variation
in Spring, Figure S10: Inter-annual Variation in Summer, Figure S11: Inter-annual Variation in Autumn, and
Figure S12: Inter-annual Variation in Winter.
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