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Abstract
This study reports the magnitude, spatial pattern and temporal trend of near-surface wind
speed (NWS) by comparing 20th century simulations in Coupled Model Intercomparison
Project phase 5 (CMIP5) and 3 (CMIP3) and the climate reanalyses with measurements
at 563 weather stations in China over 1961–2005. Both CMIP5 and CMIP3 agree quite
well with observations in reproducing the spatial pattern of annual mean NWS. CMIP5
models are superior to CMIP3 models in hindcasting the magnitude and spatial pattern of
seasonal mean NWS, the temporal trend in annual and seasonal mean NWS. Although both
CMIP3 and CMIP5 reproduced the decline trend in the annual and seasonal mean NWS,
the hindcasted decline rate is smaller than observed decline trend by the magnitude of one
order. The ensemble of optimal models that are better correlated to observations in both
NWS and temporal trend possesses advantages over individual model hindcast and reanalyses.
The reanalyzed data are not able to represent the observed either the spatial pattern or the
decline trend of NWS. The analyses presented here reveal the uncertainties in the current
wind field products including reanalyses and model outputs and highlight the benefits of
parameterization development and increased horizontal resolution in the new-generation
CMIP models.

Keywords: CMIP5; CMIP3; reanalysis; near-surface wind speed (NWS); model evaluation;
China

1. Introduction

The rise in economic activities increases the demand
for energy. According to Wind Energy Foundation,
wind energy is the fastest-growing energy source in the
world for its clean, sustainable and affordable nature.
In 2015, globally installed wind energy capacity is esti-
mated as 60 GW, an increase of 16% from 2014 (Font,
2016). Early estimates indicate that China contributed
about 42% of the 2015 globally installed capacity. The
changes in wind exert direct impact on the wind energy
density and thus wind power generation potential (Jiang
et al., 2010a).

Wind energy availability is susceptible to environ-
mental change (Ren, 2010). In the past half-century, the
global wind resources experienced significant change.
In latitude >70∘, near-surface wind speed (NWS) was
enhanced over recent decades (Lynch et al., 2004). In
contrast, the observed NWS declined by 5–12% from
1979 to 2008 over northern mid-latitude continents
(Vautard et al., 2010). The decline trend has been
observed in mid-latitude of Australia (McVicar et al.,
2008), Europe (Pryor et al., 2012), North America
(Pryor et al., 2009) and China (Table S1, Supporting

information). Both the annual and seasonal NWS has
declined in China (Table S1). China Meteorological
Administration (CMA) estimated the decline trend
of 0.18 ms−1 per decade (decade−1) from 1961 to
2014 in the country (CMA, 2015). In regions rich in
wind resources, the winds slowed even stronger. On
the Tibetan Plateau and northern China, the annual
mean NWS declined at 0.24 ms−1 decade−1 over
1980–2005 (You et al., 2010) and 0.2 ms−1 decade−1

over 1961–2014 (CMS, 2015), respectively. The
decline trend in China is larger than that in Europe and
North America (Vautard et al., 2010).

The objective of CMIP is to better understand the
past, present and future climate via model evaluation
and improvement. CMIP5 ensemble mean captures the
spatial variability of annual maximum NWS except
in mountainous terrains while the historical trend of
extreme wind is not well represented (Kumar et al.,
2015). While in China, all the CMIP5 models hind-
casted lower interannual variability than reanalyses and
observations (Chen et al., 2012). Most CMIP3 models
are able to simulate the distribution of wind resource in
China but fail to simulate the NWS and the decline trend
over the past 5 decades (Jiang et al., 2010b). CMIP5
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is superior to CMIP3 in simulating East Asian climate,
such as Asian summer and winter Monsoons (Sperber
et al., 2013; Ogata et al., 2014) and East Asian precip-
itation (Kusunoki and Arakawa, 2015).

In this study, we aim to evaluate how reliable the
NWS products to represent the magnitude and trend of
NWS and improvements of CMIP5 over CMIP3. We
evaluate hindcasts of CMIP5 NWS in China against
observation and reanalyses. We also perform an inter-
comparison of CMIP5 and CMIP3 simulations of spa-
tial pattern of annual and seasonal NWS, and NWS
trend over 1961–2005 in China. Section 2 outlines the
observational, model and reanalyses data for intercom-
parison. Section 3 reports the simulated and observed
NWS. Discussions and conclusions of those key find-
ings are presented in Section 4.

2. Data and method

2.1. Data

We use NWS data measured at 10 m aboveground from
January 1961 to December 2005 at 535 weather stations
in China (Figure S1). In addition to the nationwide wind
characteristics, we also evaluate the wind in five subre-
gions (Figure S1). The quality control and subregions
are given in Appendix S1.

We use three reanalysis datasets of monthly mean
NWS at 10 m (Appendix S1): National Centers for
Environmental Prediction/National Center for Atmo-
spheric Research (NCEP/NCAR) reanalysis (Kalnay
et al., 1996), European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalyses ERA-Interim
(Berrisford et al., 2009) and ERA-40 (Uppala et al.,
2005).

We analyze the 20th century simulations performed
by models participating in CMIP3 (Meehl et al.,
2007) and CMIP5 (Taylor et al., 2012) (Appendix
S1). Twenty-three CMIP5 simulations over the period
1961–2005 and 19 CMIP3 simulations expanded from
Jiang et al. (2010b) over the period 1956–1999 are
used (Table S2).

2.2. Methods

The observations, reanalyses and CMIP simulations are
regrided to 1∘ × 1∘ spatial resolution by inverse distance
weighting method (Isaaks and Srivastava, 1989) for
intercomparison. Pearson correlation coefficient (PCC)
between simulated and observed annual mean NWS
distributed in the same 1∘ × 1∘ grids is calculated to
evaluate the models’ hindcasts of NWS and spatial
pattern. The trend of NWS is calculated by the linear
regression of annual and seasonal mean NWS time
series. We use PCC between time series of simulated
and observed NWS at regional and nationwide scales to
evaluate the models’ hindcasts of interannual variability
of seasonal and annual NWS. Furthermore, we evaluate
the ensemble (multi-model mean) of all the models
(All_M_Ens), the ensemble of the models in which

the annual mean NWS is correlated to observations
with confidence interval (CI)= 99.9% (Opt_S_Ens) and
similar for the wind trend (Opt_T_Ens). The models
participating in each ensemble analysis are listed in
Table S3. The partition of the subregions for CMIP5
is the same as the region partition to observations. The
partition of the subregions for CMIP3 remains the same
as the partition in Jiang et al. (2010b).

3. Results

3.1. Spatial pattern of annual mean wind

In China, strong wind presents in northern and coastal
regions in relative to weak wind in southern and inland
regions of China. One weak wind zones is in Xin-
jiang and another one is across China starting from
Hetao in Northwestern to Southern China via Sichuan
basin. The strong wind zones are Tibetan plateau, the
southern parts of northern and northeastern China and
southeastern coastal areas. CMIP5 simulated spatial
pattern of mean NWS agrees well with observations
(Figure S2), which are successfully reproduced by
most models. The correlation between the simulated
and observed annual mean NWS in all grids is >0.25
(CI= 99%) in 19 of the 23 (83%) CMIP5 models,
in which PCC is >0.32 (CI= 99.9%) in 6 models
(Table 1). The ensemble of all the model hindcasts
(All_M_Ens) and ensemble of the six optimal mod-
els (Opt_S_Ens) successfully represent the spatial
pattern of NWS (Figure 1). PCC of Opt_S_Ens and
All_M_Ens with observations are 0.47 (CI= 99.9%)
and 0.36 (CI= 99.9%), respectively. ERA-interim
is better correlated with observations (PCC= 0.45,
CI= 99.9%), in comparison with ERA-40 (PCC= 0.26,
CI= 99%) and NCEP/NCAR (PCC= 0.17).

Only 9 in 19 (47%) CMIP3 hindcasts are well corre-
lated to observations (PCC> 0.25, CI= 99%) (Table 1).
The models in CMIP5, in particular, HadGEM2-ES,
MRI_CGCM3 and GISS-E2-R show significantly
improved capture of the spatial pattern of mean NWS.
Even so, All_M_Ens and Opt_S_Ens in CMIP5 show
slight improvement compared to CMIP3 due to worse
hindcasts in six CMIP5 models.

3.2. Magnitude of annual mean wind speed

The observed mean NWS over 1961–2005 is
2.41± 0.2 ms−1. CMIP5 models tend to underes-
timate the annual mean NWS. Seventeen models
have biases (simulations minus observations) within
±1 ms−1, in which seven models have the biases within
±0.5 ms−1 (Table 1). The hindcast by BNU-ESM is
2.45± 0.07 ms−1, the closest to observations. Despite
the relatively low bias in nationwide annual mean
NWS, these models show a similar pattern of bias:
overestimation in southwest and underestimation in
other parts of China (Figure 2).

The observed annual mean NWS is the strongest in
northeast (2.97± 0.25 ms−1), followed by northwest

© 2017 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 18: 475–483 (2017)
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Table 1. PCC between simulated and observed mean NWS in each grid cell, trend of annual mean NWS and mean NWS by
individual model hincasts, ensemble model hindcasts and reanalyses.

No. PCC
Trend of wind speed
(ms−1 per decade)

Mean wind speed ± Standard
deviationa (ms−1)

Data CMIP5 CMIP3 CMIP5 CMIP3 CMIP5 CMIP3

1 ACCESS1.3 0.38b – 0.0c – 2.01± 0.05 –
2 CSIRO-Mk3.6.0 0.30d 0.36b −0.01e 0.00e 2.31± 0.06 2.45± 0.08
3 CanESM2 0.26d 0.17 0.02f −0.01c 2.74± 0.08 2.72± 0.06
4 BCC-CSM1.1 0.29d 0.41b 0c −0.05e 2.27± 0.06 3.55± 0.11
5 BNU-ESM 0.29d – −0.03e – 2.45± 0.07 –
6 FGOALS-gl 0.05 0.32b −0.01c 0.00 3.88± 0.12 3.67± 0.09
7 EC-EARTH 0.48b – 0.00 – 1.76± 0.06 –
8 HadGEM2-ES 0.44b 0.17 0.00 −0.01e 1.21± 0.04 1.34± 0.04
9 CNRM-CM5 0.37b 0.30d 0.00c 0.00c 1.56± 0.05 0.92± 0.02
10 IPSL-CM5A-LR 0.25d – 0.02f – 1.85± 0.06 –
11 IPSL-CM5A-MR 0.27d 0.43b 0.02f 0.00 1.87± 0.06 0.82± 0.02
12 MPI-ESM-LR 0.31d – 0.00c – 1.40± 0.04 –
13 MPI-ESM-MR 0.28d 0.21 0.01 0.00 1.41± 0.05 1.33± 0.05
14 MIROC5 0.31d 0.30d −0.01c 0.00 1.97± 0.07 2.19± 0.06
15 MIROC-ESM 0.26d 0.38b 0.03f 0.00c,f 2.20± 0.07 2.32± 0.05
16 MRI-CGCM3 0.37b 0.10 0.01f 0.00e 2.23± 0.06 1.74± 0.05
17 HadGEM2-AO 0.31d – −0.01c – 1.27± 0.03 –
18 INM-CM4 0.23 0.23 0.00c 0.01 1.77± 0.05 1.93± 0.05
19 GFDL-ESM2M 0.26d 0.40b −0.01c 0.01c 1.30± 0.05 1.34± 0.04
20 GFDL-CM3 0.19 0.27d 0.01 0.01 1.43± 0.05 1.42± 0.04
21 GISS-E2-H 0.24 0.17 0.01f 0.00c 1.57± 0.04 1.40± 0.03
22 GISS-E2-R 0.32b 0.17 0.00 0.00c 1.46± 0.03 1.45± 0.03
23 NorESM1-M 0.25d 0.17 −0.03c 0.01f 3.83± 0.09 0.89± 0.03
24 All_M_Ens 0.36b 0.34b 0.00 0.00 1.99± 0.72 1.85± 0.86
25 Opt_S_Ens 0.47b 0.43b 0.01f 0.00e 1.71± 0.37 2.36± 1.14
26 Opt_T_Ens 0.33b – −0.02e 0.00e 2.19± 0.94 –
27 ERA-40 0.26d – 0.00 – 1.45± 0.04 –
28 ERA-interim 0.45b – −0.03 1.64± 0.06 –
29 NCEP/NCAR 0.17 – −0.17 – 2.72± 0.28 –
30 Station – – −0.13 −0.13 2.41± 0.20 2.47± 0.18

CMIP5 data is over 1961–2005 and CMIP3 data is over 1956–1999.
aFor individual model, reanalyses and station measurements, the standard deviation is calculated from annual mean wind speed over 54 years; for
ensembles, the standard deviation is calculated from the mean wind speed by individual model.
bPCC> 0.32 and CI of 99.9%.
cTrend with PCC> 0.
dPCC> 0.25 and CI of 99%.
eTrend with PCC> 0.29 and CI of 95%.
fTrend with CI of 90%.

(2.55± 0.27 ms−1), southwest (2.3± 0.26 ms−1) and
southeast (2.27± 0.18 ms−1) of China. The weakest
wind (1.7± 0.09 ms−1) is observed in southern China.
Given scarce observations and difficulties in simulating
NWS on the Tibetan Plateau, we skip the southeastern
region in CMIP5 NWS ranking. CMIP5 models of
BCC-CSM1.1, BNU-ESM, CanESM2, GISS-E2-H,
GISS-E2-R, HadGEM2-ES and NorESM1-M success-
fully reproduced the regional NWS from strongest to
weakest in the order of northeast, northwest, south-
east and south. ERA-interim is superior to ERA-40
and NCEP/NCAR in representing the spatial pat-
tern (Table 1), but notably underestimates NWS
(Figure 1(e)).

Similar to CMIP5, most CMIP3 models underesti-
mate annual NWS. CMIP3 indicates that the underesti-
mate is usually between 1 and 2 ms−1. In some regions,
the bias is up to 3 ms−1. Only 36.8% of CMIP3 mod-
els hindcasted annual mean NWS biases within (−1

to 0) ms−1 compared to 60.9% of CMIP5 models and
5.3% of CMIP3 models hindcasted biases within (0–1)
ms−1 compared to 8.7% of CMIP5 models (Figure S3).
Bias of Opt_S_Ens for CMIP3 is smaller than CMIP5
(Figure S3(b)). However, this smaller bias is not con-
tributed by better model skill but the spread hindcasts
NWS among CMIP3 models (Table 1).

3.3. Seasonal mean wind speed

Seasonally, although most CMIP5 models can repro-
duce the nationwide spatial pattern of NWS, the mag-
nitude is biased. Most models hindcasted NWS in
spring, summer and fall approximate to or smaller than
the observations, except FGOALS-gl, CanESM2 and
NorEMS1-M (Figure 3(b)). The hindcasts of winter
NWS are approximate to or larger than observations.
The overestimate of nationwide winter mean NWS by
CSIRO-Mk3.6.0, CanESM2, BNU-ESM, FGOALS-gl,
MIROC-ESM and NorESM1-M is over 1 ms−1. The

© 2017 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 18: 475–483 (2017)
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Figure 1. Distributions of mean wind speed (averaged over 1961–2005) for ensemble of all CMIP5 models (a), ensemble of optimal
wind (b), ensemble of optimal trend (c), reanalyses (d–f) and observations (g) over mainland China.

correlations between simulated and observed seasonal
pattern demonstrate that the spatial pattern in winter is
best hindcasted, followed by fall, spring and summer.
CMIP5 is superior to CMIP3 in not only the number of
models that can hindcast the spatial pattern but also cor-
relations between the model ensemble and observations
in the seasonal scale (Table S4). Magnitude of NWS
bias is reduced in CMIP5 for all the seasons (Figure S4).

3.4. Trend in annual and seasonal mean wind
speed

The observed NWS over 1961–2005 is declined
at −0.13 ms−1 decade−1 (Table S5). The nation-
wide annual mean NWS is positively correlated
to observations in 13 out of 23 CMIP5 models

(Figure 3(a)), in which CSIRO-Mk3.6.0 and
BNU-ESM have the correlations over 0.3 (CI= 95%).
Most of CMIP5 and CMIP3 models hindcasted the
decline trend, but smaller by one order of magnitude
than observations (Table 1, Figure 4). NCEP/NCAR
hindcasted the nationwide decline trend in the same
order as the observations, however, it fails to rep-
resent the observed spatial pattern of NWS. All
reanalyses presented low trend correlation with
observations.

The observed decline trend is most significant in
NNW (−0.18 ms−1 decade−1) and NE (−0.17 ms−1

decade−1), followed by SSE (−0.13 ms−1 decade−1),
SW (−0.07 ms−1 decade−1) and CW (−0.04 ms−1

decade−1). Seven in 23 (30.4%) CMIP5 models
hindcasted decline trend in mean NWS, in which

© 2017 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 18: 475–483 (2017)
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Figure 2. The predicted wind speed biases from observations in the individual model that have annual biases within ±0.5 ms−1

(a–h) and ensembles (i–k) over mainland China.

CSIRO-MK3.6.0 and BNU-ESM show CI= 95%,
while 3 in 19 (17.6%) CMIP3 models hindcasted
decline trend, in which only BCC_CSM1.0.1 shows
CI= 95% (Table 1). Neither CMIP5 nor CMIP3
Opt_T_Ens hindcasted the spatial pattern of the annual
decline trend.

We sort out the optimal models in which the trends
in seasonal mean NWS are relatively well correlated
(PCC> 0.1 and trend< 0) to the observations in the sub-
regions of NNW, NE, SW, CW and SSE of China (Table
S3). The ensemble of seasonally optimal hindcasts by
both CMIP3 and CMIP5 suggests that the decline trend
occurs in all the seasons, but one order smaller than
observations (Table S5). Winter has best hindcast com-
pared to observations, followed by summer and spring.

In consistent with observations, the ensemble of season-
ally optimal CMIP5 hindcasts shows most significant
decline trend in winter, but weakest in summer, which
is not indicated by the ensemble of seasonally optimal
CMIP3 hindcasts.

4. Discussions and conclusions

The spatial pattern of NWS is reproduced by most of
CMIP5 and CMIP3 models. Most models in CMIP5 and
CMIP3 underestimate annual mean NWS, but overesti-
mate in southwestern China where the complex topog-
raphy causes great uncertainties in hindcasts of NWS
(Kumar et al., 2015). The decline trends in both CMIP5

© 2017 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 18: 475–483 (2017)
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Figure 3. Taylor diagram comparing CMIP5 model hindcasts with observations for (a) annual mean wind speed in individual model
and (b) seasonal mean wind speed in ensemble of optimal hindcast. The models and ensemble whose interannual variation of annual
mean wind speed is positively correlated to observation are plotted in (a).

and CMIP3 are not well represented, which are smaller
than observed decline trend by the magnitude of one
order. Besides the temporal trend in mean NWS, CMIP
models cannot represent the temporal trend of extreme
wind (Kumar et al., 2015).

CMIP5 shows improvements over CMIP3 in: (1) the
number of optimal models that can hindcast spatial pat-
tern and the decline trend of the mean NWS, (2) the
magnitude and spatial pattern of the mean NWS and (3)
the seasonal pattern of the decline trend. It is probably
that the advantages of CMIP5 over CMIP3 are partly
due to the shorter comparison period by CMIP3 mod-
els. Further, Kusunoki and Arakawa (2015) attributed
the advantages of CMIP5 over CMIP3 in hindcasting
east Asia precipitation to the higher horizontal reso-
lution and improved representation of the west pacific
subtropical high (WPSH) in CMIP5. We noticed that the
models with higher resolution in CMIP5 show improve-
ment in simulating spatial pattern and magnitude of
NWS (Table S2). CMIP5 hindcasted smaller northward
bias of WPSH than CMIP3 (Song and Zhou, 2014).
The northward movement of WPSH directly affects
the position and development of East Asia monsoon
and Tropical cyclone activities (Chen et al., 2004). The
improved hindcasts of WPSH are highly associated with
the improvement in the summer precipitation and mon-
soon circulation (Kusunoki and Arakawa, 2015) and
significantly improved the wind at 850-hPa, which is
also attributed to the better representation of the tropical
eastern Indian Ocean-the western Pacific anticyclone
teleconnection (Song and Zhou, 2014).

In the three reanalyses, ERA-interim is superior to
ERA-40 and NCEP/NCAR in representing the spatial
pattern of observed mean NWS. The correlation to
observations of ERA-interim is just slightly smaller
than CMIP5 optimal ensemble. However, similar to the

most models, ERA-interim significantly underestimates
the decline trend. Although NCEP/NCAR is the only
dataset that has the mean NWS and decline trend close
to observations, it is unable to represent the spatial
pattern of mean NWS. The inability to represent the
interannual variation and temporal trend of NWS was
also reported in Australian NWS climatology (McVicar
et al., 2008).

It is encouraging that the ensembles, especially the
ensemble of optimal model hindcasts outperforms indi-
vidual model, although the models that can reproduce
the spatial pattern of mean NWS are not skillful to rep-
resent the temporal trend of wind variation. The anal-
yses presented here and in previous studies (McVicar
et al., 2008; Kumar et al., 2015) reveal the uncertain-
ties in wind field products including reanalyses and
model outputs and highlight the benefits of parameter-
ization development and increased horizontal resolu-
tion in the new-generation CMIP models. We expect to
quantitatively evaluate the improvement in regional cli-
mate simulations by the integration of Global Monsoon
MIP and High Resolution MIP experiments in CMIP6
(Eyring et al., 2016).

The slowed winds trends are not well explained. The
slowed East Asian monsoon winds may contribute
to the decline trend in China, resulting from hetero-
geneous spatial and seasonal temperature variations
and the net radiation and weakened incoming solar
radiation (Xu et al., 2006). The CMIP5 models fail
to hindcast the decreasing trend of East Asia mon-
soon (Saha et al., 2014). On the Tibetan Plateau, the
warming may weaken the latitudinal gradients of
regional temperature and surface pressure, thus altering
the atmospheric circulation and reducing NWS (You
et al., 2014). However, the CMIP5 models cannot well
represent the warming climate over Tibetan Plateau

© 2017 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 18: 475–483 (2017)
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Figure 4. The hindcasts of wind trend in the optimal CMIP5 models that have good correlation to measured trend (a–d), ensembles
(e–g), observations (h) over mainland China and time series of the annual mean wind speed in measurements, and the optimal
models.

and underestimate the mean temperature significantly
(Su et al., 2013). In China, high afforestation rate of
1.5% leads to increases in surface roughness, which
may explain 10–50% of the declined NWS (Vautard
et al., 2010). Urbanization also increases the surface
roughness thus leads to declined NWS (Hou et al.,
2013). This time-evolving land-use change was not
represented in CMIP3 but in CMIP5 (Taylor et al.,
2012). The historical land cover and land-use change in
CMIP5 were provided through land-use harmonization
based on Global Land Model (Di Vittorio et al., 2014).

This land cover dataset regrided from the History
Database of the Global Environment (HYDE) database
(Klein Goldewijk et al., 2011) is unable to accurately
represent the land-use change in China (Miao et al.,
2013). But, we are encouraged that the HYDE database
is continuously updated with more reliable inventory
data (Klein Goldewijk et al., 2011). The Land Use
Model Intercomparison Project (LUMIP) (Lawrence
et al., 2016) will enable quantitative evaluations of
the climate responses to land use and land cover
change.

© 2017 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 18: 475–483 (2017)
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