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This study investigates the interannual variability of wind energy resources
across China and how it changes with season by applying empirical orthogonal
function (EOF) analyses to gridded wind data from the Climate Forecast System
Reanalysis (CFSR) from January 1979 through December 2011. The first EOF
mode (EOF1) represents between 22% variance for winter and 29% for summer.
Spatially, the variation is largely consistent across China for summer and
autumn and almost opposite between north and south for spring and winter, and
the strongest variation in all seasons is found over Inner Mongolia and Tibet.
The second EOF mode (EOF2) represents between 13% variance for autumn
and 16% for spring, and is largely dominated by a sharp contrast between Inner
Mongolia and Tibet for all seasons. The EOF1 appears to be linked statistically
to the pacific decadal oscillation for summer and autumn and to the Pacific
North American pattern for spring and winter, while the EOF2 seems to be con-
nected to the Arctic Oscillation for spring and winter and to an interdecadal vari-
ability for summer and autumn. The anomalous wind fields associated with
these large-scale circulation patterns modify the climatological wind fields in
different ways that lead to an increase or a decrease of the 80-m winds in differ-
ent regions of China.
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1 | INTRODUCTION

Since China's Renewable Energy Law took effect in January
2006, the country has seen a rapid growth in its renewable
energy sector. Leading the way is wind energy, with the cumu-
lative installed capacity increasing exponentially from less than
2 gigawatts (GW) in 2005 to 45 GW in 2010 (Jiang et al.,
2011), and it is projected to reach between 200 and 300 GW by
2020 and over 400 GW by 2030 (Li et al., 2012). Wind energy
has been the fastest growing source of electricity in China and a
key stimulating factor of Chinese economic growth.

For wind resource assessment and wind power fore-
casting, it is important to know not only the mean wind

speed, but also the variability. While a number of previ-
ous studies have examined trends and seasonal variability
of wind resources in different regions of China (Zuo
et al., 2005; Xu et al., 2006; Niu et al., 2010; Fu et al.,
2011; Jiang et al., 2013; Lin et al., 2013; Yao and Li,
2016; Yu et al., 2016), few studies have investigated
interannual variability of wind resources across entire
China.

A key influential factor for interannual variability of
low-level winds in China, especially Eastern China, is the
East Asian monsoon (Wang and Lin, 2002). Numerous stud-
ies have linked the interannual variability of the East Asian
monsoon to well-known climate variability modes such as
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the Arctic oscillation (Gong et al., 2001; Gong and Ho,
2003), the El Niño Southern Oscillation (ENSO) (Wang
et al., 2000), the Pacific Decadal Oscillation (PDO) (Chan
and Zhou, 2005; Yoon and Yeh, 2010) and the North Atlan-
tic Oscillation (NAO) (Watanabe, 2004; Wu et al., 2009).
While the identification of these teleconnections has led to
improved seasonal predictions of the East Asian monsoon
and thus wind power in monsoon-influenced region of East-
ern China, it has limited value for seasonal outlook and
long-term predictions of wind power output in other parts of
the country such as Inner Mongolia, the Northwest, and the
Tibetan Plateau where the best wind resources are located
(McElroy et al., 2009).

The purpose of this study is to further our understand-
ing of wind power variability at interannual time scales
across China and the potential connections between the
interannual variability and known climate variability
modes. Several studies have examined this issue. For
example, Fu et al. (2011) examined the variability of 10-m
wind speeds at 597 observational stations across China and
linked the variability to the Interdecadal Pacific Oscillation.
Chen et al. (2013) found a significant negative correlation
between spatially averaged annual 10-m wind speeds
across China and the annual AO indices. They also found
that during El Niño episodes, the annual mean wind speeds
tend to be above normal in northern China and below nor-
mal in southern China, with the opposite occurring during
La Niña episodes. Zhang et al. (2014) showed that the
Tibetan monsoon contributes to the changes of wind speeds
in southwestern China. Cui et al. (2018) noted that the tem-
poral variation of the near-surface winds in northern China
is related to changes in the East Asian monsoon and west-
erly circulation. Besides natural factors, anthropogenic fac-
tors such as changes in roughness lengths resulting from
urbanization and deforestation also have a strong influence
on surface wind speeds over East China (Wu et al., 2016,
2017; Zha et al., 2017). The value of these studies for
understanding wind energy variability in China, however,
is limited by the use of 10-m standard wind observations
because (a) many of the meteorological observational sta-
tions in China are located in sheltered settings, while wind
turbine sites are often located on ridges or open terrain;
(b) changes in the locations and environment around obser-
vational sites, which are exacerbated by the rapid urbaniza-
tion across China in the past three decades, may lead to
discontinuities in the observational data; (c) 10-m wind
speeds are more prone to the influence of the underlying
terrain than winds at modern wind turbine levels; and
(d) the heterogeneous distribution of observational stations
hinders the understanding of the spatial variability of wind
energy resources.

The current analyses try to overcome these issues by
using gridded wind data at the modern wind turbine level
(80 m above ground level (AGL)). This study identifies and

characterizes the main modes of the 80-m wind interannual
variability across China and the dominant climate forcing for
these modes. Understanding the low-frequency variability of
wind speeds, or how and why wind speed and wind power
vary from 1 year to another, can be beneficial for seasonal
outlooks or long-range forecasting of wind power generation
(Westrick et al., 2005).

2 | DATASETS AND METHODS

2.1 | Study domain and datasets

The domain of the current study encompasses a region from
18�N to 54�N and from 73�E to 136�E (Figure 1), but the
discussion will focus only on the land areas of China. The
analyses span a 33-year period from January 1, 1979 to
December 31, 2011.

Wind speed data for the study period and the domain
are extracted from the gridded CFSR produced by the
U.S. National Centers for Environmental Prediction
(NCEP) using a global, high-resolution, coupled modelling
system with atmosphere, ocean, land-surface and sea-ice
models (Saha et al., 2010). The gridded wind data have a
horizontal resolution of ~38 km (T382) on 64 vertical
levels from the surface to 0.26 hPa in the atmosphere. As a
third-generation global reanalysis, the CFSR has several
advanced features compared to earlier generation reanalysis
products, which includes a 6-hour guess field generated
from an atmosphere and ocean coupling system, an interac-
tive sea-ice model, direct assimilation of satellite radiances
and consideration of changes of carbon dioxide (CO2),
aerosols and other trace gases and solar activity. For details
about the CFSR, refer to Saha et al. (2010). The latest ver-
sion (Version 2) of CFSR (CFSv2) (Saha et al., 2014) is
used in this analysis.

FIGURE 1 The study domain (18�N-54�N, 74�E-135�E) and the
topography as resolved by the CFSR data [Colour figure can be viewed at
wileyonlinelibrary.com]
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CFSR wind data in regions of China have been com-
pared to observations and other reanalysis products. Bao
and Zhang (2013) found that horizontal wind components
from the CFSR agree with data from soundings launched
during the Tibetan Plateau Experiment and have smaller
root-mean-square values compared to those of the NCEP
reanalyses and Interim European Centre for Medium-Range
Weather Forecasts Re-Analysis (ERA-Interim, Dee et al.,
2011). Rahim et al. (2013) showed that wind speed time
series from the CFSR are similar to the time series derived
from satellite observations over the South China Sea, with
a correlation coefficient of 0.94 for the period of September
2008 to January 2009. However, the magnitudes of wind
speed from the CFSR are somewhat lower than the values
derived from satellite observations. Chen et al. (2014) eval-
uated the diurnal cycle of wind data from four reanalysis
products, including CFSR, ERA-Interim, the 55-year Japa-
nese reanalysis project (JRA-55, Ebita et al., 2011), and
National Aeronautics and Space Administration Modern-
Era Retrospective Analysis for Research and Applications
(MERRA, Rienecker et al., 2011), using 6-hour rawin-
sonde observations from 22 sites over southern China, and
they found that the four reanalysis datasets adequately cap-
ture the observed mean diurnal cycle, but the amplitudes of
the diurnal cycles differ among the four datasets and from
the observations.

In addition to the CFSR, the analyses here also utilize
the U.S. National Oceanic and Atmospheric Administration
Extended Reconstructed Sea Surface Temperature (SST)
data (http://www.esrl.noaa.goc/psd/data/gridded/data.noaa.
ersst.html), as well as time series of several climate indices
including the PDO index (Mantua et al., 1997) (http://
research.jisao.washington.edu/pdo/) and the AO index
(http://www.cpc.ncep.noaa.gov/data/indices).

2.2 | Methods

The vertical resolution of the CFSRv2 wind data is 25 hPa
from 1,000 to 750 hPa and 50 hPa above that. In addition,
wind speeds at the 10-m level are also available. There are
several ways to estimate wind speed at a given level (80 m
in this case). When only surface winds are available, the
power law (Hsu et al., 1994) is usually used to extrapolate
surface wind to a chosen level aloft within the atmospheric
boundary layer. Sometime a log profile (Stull, 1988) is also
used to extrapolate surface wind to a level in the surface
layer which is about 10% of the boundary layer height.
When vertical wind profiles are available, a simple linear
interpolation or the log profile is usually used to obtain wind
speed at a given level. The log profile is considered more
accurate for estimating winds in the surface layer. Although
surface layers can be deeper than 80 m in unstable condi-
tions, they are usually lower than 80 m in neutral and stable
conditions. Note that the coefficients in the log profile equa-
tion (friction velocity and roughness length) can be

determined by wind profiles only in the case of neutral con-
ditions; in non-neutral conditions, temperature profiles are
also needed to define the stability term in the log profile.
Based on these considerations, simple linear interpolation is
utilized in this study to estimate the 80-m level wind from
the 10 m wind speed and the wind speed at the first level
immediately above the 80 m level, although linear interpola-
tion tends to underestimate 80-m winds compared to the log
profile.

The temporal resolutions of the CFSRv2 wind data are
6-hourly, which are averaged to yield daily, monthly and
seasonal means for spring (March, April, May), summer
(June, July, August), autumn (September, October,
November) and winter (December, January, February).
Finally, seasonal anomalies are computed by subtracting
seasonal climatology relative to the study period (averag-
ing over the 33 years) from the seasonal means for
each year.

The EOF technique is applied to the gridded seasonal
anomalies of 80-m wind speeds to identify possible spatial
patterns of the variability and how they change with time.
Using this technique, the anomalous wind fields are parti-
tioned into a set of mathematically orthogonal modes con-
sisting of spatial structures (EOFs) and corresponding time
series referred to as principal components (PCs), and each
mode has a corresponding eigenvalue that describes the vari-
ance explained by the mode (Wilks, 2011). The current ana-
lyses focus on the first two EOF modes (EOF1 and EOF2)
that together explain a large percentage of the total variance.
Linear regression (Neter et al., 1996; Draper and Smith,
1998) is performed in which the seasonal anomalies of SST
and atmospheric fields for the same study period are
regressed onto the PC of the first two EOF modes to deter-
mine the anomalous large-scale circulation patterns associ-
ated with the EOF modes.

3 | RESULTS

3.1 | The first EOF mode

The first EOF mode (EOF1, Figure 2) explains 20–30% of
the total variance in seasonal 80-m wind speed anomalies,
with percentages ranging from 21.5% for the winter season
to 29.4% for the summer season. The EOF1 spatial patterns
are similar between spring and winter, and between sum-
mer and autumn. For spring (Figure 2a) and winter
(Figure 2g), the variations are opposite in sign between
northern and southern China separated roughly by the
36�N latitude line, with strongest contrast between Inner
Mongolia (negative) and Tibet (positive). The time series
for the two seasons, however, are poorly correlated, with
the spring time series (Figure 2b) oscillates around zero
prior to 2005 and drops to all negative values afterwards,
while winter time series (Figure 2e) keeps oscillating
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throughout the study period. Different from spring and win-
ter, the EOF1 spatial patterns for summer and autumn show
more or less consistent variations across most of China
except for small areas in the northwest, where variations
are in opposite direction to the rest of the country. With a
correlation coefficient of 0.80 at the 99.9% confidence
level, the summer and autumn time series show a very simi-
lar pattern with values all positive in the 1980s, oscillating

around zero in the 1990s, and all negative after 2000. Both
time series are characterized by a decreasing trend with a
slope of −0.08/yr and −0.07/yr, respectively, at the 98%
confidence level. The PC1s for summer and autumn are
correlated with the PDO indices, which show decreasing
trends for the period of 1979 through 2011 at the rates of
−0.05/yr for summer and − 0.06/yr for autumn at the 98%
confidence level (Figure 3). The correlation coefficients are

FIGURE 2 EOF1 spatial patterns (a, c, e, g) and time series (b, d, f, h) for the 80-m wind speed seasonal anomalies for spring (a, b), summer (c, d), autumn
(e, f) and winter (g, h) for the period 1979 to 2011 [Colour figure can be viewed at wileyonlinelibrary.com]
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0.54 between the summer PC1 and PDO, and 0.58 between
the autumn PC1 and PDO.

To understand the EOF1 spatial patterns and their sea-
sonal differences in the context of atmospheric circulation
anomalies, the PC1s are regressed onto the anomalous SST,
200-hPa geopotential height (H200), sea-level pressure, and
80-m wind fields. The results of the regression analyses are
shown in Figures 4–7.

The spring SST regression pattern shows positive SST
anomalies off the coast of North America and eastern
tropical Pacific Ocean and negative SST anomalies in
western Pacific Ocean, which resembles positive phase of
PDO and ENSO. The SST pattern over the Pacific Ocean
excites a wavetrain with positive H200 anomalies over
Canada and negative H200 anomalies over the United
States and the eastern Pacific Ocean (Figure 5). The
Rossby wave extends to the Eurasia continent with posi-
tive H200 anomalies over the northern Europe and nega-
tive H200 anomalies over the rest of Eurasia and northern
Africa. Negative H200 anomalies also occur over China,
especially over the northwestern portions of the country.
Negative sea-level pressure anomalies as large as
−135 Pa also occur over China except for the northeast-
ern part of the country (Figure 6a). The anomalous sur-
face low over northwestern China induces westerly
anomalous winds over the Tibetan Plateau (Figure 7a),
which reinforces the climatological 80-m wind field
(Figure 8a) to produce positive wind speed anomalies in
the region (Figure 2a). Similarly, the anomalous easterly
winds over southern Xinjiang are in the same direction as
the climatological wind fields (Figures 7a and 8a) and
thus contribute to the positive 80-m wind anomalies there
(Figure 2a). In contrary, anomalous northerly winds
around the anomalous surface high north of Xinjiang
oppose the climatological southerly winds and lead to
negative 80-m wind speed anomalies in that region
(Figure 2a). Anomalous southeasterly winds over north-
ern China associated with the negative pressure anomaly
centre over western China and the positive pressure
anomaly centre over northeastern China oppose the

climatological wind and lead to the negative wind speed
anomalies over northern China (Figure 2a). The positive
wind speed anomalies over southern China also result
from the consistency between the anomalous and the cli-
matological wind fields.

In contrast to the spring season, SST regression pat-
terns in summer and autumn resemble an El Niño pattern
and a positive phase PDO, with negative SST anomalies
over central and tropical western Pacific Oceans and posi-
tive SST anomalies over the northeastern and tropical
central and eastern Pacific Oceans (Figure 4b,c). The
H200 regression maps for summer and autumn are similar
over the Eurasia continent, the Pacific Ocean and North
America, with positive values over central Asia, central
Russia and northwestern North America, and negative
values over Europe, East Asia and the North Pacific
Ocean (Figure 5b,c). Negative height anomalies occur
over the study region with the minimum value of −198 Pa
over Mongolia (Figure 6b). The negative pressure centre
over Mongolia results in westerly anomalous winds in
northern China, particularly Inner Mongolia, and over
Tibet (Figure 7b) that reinforce climatological winds
(Figure 8b) and yield positive 80-m wind speed anomalies
in these regions (Figure 2c).

The winter SST regression exhibits a La Niña pattern
(Figure 4d) characterized by negative anomalies in the
eastern equatorial Pacific. The corresponding anomalous
H200 pattern shows a wavetrain with wave number two
over the mid-latitude region and wave number three over
the subtropical region (Figure 5d). The positive anoma-
lous H200 values across most of China weaken the trough
over East Asia. Much of China except for Tibet is domi-
nated by positive sea-level pressure anomalies
(Figure 6d). Associated with the pressure anomalies are
anomalous northeasterly and easterly winds in regions
north of 35�N (Figure 7d) that are opposite to the south-
westerly and westerly climatological wind fields
(Figure 8d) and explain the negative wind speed anoma-
lies (Figure 2d). Over the Tibetan Plateau and southern
China, the anomalous westerly and northeasterly winds

FIGURE 3 The time series of the PDO index for summer (a) and autumn (b) for the period 1979 to 2011. Grey dotted line indicates the linear trend
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are in agreement with the climatological wind directions
and explain the positive wind speed anomalies in these
regions (Figure 2d).

To further confirm the relationship between the 80-m
wind speeds and the PDO indices in summer and autumn,
correlations between 80-m wind speeds and the PDO indices
in summer and autumn are computed at each grid point, and
the spatial patterns of the correlations are shown in Figure 9.
For both seasons, the correlation field shows a similar spatial

pattern to the EOF1 pattern (Figure 2c,e). In the summer, neg-
ative correlations occur mainly over the northwestern and
northeastern portions of China, while positive correlations
occur in most other parts of the country. The most significant
correlations occur in regions of the northern and southwestern
China and over the Tibetan Plateau. Similarly in autumn, sig-
nificant positive correlations occur in northern China. Positive
correlations are seen across the country with the exception of
northern Inner Mongolia and portions of northwestern and

FIGURE 4 The anomalous SST regressed onto the PC1 of the 80-m wind speed seasonal anomalies for spring (a), summer (b), autumn (c), and
winter (d) for the period 1979–2011. The colour filled regions are significant at the 95% confidence level [Colour figure can be viewed at
wileyonlinelibrary.com]
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southern China. These results further indicate that the PDO
has a significant influence on 80-m level wind speed variabil-
ity across China in summer and autumn and is a major con-
tributor to the decreasing trends in these seasons.

3.2 | The second EOF mode

The amounts of the total variances of the seasonal 80-m
wind speed anomalies explained by the second EOF modes

(EOF2) vary narrowly from 13.3% for autumn to 15.7% for
spring. The spatial pattern of the spring season EOF2 is
characterized by negative anomalies over the Tibetan Pla-
teau and portions of northwestern China, and positive
anomalies throughout the rest of the country, especially in
the north and northeast (Figure 10a). The spring PC2 time
series is inversely related to the AO index, with a correla-
tion coefficient of −0.40 at the 95% confidence level
(Figure 10b). The summer and autumn EOF2 patterns are

FIGURE 5 The anomalous 200-hPa geopotential heights regressed onto the PC1 of the 80-m wind speed seasonal anomalies for spring (a), summer (b),
autumn (c), and winter (d) for the period 1979 to 2011. The colour filled regions are significant at the 95% confidence level [Colour figure can be viewed at
wileyonlinelibrary.com]
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characterized by positive anomalies mainly in Inner Mon-
golia and Xinjiang and negative anomalies in all other
regions, particularly over the Tibetan Plateau (Figure 10c
and e). The summer and autumn PC2 time series
(Figure 2d,f) display variability at interdecadal time scales,
where negative values are prevalent over the 1988 to 2008
period and positive values are prevalent before and after
that period. The winter EOF2 pattern is characterized by
negative wind speed anomalies over southern Tibet and
strong positive anomalies over Qinghai and Inner Mongolia
(Figure 10g). Weaker positive anomalies also occur over
portions of northwestern, north-central, and northeastern
China. Similar to spring, a significant correlation (correla-
tion coefficient of −0.62 at the 99.9% confidence level)
also exists between the winter season PC2 time series and
the AO index.

To explain the EOF2 patterns, linear regression is per-
formed where the anomalous H200, sea-level pressure
and 80-m wind fields are regressed to the PC2 for each of
the four seasons. The results are shown in Figures 11–13.
For the spring season, the H200 regression pattern

resembles the negative phase of the AO (Figure 11a), as
indicated by significant positive values in the high-
latitude regions and West Asia and significant negative
values in Europe and Mongolia. The negative H200
anomalies over Mongolia extend southward to northern
and central China. The strong surface cyclonic flows
(Figure 13a) reinforce the climatological wind pattern and
lead to positive wind speed anomalies across most of
China except for parts of the northwest and Tibet
(Figure 10a). A smaller anomalous high pressure centre
exists over Qinghai (Figure 12a), and the corresponding
anticyclonic cell (Figure 13a) produces easterly flows that
oppose the climatological winds and result in negative
wind speed anomalies over Tibet and portions of north-
western China (Figure 10a).

Compared to spring, the summer H200 regression pat-
tern shows weaker height gradients over northern and central
China as the springtime anomalous low over Mongolia
weakens and retreats to the northwest of its spring position
(Figure 11b). The negative sea-level pressure anomaly centre
remains north of China, and the positive pressure anomaly

FIGURE 6 The anomalous sea-level pressures regressed onto the PC1 of the 80-m wind speed seasonal anomalies for spring (a), summer (b), autumn (c),
and winter (d) for the period 1979 to 2011. The colour filled regions are significant at the 95% confidence level [Colour figure can be viewed at
wileyonlinelibrary.com]
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centre moves southwestward from Qinghai to Tibet
(Figure 12b). The cyclonic flows associated with the anoma-
lous low and the anticyclonic flows associated with the
anomalous high (Figure 13b) result in positive wind speed
anomalies over northern Inner Mongolia and negative wind
speed anomalies over Tibet (Figure 10b). The H200, sea-
level pressure, and wind vector regression patterns for
autumn (Figures 11c, 12c, and 13c) are similar to those of
summer, although the strengths and positions of the lows
and highs are slightly different.

In winter, the regression patterns of the H200 anoma-
lies bear a remarkable resemblance to that of the negative
phase of the AO, with positive height anomalies over the
high latitudes and negative anomalies over the mid- and
low-latitudes (Figure 11d). Negative sea-level pressure
anomalies are found over most of China, except for Xinji-
nag, Quinghai and Tibet (Figure 12d). The corresponding
anomalous westerly winds (Figure 13d) explain the posi-
tive wind speed anomalies over northern China
(Figure 10d). Strong westerly winds are also found in
Qinghai as the anticyclonic winds around the anomalous
high to the south and cyclonic flow around the anomalous

low to the north merge over the region, which explains the
strong positive wind speed anomalies there (Figure 10d).
Easterly winds around the anomalous high in southern
Tibet are consistent with the negative wind speed anoma-
lies in that region.

The results above suggest a connection between the
EOF2 mode and the AO in spring and particularly in win-
ter. This connection is further confirmed by the strong cor-
relations between the seasonal anomalies of the 80-m wind
speeds and the AO index (Figure 14). For both seasons, the
spatial patterns of the correlations are almost mirror images
of the EOF2 patterns, indicating that the 80-m wind speeds
are inversely related to the AO at nearly all locations across
the country. During spring, significant negative correlations
are found over southeastern China and portions of south-
western China. Significant positive correlations are found
in areas of northwestern and northeastern China and south-
ern part of the Tibetan Plateau. During the winter, signifi-
cant negative correlations exist over northern China, while
significant positive correlations occur over much of Tibet
and areas of southeastern, northwestern, and northeastern
China.

FIGURE 7 The anomalous 80-m wind vectors regressed onto the PC1 of the 80-m wind speed seasonal anomalies for spring (a), summer (b), autumn (c),
and winter (d) for the period 1979 to 2011. The shaded regions are significant at the 95% confidence level
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4 | SUMMARY

In this study, the interannual variability of seasonal wind
speeds at the modern wind turbine level (80-m AGL)
across China is examined using the CFSRv2 data. The EOF

technique is utilized to identify spatial modes of the vari-
ability and how those modes change with time over the
1979–2011 period. The first two leading EOF modes are
explained in the context of large-scale atmospheric circula-
tions via regression and correlation analyses.

FIGURE 8 Mean wind vector fields over the study domain for spring (a), summer (b), autumn (c), and winter (d) for the period 1979–2011

FIGURE 9 Correlations between 80-m wind speed seasonal anomalies and the PDO indices for summer (a) and autumn (b). Correlation coefficients with
magnitudes >0.34 are statistically significant at the 95% confidence level [Colour figure can be viewed at wileyonlinelibrary.com]
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The first EOF mode accounts for approximately 23% for
spring and winter and 29% for summer and autumn of the
total variance in the seasonal anomalies of 80-m level wind
speeds. The spatial patterns are similar during summer and
autumn, showing in-phase variability across much of China
with stronger variability in northern portions of the country

and over Tibet. The patterns are similar during spring and
winter, where the variability is out of phase between northern
and southern China (separated roughly by the 35oN latitude
line), with largest contrast between Tibet and Inner Mongolia.

The first EOF mode is statistically associated with the
SST anomalies over the Pacific Ocean, particularly during

FIGURE 10 EOF2 spatial patterns (a, c, e, g) and time series (b, d, f, h) for the 80-m wind speed seasonal anomalies for spring (a, b), summer (c, d), autumn
(e, f) and winter (g, h) for the period 1979 to 2011 [Colour figure can be viewed at wileyonlinelibrary.com]
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summer and autumn when the PC1 time series are posi-
tively correlated with the PDO indices. The decreasing
trends in the PDO indices may explain the decreasing
trends of the seasonal mean 80-m wind speeds for summer
and autumn for the study period of 1979 to 2011. During
the positive phase of the PDO index, the 200-hPa height
anomalies are predominantly negative over most of China,
and a significant negative sea-level pressure anomaly

centre appears over Mongolia. The westerly anomalous
winds on the south side of this anomalous cyclone lead to
positive wind speed anomalies across China, and especially
over northern China, by reinforcing the climatological wind
pattern. The opposite occurs in summer and autumn during
the negative phase of the PDO index. During spring and
winter, the Pacific North American (PNA) wavetrain
excited by the anomalous SST over the tropical Pacific

FIGURE 11 The anomalous 200-hPa geopotential heights regressed onto PC2 of the 80-m wind speed seasonal anomalies for spring (a), summer (b),
autumn (c), and winter (d) for the period 1979 to 2011. The colour filled regions are significant at the 95% confidence level [Colour figure can be viewed at
wileyonlinelibrary.com]
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Ocean influences the circulations over China. The coupling
of a strong anomalous surface low centred over Tibet in
winter and over Qinghai in spring with an anomalous high
over northeastern China produces southwesterly flows in
Tibet and northeasterly flows in northern China and partic-
ularly over Inner Mongolia, leading to opposite changes in
wind speed in the two regions.

The second EOF mode accounts for 13% (autumn) to
16% (spring and winter) of the total variance in the sea-
sonal anomalies of the 80-m level wind speeds. Like the
first EOF mode, the spatial patterns are similar between
spring and winter, and between summer and autumn. The
spring and winter pattern is characterized by negative
wind speed anomalies over the Tibetan Plateau and por-
tions of northwestern China and positive anomalies over
the rest of the country, especially in the northern and
northeastern regions. The contrast in wind speed anoma-
lies is stronger in winter than spring. For both seasons,
the second EOF mode appears to be inversely related to
the AO climate mode, with the positive phase of the AO
associated with a weakening (strengthening) of winds in
most regions (Tibet and portions of northwestern China).

The opposite occurs during the negative phase of the
AO. The spatial patterns for summer and autumn are char-
acterized by positive wind speed anomalies over Inner
Mongolia and northwestern China and negative anomalies
over the rest of China, particularly in the Tibetan Plateau
region. These patterns can be largely explained statisti-
cally by the opposite sea-level pressure changes and the
associated anomalous flows between Mongolia and the
Tibetan Plateau. The PCs for the second mode (PC2) for
summer and autumn exhibit a variability at interdecadal
time scales.

The connection between the SST anomalies and wind
power variations in China is highlighted by the schematic
diagram in Figure 15. It is worth noting that the results here
are based solely on statistical analyses. Although they may
be useful in revealing possible teleconnections between the
interannual variability of wind energy resources across
China and changes in large-scale circulations, they do not
prove causation. Other limitations of the current analyses
include the use of the coarse resolution gridded reanalysis
data that are unlikely to resolve local factors such as topog-
raphy and land use heterogeneity that might affect low-level

FIGURE 12 The anomalous sea-level pressures regressed to the PC2 of the 80-m wind speed seasonal anomalies for spring (a), summer (b), autumn (c), and
winter (d) for the period 1979 to 2011. The filled regions are significant at the 95% confidence level [Colour figure can be viewed at wileyonlinelibrary.com]
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winds. Despite the limitations, the spatiotemporal patterns of
wind energy resources across China and their association
with large-scale circulation anomalies may prove useful to
the wind energy industry in China. Although wind energy
resources vary on a time scale of an hour or less, policy

makers are concerned about seasonal information of wind
energy production for a given season. Hence, understanding
seasonal mean wind and its connection to large-scale circula-
tion patterns can help improve seasonal forecasting of wind
resources.

FIGURE 13 The anomalous 80-m wind vectors regressed onto the PC2 of the 80-m wind speed seasonal anomalies for spring (a), summer (b), autumn (c),
and winter (d) for the period 1979 to 2011. The shaded regions are significant at the 95% confidence level

FIGURE 14 Correlations between the 80-m wind speed seasonal anomalies and the AO indices for spring (a) and winter (b). Correlation coefficients with
magnitudes greater than 0.34 are statistically significant at the 95% confidence level [Colour figure can be viewed at wileyonlinelibrary.com]
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