
1. Introduction
Terrestrial near-surface wind speeds have declined over recent decades, showing a “stilling” trend (Rod-
erick et  al.,  2007). This is particularly true for mid-latitude regions in countries such as Italy (Pirazzoli 
& Tomasin, 2003), Australia (McVicar et al., 2008), Canada (Wan et al., 2010), Spain and Portugal (Azor-
in-Molina et al., 2014), China (Shi et al., 2015) and many others (McVicar et al., 2012). The slowdown in 
near-surface wind speeds is associated with a widespread reduction in the number of dust storms (e.g., 
Wang et al., 2017) and weakened pan evaporation (e.g., McVicar et al., 2012). However, after 3–5 decades of 
a stilling trend in the average global terrestrial near-surface wind speed, the decline stabilized around 2013 
and may have recovered slightly afterward (Azorin-Molina et al., 2019; Dunn et al., 2016; Tobin et al., 2014; 
Zeng et  al.,  2019). Regional wind studies have reported this recent rebound in land near-surface wind 
speeds for South Korea (Kim & Paik, 2015), Saudi Arabia (Azorin-Molina, et al., 2018) and China (Y. Li 
et al., 2018; R. Zhang et al., 2019). Zeng et al. (2019) reported that the stabilization occurred earlier in Asia 
(2001) and Europe (2003) than in North America (2012). The stilling and recent stabilization or slight re-
covery of near-surface wind speeds debate has highlighted an uncertainty in the assessment of long-term 
near-surface wind speed variability.

Abstract A decline in mean near-surface (10 m) wind speed has been widely reported for many 
land regions over recent decades, yet the underlying cause(s) remains uncertain. This study investigates 
changes in near-surface wind speed over northern China from 1961 to 2016, and analyzes the associated 
physical mechanisms using station observations, reanalysis products and model simulations from the 
Community Atmosphere Model version 5.1 (CAM5). The homogenized near-surface wind speed shows a 
significantly (p < 0.05) decline trend of −0.103 m s−1 decade−1, which stabilized from the 1990s onwards. 
Similar negative trends are observed for all seasons, with the strongest trends occurring in the central 
and eastern parts of northern China. Fast warming has occurred at high-latitudes (i.e., >50°N) in recent 
decades, which has weakened the annual and seasonal meridional air temperature gradient (−0.33°C to 
−0.12°C dec−1, p < 0.05, except autumn) between these regions (50°–60°N, 75°–135°E) and the northern 
China zone (35°–45°N, 75°–135°E). This caused a significant (p < 0.05) decrease in annual and seasonal 
pressure gradient (−0.43 to −0.20 hPa dec−1) between the two zones, which contributed to the slowdown 
of winds. CAM5 simulations demonstrate that spatially uneven air temperature increases and near-surface 
wind speed decreases over northern China can be realistically reproduced using the so-called “all forcing” 
simulation, while the “natural only forcing” simulation fails to realistically simulate the uneven warming 
patterns and declines in near-surface wind speed over most of northern China, except for summer.
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Key Points:
•  Homogenized wind speed has 

significantly (p < 0.05) declined over 
northern China, while it stabilized 
from the 1990s onwards

•  Uneven warming has weakened 
meridional air temperature and 
pressure gradient, which has 
induced the slowdown of winds over 
northern China

•  “All radiative” forcing can reproduce 
uneven warming and wind speed 
decreases, while they cannot be 
simulated by “natural-only” forcing
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Declining near-surface wind speeds over the last 3–5 decades have helped alleviate soil wind erosion in arid 
and semi-arid areas throughout the world (e.g., southeast Spain (Segovia et al., 2017), northern China (G. 
Zhang et al., 2019); Central Asia (Li et al., 2020) and many others, and have mitigated wind-induced dam-
age to infrastructure (Neumayer et al., 2014) and crops losses (Gardiner et al., 2016). However, weakened 
near-surface wind speeds have also reduced the diffusion of air pollutants to big cities and their long-dis-
tance transport (Cai et al., 2017; Lin et al., 2015), particularly in dry seasons when precipitation and there-
fore wet deposition are small. Shi et al. (2019) showed that weakening near-surface wind speeds in the lower 
troposphere accounted for 41.3% of the variance in the frequency of winter haze days for the Beijing-Tian-
jin-Hebei region between 1961 and 2014. Many countries, including China, Germany, and Denmark, view 
the exploitation of wind energy resources as key to meeting the reduced carbon emissions targets in the 
Paris Climate Accord (Peters et  al.,  2017; Rogelj et  al.,  2016). If the stilling trends in near-surface (i.e., 
10 m) wind speed discussed above are also experienced to 250 m above the land surface (the upper height 
of wind turbine blades), then this suggests a reducing wind power potential and may present a challenge 
to the development of wind power generation. This is particularly true at mid-latitudes in the northern 
hemisphere, for which future climate projections have simulated decreases in wind power generation (Kar-
nauskas et al., 2018).

Attribution of near-surface wind speed change is challenging as many factors drive wind variability (Azor-
in-Molina et al., 2018; Wu et al., 2018). Yet attribution improves our process understanding and informs 
debate over the recent stilling and/or recovery of near-surface wind speed trends. To explore the possible 
cause(s) of stilling, many have linked changes in wind speed to changes in large-scale atmospheric cir-
culation (e.g., Azorin-Molina., et al., 2018; Belušić Vozila et al., 2019; Chen et al., 2013; Clifton & Lund-
quist, 2012; Minola et al., 2016). For example, Clifton and Lundquist (2012) concluded that the Arctic Os-
cillation (AO) explains 6% of near-surface wind speed changes in the state of Colorado in the United States. 
Chen et al. (2013) found that near-surface wind speed in China was much weaker for positive phases of El 
Niño–Southern Oscillation (ENSO), corresponding to warm sea surface temperatures (SSTs) in the Niño 
3.4 region (5°S–5°N, 120°–170°W), than for negative phases, which correspond to cooler SSTs in the Niño 
3.4 region. Minola et al. (2016) related decreases in near-surface wind speed in Sweden to a weakening of 
the North Atlantic Oscillation (NAO) between 1956 and 2013. Changes in large-scale atmospheric circu-
lation indicate variations in regional pressure gradients, which are modified through thermal adaption in 
response to regional differences in warming (Lin et al., 2013).

Global near-surface air temperatures over land and sea increased rapidly during 1880–2012, with an average 
increase of 0.85°C (0.65°C–1.02°C), and the increase was particularly strong (0.12°C  decade−1) between 
1951 and 2012 (IPCC, 2013). This recent warming trend evidenced striking spatial divergence, for example 
warming at high-latitudes (>50°N) in Eurasia was more rapid than at mid (30°–50°N) or low (0°–30°N) lat-
itudes (Branković et al., 2012; Yao et al., 2017), reflecting the relatively weaker gradient in air temperature 
(and therefore in air pressure) between high- and mid- or low latitudes. Previous studies also demonstrated 
that global warming, driven by anthropogenic emissions, has changed global atmospheric circulation (Cai 
et al., 2015; Collins et al., 2010). For example, some studies have hypothesized that rapid warming of the 
Eurasian continent would weaken the large-scale meridional atmospheric flow from high-latitudes to mid- 
and low-latitudes, thus impacting wind dynamics over China (Y. Li et al., 2018; Lin et al., 2013). To more 
confidently attribute variability in near-surface wind speeds to spatially disparate warming patterns, studies 
using advanced model simulations of historical climate are needed. Climate models make attribution stud-
ies possible because the impact of potential drivers can be “isolated” with appropriately designed model 
simulations (Peng et al., 2018; Vautard et al., 2014).

The dominant near-surface wind speed trend over all of China has been negative since the 1960s (Lin 
et  al.,  2013; Shi et  al.,  2015), although the rate of decrease has lessened since around 1990 (R. Zhang 
et al., 2019). Winds in different regions of China are driven by varied atmospheric circulation systems, for 
example, near-surface wind speed in northern China is mainly modulated by the meridional pressure gra-
dient (e.g., mid-latitude westerlies [Han et al., 2008] and East Asian winter monsoon [Wang et al., 2013]), 
while land-sea interaction (e.g., East Asian summer monsoon [Li et  al.,  2010]) is the primary driver of 
southern China near-surface wind speed. The spatially uneven warming over Eurasian discussed above 
modulates atmospheric circulation (Y. Li et al., 2018; Lin et al., 2013), for example by driving the formation 
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of high pressure anomalies over Mongolia and Siberia, which impacts near-surface wind speeds in northern 
China. Thus, northern China is selected in this study, which has a continental climate that varies from hu-
mid and semi-humid in the east to arid and semi-arid in the west. The main aim of this study is, therefore, 
to attribute changes in near-surface wind speed in northern China to spatial differences in warming over 
Eurasia using homogenized near-surface wind speed data sets, reanalysis products and model simulations 
of historical climate. The three objectives of this study are: (i) to investigate long-term trends and multi-dec-
adal variability in annual and seasonal mean near-surface wind speeds, using homogenized near-surface 
wind speed datasets for northern China for 1961–2016; (ii) to explore the relationship between variations in 
near-surface wind speed and changes in near-surface air pressure and temperature; and (iii) to examine the 
drivers of the observed uneven warming distribution and attribute the observed near-surface wind speed 
trends for northern China to these drivers for the first time.

2. Data and Methods
2.1. Station Observations

Daily mean near-surface (10 m) near-surface wind speed was calculated from observations recorded four 
times daily between 20:00 and 20:00 the next day UTC, provided by the China Meteorological Adminis-
tration (CMA; http://data.cma.cn/en, last accessed March 1, 2021). The raw near-surface wind speed data 
from 771 meteorological stations in northern China. Following Azorin-Molina et al. (2014), monthly mean 
near-surface wind speed was aggregated from the daily mean near-surface wind speed data at stations for 
which there were no more than five days of missing data in each month. Data were only used from stations 
for which monthly mean near-surface wind speeds were available for at least 99% of the 672 months be-
tween 1961 and 2016 (i.e., where there were fewer than 7 months of missing data over the 56 years). These 
conditions mean that data from 81 stations were excluded from our analysis. The spatial distribution of 
the 690 stations used herein is shown in Figure 1. Additionally, observed air temperature data from the 
Global Historical Climatology Network (https://www.ncdc.noaa.gov/data-access/land-based-station-data/
land-based-datasets/global-historical-climatology-network-ghcn, last accessed March 1, 2021) were used, 
which consisted of 584 stations spanning 1961–2016 (see Figure S1).

Differences in anemometer height and type (Wan et  al.,  2010), anemometer aging (Azorin-Molina 
et al., 2018) and station location can artificially bias in-situ observations. For example, most meteorological 
stations use the EL-type cup anemometer that was adopted by the CMA in 1969, but at some stations this 
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Figure 1. Terrain map showing the distribution of the 690 homogenized meteorological stations over northern China. 
Note that the white area at about 90°E and 42°N indicates Bosten Lake.
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https://www.ncdc.noaa.gov/data-access/land-based-station-data/land-based-datasets/global-historical-climatology-network-ghcn
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was replaced with the EN-type cup anemometer in the early 1990s (Li et al., 2018). Also, not all 670 sta-
tions were equally active since 1961, with more wind data available in the recent decades (e.g., the 2010s) 
compared to early decades (e.g., the 1960s). Therefore, a homogenization protocol is necessary to correct 
artificial shifts and to infill missing data, thus creating a complete long-term data set. In this study, the 690 
raw near-surface wind speed datasets and 584 raw air temperature datasets were homogenized using the 
well-established R software package Climatol (http://www.climatol.eu/; last accessed March 1, 2021; Guijar-
ro, 2017), which has been successfully applied elsewhere (Azorin-Molina et al., 2016, 2018; Shi et al., 2019; 
G. Zhang et al., 2019). A detailed description of the homogenization method used here is provided in e.g., 
Azorin-Molina et al. (2016) and Shi et al. (2019).

2.2. Reanalysis Products

To investigate how air temperature and pressure gradients relate to near-surface wind speed trends and 
variability, monthly 10 m U and V wind (latitudinal and longitudinal wind in m s−1), surface atmospheric 
pressure (hPa) and air temperature (°C, at ∼2 m height) were downloaded from the National Center for 
Environmental Prediction, National Center for Atmospheric Research (NCEP–NCAR1 from 1961 to 2016, 
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.pressure.html; last accessed March 1, 
2021; Kalnay et al. 1996). To compare with NCEP-NCAR1, surface pressure (hPa) and air temperature (°C, 
at ∼2 m height) from ERA5 Reanalysis (https://cds.climate.copernicus.eu/, last accessed March 1, 2021; 
Hersbach et al., 2020), ERA-Interim Reanalysis (https://cds.climate.copernicus.eu/, last accessed March 1, 
2020; Lindsay et al., 2014) and NCEP-NCAR 2 Reanalysis (https://psl.noaa.gov/data/gridded/data.ncep.re-
analysis2.html, last accessed March 1, 2021; Kanamitsu et al., 2002) were also downloaded. These data have 
been widely used in studies of changes to atmospheric circulation in East Asia (e.g., Chen & Wang, 2015; 
Zhang et al., 2016). The extracted NCEP-NCAR1 products cover our study period (1961–2016) and are grid-
ded with a horizontal resolution of 2.5° × 2.5°, while ERA5 (0.25° × 0.25°), ERA-Interim (0.75° × 0.75°) and 
NCEP-NCAR2 (2° × 2°) products are only available from 1979 to 2016. Reanalysis data covering the area 
bounded by 25°–65°N and 70°–140°E were examined here.

2.3. Climate Model Outputs

In addition to reanalysis datasets, daily surface air temperature (°C, ∼2  m height), surface air pressure 
(hPa), 10 m U and V wind (m s−1) were obtained from climate model outputs supplied by the Climate Varia-
bility Program (CLIVAR) Climate of the twentieth Century Plus Project (C20C+), part of the World Climate 
Research Program (http://portal.nersc.gov/c20c/main.html; last accessed March 1, 2021; Stone et al., 2019). 
In particular, the daily mean near-surface wind speed from reanalysis and climate model was calculated as

 2 2u v , following many existing studies (e.g., Minola et al., 2020; Shi et al., 2019). Here, these model 
data cover the area 25°–65°N and 70°–140°E. Two implementations of the Community Atmosphere Model 
version 5.1 (CAM5 atmosphere-only model) were used to calculate these historical simulations, both with 
horizontal resolutions of ∼1° × 1°: (i) CAM5-All; and (ii) CAM5-Natural (hereafter CAM5-Nat). Simula-
tions from both CAM5-All and CAM5-Nat have been widely used in climate change and attribution studies 
(e.g., Bellprat et al., 2019; Peng et al., 2018; Watanabe et al., 2014). Both CAM5-All and CAM5-Nat cover 
from January 1961 to December 2016 and each of the two experiments comprises 50 climate realizations, 
initialized from identical states except for a small perturbation to the three-dimensional temperature field. 
The CAM5-All simulations were driven by observed SST, sea ice conditions and historical greenhouse gas 
concentrations (the so-called “all forcing” simulation, Table 1). The CAM5-Nat simulations use the same 
solar irradiance, land cover and volcanic aerosol emissions as CAM5-All, but greenhouse gas emissions, 
tropospheric aerosol concentrations and stratospheric ozone levels are fixed at pre-industrial levels (the 
so-called “natural forcing” simulation). Note that anthropogenic contributions to SST and sea ice coverage 
were estimated from CMIP5 models and subtracted from present-day observation data to provide reason-
able natural sea surface conditions for CAM5-Nat. Full details of the experimental design are available at 
the CLIVAR C20C1 Detection and Attribution Project website (http://portal.nersc.gov/c20c/main.html, last 
accessed March 1, 2021; Stone et al., 2019).
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2.4. Statistical Methods

We followed methods that have been successfully implemented previously to calculate long-term wind 
trends (Weatherhead et al., 1998). Near-surface wind speeds are considered in terms of anomalies, that is, 
as the deviation from the location-specific mean between 1981 and 2010, which prevents any particularly 
windy location from dominating the regional average near-surface wind speed. Trends in near-surface wind 
speed were calculated in meters per second per decade (hereafter m s−1 dec−1) using Sen's slope method 
(Gilbert 1987), and an 11-year Gaussian low pass filter was used to assess multi-decadal near-surface wind 
speed variability. The statistical significance of the near-surface wind speed trends was calculated using 
Mann-Kendall's tau-b non-parametric correlation coefficient (Kendall & Gibbons 1990), and was expressed 
at three p-level thresholds (significant at p < 0.05, significant at p < 0.10, and not significant at p < 0.10, 
following McVicar et al., 2010; Minola et al., 2016; Zhang et al., 2020). The Pearson product-moment cor-
relation coefficient (r) was used to assess the relationship between the wind anomalies and gradients in air 
temperature and pressure. Results were calculated separately for the boreal seasons: winter (December to 
February [DJF]), spring (March to May [MAM]), summer (June to August [JJA]), and autumn (September 
to November [SON]). According to Geostrophic Approximation Theory (Lin et al., 2013), near-surface wind 
speed variability over northern China may be explained by differences in near-surface air temperature and 
pressure between the high-latitude zone (50°–60°N) and the northern China zone (35°–45°N) both between 
75°E and 135°E. Following previous studies (Y. Li et al., 2018; Zhang et al., 2020), the meridional air tem-
perature and pressure gradient with respect to latitude was defined as:

 
   

  
  

1 1
n n
i i i iCHL CNCSG ABS

n
 (1)

where SG is the gradient in either air temperature (°C) or pressure (hPa); ABS means absolute value; n is 
the total number of grid cells at a given latitude; and CHL and CNC are the near-surface air temperature or 
pressure for grid cells in the high-latitude zone and the northern China zone, respectively.

To evaluate the reliability of NCEP-NCAR1, we also replicated the calculation of air temperature gradient 
using observed data from Global Historical Climatology Network. The variances explained by the regression 
between near-surface wind speed and air temperature as well as pressure gradient were calculated, to quan-
tify to what extent the air temperature and pressure gradients explain the wind speed variability.
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Experiment information CAM5-All CAM5-Nat

Period January 1961–December 2016 January 1961–December 2016

Number of realizations 50 50

Horizontal resolution 1° × 1° 1° × 1°

Greenhouse gases concentrations (ppm) As observed Pre-industrial

Sea surface temperatures (°C) As observed Anthropogenic attributable parts are subtracted

Sea ice conditions As observed Anthropogenic attributable parts are subtracted

Tropospheric aerosols As observed Pre-industrial

Volcanic aerosols As observed As observed

Solar irradiance (W/m2) As observed As observed

Land cover As observed As observed

Stratospheric zone As observed Pre-industrial

Table 1 
Details of the CAM5.1 “all Forcing” (CAM5-All) and “Natural Forcing” (CAM5-Nat) Simulations From the CLIVAR C20C+ Detection and Attribution Project
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3. Results
3.1. Near-Surface Wind Speed Trends Over Northern China

Figure 2 shows observed near-surface wind speed trends and variability over northern China from 1961 
to 2016. The annual mean near-surface wind speed data have a significant (p < 0.05) negative trend of 
−0.103 m s−1 dec−1, with seasonally averaged data also exhibiting a significant (p < 0.05) negative trend for 
all seasons. The strongest negative trend for the seasonally averaged data is for spring (−0.137 m s−1 dec−1), 
followed by winter (−0.109 m s−1 dec−1), autumn (−0.086 m s−1 dec−1), and then summer, which experi-
enced the weakest negative trend (−0.078 m s−1 dec−1). After implementing the 11-year Gaussian low pass 
filter for the annually averaged near-surface wind speed data, three phases become apparent: (i) a stable 
phase from 1961 to 1970 with no positive or negative trend; (ii) a marked decreasing phase from 1971 to 
1990; and (iii) a slightly more weakly decreasing, or possibly stable, phase from 1991. These three phases 
were also seen in the seasonally averaged data for every season except winter, where near-surface wind 
speeds began to recover slightly later in the third phase, from around 2000, see Figure 2. When looking 
stations comprising the eastern part of northern China (i.e., east of 100°E, 519 stations) and the western 
part of northern China (i.e., west of 100°E, 171 stations), both series showed similar multi-decadal variation 
(Figure S2). Furthermore, near-surface wind speed from NCEP-NCAR1 also displayed negative trends with 
a smaller magnitude (Figure S3), and significant (p < 0.1) trends were only found in summer and annually. 
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Figure 2. Annual and seasonal mean wind speed anomalies over northern China for 1961–2016. Wind speed anomalies of each station (in m s−1) were 
calculated as the deviation from the 1981–2010 mean. Each pink line (n = 400) is a series for a randomly selected subset (40%) of the total stations over 
northern China. The red solid lines indicate the 11-year Gaussian low-pass filter. The magnitude (in m s−1 dec−1) and statistical significance (p-level) of trends 
are also displayed for each plot.
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While a significant correlation between annual wind speed from station observations and NCEP-NCAR1 
was found (r = 0.49, p < 0.05), the difference between trend and variability of wind speed from NCEP-
NCAR1 and those from station observations might be to some extent due to the inclusion of satellite data in 
the assimilation process (Chen et al., 2013; Kalnay et al., 1996).

Figure 3 shows the spatial distribution of the trends in the annually and seasonally averaged near-surface 
wind speed data for northern China from 1961 to 2016, and Table 2 summarizes the relative frequency of 
stations having negative and positive trends at different significance levels. The dominant trend in annual 
near-surface wind speed over northern China is negative (recorded for 99.7% of stations), particularly over 
the Northern China Plains and Northeast China Plains (Figure 1). Most stations (>90%) are associated with 
a negative near-surface wind speed trend for all seasons, although this occurs less frequently for summer 
and winter than for spring and autumn. In winter, a negative trend was recorded at 91.9% of the stations, 
and was significant (p < 0.05) for 82.8% of the stations, with some stations in the northwestern part of the 
study area forming an exception. Most stations (98.7%) recorded negative trends in spring near-surface 
wind speeds with a stronger statistical significance than was associated with the winter trends, and these 
stations were mostly located in the middle and eastern parts of northern China. Some 93.3% of stations 
recorded negative near-surface wind speed trends for summer, and 80.1% of these trends were statistically 
significant (the lowest proportion of statistically significant trends for any of the four seasons). Some pos-
itive trends were recorded for summer near-surface wind speeds over parts of the Northeast China Plain 
and the Tibetan Plateau (corresponding to 6.7% of the stations). Autumn had the second highest proportion 
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Figure 3. Spatial distribution of the sign and magnitude of annual and seasonal observed wind speed trends (in 
m s−1 dec−1) over northern China for 1961–2016. The black dot in the circle represents a statistically significant trend at 
p < 0.05. The legend for part (a) applies to all other parts.
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of stations (98.4%) recording negative near-surface wind speed trends, particularly in the east of the study 
region; 87.3% of the stations recorded statistically significant decreasing trends in autumn near-surface 
wind speeds at p < 0.05 (Figure 3 and Table 2). Moreover, when looking at the spatial distribution of wind 
speed trends from NCEP-NCAR1 (Figure S4), it is quite different from widespread near-surface wind speed 
observed declines and features two different patterns: (i) widely significant negative trends in the north part 
of northern China and significant positive trend in the east part of northern China, in annual, winter, spring 
and autumn; and (ii) in summer widely significant increased wind speed in the north part of northern Chi-
na, and nonsignificant wind speed changes in the east part of northern China.

3.2. Changes to the Near-Surface Air Temperature and Pressure Gradient and Their Effect on 
Near-Surface Wind Speed Variability

Figure 4 shows the spatial distribution of trends in annual and seasonal near-surface air temperature from 
NCEP-NCAR 1, and Figure 5 shows the temporal variability of the near-surface air temperature gradient 
between the high-latitude zone and the northern China zone from NCEP-NCAR 1. Annual air temperatures 
show significant (p < 0.05) warming trends, ranging from +0.20°C dec−1 to +0.60°C dec−1 in the high-lati-
tude zone, while the northern China zone experienced smaller increases in air temperature, ranging from 
0.00°C dec−1 to +0.40°C dec−1; these were mainly concentrated in the eastern part of the study site where 
trends were statistically significant (p < 0.05). This spatially uneven warming pattern suggests a signifi-
cant decrease in the air temperature gradient between the high-latitude zone and the northern China zone 
(−0.20°C dec−1, p < 0.05), and a significant correlation (r = 0.58, p < 0.05, Table 3) was found between the 
near-surface wind speed anomalies here and the near-surface air temperature gradient.

Significant warming trends were found for winter in the middle and eastern parts of the high-latitude 
zone, and for eastern parts of the northern China zone (+0.30°C dec−1 to +0.60°C dec−1, p < 0.05), while 
a slight cooling trend was found for winter in western parts of the northern China zone (−0.20°C dec−1 to 
0.00°C dec−1, p > 0.05). These changes combined give a significant decrease in the near-surface air tem-
perature gradient, which is significantly correlated with the near-surface wind speed anomalies (r = 0.38, 
p  <  0.05, Table  3). In spring, there were significant warming trends for the whole high-latitude zone 
(+0.30°C dec−1 to +0.60°C dec−1, p < 0.05) and no significant warming trends for most of the northern 
China zone (0°C dec−1 to +0.20°C dec−1, p > 0.05), while there was a slight cooling trend (−0.10°C dec−1 
to 0°C  dec−1, p  >  0.05) in the middle and north of the northern China zone. Overall, the near-surface 
air temperature gradient is associated with a significantly strong negative trend (−0.32°C dec−1, p < 0.05), 
and correlates significantly and positively with the near-surface wind speed anomalies (r = 0.57, p < 0.05, 
Table 3). A similarly uneven warming pattern was found for summer, where the near-surface air temper-
ature gradient had a significant negative trend (−0.24°C dec−1, p < 0.05) and correlated significantly and 
positively with the near-surface wind speed anomalies (r  =  0.58, p  <  0.05, Table  3). Autumn warming 
trends were significant (+0.30°C dec−1 to +0.60°C dec−1, p < 0.05) in the middle and western parts of the 
high-latitude zone, and were weaker, but significant, in western and eastern parts of the northern China 
zone (+0.20°C dec−1 to +0.40°C dec−1, p < 0.05), while a slight cooling trend (−0.20°C dec−1 to 0°C dec−1, 
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Negative

Negative 
significant 

p < 0.05

Negative 
significant 

p < 0.10

Negative 
non-

significant 
p > 0.10 Positive

Positive 
significant 

p < 0.05

Positive 
significant 

p < 0.10

Positive 
non-

significant 
p > 0.10

Annual 99.7 95.2 96.8 3.2 0.3 0.0 0.0 100.0

Winter (DJF) 91.9 82.8 86.9 13.1 8.1 23.2 30.4 69.6

Spring (MAM) 98.7 93.2 94.9 5.1 1.3 11.1 11.1 88.9

Summer (JJA) 93.3 80.1 84.8 15.2 6.7 13.0 13.0 87.0

Autumn (SON) 98.4 87.3 90.3 9.7 1.6 0.0 9.1 90.9

Table 2 
Percentage (%) of the 690 Stations With Significant (at p < 0.05 and p < 0.10) and Non-significant (at p > 0.10) Negative 
and Positive Trends in the Mean Observed Annual and Seasonal Near-Surface Wind Speed for 1961 to 2016
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p > 0.05) was found for the southwest of northern China zone. A negative trend, but was not statistically 
significant (−0.14°C dec−1, p  >  0.10), was found in the near-surface air temperature gradient. Autumn 
near-surface wind speed anomalies correlated significantly with the near-surface air temperature gradient 
(r = 0.25, p < 0.05, Table 3). Moreover, the significant (p < 0.05) positive correlation between wind speed 
from NCEP-NCAR1 and air temperature gradient for 1961–2016 was found in the annual and all seasons, 
except autumn (Table 3). When looking at the change of air temperature in ERA5, ERA-Interim and NCEP-
NCAR2 from 1979 to 2016 (Figures 5, S5, S6, and S7), the uneven warming pattern cannot be clearly seen, 

ZHANG ET AL.

10.1029/2020JD033637

9 of 24

Figure 4. Spatial distribution of the sign and magnitude of annual and seasonal near-surface air temperature trends (in °C dec−1) from the NCEP-NCAR1 
reanalysis outputs over northern China and associated high-latitudes for 1961–2016. The black dots represent grid-cells having statistical significant trends at 
p < 0.05. The legend for part (a) applies to all other parts.
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and trends of air temperature gradient were not significant (p > 0.1) (Table 3). The above results are in line 
with NCAR-NCAR 1 from 1979 to 2016 (Figure S8 and Table 3), and they resemble the multi-decadal vari-
ability as revealed by NCEP-NCAR1.

Figures  6 and  7 show the annual and seasonal spatial variability and temporal trends in the near-sur-
face air pressure and in the air pressure gradient between the high-latitude zone and the northern China 
zone. Annual average air pressure increased significantly over most of the northern China zone (0.00 to 
+1.00 hPa dec−1, p < 0.05) and decreased over most of the high-latitude zone (−0.20 to 0.00 hPa dec−1, 
p > 0.05). This difference gives a significant negative trend in the air pressure gradient between the high-lat-
itude zone and the northern China zone (−0.38 hPa dec−1, p < 0.05) which correlates significantly with the 
weakening winds over northern China (r = 0.57, p < 0.05: Figures 6 and 7).
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Figure 5. Annual and seasonal surface air temperature gradient between the high-latitude zone and the northern China zone from NCEP-NCAR1 reanalysis 
outputs for 1961–2016, and from ERA5, ERA-Interim and NCEP-NCAR2 reanalysis outputs for 1979–2016. The 11-year Gaussian low-pass filters are drawn in 
solid lines. The legend for part (a) applies to all other parts.
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The winter near-surface pressure gradient increased significantly over most of the northern China zone (0.00 
to +0.60 hPa dec−1, p < 0.05), while negative trends were found in the high-latitude zone, but were not signif-
icant (−0.50 to 0.00 hPa dec−1, p > 0.10: Figures 6 and 7). The gradient in near-surface air pressure between 
the high-latitude zone and the northern China zone, therefore, declined significantly (−0.43  hPa  dec−1, 
p < 0.05). Note that Figure 7b shows a sudden increase in the winter near-surface pressure gradient around 
the 2000s, which is consistent with the recovery of winter near-surface wind speeds seen in recent decades, 
see Figure 2b. Moreover, there was an absolute low value of air pressure gradient in 2007, which is due to in-
terannual variability of atmospheric circulation with a similarly low value of winter air temperature gradi-
ent and wind speed found in 2007. This suggests that interannual variability of wind speed is also related to 
winter air pressure variation. The correlation between the near-surface pressure gradient and near-surface 
wind speeds is significant (r = 0.35, p < 0.05). A similar spatial pattern was found for near-surface pressure 
changes in spring, creating a negative trend in the surface pressure gradient (−0.38, p < 0.05), which cor-
relates significantly with near-surface wind speed (r = 0.42, p < 0.05). Near-surface air pressure increased 
significantly in summer and autumn in the northern China zone (+0.20 to +1.00 hPa dec−1, p < 0.05), while 
it decreased in the high-latitude zone. The positive trends were significant for summer air pressure in the 
middle and eastern parts of our study region (0.0 to +0.6 hPa dec−1, p < 0.05), while the autumn trend in the 
western part of the region was negative but not significant (−0.20 to 0.0 hPa dec−1, p > 0.05) and was slightly 
positive in eastern parts of the region. These differences result in a significant decline in the near-surface 
air pressure gradient for spring and autumn (−0.20 and −0.29 hPa dec−1, p < 0.05, respectively), which is 
associated with reduced near-surface wind speeds (the correlation between the near-surface pressure gra-
dient and near-surface wind speed corresponds to r = 0.37 and 0.43 for spring and autumn, respectively: 
Figures 6 and 7). Furthermore, the relation between near-surface wind speed from NCEP-NCAR1 and air 
pressure gradient for 1961–2016 was also examined (Table. 3), and a significant (p < 0.05) correlation was 
only detected in summer. The similar spatial pattern of air pressure changes from ERA5, ERA-Interim and 
NCEP-NCAR1 (Figures S9, S10, and S11) was found in annual and all seasons, except winter, for 1979–2016, 
resulting in the declined pressure gradient between the high-latitude zone and the northern China zone 
(Figure 7 and Table. 3). The above results concur with NCAR-NCAR 1 from 1979 to 2016 (Figure S12 and 
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Time 
period

Air temperature gradient Air pressure gradient

Annual Winter Spring Summer Autumn Annual Winter Spring Summer Autumn

1961–2016 NCEP-NCAR1 Trend −0.20 −0.12 −0.33 −0.24 −0.14 −0.34 −0.43 −0.38 −0.20 −0.29

Correlation coefficient 1 0.59 0.38 0.57 0.58 0.25 0.57 0.35 0.42 0.37 0.43

Correlation coefficient 2 0.47 0.39 0.47 0.37 −0.08 0.19 −0.07 0.08 0.42 −0.06

1979–2016 NCEP-NCAR1 Trend 0.00 0.24 −0.08 (-0.16) 0.10 0.00 0.25 (0.19) −0.03 0.10

Correlation coefficient 1 0.25 0.21 0.37 0.49 0.12 −0.02 0.07 0.03 −0.05 0.10

Correlation coefficient 2 0.50 0.19 0.42 0.13 −0.19 0.13 0.02 −0.29 0.27 −0.10

ERA5 Trend 0.00 0.13 0.00 0.02 0.02 −0.12 −0.06 −0.29 0.04 −0.06

Correlation coefficient 1 0.25 0.20 0.33 0.25 0.15 (0.29) 0.16 0.35 −0.13 (0.32)

Correlation coefficient 2 0.48 0.23 0.44 (0.29) −0.04 0.34 0.25 0.09 −0.05 0.22

ERA-Interim Trend 0.02 0.23 −0.05 0.02 0.05 (-0.14) −0.12 −0.30 0.05 −0.07

Correlation coefficient 1 0.24 0.19 0.36 0.31 0.12 0.33 0.19 0.37 −0.13 0.35

Correlation coefficient 2 0.62 0.46 0.39 0.37 0.31 0.17 0.04 0.02 −0.08 0.36

NCEP-
NCAR-2

Trend 0.00 0.13 0.00 0.02 0.02 −0.10 0.10 −0.30 −0.05 0.03

Correlation coefficient 1 0.44 0.27 0.52 0.48 0.16 0.08 0.08 0.13 −0.04 0.18

Correlation coefficient 2 0.46 0.25 0.36 −0.01 −0.19 0.10 0.12 −0.09 0.22 −0.23

Note: Statistically significant level defined as those p < 0.10 are in parenthesis and p < 0.05 are bolded.

Table 3 
Trend of Air Temperature Gradient (°C Decade−1) and Pressure Gradient (hPa Decade−1) From NCEP-NCAR1, ERA5, ERA-Interim, and NCEP-NCAR2, and 
Their Correlation With Wind Speed From Observation (Correlation Coefficient 1) and Reanalysis (Correlation Coefficient 2) Over Northern China
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Figure 6. Spatial distribution of sign and magnitude of annual and seasonal surface air pressure trends (hPa dec−1) from the NCEP-NCAR1 reanalysis outputs 
over northern China and associated high-latitudes for 1961–2016. Black dots represent grid-cells having statistically significant trends at p < 0.05. The legend 
for part (a) applies to all other parts.
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Table 3), and they generally resembled the same multi-decadal variability of air pressure gradient as the 
NCEP-NCAR1 results (Figure 7).

3.3. Changes to Surface Air Temperature in CAM5-All and CAM5- Nat

Figure 8 shows trends in the annual and seasonal surface air temperature in the CAM5-All and CAM5-Nat 
simulations for 1961–2016. Changes in the air temperature gradient between the high-latitude zone and the 
northern China zone from the CAM5-All and CAM5- Nat simulations are shown in Figure 9. Annual air 
temperatures in CAM5-All increased significantly in the high-latitude zone (0.20°C dec−1 to 0.70°C dec−1, 
p < 0.05), and increased more slightly in northern China zone (0.00°C dec−1 to 0.30°C dec−1, p < 0.05, 
Figure  8a). This difference results in a significantly weakened air temperature gradient (−0.14°C  dec−1, 
p < 0.05) between the high-latitude zone and northern China zone (Figure 9a). In the CAM5-Nat simula-
tions, air temperature trends were not significant in the high-latitude zone or in the northern China zone 
(−0.2°C dec−1 to 0°C dec−1, p > 0.05, Figure 8b), resulting in a stable air temperature gradient between the 
two zones (−0.02°C dec−1, p > 0.10, Figure 9b).
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Figure 7. Annual and seasonal surface air pressure gradient between the northern China zone and the high-latitude zone from the NCEP-NCAR1 reanalysis 
outputs for 1961–2016 and from ERA5, ERA-Interim and NCEP-NCAR2 reanalysis outputs for 1979–2016. Note a right Y-axis label is for ERA5 and ERA-
Interim. The 11-year Gaussian low-pass filters are drawn in black solid lines. The legend for part (a) applies to all other parts.
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Figure 8. Spatial distribution of sign and magnitude of near-surface air temperature trends (°C dec−1) in CAM5-All 
(left column) and CAM5-Nat (right column) over the northern China zone and the associated high-latitudes zone for 
1961–2016. The black dots represent grid-cells having statistically significant trends at p < 0.05.
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Winter air temperatures increased rapidly in the high-latitude zone (0.10°C dec−1 to 0.80°C dec−1, p < 0.05) 
and increased slightly in the northern China zone (0.00°C dec−1 to 0.30°C dec−1, p < 0.05) in the CAM5-All 
simulations (Figure 8c). This uneven warming pattern results in a significant decline in the near-surface 
air temperature gradient (−0.15°C dec−1, p < 0.05, Figure 9c) between the two zones. In the CAM5- Nat 
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Figure 9. Simulated annual and seasonal near-surface air temperature gradients (°C) from CAM5-All (left column) 
and CAM5-Nat (right column) between the high-latitude zone and the northern China zone for 1961–2016. Note that 
air temperature gradient (°C) from NCEP-NCAR1 (in gray) is displayed in the left column. The black solid lines indicate 
the 11-year Gaussian low-pass filter. Magnitude (°C dec−1) and significant level of trends are displayed in each plot. To 
enable comparisons between the “All” and “Nat” CAM5 models, the ordinates (i.e., Y-axes) have the same extents and 
intervals for each pair of plots.
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simulations, slight decreases were found over most of the high-latitude zone and the northern China zone, 
but these were not significant (−0.2°C dec−1 to 0°C dec−1, p > 0.05, see Figure 8d), and no significant change 
in the near-surface pressure gradient was detected (−0.03°C dec−1, p > 0.1, Figure 9d). Note that the air 
temperature gradient in CAM5-Nat simulations was higher than in CAM5-All simulation, this might be 
due to the warm bias in the CAM model (Xu & Yang, 2015). There were significant warming trends in the 
high-latitude zone for spring in the CAM5-All simulations (0.2°C dec−1 to 0.8°C dec−1, p < 0.05) and weaker 
warming trends in the northern China zone (0–0.3°C dec−1, p < 0.05, Figure 8e), creating a significant de-
crease in the near-surface air temperature gradient (−0.20°C dec−1, p < 0.05, Figure 9e). In the CAM5-Nat 
simulations, near-surface air temperatures showed slight warming trends over most of the high-latitude 
zone and weak cooling trends in the northern China zone (Figure 8f), corresponding to a slightly decreased 
near-surface air temperature gradient between the two zones (−0.08°C  dec−1, p  <  0.05, Figure  9f). The 
summer near-surface air temperature gradient also increased significantly in the CAM5-All simulations 
(−0.12°C dec−1, p < 0.05, Figure 9g), as a result of rapid warming trends in the high-latitude zone (0°C dec−1 
to 0.8°C dec−1, p < 0.05) and weaker warming trends in the northern China zone (0°C dec−1 to 0.4°C dec−1, 
p < 0.05, Figure 8g). However, in the CAM5-Nat simulations, changes in near-surface air temperature were 
small in both zones (−0.1°C dec−1 to 0.1°C dec−1, p > 0.05, see Figure 8h), and there was no trend in the 
near-surface temperature gradient (0°C dec−1, p > 0.1, see Figure 9h) between the two zones. The spatial 
pattern in near-surface air temperature changes in autumn was similar to the one found for summer. That 
is, uneven distribution of the warming in the CAM5-All simulations resulted in a negative near-surface air 
temperature trend (−0.11°C dec−1, p < 0.05, see Figure 8i), while in the CAM5-Nat simulations, most of the 
high-latitude zone and the northern China zone corresponded to a slight cooling trend (−0.1 to 0, p > 0.05, 
see Figure 8j). The near-surface air temperature gradient trend in the CAM5-Nat simulations was, therefore, 
weaker than that in the CAM5-All simulations (−0.06°C dec−1, p < 0.05, see Figure 9j).

3.4. Changes to Near-Surface Wind Speed in the CAM5-All and CAM5-Nat Simulations

Figure 10 shows trends in the simulated annual and seasonal near-surface wind speed anomalies (calculat-
ed relative to the 1981 to 2010 mean), and the variability in these anomalies for CAM5-All and CAM5-Nat 
over northern China for 1961 to 2016. The spatial distribution of the annual and seasonal near-surface 
wind speed trends is shown in Figure 11. A statistically significant decline in mean annual near-surface 
wind speed was found for the CAM5-All simulations (−0.008 m s−1 dec−1, p < 0.05), with the most rapid 
decrease occurring between 1970 and 1990, see Figure 10a, after which near-surface wind speeds became 
stable. Annual near-surface wind speed was significantly correlated with the simulated air temperature 
gradient from CAM-All (r = 0.72, p < 0.05). Moreover, significant negative near-surface wind speed trends 
in northern China, particularly in the western part of the study region (Figure 11a), agree with the observed 
near-surface wind speed trends in Figures 2a and 3a. In the CAM5-Nat simulations, a weaker significant 
negative trend in near-surface wind speed was simulated (−0.005 m s−1 dec−1, p < 0.05, Figure 10b), while 
trends simulated over most of northern China were not significant (p > 0.05, Figure 11b).

The CAM5-All simulations of winter near-surface wind speed show a significant negative trend 
(−0.009 m s−1 dec−1, p > 0.1, Figure  10c) having a significant correlation with the air temperature gra-
dient (r = 0.59, p < 0.05). The rapid decline from 1970 to 1990 and stabilization after 1990 concur with 
patterns in the observed near-surface wind speed (Figure  2b). Negative near-surface wind speed trends 
were calculated for most of northern China, particularly in the western and middle parts (Figures 11c). In 
CAM5-Nat, near-surface wind speeds fluctuated strongly over the 56-years, although there was a negative 
trend, it was not significant (−0.002 m s−1dec−1, p > 0.0, Figure 10d). Most of northern China corresponded 
to an insignificant negative near-surface wind speed trend in the CAM5-Nat simulations (Figures 11d). 
Spring near-surface wind speeds declined significantly in the CAM5-All simulations (−0.009 m s−1 dec−1, 
p < 0.05, Figure 10e), with most areas experiencing negative trends (Figures 11e). This pattern agrees with 
the observed near-surface wind speed data (Figure 3c). A significant correlation between wind speed and air 
temperature gradient in the CAM-All simulations was found. Note that a steadily weakening near-surface 
wind speed was calculated in CAM5-Nat (−0.008 m s−1 dec−1, p < 0.05, Figure 10f), while most of northern 
China experienced insignificant (p > 0.05) negative near-surface wind speed trends (Figures 11f). There was 
a weak negative trend in the summer near-surface wind speed calculated in CAM5-All (−0.004 m s−1 dec−1, 
p > 0.1, Figure 10g), with a weak correlation (r = −0.08, p > 0.1) between near-surface wind speed and air 
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Figure 10. Simulated annual and seasonal mean wind speed (m s−1) in CAM5-All (left column) and CAM5-Nat (right column) over northern China for 1961–
2016. Note that observed wind speed variability (m s−1, the gray dots and line) is displayed in the left column with right Y-axis. The black solid lines indicate the 
11-year Gaussian low-pass filter, magnitude (m s−1 dec−1) and significant level of trends are displayed for each plot. To enable comparisons between the “All” 
and “Nat” CAM5 models, the ordinates (i.e., Y-axes) have the same extents and intervals for each pair of plots.
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temperature gradient in CAM5-All simulations. There were significant (p < 0.05) negative trends in the 
western part of the region contrasting the significant (p < 0.05) positive trends in the eastern part of the 
study site (Figure 11g). This contrasts with the CAM5-Nat simulations, where significant negative near-sur-
face wind speed trends with a greater magnitude were found (−0.009 m s−1 dec−1, p < 0.05, Figure 10h), 
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Figure 11. Spatial distribution of sign and magnitude of surface wind speed trends in CAM5-All and CAM5-Nat 
(m s−1 dec−1) over northern China for 1961–2016. The black “x” symbols represent grid-cells having statistical 
significance at p < 0.05.
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with significant (p < 0.05) negative trends in the eastern part of the study site (Figure  11h). CAM5-All 
simulations of autumn near-surface wind speed displayed significant negative trends (−0.007 m s−1 dec−1, 
p  <  0.05 (Figure  10i), and a significant stilling trend was simulated over most of northern China (Fig-
ure 11i). Near-surface wind speed was significantly related to the air temperature gradient in CAM5-All 
simulations. No significant (p > 0.10) near-surface wind speed trend (−0.002 m s−1 dec−1) was simulated in 
CAM5-Nat (Figure 10j), and trends over the whole study area were insignificant at p > 0.05 (Figures 11j).

4. Discussion
We investigated the trends and the variabilities for homogenized mean near-surface wind speed data over 
northern China for 1961 to 2016, and found a significant negative trend in annual near-surface wind speed 
(−0.103 m s−1 dec−1, p < 0.05), which agrees with the slowdown detected for some sub-regions in northern 
China (e.g., Y. Li et al., 2018; G. Zhang et al., 2019). This also concurs with the previously mentioned wind 
stilling that has been observed globally at mid-latitudes (McVicar et al., 2012). Note that most of stations are 
located in the central and east parts of northern China and a lack of stations occurs in some areas, for ex-
ample, Tibet Plateau and Tarim Basin. However, wind speed variability is not overly sensitive to the number 
of stations (Figure S2). According to Azorin-Molina et al. (2014), wind series with few stations (Portugal, 8 
stations in the western Iberian Peninsula; i.e., a different region), showed the same trends and multidecadal 
variability as wind series with a large data set (59 stations across Spain; central and eastern Iberian Pen-
insula). Multi-decadal near-surface wind speed variability over our study period fell into three phases: (i) 
strongly fluctuating near-surface wind speeds in the 1960s; (ii) rapidly declining near-surface wind speeds 
in the 1970 and 1980s; and (iii) relatively stable near-surface wind speeds from 1991 onwards, which agrees 
with previous investigations of all-China wind variability (Lin et al., 2013; G. Zhang et al., 2019). Recent 
wind studies (Azorin-Molina et al. 2019; Dunn et al. 2016; Zeng et al., 2019) reported a similar stabilization, 
or possibly a rebound, of global near-surface wind speeds that began the 2010s, following 30–50 years of 
decline. These findings suggest that the decline in near-surface wind speed halted around 20 years earlier 
in northern China (i.e., in 1991 rather than in the 2010s); consistent with the findings of Zeng et al. (2019). 
Most interestingly, we found distinct differences in near-surface wind speed evolution among seasons. For 
example, winter wind speed increased after 1990s, while near-surface wind speeds in other seasons were 
stable and even declined slightly since then. Recent studies (Azorin-Molina et al., 2019; Zeng et al., 2019) 
have shown that the sign and magnitude of near-surface wind speed trends show seasonal differences. We 
also assessed the variability of near-surface wind speed from NCEP-NCAR1 and found that magnitude of 
wind speed trends is much lower than observed wind speed, in line with others who reported that NCEP-
NCAR1 failed to reproduce the stilling phenomenon in China (e.g., Chen et al., 2013) and elsewhere (e.g., 
Australia, McVicar et al., 2008 and USA, Pryor et al., 2009). While significant correlation between wind 
speed from the station observation and NCEP-NCAR1 was found (r = 0.49, p < 0.05 for seasonally averaged 
quantities), and multi-decadal variability of wind speed from NCEP-NCAR1 agreed with near-surface wind 
speed observations. Our results show that near-surface wind speed from NCEP-NCAR1 can only partly 
reproduce the wind speed variability from station-based observation.

The high-latitudes of Eurasia experienced faster warming than middle- and low-latitudes over recent dec-
ades (IPCC, 2013), resulting in an uneven warming pattern and a weakening of the air temperature gradient 
between high- and middle/low-latitudes (Y. Li et al., 2018; You et al., 2014), as the high-latitude zone dis-
played a lower near-surface air temperature and higher near-surface air pressure (see Figure S13).We also 
investigated air temperature gradient from gridded in situ observations (Figure S14), and found significant 
correlation (r = 0.87, p < 0.05, for seasonally averaged quantities) between in situ observations and NCEP-
NCAR1, with a strong consistency with NCEP-NCAR1, that is, rapidly declined trends from 1970 to 1990s 
and recovered trends since 2000s. We also detected that air temperature gradient is higher from in situ 
observations than from NCEP-NCAR1, which might be associated with the nonuniform stations distribu-
tion and/or be an inherent limitation of NCEP-NCAR1; unraveling this is a topic for further research. This 
uneven warming also modulates the pressure gradient through thermodynamic adaption (Lin et al., 2013), 
and so influences wind dynamics. Here, we found a substantial decline in annual and seasonal air temper-
ature gradient between a high-latitude zone and the northern China zone, and showed significant positive 
correlations between this gradient and near-surface wind speed (r = 0.59, p < 0.05, for seasonally averaged 
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quantities). The rapid decline in the air temperature gradient and air pressure gradient in the 1970 and 
1980s between these two zones, and the stabilization or slight recovery that we found to have occurred from 
the 1990s onwards, is consistent with observed multi-decadal near-surface wind speed variability across 
north China. Moreover, we found that air temperature and large-scale pressure gradients between these two 
zones together can partly explain the variance of wind speed variability (47.66%, p < 0.05, for seasonally 
averaged quantities, see Table S1). This suggests that other factors such as regional-local scale pressure gra-
dients also play a key role in modulating near-surface wind speed (Belušić Vozila et al., 2019). The substan-
tial decrease in the annual and seasonal air pressure gradient concurs with weakened Siberian and Mongo-
lian high pressure anomalies (R. Zhang et al., 2019) and is significantly correlated with near-surface wind 
speed anomalies (e.g., r = 0.57, p < 0.05 for seasonally averaged quantities). For example, Chen et al. (2013) 
showed that a Northern Hemisphere large-scale teleconnection index, that is, the AO, is significantly corre-
lated with near-surface wind speeds across China. They also found that positive AO is linked to a weakened 
Siberian High, leading to a large-scale pressure gradient decline and thus a reduction in near-surface wind 
speeds. Our study has further investigated how uneven warming-induced meridional air pressure gradient 
reduction, causing declined near-surface wind speed in northern China. Note that climate signals shown 
in our results do not follow the boundary of northern China study site, which means that uneven warming 
might have an impact on wind speed changes across other neighboring regions (e.g., central China). How-
ever, previous studies highlighted that wind speed over central and southeast China is primarily modulated 
by the land-sea pressure gradient (e.g., East Asian summer monsoon, Xu et al.,  2006; Zhu et al.,  2012). 
Therefore, wind speed changes over central China are more complex, which could be jointly affected by me-
ridional (i.e., latitudinal) temperature gradient and the land-sea pressure gradient (Xu et al., 2006; R. Zhang 
et al., 2019). We selected northern China as our study region, not including central China, as near-surface 
wind speed in northern China is mainly driven by one factor (i.e., westerly and East Asian winter mon-
soon as a result of large-scale meridional gradient changes, Y. Li et al., 2018) making it more amenable to 
unraveling the association with warming when compared to central China. More comprehensive analyses 
are strongly needed to reveal the physical processes behind near-surface wind speed changes across other 
regions like central and southeast China; which is beyond the scope of this research. Additionally, it can 
be interesting for future studies to examine how uneven warming has affected tropospheric wind speed 
changes, as near-surface wind speed is modulated by tropospheric atmospheric circulation change through 
thermal and dynamic momentum downward transport (Zhang et al., 2020).

In this study, we provided the first evidence of the contribution of uneven warming to changes in near-sur-
face wind speed based on the CAM5 historical climate model simulations, driven by “all forcing” including 
anthropogenic emissions or driven only by “natural forcing”. The uneven warming pattern simulated in 
CAM5-All results in a significant (p < 0.05) declining air temperature gradient (−0.14°C dec−1, for seasonal-
ly averaged quantities) and significant (p < 0.1) declining air pressure gradient (−0.01 hPa dec−1, for season-
ally averaged quantities, Figures S15 and S16), while trends in air temperature were insignificant in CAM5-
Nat and trends in air pressure increased in the high-latitude zone and declined in the northern China zone 
(Figure S15). As a result, the air temperature gradient remained practically unchanged (−0.02 hPa dec−1, 
p > 0.1, for seasonally averaged quantities), whereas there was a significantly increased air pressure gradi-
ent in CAM5-Nat (+0.06 hPa dec−1, p < 0.05, for seasonally averaged, Figure S16). Note that warming biases 
can exist in CAM model simulation, like RegCM (Güttler, 2011). But since we are concerned with gradient 
here, the effect of bias should be to a large extent removed. The observed widespread decline in near-sur-
face wind speed was realistically represented in CAM5-All in both the annually and seasonally averaged 
data, except for summer, where CAM5-All simulated near-surface wind speed trends were one order of 
magnitude smaller than those observed. CAM5-Nat simulated widespread insignificant trends in annually 
and seasonally averaged near-surface wind speeds, except summer. This demonstrates that stilling in north-
ern China was at least partly driven by uneven warming. Near-surface wind speeds simulated in CAM5-
All displayed the three distinct phases mentioned previously, while there were no obvious phases in the 
CAM5-Nat simulated near-surface wind speeds. The phases seen in the CAM5-All simulated near-surface 
wind speeds are consistent with observed near-surface wind speed changes and air temperature gradient 
variability, which confirms that multi-decadal changes in near-surface wind speeds over northern China 
are at least partially driven by the air temperature gradient, and shows that the recovery or stabilization of 
near-surface wind speeds was most likely driven by the stabilization of the temperature gradient. It should 
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be noted that negative near-surface wind speed trends were underestimated in the CAM5-All simulations, 
relative to observations, which implies a large systematic bias in long-term climate model simulations. This 
bias is noted in Chen et al. (2012), who reported that CMIP-5 historical simulations were unable to real-
istically capture the stilling phenomenon. Given increased friction is another well-established factor for 
wind stilling (e.g., Vautard et al., 2010; Wever, 2012; Z. Zhang et al., 2019) and it is held constant in most 
models including the one used herein, the underestimated decreasing trend by model simulations might 
be related to surface roughness changes. Therefore, improving the ability of climate models in simulating 
wind changes is urgently needed. The observed slow-down of global warming during the last two decades 
(Kosaka & Xie, 2013; Wohland et al., 2019), known as the “warming hiatus” has resulted in an increase in 
the temperature gradient between high- and middle/low-latitudes. This may be a driver for the recent recov-
ery of terrestrial near-surface wind speeds that has been widely reported across the globe (Azorin-Molina 
et al., 2018; Kim & Paik, 2015; Zeng et al., 2019).

Here, we confirmed that uneven warming has partly contributed to the declined trend in annual and season-
al near-surface wind speeds over northern China. Declining near-surface wind speed trends were simulated 
in CAM5-Nat for annual averages and for some seasons, which indicates that the natural variability also 
plays a role in regulating the variation of near-surface wind speed in northern China. This is confirmed by 
a periodic change in wind activity over northern China from ∼1850 to ∼1950 (Xu et al., 2019), that is, over 
a period with relatively low anthropogenic emissions of greenhouse gases and aerosols compared to 1960–
2016. Note that differences in wind speed evolution among seasons were not fully related to the differences 
of the air temperature and pressure gradients, which means that other physical processes also affected wind 
speed. For instance, wind speed in northern China was partly regulated by synoptic circulation systems (i.e., 
extratropical cyclones, Zhang et al., 2020). Increased surface roughness resulting from forest growth and 
urbanization is another cause for global terrestrial wind stilling (Z. Li et al., 2018; Vautard et al., 2010; Z. 
Zhang et al., 2019). Vegetation greening has been observed in northern China partly in response to ecolog-
ical conservation policies implemented by the Chinese government over recent decades (Piao et al., 2015; 
Zhu et al., 2016). These, along with the rapidly growing Chinese economy and the associated urbanization 
of northern China (Bai et al., 2014), could partly explain the decline in near-surface wind speeds from 1970 
to 1990. However, the reversal in terrestrial near-surface wind speed trends that has been observed since 
1990 is not consistent with continuing increased surface roughness. This implies that decadal variations in 
near-surface wind speed in northern China are likely to be primarily driven by changes in atmospheric cir-
culation. Nevertheless, the consistently increasing surface roughness over recent years (2000–2018) is likely 
to be postponing or attenuating the observed recovery or stabilization of near-surface wind speeds. To fully 
understand the drivers of regional near-surface wind speed dynamics, the research community must better 
quantify the contribution of each driver of near-surface wind speed changes through conducting “sensi-
tivity analysis” experiments in state-of-the-art climate models. Such models are a valuable tool to explore 
those kinds of questions, and high-resolution products of the CORDEX group should be used (Moemken 
et al., 2018) to study the multi-decadal near-surface wind speed variability.

5. Conclusion
Referring to our stated aim and three specific objectives, our main findings are summarized as follows.

1.  Overall, near-surface wind speed has declined over northern China based on the homogenized near-sur-
face wind speed data assessed here. Annual mean near-surface wind speed showed a significant de-
clining trend (−0.103 m s−1 dec−1, p < 0.05), and seasonal trends showed a similar pattern, with the 
highest negative trend for spring (−0.137  m  s−1  dec−1), and the lowest negative trend for summer 
(−0.078 m s−1 dec−1). Annual mean and seasonal near-surface wind speeds were found to have stabilized 
from 1990 onwards.

2.  Rapid warming at high-latitudes has weakened the air temperature gradient (−0.32°C  dec−1 to 
0.12°C dec−1) between the high-latitude zone and the northern China zone from 1961 to 2016, and this 
has driven a decline in the air pressure gradient between the two zones (−0.42 to −0.20 hPa dec−1), 
which is likely to have contributed to the decline in observed near-surface wind speed over the study 
site. Multi-decadal variations in annual and seasonal near-surface wind speeds were consistent with var-
iations in the air temperature gradient, and the two were shown to be significantly correlated (p < 0.05).
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3.  Historical climate model simulations showed that the uneven warming was captured realistically in 
the CAM5-All simulations, both annually and seasonally. While CAM5-Nat simulations displayed only 
insignificant (p > 0.1) changes in the annual and seasonal air temperature gradient between the high-lat-
itude zone and the northern China zone, suggesting that the uneven warming pattern was driven by 
anthropogenic emissions.

4.  Widespread significant (p < 0.05) negative near-surface wind speed trends were found over northern 
China in the CAM5-All simulations, except for summer; meanwhile in the CAM5-Nat simulations, not 
significant (p > 0.05) changes to near-surface wind speed occurred, except for summer. This confirms 
that the decline in near-surface wind speed observed over northern China is at least partly attributable 
to the uneven warming pattern.

Data Availability Statement
Wind speed from station observations can be accessed at China Meteorological Administration (CMA; 
http://data.cma.cn/en), observed air temperature data were downloaded from the Global Historical Cli-
matology Network (https://www.ncdc.noaa.gov/data-access/land-based-station-data/land-based-data-
sets/global-historical-climatology-network-ghcn), NCEP–NCAR1 Reanalysis were retrieved from NOAA 
(https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.pressure.html), ERA5 Reanalysis and 
ERA-Interim Reanalysis were downloaded from ECMWF (https://cds.climate.copernicus.eu/), NCEP-
NCAR 2 Reanalysis were retrieved from NOAA (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.
html), and Climate model outputs supplied by the Climate Variability Program Climate of the twentieth 
Century Plus Project (http://portal.nersc.gov/c20c/main.html).
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