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ABSTRACT: Wind chill temperature (WCT) describes the joint effect of wind velocity and air temperature on exposed body
skin and could support policymakers in designing plans to reduce the risks of notably cold and windy weather. This study
examined winter WCT over Northern Asia during 1973-2013 by analysing in situ station data. The winter WCT warming
rate over the Tibetan Plateau (TP) slowed during 1999-2013 (—0.04 °C decade™!) compared with that of during 1973—-1998
(0.67°C decade™"). The winter WCT warming hiatus has also been observed in the remainder of Northern Asia with trends of
1.11°C decade™! during 1973—1998 but —1.02 °C decade™! during 1999—2013, except for the Far East (FE) of Russia, where
the winter WCT has continued to heat up during both the earlier period of 1973-1998 (0.54 °C decade™!) and the recent
period of 1999-2013 (0.75 °C decade™"). The results indicate that the influence of temperature on winter WCT is greater
than that of wind speed over Northern Asia. Atmospheric circulation changes associated with air temperature and wind speed
were analysed to identify the causes for the warming hiatus of winter WCT over Northern Asia. The distributions of sea-level
pressure and 500-hPa height anomalies during 1999-2013 transported cold air from the high latitudes to middle latitudes,
resulting in low air temperature over Northern Asia except for the FE of Russia. Over the TP, the increase in wind speed
offset the increase in air temperature during 1999—-2013. For the FE, the southerly wind from the Western Pacific drove the
temperature up during the 1999-2013 period through warm advection.
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1. Introduction to support policymakers in designing policies for adapta-
tion to the changing climate.

Many studies have analysed the changes in WCT over
regions of the world. Certain authors examined the diur-
nal, monthly and annual variation of WCT and suggested
reasons for those changes in WCT. For example, Bal-
afoutis (1989) described the diurnal WCT over Thessa-
loniki, Greece using Siple-Passel’s formula (Siple and
Passel, 1945) and indicated that surface air temperature
plays a dominant role in WCT. Czarnecka and Michal-
ska (2007) studied the diurnal values of the wind chill
index over the Szczecin Lowlands and believed that atmo-
spheric thaw predominantly controls the changes in WCT.
Other studies analysed the long-term WCT and suggested
that global warming might be the reason for the increas-
ing trend in WCT from the regional scale to the conti-
nental scale. For example, certain high-latitude regions
in North America (Keimig and Bradley, 2002), Northern

Low air temperature and gale weather in winter poses a
hazard because it can harm exposed human skin (Daniels-
son, 1996). The wind chill temperature (WCT) index or
wind chill index is a measurement used to evaluate the
joint effect of high wind velocity and low temperature
on exposed body skin. A low (high) WCT indicates cold
and windy (warm and less windy) weather. Asia is the
most populated continent in the world and many people
in this region experience cold and windy weather in the
winter season, particularly in northeast Asia and Siberia
(e.g. Analitis et al., 2008; Baccini et al., 2008; Rehill et al.,
2015). For example, it was reported that many countries
in Asia experienced record low temperatures in January
2016, with over 100 known deaths due to hypothermia and
cardiac arrest and more than 10000 travellers stranded at
the airport in South Korea (Tiffany, 2016). Therefore, it is

important to examine the changes in WCT over Asia to
gather information on potential hazards to human life and
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Asia (Sheng-hui Feng, private communication) and China
(Feng et al., 2009) have experienced an increasing trend
in WCT during recent decades according to the increase in
surface temperature in association with global warming.
Recently, the Intergovernmental Panel on Climate
Change Fifth Assessment Report noted that global warm-
ing has slowed during the winter season over the most
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recent 15years (1998-2012) (Easterling and Wehner,
2009; Fyfe et al., 2013; Kosaka and Xie, 2013; Trenberth
etal., 2014; Fyfe et al., 2016). For example, the win-
ter mean maximum (minimum) temperature shows an
increasing trend of 0.335 °C decade™! (0.615 °C decade™!)
over China for the period 1961-1997, but this trend falls
to —0.348 °C decade™" (—0.805 °C decade™!) from 1998
to 2012 (Li et al., 2015). In addition, variations in wind
velocity over China also show different patterns before
and after 1998, i.e. a long-term decreasing trend before
1998 and a nearly zero trend after (Lin et al., 2013). The
combined effect of the increasing (decreasing) trend in
air temperature together with the decreasing (nearly zero)
trend in wind velocity before (after) 1998 over China
indicates that an increasing (decreasing) WCT trend
might have occurred over China before (after) 1998. This
observation indicates that a warming slowdown (i.e. hia-
tus) of WCT exists in recent decades after 1998 compared
with the period before 1998 when a warming trend of
WCT occurred. Considering the widespread slowdown
in the warming rate of surface air temperature and the
nearly invariant wind speed in the world over the recent
decade (Intergovernmental Panel on Climate Change
[IPCC], 2013; Vautard et al., 2010), we hypothesized that
a warming hiatus of WCT also existed over Northern Asia
over the recent decade in addition to China. In this study,
we analyse the changes in the WCT index over Northern
Asia since 1973 to examine whether a warming hiatus
of the winter WCT occurred from 1998 to 2013. Section
2 describes the data and methods applied. The trend in
winter WCT over Northern Asia and the contribution of
air temperature and wind speed to the changes in winter
WCT are discussed in Section 3. In Section 4, circulation
changes in association with WCT changes are analysed to
interpret the WCT variations over Northern Asia. Finally,
a summary is presented in Section 5.

2. Data and methods

A daily meteorological data set containing air tem-
perature and wind speed records was analysed in
this study. This data set is available for the period
1973-2013 from NOAA’s National Climate Data Center
(NCDC) Global Surface Summary of the Day data set
(ftp://ftp.ncdc.noaa.gov/pub/data/gsod/). The daily data
are transformed to monthly data by averaging the daily
values. In addition, we analysed the monthly reanalysis
data offered by the National Centers for Environmental
Prediction-National Center for Atmospheric Research
(NECP/NCAR) with a horizontal resolution of 2.5° x 2.5°
(Kalnay et al., 1996) to investigate the circulation changes
that influence WCT variations. This data set extends
from 1000 to 10 hPa with 17 pressure levels and includes
sea-level pressure, air temperature, geopotential height
and wind fields. In addition, we also checked the Global
Historical Climatology Network (GHCN) data set and the
CRUTem data set, which is derived from air temperatures
near to the land surface. Because the GHCN station count
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has recently decreased, the representativeness of the data
is also reduced, and the CRUTem cannot be used to
obtain WCT information because it does not include wind
velocity data. However, the spatial distribution of winter
temperature trends over Northern Asia via the CRUTem
verifies the spatial distribution of winter WCT trends in
our study.

To ensure all data were of reasonable quality and to pro-
tect the quality of further analysis, data quality control was
performed. The data quality control process is described
as follows. (1) After screening all daily temperature and
wind speed records for 24 594 stations, only the data in
the period from 1973 to 2013 were analysed in this study
because the records are relatively complete. (2) For a given
station and a given month, any station missing data from
more than ten records of air temperature or wind veloc-
ity was excluded. (3) According to the application scope
of WCT, stations with monthly air temperatures above
10 °C were removed. After data quality control, 381 sta-
tions were finally selected for analysis.

The wind chill formula used in this study was proposed
in 2002 in a cooperative work by the Meteorological Ser-
vices of Canada, the US National Weather Service, and
several other members of academic research collectives
(National Weather Service, 2001). This formula is applied
when air temperature is no more than 10°C (Bluestein
and Osczevski, 2002; Osczevski and Bluestein, 2005).
Recently, Canada improved the wind chill formulas (Gov-
ernment of Canada, 2015). One of the largest differences
in the wind chill formulas used in 2002 and 2015 is the
limit of application. In contrast with the 2002 formula
(Osczevski and Bluestein, 2005), the 2015 formula is used
when air temperature is no more than 0 °C because North-
ern Asia (including China and Mongolia) is located in
the mid-latitudes and the 0°C is low to calculate WCT.
Thus, the 2002 formula is more suitable for this study, and
WCT was computed according to the formula shown in
Equation (1) (Osczevski and Bluestein, 2005) as follows:

WCT = 13.12 + 0.6215 X T-11.37 x V%16

+0.3965 X T x Vi;le (1)

where T is air temperature in °C, and V is wind speed
at 10 m above the ground measured by a weathervane in
kmh~!. This formula can be applied for a temperature
range from —50 to 10°C and wind speeds greater than
4.8kmh~!. Under the condition of missing records for
air temperature or wind velocity, WCT was calculated as
follows. (1) WCT is considered a missing value if either the
air temperature or wind speed is missing. (2) The value of
air temperature is treated as WCT if the wind speed record
is less than 4.8 kmh~! on that day (Shitzer and de Dear,
2006).

Finally, to examine whether a WCT warming hiatus
occurred over Northern Asia, following Duan and Xiao
(2015) and Li et al. (2015), we divided the analysed period
into two sub-periods, i.e. 1973-1998 (P1) and 1999-2013
(P2), and a least squares method was used to obtain the
long-term WCT trend. In addition, to explain the reasons
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for the changes in WCT trends, the long-term trends in
air temperature and wind speed were also calculated and
the partial regression coefficient of air temperature (wind
speed) solely to winter WCT variations were estimated.

The partial regression coefficient of air temperature
(wind speed) to winter WCT variations is obtained as fol-
lows: (1) WCT was regressed with respect to wind speed
(air temperature) and the residuals were used to represent
the wind speed-free (air temperature-free) components.
(2) The square of the correlation coefficient between the
wind speed-free (air temperature-free) components and air
temperature (wind speed) is treated as the partial regres-
sion coefficient of air temperature (wind speed) to WCT
changes. It should be noted that the interactions between
air temperature and wind speed (which might influence the
partial regression coefficient of air temperature and wind
speed relative to the WCT changes) are not considered,
and this method is only a rough estimate. All variables
analysed in this study are applicable to the winter season
(December, January and February).

3. Results

3.1.

Figure 1 shows the spatial distribution of the winter WCT
trends over Northern Asia for the entire analysed period
and for the two sub-periods. For the entire analysed period
(Figure 1(a)), the winter WCT displays a warming trend
over the majority of Northern Asia. Of all 381 stations,
more than 300 stations present a warming trend. Most of
the stations exhibit relatively significant upward trends
exceeding 1°Cdecade™! over South Korea, northeastern
China, Northern China and the Tibetan Plateau (TP), and
those over Western Siberia and Japan show relatively weak
values with an interval of 0 to 0.5°C decade™!'. We also
examined the WCT trends during the two sub-periods,
ie. 1973-1998 (P1) and 1999-2013 (P2). In the Pl
epoch, WCT still shows upward trends over Northern
Asia, particularly in central China and northeastern China.
Nearly half of the stations display WCT trends exceeding
1°Cdecade™! (Figure 1(b)) compared with 381 sta-
tions during over the entire analysed period. Comparing
Figure 1(a) and (b), the increasing trends are higher over
most regions during the P1 period than during the entire
analysed period, especially in Japan, Korea, northeastern
China, central China and Mongolia. Nearly 89% of sta-
tions exhibit higher tendencies for winter WCT during the
P1 epoch than during the entire analysed period. We aver-
aged WCT over Northern Asia for the entire period and
the P1 period and calculated their WCT trends. The WCT
trend over Northern Asia is +0.35 +0.29 °C decade™! for
the period of 1973-2013, but it increases during P1 with
a value of +1.18 +0.47°Cdecade™!. The WCT trends
for both the entire analysed period and the P1 period are
significant at the 95% confidence level. Similarly, the
spatial distribution of the WCT trends in P2 is shown.
The WCT trends in most regions show a reverse spatial
pattern during the P2 period compared with the P1 period

Winter WCT trend over Northern Asia
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because many significant downward trends occur over
Northern Asia, except for the Far East (FE) in Russia,
Northern Japan and the TP. Among the stations, nearly
33% show a decreasing trend of less than —1 °C decade™".
For other regions, amplified warming tendencies in WCT
are noted over the FE in Russia and Northern Japan and
weak warming trends are observed over the TP in P2 com-
pared with P1. To examine the spatial distribution of the
WCT trends in the P2 period, we divided the stations into
three categories, i.e. the FE, the TP and other regions in
Northern Asia (RA). It should be noted that the FE cannot
stand for all high latitudes and the TP only represents the
eastern Tibetan Plateau because the stations are distributed
sparsely. Additionally, we calculated the trends for P1 and
P2. During the P1 (P2) period, the winter WCT trends
are 0.54+0.64°Cdecade™! (0.75+ 1.41°Cdecade™),
0.67 +0.42°Cdecade™" (—0.04 +1.10°Cdecade™!) and
1.11+0.52°Cdecade™! (=1.02 + 1.7 °C decade™") for the
FE, the TP and RA, respectively (Figure 2). Based on
the changes in the WCT trend from P1 to P2 over these
three regions, the warming hiatus of WCT occurs over
the TP and RA other than the FE during P2. Previous
studies (Li efal, 2015) reported that the surface air
temperature over RA experienced a warming slowdown
during P2 compared with P1, and the trends in surface air
temperature are 0.80 and —0.85°C decade™" for P1 and
P2, respectively. However, no warming hiatus of surface
air temperature occurs over the TP because its trends are
0.21 and 0.47 °C decade™! during P1 and P2, respectively
(Duan and Xiao, 2015; Li et al., 2015). Comparing the
changes in the trend of WCT and surface air temperature
for the TP and RA, the warming hiatus of surface air tem-
perature over RA might explain the slowdown of WCT in
those locations. However, for the TP, the warming hiatus
of WCT is in line with a significant increase in the upward
trend in surface air temperature from P1 to P2, which
might be caused by the changes in wind speed. The details
are clarified in the next section.

3.2. Contributions of surface air temperature and wind
speed to changes in winter WCT

Following the formula of WCT, the impact of changes in
air temperature and wind velocity on the WCT variations
was evaluated. In this work, trends in winter air tempera-
ture and wind velocity are discussed to clarify the changes
in the WCT trend in Northern Asia. As shown in Figure 3, a
significant upward trend in air temperature occurs over the
TP, the FE and RA during P1, with values of 0.24 + 0.40,
0.52+0.54, and 0.8 +0.46°Cdecade!, respectively.
Wind velocities show decreasing trends during P1 for
the TP, the FE and RA with trends of —0.28 +0.06,
—0.04+0.09, and —0.17 +0.06 m - s~! decade™!, respec-
tively. The increasing air temperature and decreasing wind
speed drive an increasing WCT during P1 over the mid
to high latitudes of Asia. However, during P2, air tem-
perature shows different trends for these regions, with an
upward trend of 0.49 +0.98 and 0.52 + 1.14 °C decade™!
over the TP and FE, respectively, and a downward trend
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Figure 1. Spatial distribution of winter WCT trends over Northern Asia:
(a) Period 1973-2013, (b) period 1973—1998 and (c) period 1999-2013.
The circled points indicate that trends are significant at the 95% confi-
dence level. Units: °C decade™!. Stations enclosed by solid contour line
on the left of the map belong to the TP and on the right of the map belong
to the FE. [Colour figure can be viewed at wileyonlinelibrary.com].

of —0.85+ 1.51°C decade™! over RA. At the same time,
an increasing trend in wind velocity is observed for the
TP by a value of 0.33+0.16m-s~! decade™' (significant
at the 95% confidence level) in the P2 period, and nearly
zero trends are noted for wind velocity over RA and
the FE. Because the increasing wind velocity offsets the
increasing air temperature over the TP, the TP experiences
a nearly unchanged WCT during the P2 period. RA shows
a downward trend in WCT due to decreasing trends in air
temperature and unchanged wind velocity during the P2

© 2016 Royal Meteorological Society
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Figure 2. Anomaly time series of average winter WCT over the TP (open
circle), FE and RA (solid circle). Dashed lines indicate the linear trends.
[Colour figure can be viewed at wileyonlinelibrary.com].

epoch. For the FE, the WCT trend is determined by an
increasing trend in air temperature and a nearly zero trend
in wind velocity, resulting in an increasing WCT trend
in the P2 period. Comparison of the changes in WCT
trends from P1 to P2 for these three regions reveals that
a warming hiatus of WCT occurs over the TP and RA
during recent decades.

To determine the effect of air temperature and wind
speed on WCT changes, the partial regression coeffi-
cient of air temperature and wind velocity to the WCT
trend were further examined. We derived the wind-free
(air temperature-free) component of the WCT time series
by regression analysis and calculated the square of the
correlation coefficient between the wind speed-free (air
temperature-free) component and air temperature (wind
speed), which is treated as the partial regression coeffi-
cient of air temperature (wind speed) to WCT changes
(for details, see Section 2). The results show that the par-
tial regression coefficients (Table 1) of wind speed (air
temperature) to winter WCT are 14.44% (89.67%), 1.03%
(97.48%) and 1.43% (56.26%) during P1 for the TP, the
FE and RA, respectively. During P2, the partial regression
coefficients of wind speed (air temperature) to the winter
WCT are 10.84% (84.11%), 0.69% (84.94%) and 0.77%
(96%), respectively, for the TP, the FE and RA. According
to the partial regression coefficients, we conclude that the
surface air temperature plays a dominant role in the winter
WCT variation over the mid to high latitudes in Northern
Asia from P1 to P2. Among the regions, changes in wind
speed over the TP contribute more significantly to WCT
variations compared with other regions. For example, the
upward trend in wind speed during the P2 period offsets
the increasing trend in surface air temperature, and as a
result, WCT shows a nearly zero trend over the TP.

4. Reasons for winter WCT variations over
Northern Asia

In this section, we analyse the atmospheric circulation
changes and discuss the reasons for the changes in the
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wileyonlinelibrary.com
wileyonlinelibrary.com

3142

—— Air temperature

(a) TP —e— Wind speed
5 :
N o
(0] [7)]
E ®
®© []
o 2
£ 5
© L
(b
o =
o =}
o Py
2 o
s @
[0} o
Q. —
g 3
2@ ]
(c)
o =
o a
a (2]}
g ®
3 3
E —_
: 2
[}

1980 1990 2000 2010

Figure 3. Time series of average air temperature and wind speed (solid

circle) in winter (DJF) over TP (a), FE (b) and RA (c). Dashed lines indi-

cate the linear trends. [Colour figure can be viewed at wileyonlinelibrary
.com].

trend of the winter WCT over Northern Asia. As back-
ground for changes in surface air temperature and wind
speed, atmospheric circulation anomalies result in winter
WCT variations over Northern Asia. To reveal the changes
in atmospheric circulation, composites of the wind field
at 925 hPa, the geopotential height at 500 hPa, and the
sea-level pressure during winter season were analysed
between P1 and P2.

Y. MA et al.

As shown in the Figure 4(a), a large area of posi-
tive anomaly covers the middle to high latitudes in Asia,
with an anomalous centre located to the north of West-
ern Siberia (60°-80°N and 60°—100°E) during P2. The
pressure gradient between the Siberian high and cen-
tral China indicates an increased northerly wind anomaly
across East Asia, which is also favourable for cold air
transporting from the high latitudes to middle latitude.
Figure 4(b) shows the geopotential height anomaly at
500-hPa level and the wind field anomaly at 925-hPa
level during P2. Positive anomalies occur, covering the
high-latitude region in Asia, and a negative height anomaly
is observed over Baikal in the mid-troposphere. The gra-
dient of enhanced pressure in the high-latitude region and
the reduced pressure in the mid-latitude regions result in
an increased driving force for air mass transfer, which is
supported by the northerly wind anomalies over the high
to mid latitudes in Asia, as revealed by the wind field
composite at the 925-hPa level. Therefore, the cold air
over the Arctic transported to the middle latitudes caused
reduced temperature over RA during P2. The warm-
ing causes for P1 are opposite to the patterns described
above.

For the TP, due to high elevation, the increasing air
temperature might be determined more significantly by
solar radiation and cloud changes (Zhang and Zhou, 2009;
Guo and Wang, 2012), but it should be noted that solar
radiation has declined since 1980 over the TP (Tang
et al.,2011), which might be attributed to increasing water
vapour and deep (but not total) cloud cover (Yang et al.,
2012). Thus, solar radiation cannot explain the continu-
ous warming over the TP. Duan and Xiao (2015) postu-
lated that cloud-radiation feedback might partially explain
the temperature increase over the southern TP. Decreased
clouds in the daytime could increase the sunshine dura-
tion, whereas strengthened clouds at night could heat air
through the cloud heat preservation effect. However, Duan
and Xiao (2015) did not give a possible reason for the
increasing air temperature in the northern TP. Thus, an
explanation for the increasing air temperature over the
TP might require further analysis. In addition, Lin et al.

Table 1. Trends in air temperature, wind velocity and WCT. The sixth and seventh columns indicate the partial regression coefficient
of air temperature and wind velocity on the trend of WCT, respectively.

Period Region T \% WCT T contribution V contribution
1973-1998 TP 0.21 —0.29 s 0.67 s 0.8967 0.1444
FE 0.51 = —-0.05 0.54 = 0.9748 0.0103
RA 0.80 s —0.17 #x 117 s 0.5626 0.0143
1999-2013 TP 0.47 0.34 s —-0.04 0.8411 0.1084
FE 0.54 0.08 0.75 0.8494 0.0069
RA —-0.83 —-0.01 —-1.02 0.96 0.0077
1973-2013 TP 0.48 s —0.12 #x 0.67 #:x 0.8038 0.0833
FE 0.16 —-0.01 0.23 0.9757 0.0101
RA 0.19 —0.12 #x 0.34 = 0.8178 0.0225

The unit of 7 trend and WCT trend is °C decade™!, and the unit of V trend is m-s~! decade™. (7 is short for temperature and V is short for wind
speed.) T contribution and V contribution are the contribution ratios of temperature and wind. TP means Tibetan Plateau, FE means the Far East and
RA means the rest of Northern Asia. *Indicates the trend is significant at 90% confidence level. **Indicates the trend is significant at 99% confidence

level.
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Figure 4. Sea-level pressure (a) (1999-2013 minus 1973-2013). And
composite of winter (DJF) (b) 500-hPa geopotential height and 925-hPa
wind field (m-s~!) (1999-2013 minus 1973-2013). Contour intervals
are 1 hPa in (a), 1 hPa in (b). Dashed are negative, solid lines indicates
positive. The shaded is statistically significant at the 95% confidence
level. The bold curve indicates the TP. [Colour figure can be viewed at
wileyonlinelibrary.com].

(2013) reported that wind speed was changed by the gra-
dient of the 500-hPa geopotential height through transport
momentum, and the gradient of the 500-hPa geopotential
height was altered by the surface warming rate through
atmospheric thermal adaption. To test whether the the-
ory fits the observations in the TP during 1973-2013,
we calculated the gradients of the 500-hPa geopotential
height and temperature in regions of the north (40°-50°N,
80°-102.5°E) and south (20°-25°N, 80°—102.5°E) of the
TP. As shown in Figure 5(a), the trends of the gradi-
ent of surface air temperature and the gradient of the
500-hPa geopotential height are similar, with a correla-
tion coefficient of 0.85. The notably large surface temper-
ature reflects the latitudinal difference in surface warming,
which results in the gradient of the 500-hPa geopoten-
tial height through thermal adaption. Owing to the change
in atmospheric circulation, the wind variation in the TP
closely corresponds to the trend in the gradient of the
500-hPa geopotential height, i.e. the 500-hPa geopoten-
tial height decreases before 1998 and increases after 1999,
which has an effect on the variation of wind speed. There-
fore, wind speed in the TP might be a consequence of the
gradient in surface air temperature. For the FE, through
the wind field at the 925-hPa level (Figure 4(d)), a warm
air mass with easterly wind and southerly wind from the
Western Pacific at the surface affects the warm air temper-
ature over the FE during P2.
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80°—102.5°E). Dashed lines indicate the trend for pre-1998 and
post-1999 (b). [Colour figure can be viewed at wileyonlinelibrary.com].

5. Conclusions

Based on observational data from 1973-2013, we investi-
gated the changes in the trends of the winter WCT over the
TP, the FE and the rest of Northern Asia (RA). The results
show that compared with the increasing trend in WCT
during 1973-1998 (P1) over Northern Asia, winter WCT
experienced a warming hiatus in the TP and RA from 1999
to 2013 (P2), and the cooling tendency over RA during P2
is significant. For the FE, winter WCT continued to heat
up. The causes of the winter WCT variation over the TP, the
FE and RA are different. Over RA, the temperature plays a
dominant role in the winter WCT trend (Table 1). Further
analysis indicates that the hiatus of winter WCT over RA
is a result of atmospheric circulation anomalies in the low-
and mid-troposphere. Compared with the circulation in the
P1 epoch, positive height anomalies occur over Siberia
and negative height anomalies occur over the area in the
north of the TP (western Mongolia) during P2 at sea-level
pressure (500 hPa). This distribution of height anomalies
results in an increased pressure gradient from high latitude
to middle latitude during P2, which is favourable for cold
air to transport from high latitude to middle latitude, and
creates a low air temperature over these regions. Over the
TP, both temperature and wind speed are important to the
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winter WCT trend. The temperature continues to rise dur-
ing the P1 and P2 periods; however, wind speed presents
a decreasing (increasing) trend during the P1 (P2) period.
The increase in wind velocity offsets the increase in air
temperature during the P2 period, resulting in a nearly zero
trend in WCT and a slowdown compared with the increas-
ing WCT the P1 period. The increase in temperature over
the southern TP might be caused by a decrease (increase)
in the daytime (night-time) cloud amount (Duan and Xiao,
2015), but an explanation for the increasing air temperature
over the whole TP requires further analysis. The increase in
wind velocity during P2 might be caused by the increasing
height gradient and air temperature between the regions
to the south and to the north of the TP at the 500-hPa
level, which results in increased wind velocity due to atmo-
spheric thermal adaption. For the FE, southerly wind and
easterly wind anomalies from Western Pacific cause the
temperature to increase during the P2 period through warm
advection.
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