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Abstract Northern China has been subject to increased
heatwave frequency (HWF) in recent decades, which
deteriorates the local droughts and desertification. More
than half a billion people face drinking water shortages and
worsening ecological environment. In this study, the vari-
ability in the western Tibetan Plateau snow cover (TPSC)
is observed to have an intimate linkage with the first
empirical orthogonal function mode of the summer HWF
across China. This distinct leading mode is dominated by
the decadal to inter-decadal variability and features a
mono-sign pattern with the extreme value center prevailing
over northern China and high pressure anomalies at mid-
and upper troposphere over Mongolia and the adjacent
regions. A simplified general circulation model is utilized
to examine the possible physical mechanism. A reduced
TPSC anomaly can induce a positive geopotential height
anomaly at the mid- and upper troposphere and subse-
quently enhance the climatological high pressure ridge
over Mongolia and the adjacent regions. The subsidence
associated with the high pressure anomalies tends to sup-
press the local cloud formation, which increases the net
radiation budget, heats the surface, and favors more heat-
waves. On the other hand, the surface heating can excite
high pressure anomalies at mid- and upper troposphere.
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The latter further strengthens the upper troposphere high
pressure anomalies over Mongolia and the adjacent
regions. Through such positive feedback effect, the TPSC
is tied to the interdecadal variations of the northern China
HWF.
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1 Introduction

Under the global warming background, heatwaves have
become a major meteorological disaster on the Earth
(Trenberth et al. 2007). For example, over 25,000 deaths
were attributable to the 2003 heatwave in Europe (Garcia-
Herrera et al. 2010). In the summer of 2010, Moscow
experienced 33 consecutive days with maximum tempera-
tures exceeding 30 °C. This unprecedented heatwave took
15,000 lives and cost the economy $15 billion as fires and
drought ravaged the country (Alexander 2010).

Northern China has also undergone frequent heatwaves,
associated with a severe drought and desertification trend
during summer in the past decades (e.g., Zhai et al. 1999;
Fu 2003; Wang and Ding 2006; Trenberth et al. 2007; Ding
et al. 2007). More than half a billion people are facing
drinking water shortages, which triggers the South-North
Water Transfer Project to better utilize water resources
available to China (http://www.nsbd.gov.cn/). Therefore,
understanding the origins of the northern China heatwaves
is obviously of great societal as well as scientific values.
This motivates the present study.

The reasons for the northern China heatwaves are far
from being clarified. Most of the previous studies primarily
focus on the northern China rainfall variations rather than
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the heatwaves. For example, Fu (2003) proposed that the
human-induced land cover change may impact on the
northern China drought tendency. Based on the observa-
tional and theoretical evidences, Li et al. (2010) suggested
that the regionally meridional asymmetric warming with
the most prominent surface warming center in northeastern
Asia can induce the southward shift of the Meiyu-Baiu—
Changma rain belt and in turn lead to the droughts over
northern China.

The reason why the northern rainfall receives more
research interests than surface air temperature is partly due
to the fact that the rainfall has a more direct impact on the
local droughts and partly due to the assumption that surface
air temperature usually exhibits coherent variations with
rainfall. However, the relationship between the summer
precipitation and surface air temperature is rather compli-
cated. For instance, in the eastern China, significant neg-
ative correlations between summer precipitation and air
temperature are mainly along the middle and lower reaches
of the Yangtze River valley, while the correlations may be
less significant in other regions (Nitta and Hu 1996).
Hirschi et al. (2010) used observations of surface air tem-
perature and precipitation in Europe and found that soil-
moisture deficits are likely to have enhanced the frequency
and duration of extreme summer heat in southeastern
Europe. However, they also noted that for wetter climates,
such as that in central Europe, observations indicate only a
weak relationship between heatwaves and precipitation
variations.

Northern China is dominated by transitional climate
from monsoon to desert (e.g., Ding 1992). The subtropical
front of the East Asian summer monsoon can bring notable
precipitation to northern China in some strong monsoon
years, and vice versa in some weak monsoon years (e.g.,
Wang et al. 2008b; Wu et al. 2009). The coupling between
the heatwave and precipitation is of considerable year-to-
year differences in this region. Therefore, it is necessary to
re-investigate the heatwave origins over northern China, in
spite that many studies have been conducted on the local
rainfall variations. In this study, we focus on the potential
association of the Tibetan Plateau (TP) snow cover (TPSC)
with the heatwave frequency (HWF) over China.

The TPSC anomalies were found to have a close con-
nection with the Asian climate, especially the East Asian
summer monsoon (e.g., Qian et al. 2003; Yu et al. 2004;
Massimo and Benedict 2004; Zhang et al. 2004; Li et al.
2005; Wu et al. 2007; Wu and Kirtman 2007; Zhao et al.
2007; Wang et al. 2008a; Seol and Hong 2009; Duan et al.
2011; Liu and Chen 2011; Wu et al. 2012; and many
others). With the highest mountains in the world, the TPSC
can persist through the warm seasons over the high-altitude
areas (Pu et al. 2007; Wu et al. 2012), making it a potential
predictability source for summer climate. During summer

@ Springer

(June—August, JJA), the most persistent snow cover is
located in the western and southern TP within large
mountain ridges.

In this paper, we attempt to answer whether and how the
TPSC is connected with the HWF variability across China.
Section 2 describes the datasets, model and methodology
used in this study. Section 3 presents the observed rela-
tionship between the TPSC and the China HWF. In Sect. 4,
numerical experiments are carried out with a simple gen-
eral circulation model (SGCM) and the possible physical
mechanism is explored. The last section summarizes major
findings and some outstanding issues.

2 Data, model and methodology

The major datasets used in this work include: (1) daily
surface air temperature data at 605 gauge stations across
China from China Meteorological Administration (see
black dots in Fig. 1); (2) 1968-2009 monthly snow cover
area extent data from the Global Snow Lab (Rutgers Uni-
versity) (http://climate.rutgers.edu/snowcover/); (3) the
monthly circulation data, gridded at 2.5° x 2.5° resolution,
taken from the European Centre for Medium-Range
Weather Forecasts (ECMWF) 40-year reanalysis dataset
(ERA-40; Uppala et al. 2005) and the ERA-interim dataset;
(4) the monthly total cloud cover (TCC) and the surface
solar radiation data (SSR) obtained from the ECMWEF.
Note that the ERA-40 data are extended from 2003 to 2009
by using ERA-interim data. To maintain temporal homo-
geneity, the 2003-2009 ERA-interim data are adjusted by
removing the climatological difference between the ERA-
40 and ERA-interim data (see the method in Wang et al.
2010).

The numerical experiments are based on the SGCM as
described in detail in Hall (2000). The resolution used here
is triangular 31, with 10 equally spaced sigma levels as in
Wu et al. (2009). We used the National Centers for Envi-
ronmental Prediction (NCEP) reanalysis version 1 (NCEP-1;
Kalnay et al. 1996) data to drive the numerical experi-
ments. An important feature of this model is that it uses a
time-averaged forcing calculated empirically from
observed daily data. As shown in Hall (2000), this model is
able to reproduce remarkably realistic stationary planetary
waves and the broad climatological characteristics of the
transients are in general agreement with the observations.

According to the definition by Fischer and Schir (2010),
a heatwave is defined as a spell of at least six consecutive
days with maximum temperatures exceeding the local 90th
percentile of the control period (1961-1990). To account
for the seasonal cycle, the 90th percentile is calculated for
each calendar day, and at each grid point using a centered
15-day-long time window. The HWF refers to the average
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JJA climatological HWF across China
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Fig. 1 The climatological heatwave frequency (HWF) across China for June—August (JJA) (color shadings in unit of day). Black dots denote

605 surface air temperature (SAT) gauge stations across China

frequency of days meeting the heatwave criterion. To
derive the leading modes of the HWF, we performed an
Empirical Orthogonal Function (EOF) analysis by con-
structing an area-weighted covariance matrix.

The major snow cover areas in summer are basically
located in the western and southern Plateau regions (par-
ticularly the Himalaya Mountains), which have higher
altitudes and therefore, are favorable for the snow cover
persisting through summer. Most of the interior of the
Plateau with lower altitudes has relatively less snow cover
persistence (Pu et al. 2007; Wu et al. 2012). To quantita-
tively measure the TPSC variations, we used a TPSC index
(TPSI) proposed by Wu et al. (2012). This index is defined
as the snow cover averaged within the domain (70°-80°E,
31°-41°N) where the summer climatology center and the
year-to-year variability maximum are located (see Fig. 1 in
Wu et al. 2012). Such notable snow cover changes yield
significant low boundary forcing signals for the atmosphere
(e.g., Wang et al. 2008a; Wu et al. 2012).

3 The China HWF and TPSC

Figure 1 presents the climatology of the JJA HWF across
China. A prominent feature is that the HWF values in
northern China are generally larger than those in southern
China, with the maximum in northwestern China, the desert
region. Since most areas in northern China belong to dry or

semi-dry regions, such pattern indicates that heatwaves are
more frequent to occur in dry regions than in wet regions.
This is consistent with the notion of extreme heat rooted in
dry soils (e.g., Alexander 2010; Hirschi et al. 2010).
Figure 2 displays the two leading EOF modes of the
HWF across China. The first mode accounts for 27.3 % of
the total variance, and the second mode 12.5 % (Fig. 2a and
¢). According to the rule given by North et al. (1982), the
two leading modes are statistically distinguished from each
other. They are also separable from the rest of the other high
modes in terms of the sampling error bars (not shown). The
EOF1 mode basically bears a mono-sign pattern with
maximum loading located in northern China and therefore,
is labeled as the northern China mode, its amplitude
decreasing southward (Fig. 2a). PC1 is primarily dominated
by an interdecadal increasing trend with significant inter-
annual variations superposed upon it (Fig. 2b). Most of the
years before mid-1990s have a negative PC1, while those
after mid-1990s a positive PC1. A positive PC1 refers to
more heatwaves over northern China, and vice versa.
Therefore, the EOF1 mode reflects the interdecadal increase
in northern China HWF. This result is consistent with the
observed fact that the most severe warming over eastern
Asia takes place in northern China and the interdecadal
shift of China summer climate in 1996-1998 (Hu 1997,
Trenberth et al. 2007; Li et al. 2010; R. Wu et al. 2010).
The prominent feature of the EOF2 mode is a meridi-
onal dipole pattern with anomalies of opposite signs
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HWF across China
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Fig. 2 Upper panels: a spatial pattern (color shadings in unit of day)
and b the corresponding principal component (PC) of the first

empirical orthogonal function (EOF) mode of the JJA HWF across
China. Lower panels ¢ and d: same as in a and b but for the second

between the northern and southern China (Fig. 2c¢). The
extreme value center is located in northeastern China.
A high PC2 year is corresponding to a more HWF in
northern China and less in southern China, and vice versa.
The amplitude of PC2 has considerably amplified since mid-
1990s (Fig. 2d), suggesting that the EOF2 pattern become
more obvious after mid-1990s. Moreover, the EOF2 pattern
highly resembles the anomalous summer precipitation pat-
tern over China (e.g., Zhu et al. 2007), indicating a coupled
linkage between the HWF and the local rainfall.

It is interesting to notice that the TPSC exhibits an
intimate linkage with the northern China mode (Fig. 3). In
corresponding to the increasing tendency of PC1 (red curve
in Fig. 2b), the TPSI displays a decreasing trend after mid-
1990s, indicating a reduced TPSC (Fig. 3a). To focus on
the decadal-to-interdecadal (ID) time scales, PC1 and TSPI
has been smoothed through keeping all Fourier harmonics
that have periods longer than 8 years and labeled as
PC1(ID) and TPSI(ID), respectively (red curves in
Figs. 2b, 3a). The HWF pattern that is projected as a result
of the decreasing TSPC resembles to the EOF1 mode
(Figs. 2b, 3b), namely, featuring an extreme center over
northern China. In light of the close connection between
the TPSC and northern China mode, this study will focus
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mode. The numbers in the brackets indicate fractional variance of the
EOF modes. The red curve in b is the decadal-to-interdecadal
component (ID) of PC1, namely, PC1(ID)

on how the more slowly involving TPSC decreasing
modulates the northern China HWF.

Before investigating the physical mechanism, we need
to clarify the planetary-scale three-dimensional circulation
structure associated with the northern China mode and the
anomalous TPSC, respectively. In general, the large-scale
circulation anomalies regressed against PC1(ID) resemble
a similar pattern with that against TPSI(ID) (Figs. 4, 5, 6).
Near the surface (Fig. 4b, c), a large area of positive sea
level pressure (SLP) anomalies occupies the northern
China with a major ridge extending southwestward towards
TP. Comparing with the climatology, this pattern reflects
the high pressure anomalies over Mongolia and the adja-
cent regions. Such feature is more evident at the middle
and upper troposphere (Figs. 5, 6). The enhanced high
accompanied by anti-cyclonic wind anomalies prevails
over northern China, with the high ridge axis tilting toward
TP (Figs. 5c, 6¢). Such high ridge tilting implies its linkage
with the TPSC, which is consistent with the results by Zhao
et al. (2010). In addition, weak negative geopotential
height anomalies (GHAs) and cyclonic wind anomalies
prevail over South China.

To verify whether the above high pressure anomalies
over Mongolia and the adjacent regions can also be
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Fig. 3 a Time series of the normalized Tibetan Plateau (TP) snow
cover index (TPSI) (black curve) and its decadal-to-interdecadal
component TPSI(ID) (red curve) for the 1968-2009 summers (JJA);
b The JJA HWF anomalies regressed to the TPSI(ID) (color shadings
in unit of day). For comparison purpose, the sign of the TPSI(ID) time
series has been reversed, hereafter

observed in anomalous TPSC summers, we calculate the
composite difference of circulations between the reduced
and excessive TPSC decades (Fig. 7). According to the
evolution feature of TPSI(ID) (Fig. 3a) and some previous
studies (Yu et al. 2004; Sutton and Hodson 2005; Zhao
et al. 2010), the 1972-1995 and 1996-2009 periods are
defined as the reduced and excessive TPSC decades,
respectively. It can be clearly seen from Fig. 7 that the high
pressure anomalies over Mongolia and the adjacent regions
are evident over the mid- and upper troposphere, 500 hPa
in particular. A salient high pressure center controls
northern China and expands towards TP. The vertical high
ridge also tilts towards TP. A weak low anomaly covers
South China. These high pressure anomalies over Mon-
golia and the adjacent regions are considerably similar to
those accompanied by the northern China mode.

From the above statistical analysis, the linkage among
the northern China HWF, the high pressure anomalies over
Mongolia and the adjacent regions and the TPSC may be
summarized as following: the northern China HWF

level pressure (SLP)

(a) Sea
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Fig. 4 a JJA climatology in sea level pressure (SLP; contours in unit
of hPa) and their anomalies regressed to the b PCI1(ID) and
¢ TPSI(ID). The black shadings denote TP, and the color shadings
the 95 % confidence level based on the Student’s ¢ test

anomalies are usually associated with the GHAs over
Mongolia and the adjacent regions, while the GHAs are
significantly related to the TPSC variations. However, the
correlations do not warrant any cause and effect.

4 Physical mechanisms

How can the TPSC affect the HWF over northern China?
To figure out this question, we need to understand how the
atmospheric anomalies over Mongolia and the adjacent
regions couple with the HWF anomalies over northern
China. Then, it should be answered whether and how the
TPSC influences the atmospheric anomalies over Mongolia
and the adjacent regions.

We take PC1(ID) as a reference and compute the lead-
lag regression with 200 hPa geopotential height (H200)
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Fig. 5 Same as Fig. 4, but for the 500 hPa geopotential height
(H500) and winds

fields. The results are shown in Fig. 8. The absolute values
of the regressed H200 anomalies over northern China
continuously increase from 1-month lead through 1-month
lag. In 1-month lead (Fig. 8a), before more heatwaves take
place, positive H200 anomalies emerge over northern
China, favoring the high pressure anomalies over Mongolia
and the adjacent regions. From O-month lead through
I-month lag (Fig. 8b, c), the high pressure anomalies are
enhanced, which indicates that the northern China mode
has a positive feedback to the GHAs over Mongolia and the
adjacent regions. Thus, the northern China mode of the
HWEF may be at least in part due to such positive feedback
with the GHAs over Mongolia and the adjacent regions.
To further clarify the physical processes of the GHAs
over Mongolia and the adjacent regions impacting on the
heatwaves, Fig. 9 presents the TCC anomalies lead-lag
regressed to PC1(ID). In corresponding to a positive phase
of the northern China mode, the reduced TCC anomalies
over northern China persist from 1-month lead through
1-month lag, reaching maximum during the simultaneous
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Fig. 6 The same as Fig. 4, but for the 200 hPa geopotential height
(H200) and winds

period. Figure 10 shows the SSR anomalies lead-lag
regressed to PC1(ID). Associated with a positive phase of
the northern China mode, the increased net shortwave
radiation at the surface can be observed over northern
China and sustain from 1-month lead through 1-month lag.

In light of these, the possible physical processes might be
summarized as following. The reduced TPSC may induce
high pressure anomalies at mid- and upper troposphere over
Mongolia and the adjacent regions The subsidence associ-
ated with the high pressure anomalies tends to suppress the
local cloud formation, which increases the net radiation
budget, heats the surface, and favors more heatwaves (see
Fig. 1 in Alexander 2010). On the other hand, the local
surface heating can excite the high pressure anomalies at
mid- and upper troposphere and further strengthens the local
high pressure system. Through such positive feedback
effect, the TPSC anomaly is tied to the anomalous HWF
over northern China. Note that the reason why the TCC and
the SSR are introduced to interpret the relevant physical
process is based on the research result by Alexander (2010)



Interdecadal variations of northern China heatwave frequency

2399

Reduced minus excessive TPSC decades
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Fig. 7 Composite difference of JJA a H500 and b H200 (contours in
units of 10 gpm) between the reduced and excessive TPSC decades
(reduced minus excessive). The shadings denote anomalies exceeding
95 % significance level based on the Student’s ¢ test

and Hirschi et al. (2010). They found that cloud cover and
net shortwave radiation near the surface play critical roles in
the heatwave formation in dry regions.

To elucidate the effects of an anomalous TPSC forcing
on the GHAs at mid- and upper levels over northern China,
we performed a numerical experiment with the non-line-
arized SGCM to see what effects changing the TPSC will
have on planetary-scale atmospheric circulations. The
existence of the anomalous snow cover works to cut the
upward sensible heat flux rather than the evaporation over
TP because of its dry ground condition (Ose 1996). To
mimic the diabatic heating of the reduced TPSC, we
imposed a warming anomaly centered at 75°E, 35°N which
has an elliptical squared cosine distribution in latitude and
longitude with a maximum heating being 2.5 K/day near
500 hPa (Wu et al. 2012). The perturbed experiments were
integrated for 3,700 days. The last 3600-day integrations
were used to construct an ensemble (arithmetic) mean.
Note that the result is not sensitive to the selection of initial
condition, since the analysis is conducted for the period
after the climate equilibrium is reached.

(a) Leadlag H200 anomalies

60E 80E

100E

120E 140E 160E

Fig. 8 The lead-lag H200 anomalies regressed to PC1(ID) (contours
in units of gpm). PC1(ID) leads the H200 by a —1 b 0, and ¢ 1 month.
Note that —1, 0, and 1 month correspond to May, JJA and September,
respectively. Color shadings denote the 95 % confidence level based
on the Student’s 7 test

The model responses of 250 hPa geopotential height
(H250) to the reduced TPSC forcing are shown in Fig. 11a.
A high anomaly is induced at upper troposphere and cen-
tered over northern China. The 550 hPa geopotential height
(H550) exhibits a similar pattern with H250 (Fig. 11b). At
the lower level (950 hPa), air temperatures respond a warm
center over northern China which extends eastward to the
North Pacific and southwestward towards TP (Fig. 11c).
The numerical experiment confirms that the anomalous
TPSC forcing can excite high pressure anomalies at the
middle and upper troposphere and warm anomalies at the
lower level over northern China. Note that the simulation
has some discrepancies in the middle latitudes north of
45°N (the position of the geopotential height negative
center in particular) or central Asia, if compared with
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(a) Leadlag TCC anomalies
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Fig. 9 Same as Fig. 8, but for the total cloud cover (TCC; in unit of %)

Fig. 6b. It implies that the TPSC anomaly cannot well
interpret the circulation variations over these regions and
some other factors may dominate the circulations there.
The following presents the theoretical evidence that the
primary response of the high pressure anomalies over Mon-
golia and the adjacent regions to the reduced TPSC is the
southwestward tilt towards TP as observed in Sect. 3.
According to Li et al. (2010), for the TPSC forcing, the slope of
the high ridge axis, k (ky, k), meets the following relationship:

@@/
@0/, e

According to Formulas (1) and (2), for the high ridge axis,
(%) <0, (g—;%) <0, the axis tilts to the warm side.
P p

Therefore, under the reduced TPSC forcing, the axis of the
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Fig. 10 Same as Fig. 8, but for the surface solar radiation (SSR; in
unit of W m—?2 s). The interval of contours is 50,000 W m2s

high pressure anomalies over Mongolia and the adjacent
regions tends to tilt southwestward towards the warming TP.

To summarize, the primary response of the atmosphere
to the reduced TPSC is a high pressure anomaly at mid-
and upper troposphere over Mongolia and the adjacent
regions which tilts southwestward towards TP. Such high
pressure anomalies favor more heatwaves in northern
China via triggering the positive feedback among the H,
TCC and surface heating.

5 Conclusion and discussion

Climate change is expected to affect not only the means of
climatic variables, but also their variabilities and extremes
such as heatwaves (e.g., Easterling et al. 2000; Wu et al.
2006, 2010). In this study, we examined the observed rela-
tionship between the TPSC and the HWF across China and
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(a) SGCM responses
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Fig. 11 JJA a 250 hPa geopotential height (H250), b 550 hPa
geopotential height (H550) (in units of gpm), and 950 hPa temper-
ature (T950) (in units of K) responses to the reduced TPSC forcing in
the SGCM

found that the decadal to interdecadal variations of northern
China HWF are significantly connected with the TPSC.
A reduced TPSC is often accompanied by more heatwaves
over northern China, and vice versa. Numerical experiments
suggest that the anomalous TPSC can induce a high pressure
anomaly over northern China which in turn modifies the local
cloud formation, the net radiation budget, and the HWF. On
the other hand, the HWF responds a positive feedback to the
anomalous geopotential height at mid- and upper troposphere
over Mongolia and the adjacent regions. Through such
physical processes, the TPSC is linked to the northern China
HWEF. Since the TPSC is expected to further decrease with
increasing levels of greenhouse gases in the atmosphere in
future (Meehl et al. 2007), the results obtained in this study
imply that the TPSC may play an increasingly important role
in shaping northern China heatwaves in next decades.
Besides the above positive feedback process, it should be
pointed out that some negative feedbacks also modulate the

HWF decadal-to-interdecadal variability. For example, the
EOF2 mode has considerably amplified since mid-1990s,
but with the opposite polarity to the EOF1 mode (particu-
larly over northeastern China) (Fig. 2). The resemblance
between the EOF2 mode and the China summer precipita-
tion anomaly pattern implies that the intensified precipita-
tion may reduce the local HWF (northeastern China in
particular). As a matter of fact, Zhao et al. (2010) suggested
that the thermal state of TP may alter the East Asian thermal
contrast and summer monsoon rainfall. In addition, other
factors (including the remote oceanic impacts and green-
house gas concentrations) can also affect the northern China
HWF (e.g., Hu et al. 2003; Ding et al. 2008, 2009; Meehl
et al. 2009; Alexander 2010).

The decadal to interdecadal variations of the northern
China HWF revealed in this study may be a part of China
summer climate shift around 1996-1998. One of the big-
gest problems is lack of access to high-quality, long-term
climate data in investigating the decadal to interdecadal
changes in extreme weather and climate events such as
heatwaves (Easterling et al. 2000). For instance, the TPSC
data in this study is available only from 1968. Due to the
limitation of data time length, it is difficult to obtain
unequivocal evidence of climate change. Therefore, mon-
itoring efforts should receive enhanced support.
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