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ABSTRACT

Based on the long-term reanalysis datasets and the multivariate copula method, this study reveals that the
frequency of summer hot drought events (SHDEs) over northeastern China (NEC) shows interdecadal
variations during 1925-2010. It is revealed that the summer sea surface temperature (SST) over the North
Atlantic has a significant positive correlation with the frequency of SHDEs over NEC on the decadal time
scale, indicating a potential influence of the Atlantic multidecadal oscillation (AMO). Further analyses in-
dicate that during the positive phases of the AMO, the warming SST over the North Atlantic can trigger a
stationary Rossby wave originating from the North Atlantic, which splits into two wave trains propagating
along two different routes. One is a zonally orientated wave train that resembles the Silk Road pattern,
whereas the other is an arching wave train that resembles the polar-Eurasian pattern. A negative (positive)
phase of the Silk Road pattern (polar—Eurasian pattern) may result in the weakened westerly wind along the
jet stream, the downward vertical motion, and the anomalous positive geopotential center over NEC, pro-
viding favorable conditions for precipitation deficiency and high temperature and resulting in increased
SHDEs. Thus, the Silk Road pattern and the polar—Eurasian pattern serve as linkages between the AMO and
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SHDEs over northeastern China in summer on the interdecadal time scale. Model simulations from CAM4
perturbed with warmer SST in the North Atlantic show precipitation deficiency and high temperature con-
ditions over northeastern China in summer, supporting the potential impacts of the North Atlantic SST on
SHDEs over northeastern China. The results suggest that the phase of the AMO should be taken into account
in the decadal prediction of SHDEs over northeastern China in summer.

1. Introduction

Drought is a natural disaster that can significantly
affect the ecosystem, agriculture, and economy world-
wide. Northeastern China is known as ‘“‘the granary of
China”; it contributes one-fifth of the country’s total
grain production in 2017 (http://economy.caixin.com/
2018-09-25/101329831.html). Agriculture in northeast-
ern China is quite sensitive to changes in precipitation
and temperature (Z. Liu et al. 2018). Previous studies
have noted that summer drought events have great impacts
on crop production and food security over northeastern
China (Yu et al. 2014; Zheng et al. 2015). For instance,
the extreme drought event in 2014 resulted in a serious
decrease in agricultural production (approximately 5 billion
kilograms) in northeastern China (http://news.cntv.cn/
2014/08/26/ ARTI1409032307435405.shtml). Recently,
northeastern China suffered from another serious hot
drought event in the summer of 2016, which led to a
decrease in crop production and economic losses up
to 15.61 billion yuan (Li et al. 2018). Therefore, it is
important for society to understand the mechanisms
of drought events and to provide an early warning of
such events.

Previous studies investigated the intensity of drought
events over northeastern China mainly from the perspec-
tive of precipitation deficiency and found that summer
precipitation over northeastern China varies among dif-
ferent time scales, including interannual variability (Sun
and Wang 2012; J. Zhang et al. 2019), interdecadal vari-
ability (Han et al. 2015), and long-term trends (Liang et al.
2011). However, precipitation deficiency is not the only
influential factor of the summer drought event. Although
high temperatures and precipitation deficiency do not
always occur simultaneously, it is worth noting that
high temperatures accompanied by precipitation de-
ficiency can aggregate the severity of drought events
(e.g., drought events over California in 2014; AghaKouchak
et al. 2014). Thus, it is important to investigate hot
drought events characterized as simultaneous precipi-
tation deficiencies and high temperatures. Actually, the
summer hot drought events (SHDEs) over northeastern
China became severe over the past half-century, and
human activity may play an important role (Li et al.
2020). Recently, Li et al. (2018) suggested a linkage
between the interannual variations in SHDEs over
northeastern China and the sea ice change in the Barents
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Sea in March after the late 1990s. However, no such
linkage is detected for the period prior to 1996/97.
Furthermore, the more frequent SHDEs over north-
eastern China after the late 1990s coincided with the
interdecadal shift of the phase change of the Atlantic
multidecadal oscillation (AMO).

The AMO is a mode of the natural variability of sea
surface temperature (SST) occurring in the North Atlantic,
which is characterized by basin-scale cooling or warming
(Schlesinger and Ramankutty 1994). The AMO has a
cycle of 60-80 years, but the drivers of the AMO remain
unknown. A few studies suggested that the AMO is
only a random variation that can be linked to intrinsic
modes of atmospheric circulation (Deser et al. 2010;
Clement et al. 2016), whereas other studies proposed
that the large-scale ocean circulation (Knight et al. 2005)
or the ocean—atmosphere coupling might contribute to
these interdecadal variations (Omrani et al. 2014). Despite
the fact that the mechanisms underlying the AMO are
under debate, numerous studies have suggested that the
interdecadal variations in the SST in the North Atlantic
have great impacts on global climate changes. In sum-
mer, the AMO can influence the atmospheric circulation
over the Atlantic (Semenov and Cherenkova 2018),
North America and Europe (Sutton and Hodson 2005;
Hu et al. 2011; Ionita et al. 2013; Kayano and Capistrano
2014; Ghosh et al. 2017), and Asia (Lu et al. 2006; Luo
et al. 2017; Fan et al. 2018; Zhang et al. 2018). In winter,
the AMO can influence Eurasian air temperature
(Hao et al. 2016), the East Asian winter monsoon
(Li and Bates 2007), and northeastern China winter
precipitation (Han et al. 2018). In addition to its impact
on precipitation, temperature, and monsoon systems,
the AMO can also regulate the changes in Arctic sea ice
(Li et al. 2018a), the intensity of the Aleutian-Icelandic
low (Li et al. 2018b), the relationship between the North
Atlantic Oscillation and ENSO (W. Zhang et al. 2019),
and the Walker circulation (Sun et al. 2017).

Recently, several studies found that the AMO is sig-
nificantly correlated with drought events over several
regions around the world. For instance, the AMO can
modulate the impact of the ENSO on drought fre-
quencies over the United States (Mo et al. 2009). In
addition, the AMO can modulate the intensities of
multiyear drought events over the Great Plains of North
America, where the AMO accounts for approximately
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half of the influence on the precipitation (Nigam et al.
2011). In addition, the influence of the AMO on inter-
decadal variations in drought frequency over the Yellow
River became significant after the early 1990s, whereas it
failed to produce the same influence before the 1990s
(Qian et al. 2014). Hence, the question arises as to
whether the interdecadal variations in SST over the
North Atlantic can exert an influence on the inter-
decadal variations in SHDESs over northeastern China.
Insight into these questions can help us to understand
the causal factors of the interdecadal changes in SHDEs
over northeastern China and hence be conducive to re-
ducing uncertainties in the future projection of the
SHDEs over northeastern China.

The outline of the paper is as follows. Section 2 pro-
vides the datasets employed in this study and introduces
the survival copula method and the wave activity flux
method. Section 3 describes the characteristics of in-
terdecadal changes in SHDESs over northeastern China.
In section 4, the associated atmospheric circulations for
more SHDESs over northeastern China are discussed.
Section 5 further investigates the influence of the AMO-
like pattern on the interdecadal variations in SHDEs
over northeastern China. Discussion and conclusions
are finally provided in section 6.

2. Data and methods

The monthly precipitation and surface air tempera-
ture datasets (version 4.01) derived from the Climatic
Research Unit (CRU) are used in this research (Harris
et al. 2014). The horizontal resolution of the CRU da-
tasets is 0.25° X 0.25°, covering the period 1901-2016.
The monthly reanalysis datasets during the period 1900—
2010 from ERA-20C are also employed, with a hori-
zontal resolution of 2° X 2° (Poli et al. 2013). Variables
including meridional and zonal wind, surface-level pres-
sure, geopotential height, air temperature, specific
humidity, and vertical velocity are used. The monthly
reanalysis datasets of the downward solar radiation, the
downward (upward) longwave radiation, the sensible
heat net flux, and the latent heat net flux during the period
1900-2010 from Twentieth Century Reanalysis V2c data
provided by the NOAA/OAR/ESRL PSD, Boulder,
Colorado (https://www.esrl.noaa.gov/psd/) are employed
to calculate the net flux at the surface over north-
eastern China. In addition, the SST dataset during the
period 1901-2016 from the Hadley Centre version 1
(HadISST1) is also employed (Balsamo et al. 2015),
with a horizontal resolution of 1° X 1° In this re-
search, northeastern China is defined within the re-
gion of 42°-54°N, 110°-135°E, and summer is defined
as the mean of July-August (JA).
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FIG. 1. (a) Temporal series of the anomalous probability-
based index (PI) averaged over northeastern China (42°-54°N,
110°-135°E) in summer (July-August) during 1900-2016 after
removing the linear trend. The black line denotes the corre-
sponding 9-yr low-pass-filtered series using the Lanczos filter
method. (b) Time series of 9-yr low-pass-filtered anomalous
PINEC (blue) and the AMO index from 1905 to 2010 after re-
moving the linear trend (red).

In the present study, the multivariate copula method
is used to calculate the probability-based index (PI) that
simultaneously considers precipitation deficiency and
high temperature. The multivariate copula method has
been widely used in recent studies (De Michele et al.
2005; Salvadori and De Michele 2010; Zhang et al. 2013).
To identify the vulnerable regions related to hot drought
events (precipitation deficiency and high temperature),
the joint survival function F; is introduced, which is
defined as F; =1 — F; (Salvadori et al. 2013). The defi-
nition of the joint survival cumulative distribution function
(CDF) is defined as Eq. (1), which is based on the concept
of the multivariate survival copula (C) method (Salvadori
et al. 2013):

PI=C[F,(x,), F,(x,)]=P(X,>x, X,>x), (1)

where x; and x, represent precipitation and temperature,
and the CDFs of them are Fi(x;) = P(X; = x;) and
Fy(x;) = P(X2 = xp), respectively. The joint CDF for
precipitation and temperature is calculated as F(xq, x;) =
C[Fi(x1), F»(x)] (Salvadori and De Michele 2010).
Therefore, the marginal survival functions of precipi-
tation [F)(x;) = P(X; > x;)] and temperature [F;(x;) =
P(X; > x,)] are defined as PI-based on their joint sur-
vival CDFs {C[Fi(x1), F2(x2)] = P(X; > x1, X> > x,)}
in Eq. (1). The PI varies between zero and unity, and
the small values of the PI correspond to more severe
hot drought events (Li et al. 2018). In the present
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FIG. 2. (left) Regression maps of the 9-yr low-pass-filtered (a) surface air temperature (°C), (b) precipitation
(mm), and (c) PTin JA with regard to 9-yr low-pass-filtered PI series averaged over NEC (PINEC) in JA during the
period from 1925 to 2010 after removing the linear trend. (right) The variance for 9-yr low-pass-filtered (d) surface
air temperature (%), (e) precipitation (%), and (f) PI (%) in JA explained by PINEC based on 9-yr low-pass-
filtered datasets from 1925 to 2010 after removing the linear trend. Stippling denotes the regression coefficient or
the explained variances significant at the 95% confidence level based on the Student’s ¢ test. Here, PINEC is

multiplied by —1.

study, the interdecadal changes in short-term drought
(summer) over NEC are investigated, and the small
decadal values of the PI corresponds to more fre-
quent SHDE: .

In terms of the propagation of wave trains, numerous
studies have employed the concept of wave activity flux
(WAF) (Wang and He 2015; Y. Liu et al. 2018; Sun and
Wang 2018; B. Sun et al. 2019a). Here, we also calculate
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the WAF based on the method proposed by Takaya and
Nakamura (2001) to investigate propagations of the
stationary waves relating to SHDEs over northeastern
China. Equation (2) gives the method to calculate the
corresponding WAF, where W represents the three-
dimensional wave flux, ¢ is the streamfunction, U=
(u,v, O)T denotes the basic flow, u and v are the cli-
matological zonal and meridional wind components,
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FIG. 3. Regression maps of the 9-yr low-pass-filtered circulations in JA with regard to 9-yr filtered PINEC in JA from 1925 to 2010 after
removing the linear trend: (a) 200-hPa wind (m s~ '), (b) 500-hPa geopotential height (gpm), (c) vertical-horizontal cross section of omega
averaged along 115°~135°E (ms '), (d) 700-hPa wind (ms '), (e) sea level pressure (Pa), and (f) net heat flux (W m~2). The dashed purple
line in (a) gives the climatological position of the jet stream. Blue shading in (a) and (c) and stippling in (b), (e), and (f) denote the
regression coefficient significant at the 90% confidence level based on the Student’s ¢ test. Here, the zonal mean of geopotential height in
(b) and (e) is removed, and PINEC is multiplied by —1.

respectively, p = (pressure/1000hPa), a is Earth’s ra- squared, and Cy is the vector indicating the phase
dius, N* = (R,p"/H)(96/9z) is the buoyancy frequency propagation of U:
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Here, the Lanczos filtering method is used to extract conduct the statistical test. Considering that the 9-yr
the decadal signals with a 9-yr low-pass-filtered series low-pass filtered series substantially reduces the de-
by giving a symmetrical set of weights. In addition, grees of freedom of the data, the effective degrees of
Pearson’s linear correlation coefficient is employed to  freedom N, is defined as
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where N is the length of the time series and a; and b; are
the ith-order autocorrelations for time series of a and b,
respectively (Quenouille 1952).

In this study, we identify a positive summer polar—
Eurasian pattern (POL) with regard to more SHDEs
over northeastern China, which is characterized by an
anomalous negative geopotential height over the polar
region and an anomalous positive geopotential height
over northeastern Asia. Here, the summer POL index
is defined as the differences in geopotential height
between the region of northeastern Asia (45°-55°N,
90°-~125°E) and the polar region (65°-80°N, 60°~100°E)
at 700 hPa in summer (Barnston and Livezey 1987). In
addition, we also employ a Silk Road pattern index
(SRPI), which is defined as the normalized principal
component of the leading mode for 200-hPa meridi-
onal wind over East Asia (20°-60°N, 30°-130°E)
in summer (Wang et al. 2017). The AMO index is
defined as the 9-yr low-pass-filtered series of summer-
mean SST over the North Atlantic (0°-65°N, 80°W-0°E)
(Rayner 2003).

To confirm the proposed mechanisms, the sensitivity
experiment based on the Community Atmospheric
Model, version 4 (CAM4), is performed. Here, two
numerical experiments, including a control run and a
sensitivity experiment, are carried out. In the control
run, the boundary condition is prescribed as the cli-
matological monthly mean during the period 1981—
2010. In the sensitivity experiment, we first calculate
the anomalous composite SST over the North Atlantic
in summer based on the negative and positive phases of
the temporal series of the spatially averaged PI over
northeastern China (PINEC) from 1925 to 2010 (cor-
responding to the warming phases of the AMO-like
pattern; see Fig. 6¢). After that, the boundary condition
of the SST in summer is set as the anomalous composite
SST plus the boundary condition in the control run. For
other months, the boundary conditions are prescribed
as the climatological condition during 1981-2010.
Both the control run and the sensitivity run are re-
peated 60 times, and we choose the last 40 ensembles
for further analysis in this study. The horizontal res-
olution of CAM4 is 1.9° latitude X 2.5° longitude with
26 hybrid sigma-pressure levels. In this study, the
differences between the sensitivity experiments and
the control runs based on the relevant ensemble
means are calculated to confirm the modulation of the
summer AMO-like pattern on changes in SHDEs over
northeastern China.
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FIG. 4. Regression maps of the 9-yr low-pass-filtered 300-hPa
wind (arrow; m s~ ') and meridional wind (shading; m s~ ') with
regard to the 9-yr filtered (a) PINEC and (b) AMO index. Red
arrows denote the anomalies significant at the 90% confidence
level based on the Student’s ¢ test. Here, PINEC is multiplied
by —1.

3. Decadal variations in summer hot drought
events over northeastern China

Based on the multivariate survival method proposed
in section 2, we calculate the PI to illustrate the inter-
decadal changes in SHDESs. During the past century, the
PINEC exhibits interannual and interdecadal variations
(Fig. 1a). Based on the 9-yr low-pass-filtered series (black
line), two abrupt interdecadal changes in the PINEC
during 1900-2016 are identified, which are around the mid-
1950s (shift from negative to positive phase) and around
the mid-1990s (shift from positive to negative phase).
Generally, the abrupt decrease in the PINEC around the
late 1990s is closely linked to the interdecadal decrease
in summer precipitation (Han et al. 2015) and the abrupt
increase in temperature (Chen and Lu 2014; Hong et al.
2017; Sun and Wang 2017) over northeastern China. In
addition, the abrupt increase in the PINEC around the
mid-1950s also coincided with the interdecadal decrease
in temperature over northeastern China (figure not
shown). Therefore, the interdecadal variations in the
PINEC well represent the interdecadal variations in
summer precipitation and temperature over northeastern
China, which also show similarities to the interdecadal
variations in the AMO index (Fig. 1b). It can be inferred
that a positive (negative) phase of AMO may correspond
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FIG. 5. (a) Time series of the 9-yr low-pass-filtered anomalous PINEC (gray shading), POL index (red line), and SRPI index (blue line)
from 1925 to 2010 after removing the linear trend. (b)—(d) As in Figs. 3a, 3b, and 3d, respectively, but for the results with regard to the 9-yr
filtered POL index. (e)-(g) As in Figs. 3a, 3b, and 3d, respectively, but for the results with regard to the 9-yr filtered SRPI index. Here,

SRPI is multiplied by —1.

to a negative (positive) phase of PINEC (the possible
physical mechanisms are explained in section 5). However,
this is not the case for 1905-24. Namely, the negative phase
of the AMO index was less significant during 1905-24,
whereas the PI was dominated as a positive anomaly
during the negative phase of AMO for 1900-14, ac-
companied by a large amplitude negative anomaly during
1915-25 (Fig. 1a). Therefore, the relationship between the
AMO index and PINEC was less robust during 1915-25.
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To well demonstrate the out-of-phase relationship be-
tween AMO and PI, this study mainly focuses on the
period 1925-2010 (results based on 1905-24 are dis-
cussed in section 6). Based on the 9-yr low-pass-filtered
PINEC series (Fig. 1b), the entire period is separated
into three subperiods, P1 (1925-54), P2 (1955-95), and
P3 (1996-2010), for composite analysis.

To investigate the spatial distributions of the summer
surface temperature, precipitation, and PI across China
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North Atlantic.

with regard to the interdecadal variations in the summer
PINEC, we present the corresponding regression maps
in Fig. 2. Since the negative phase of the PI represents
the condition of precipitation deficiency and high tem-
perature, we multiply the PINEC by —1 to facilitate
the analyses regarding hot drought events. Apparently,
during the negative phases of the PINEC (more occur-
rences of SHDEs over northeastern China), there is an
overall positive temperature anomaly over the northern
part of China, especially over northeastern China,
where the regression coefficients are significant at the
95% confidence level (Fig. 2a). In addition, precipi-
tation deficiency is also observed over the northern
part of China. For most grids over northeastern China,
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precipitation deficiency conditions are significant at
the 95% confidence level (Fig. 2b). Influenced by pre-
cipitation deficiency and high temperature conditions,
there is an obvious negative PI center over northeastern
China where the regression coefficients are significant
at the 95% confidence level (Fig. 2c). The results based
on the composite analyses between the negative and
the positive phases of the PINEC are similar (figures
not shown).

For the summer PINEC, we also calculate the corre-
sponding spatial distributions of explained variances
based on the 9-yr low-pass-filtered datasets during the
period 1925-2010. For the temperature (Fig. 2d) and PI
(Fig. 2f), the explained variances are more than 80% for
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most of the grids over northeastern China. For precipi-
tation, the explained variances over most of the grids of
northeastern China are more than 50% (Fig. 2e). The
results suggest that the interdecadal variations in the
PINEC well explain the interdecadal variances in
the summer surface air temperature, precipitation, and
PI over northeastern China (all significant at the 95%
confidence level).

Opverall, changes in the PINEC can capture the
spatial-temporal conditions of summer precipitation,
temperature, and PI over northeastern China on the
interdecadal time scale. In addition, the variances in
summer precipitation, temperature, and PI over north-
eastern China can be highly explained by the PINEC on
the interdecadal time scale. Accordingly, the PINECis a
good indicator to represent the interdecadal variations
in SHDEs over northeastern China. In the following, the
analyses regarding decadal changes in summer hot
drought events over northeastern China are based on
the 9-year low-pass-filtered and detrended PINEC.

4. Anomalous atmospheric circulations for more
summer hot drought events over
northeastern China

To investigate the favorable atmospheric circulation
patterns for the occurrences of SHDEs over northeast-
ern China (corresponding to the negative phases of the
PINEC) on the interdecadal time scale, Fig. 3 displays
the regression maps of the atmospheric circulations in
summer with regard to the 9-yr low-pass-filtered PINEC
during 1925-2010 after removing the linear trend.

Corresponding to the negative phase of the PINEC,
there is an anomalous anticyclonic center over north-
eastern China from the low (Fig. 3d) to high (Fig. 3a)
troposphere. Despite the climatological low level of
specific humidity over northeastern China, the anoma-
lous anticyclonic circulation favors water vapor trans-
port (WVT) (see Fig. Sla in the online supplemental
material), which is unbeneficial to moisture accumula-
tion (Fig. S1b) (Sun and Wang 2013). Additionally, an
anomalous upper-level easterly wind along the jet core
is present over northeastern China, weakening the in-
tensity of and results in the northward movement of the
westerly jet (see the dashed purple line in Fig. 3a).
Previous studies suggested that the weakened upper-
level westerly jet favors indirect circulation accompa-
nied by the anomalous positive geopotential height over
northeastern China (Chen et al. 2016; Hong and Lu
2016) from sea level (Fig. 3e) to the midtroposphere
(Fig. 3b). In addition, at the nose of the upper-level jet
stream, the air is deflected to the right side of the jet by
the supergradient winds, leading to the descending
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summer SSTI and the AMO index from 1905 to 2012 after re-
moving the linear trend.

motion on the right side (Brill et al. 1985). Associated
with the positive geopotential height anomaly, a uni-
form descending motion (Fig. 3c) also exists over
northeastern China, which further prevents moisture
accumulation (Fig. S1) and cloud formation and leads to
increased solar radiation (Fig. S2a) as well as positive
surface net heat flux (Fig. 3f) over northeastern China.
Accordingly, the increased surface net heat flux and the
moisture deficiency lead to SHDEs. Therefore, the
anomalous atmospheric circulations provide a favorable
condition for more SHDEs over northeastern China,
which is consistent with those features on the interan-
nual time scales (Li et al. 2018). Moreover, all of these
results are consistent with the composite analysis be-
tween the negative and positive phases of the PINEC
(figures not shown).

In addition to the regional atmospheric circulations
over northeastern China, the teleconnection patterns
also deserve attention. Corresponding to the negative
phase of the PINEC, a positive polar—Eurasian pattern
that featured an anomalous positive geopotential center
is evident over northeastern China, with two anomalous
negative geopotential centers to its north (polar region)
and south (the southern part of China and the north-
western Pacific) (Fig. 4a). Being influenced by this
teleconnection pattern, an anomalous anticyclonic
center is evident over northeastern China, along with
two anomalous cyclonic centers to its north and south
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FIG. 8. As in Fig. 3, but for the results with regard to the 9-yr low-pass-filtered AMO index in JA from 1925 to 2010 after removing the
linear trend.

sides (Fig. 4a). Meanwhile, the Silk Road pattern
featuring a series of cyclonic and anticyclonic cen-
ters is also evident over the Northern Hemisphere
(Fig. 4a). As suggested by the above analyses, the
meridional displacement of the westerly jet that reg-
ulated by the Silk Road pattern is essential to influ-
ence atmospheric circulation over northeastern China
(Hong and Lu 2016). Subsequently, the influence of
the polar—Eurasian pattern and the Silk Road pattern
on SHDE:s is further investigated on the interdecadal
time scale.

Figure 5a shows the 9-yr low-pass-filtered time series
of the POL index, SRPI, and PI (calculated by the
method proposed in section 2). Noticeably, the POL
index (SRPI) is highly correlated with the PINEC (see
Fig. 5a), with a correlation coefficient of —0.64 (0.57)
(note that both values are significant at the 95% confi-
dence level). Correspondingly, the anomalous summer
atmospheric circulations with regard to the summer
POL index (Figs. Sb—d) and SRPI (Figs. 5e-g) are also
given. The results suggest that the positive (negative)
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phase of the polar—Eurasian pattern (Silk Road pattern)
is associated with an anomalous anticyclonic circula-
tion (Figs. 5b,d,e,g) and a positive geopotential height
(Figs. 5c.f) over northeastern China, and a weakened
westerly jet (Figs. Sb,e), which indirectly leads to de-
scending motion (figures not shown). As a result,
during the negative phases of the PINEC, there is an
anomalous positive polar-Eurasian pattern (Fig. 4a)
and a negative Silk Road pattern (Fig. 4a) over the
Northern Hemisphere. Both of them induce favorable
atmospheric circulations for precipitation deficiency and
high temperature, which are further linked to more
SHDE:s over northeastern China (Figs. S3 and S4).

5. Possible modulation of the summer sea surface
temperature over the North Atlantic

Numerous studies have suggested that the inter-
decadal changes of the SST in the Atlantic, Pacific,
and Indian Oceans may regulate the interdecadal
climate variations globally (Zhu et al. 2011; Luo et al.
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2018; Zhang et al. 2018; B. Sun et al. 2019b; Chen and
Sun 2020). To investigate the causal factors for the
interdecadal variations in SHDEs over northeastern
China, we further focus on the associated variations in
the global SST.

Figure 6 presents the global composite SST between
different phases of the PINEC. Corresponding to the
negative phases of the PINEC, there is an anomalous
warming pattern over the North Atlantic and the Indo-
Pacific sector and cooling over the Southern Ocean.
The significant warming over the North Atlantic well
resembles the positive phases of the AMO. Generally,
the amplitude (coverage) of the positive SST anomalies
in the North Atlantic is the largest (broadest) among the
different oceans, regardless of the composite periods.
For example, the anomalous positive SST in the North
Atlantic reaches 0.4°C in most areas, significant at the
99% confidence level based on the Student’s ¢ test
(Figs. 6a—). However, only a few parts of the Indian
Ocean and the South Pacific exhibit warming anomalies
for case 1 (Fig. 6a). In comparison with the former case,
the warming pattern over the Indian Ocean and the
South Pacific seem to be more significant for case 2
(Fig. 6b), while the warming anomalies over these re-
gions are no more than 0.2°C based on the case 3
(Fig. 6¢). Accompanied by the warming SST over the
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North Atlantic, there are obvious ascending air over the
North Atlantic at 700 hPa (Figs. 6d-f), suggesting an
enhanced convective activity. Overall, the SST anoma-
lies in the North Atlantic may be an important factor
influencing the interdecadal variations in SHDEs over
northeastern China.

Here, we define the SSTI as the spatially averaged
SST over the North Atlantic (0°-70°N, 70°W-25°E) (see
the red rectangle in Fig. 6a) in summer. Figure 7a gives
the 9-yr low-pass-filtered series of the SSTI and the
PINEC during the period 1925-2010, with a correlation
coefficient of —0.55 between them that significant at the
90% confidence level. The results suggest that the 9-yr
low-pass-filtered series of the SSTT is nearly the same as
the summer AMO index (Fig. 7b), with the correlation
coefficient between the SSTI and the AMO index being
0.98 (significant at the 99% confidence level). Hereafter,
we use the AMO index to represent the interdecadal
variations in the SST over the North Atlantic.

Figure 8 presents the anomalous atmospheric circu-
lations with regard to the 9-yr low-pass-filtered AMO
index in summer from 1925 to 2010. During the positive
phases of the AMO, a positive polar—Eurasian pattern
and a negative Silk Road pattern are evident (Fig. 4b),
accompanied by an anomalous anticyclonic (Figs. 8a,d)
and positive geopotential center (Figs. 8b,e) over
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northeastern China. The weakened upper-level westerly
wind along the jet over northeastern China is also ob-
vious (Fig. 8a), which induces an anomalous descending
motion (Fig. 8c) and a positive surface net heat flux over
northeastern China (Fig. 8f). These anomalous atmospheric
circulations benefit precipitation deficiency (Fig. 9b) and
high temperature (Fig. 9a) over northeastern China, thus
leading to more SHDEs (Fig. 9¢).

It is interesting to note that the atmospheric anomaly
pattern related to the AMO (Fig. 8) well resembles the
pattern associated with the POL index (Figs. 5b—-d) and
the SPRI (Figs. Se—g). Therefore, a hypothesis is pro-
posed that the interdecadal variations in the AMO-like
pattern might modulate the interdecadal variations in
SHDESs over northeastern China and the associated at-
mospheric circulations through atmospheric telecon-
nection. As shown in Fig. 10, two routes of wave trains
are identified over the middle to high latitudes during
the negative phases of the PINEC, characterized by a
series of anomalous negative and positive meridional
wind centers (Fig. 10a) as well as anomalous anticyclonic
and cyclonic centers (Fig. 4a). The wave train generally
originates from the western North Atlantic, which
propagates eastward and splits into two different parts
over the eastern North Atlantic. In detail, one part is an
arching wave train along the great circle route that
propagates from the North Atlantic toward the polar
region and farther into northeastern Asia (resembling
the polar-Eurasian pattern), whereas the other part is a
zonally orientated Rossby wave train propagating from
the North Atlantic to East Asia (resembling the Silk
Road pattern) (Fig. 10a). Moreover, there are anoma-
lous upward wave trains generating over the western
North Atlantic (approximately 40°-55°N, 70°-50°W)
(Fig. 11a) and northern Atlantic (approximately 60°-
80°N, 30°-0°W,) (Fig. 11c) that propagate eastward,
accompanied by a series of barotropic negative and
positive meridional wind centers (Figs. 11la,c). In
general, the warming over the North Atlantic (during
the positive phase of AMO) releases more heat flux
from the ocean to the atmosphere [consistent with
Ghosh et al. (2017)], which leads to enhanced con-
vective activity (Figs. 6d-f) in the troposphere over
the North Atlantic. The enhanced convective activity
(Figs. 6d-f) generates a wave train over the North
Atlantic (Li et al. 2008) and it propagates upward
(Figs. 11b,d) and eastward (Fig. 10b), thus resulting
in a series of meridional wind centers (Fig. 10b) as well
as anticyclonic and cyclonic centers (Fig. 4b). Therefore,
the positive phases of the AMO may modulate the for-
mation and propagation of wave trains (Figs. 10b, 11b,d,
and 4b) through air-sea interactions and convective ac-
tivities (Fig. 6), which are further linked to atmospheric
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FIG. 10. Regression maps of 9-yr low-pass-filtered 300-hPa me-
ridional wind anomalies (shading) and wave activity flux (vectors;
m?s %) in JA with regard to 9-yr filtered (a) PINEC, (b) AMO
index, (c) POL index, and (d) SRPI index during 1925-2010 after
removing linear trend. Stippling denotes the anomalies significant
at the 90% confidence level based on the Student’s ¢ test. Here,
PINEC is multiplied by —1.

teleconnections related to SHDEs over northeastern
China (Figs. 10a, 11a,c, and 4a).

The above results suggest that the two routes of wave
trains are closely connected to SHDEs over northeastern
China, characterized by an arching wave train (positive
polar—-Eurasian pattern) and a zonally orientated wave
train (negative Silk Road pattern). Therefore, the AMO
accounts for the interdecadal variations in atmo-
spheric teleconnections that further influence SHDEs
over northeastern China. Here, we further investigate
the role of the polar-Eurasian pattern and the Silk
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Road pattern in regulating wave activities linked to
SHDEs over northeastern China. The results suggest
that the positive polar—Eurasian pattern favors the arching
wave train (Fig. 10c), while the negative Silk Road pattern
favors the zonally orientated Rossby wave train (Fig. 10d)
propagating from the eastern North Atlantic to East Asia.
Therefore, the formation of a positive polar—Eurasian
pattern and a negative Silk Road pattern are the results
of wave train propagation and atmospheric teleconnection
relating to the positive phases of the AMO in summer,
which are further linked to the negative phase of the
PINEC (more SHDEs over northeastern China).

To further verify the above analyses, Fig. 12 shows the
simulated differences in East Asian atmospheric circulation
between the sensitivity experiments and the control runs
based on the ensemble means of CAM4. Corresponding to
the warming North Atlantic (Fig. 13a), there is an anticy-
clone and a positive geopotential center to the north of
northeastern China (Figs. 12a,b), and both are farther
north compared with the reanalysis results (Figs. 7a,b).
By contrast, the anticyclone at 700 hPa over north-
eastern China (Fig. 12¢) shows many similarities to
the reanalysis results (Fig. 7c) and hence provides an
unfavorable condition for moisture accumulation. In
addition, the jet stream is weakened by the easterly
wind (Fig. 12a), which indirectly leads to descending
motion over northeastern China (Fig. 12d). As a result,
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these anomalous atmospheric circulations result in warmer
temperature (Fig. 13b) and less precipitation (Fig. 13c)
over northeastern China, confirming the proposed link-
age between the AMO and SHDEs over northeastern
China (Fig. 8). In terms of the teleconnection patterns,
two wave trains that propagate from the North Atlantic
toward northeastern Asian are detected (Fig. S5a), ac-
companied by a series of anticyclonic and cyclonic centers
(Fig. S5b). It should be noted that the teleconnections may
be sensitive to the background flows in models as sug-
gested by previous studies (X. Sun et al. 2019; Stephan
et al. 2019); hence, CAM4 partially reproduce the polar—
Eurasian pattern and Silk Road pattern (Fig. S5).

6. Discussion and conclusions

In this study, the interdecadal variations in SHDE
frequency over northeastern China are identified based
on the multivariate probability-based index of the
PINEC (Fig. 1). The results suggest that the negative
(positive) values of the PINEC correspond to more
(fewer) SHDE:s over northeastern China (Fig. 2c), which
well captures the conditions of precipitation, temperature,
and SHDE:s over northeastern China (Fig. 2). In terms
of the associated regional atmospheric circulations with
regard to more SHDESs over northeastern China, the
weakened westerly along the jet stream is obvious
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(a) gives the climatological position of the jet stream. Here, the zonal mean of geopotential height in (b) is removed.

(Fig. 3a) and hence induces indirect circulation character-
ized by an anomalous positive geopotential center (Fig. 3b)
and a descending motion (Fig. 3c) over northeastern China.

Results suggest that the summer AMO-like pattern
over the North Atlantic might account for the inter-
decadal variations in SHDE frequency over northeast-
ern China. Generally, the decadal warming over the
North Atlantic might excite anomalous wave activity
over the North Atlantic through the air-sea interaction
(Fig. 11b) and the enhanced convective activity (Fig. 6).
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The wave train originating from the western North
Atlantic propagates eastward and splits into two dif-
ferent pathways (Fig. 10b). One of them is a zonally
orientated Rossby wave train from the North Atlantic to
East Asia, resembling the negative Silk Road pattern.
The other is an arching wave train along the great circle
route propagating from the North Atlantic to the polar
region and farther into East Asia, resembling the posi-
tive polar-Eurasian pattern. Generally, these anoma-
lous wave activities and atmospheric teleconnections are
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closely correlated to more SHDEs over northeastern
China (Fig. 10a) by influencing the associated regional
atmospheric circulations, featuring an anomalous an-
ticyclonic center and positive geopotential center, a
downward vertical motion, and a weakened upper-level
westerly jet stream over northeastern China (Figs. 5 and
8). These anomalous regional atmospheric circulations
provide a favorable condition for precipitation defi-
ciency (Fig. 9b) and high temperature (Fig. 9a), thus
resulting in more SHDEs (Fig. 9¢c) over northeastern
China. Consequently, interdecadal changes in the AMO
may account for the interdecadal variations in SHDEs
over northeastern China, and the polar-Eurasian pat-
tern and Silk Road pattern serve as pathways between
the AMO and SHDE:s over northeastern China.

While the results of this study suggest a potential
linkage between the summer SST in the Atlantic Ocean
and SHDEs over northeastern China on the inter-
decadal time scale, a few issues remain to be answered.
The above analyses indicate that the relationship be-
tween the AMO and SHDEs is robust during 1925-2010,
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whereas that is not the case for 190524 as suggested in
section 3 (Fig. 1b). Therefore, a question is raised: Does
the relationship between the AMO-PINEC through
the polar—Eurasian pattern and the Silk Road pattern
also exist during 1905-24? To answer this question,
the atmospheric circulation and wave activities asso-
ciated with the AMO index during 1905-24 are further
analyzed. Results indicate that the Silk Road pattern
is also evident (Fig. S6a) during 1905-24, accompa-
nied by the anomalous atmospheric teleconnections
and wave activities (Fig. S6b). However, the polar—
Eurasian pattern was located northeastward during
1905-24 compared to that during 1925-2010 (Fig. S6).
Being influenced by the northeast movement of the
polar—Eurasian pattern, the anticyclonic center and
positive geopotential center (Figs. S7a,b,d), the posi-
tive net heat center (Fig. S7f), and the downward
motion (Fig. S7c) consistently moved northeastward.
These favorable atmospheric conditions for more SHDESs
located to the northeastward of northeastern China. As
a result, the SHDESs over northeastern China and the
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AMO are positively correlated during 1905-24 (Fig. S8c)
rather than negatively correlated during 1925-2010
(Fig. 9¢), accompanied with negative (positive) corre-
lation between the AMO and temperature (precipita-
tion) over northeastern China (Figs. S8a,b). However,
it should be noted that the relationship between the
AMO and the SHDESs over northeastern China also
existed during 1905-14 (Fig. S8d), which indicates that
this subtle relationship is mainly influenced by the pe-
riod of 1915-24. In brief, the relationship between the
AMO and the PINEC through the polar—Eurasian
pattern and the Silk Road pattern did not exist during
1905-24 (especially during 1915-24), even though the
polar—Eurasian pattern and the Silk Road pattern were
still evident during that period.

Actually, a previous study has suggested that the SST
anomalies in the North Pacific, North Atlantic, and the
Indian Oceans jointly modulate interdecadal variations
of precipitation over eastern China (Zhang et al. 2018).
Considering that anomalous warming is observed in the
Indian Ocean and the western South Pacific corre-
sponding to negative PINEC phases (Figs. 6a,b,c), the
SSTs in the Indian Ocean and the western South Pacific
might have an impact on the SHDEs over northeastern
China. Thus, the role of SSTs in the Indian Ocean and
the western South Pacific in the interdecadal variations
of SHDEs deserves further attention.

In addition, the reliability of datasets should also be
taken into consideration. The previous study has sug-
gested that there is a large uncertainty of the data before
1920 in China due to the properties of the CRU material
(Wang et al. 2015). According to the official statistical
datasets (Lin et al. 1995), there were only 13-25 (37-42)
stations across all of China during 1905-14 (1915-20)
and most of the them were located in eastern China,
while the number increased significantly after 1920 (more
than 100 stations). Therefore, the large uncertainty of da-
tasets during 1905-24 may also account for the subtle re-
lationship between AMO and PINEC during that period.

Our results suggest that the interdecadal change in
SHDE frequency is partly a natural variability that is
modulated by the AMO. If the AMO switches to a
negative phase in the future, the number of SHDEs will
likely be reduced given that the other climate forcings
are unchanged.
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