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ABSTRACT

In July–August (JA) of 2016, northeasternChina (NEC) suffered from themost severe hot drought event of

the past 50 years, leading to profound impacts on agriculture, the ecosystem, and society. Results indicate that

the loss of sea ice over the Barents Sea (SICBS) in March might have influenced the hot drought events over

NEC in JA for the period of 1997–2016. Further analyses reveal that lower SICBS is closely related to thinner

snow depth over western Eurasia (SDWEA) in April. The decline of SDWEA leads to drier soil from the

YangtzeRiver valley to northern China duringMay–June, which is favorable for precipitation deficiency over

NEC in JA. Besides, the loss of SICBS in March and decline of SDWEA in April are closely related to the

polar–Eurasia teleconnection pattern and dry soil over NEC in JA, which provides favorable atmospheric

circulation patterns for occurrences of hot droughts. The large ensemble simulations from the Community

Earth System Model and the numerical experiments based on version 4 of the Community Atmosphere

Model further confirmed their connections and the associated possible physical processes. Therefore, snow

depth and soil moisture might serve as linkages betweenBarents Sea ice inMarch and hot droughts over NEC

during JA, and the Barents Sea ice in March might be an important potential predictor for the summer hot

droughts over NEC.

1. Introduction

Drought is a major natural hazard that is often

characterized by high temperature and below normal

precipitation over a long period of time. As global

warming intensifies, hot events occur more frequently,

which further increases drought severity in many areas

(Wang et al. 2012; Trenberth et al. 2014; Wang et al.

2016). In 2016, northeastern China (NEC) suffered a

severe hot drought event during July–August (JA),

resulting in a serious decrease in crop production

with subsequent economic losses reaching CNY15.61

billion, according to official statistics. Since NEC is the

granary of China, improving the understanding of

drought occurrences and providing a usefully early

warning are urgently important for both the govern-

ment and the public.

Recently, China suffered from several prolonged se-

vere drought disasters. In 2006, a severe drought event

occurred over southeastern China with long rainless

periods during summer (Li et al. 2011). During the

winter season of 2009/10, southwestern China experi-

enced its most severe drought event in the past 50 years

(Yang et al. 2012), and the negative phase of the Arctic

Oscillation and the ENSO event partially accounted for

this drought. In summer 2014, the most severe drought

event in the past 60 years occurred over northern China,

mainly as the result of the joint effects of atmospheric,

oceanic, and terrestrial anomalies (Wang and He 2015;

Xu et al. 2017). From these studies, droughts were
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usually defined as the negative precipitation condition,

and the effect of temperature anomalies was generally

neglected. However, the role of temperature anomaly

with regard to drought occurrence has becomemore and

more important, especially under the background of

global warming (Chen and Sun 2015a,b).

Prior to the current study, numerous studies have

focused on the variations and physical mechanisms

relating to precipitation anomalies over NEC. Gen-

erally, summer precipitation over NEC exhibited a

decreasing trend during the past half century (Liang

et al. 2011), which potentially increased the proba-

bility of occurrences of drought events (Zhang et al.

2013). In terms of the decadal variations, Han et al.

(2015) found that NEC has experienced a decadal

decrease in the late 1990s, and the shift of the Pacific

decadal oscillation (PDO) and changes in the Arctic

sea ice concentration accounted for this change.

Besides, other studies suggested that the East Asian

summer monsoon (EASM) also accounted for the

decadal variations of precipitation over eastern

China (Wang 2001; Ding et al. 2009). For the causal

factors of the interannual variations, some studies

indicated that the EASM (Sun et al. 2007, 2017) and

the North Atlantic Oscillation (NAO) are highly

correlated with summer precipitation over NEC (Sun

and Wang 2012). Additionally, the global sea sur-

face temperature distribution and the preceding

ENSO event also presents a close relationship with

summer precipitation over NEC (Sun et al. 2004; Han

et al. 2017).

Severe drought events have become more frequent in

NEC in recent decades (Yu et al. 2014; Liu et al. 2015;

Chen and Sun 2017a) and the anthropogenic warming

might partly account for this change (Chen and Sun

2017b). Some studies have focused on the effects of the

ENSO event (Dai 2013; X. Li et al. 2015) and winter

NAO (Fu and Zeng 2005) on interannual variations in

summer drought events over NEC, but few have con-

sidered the effects of sea ice concentration (SIC). In

recent years, the role of sea ice has been gradually

debated and acknowledged for its influence on global

climate changes (Liu et al. 2012; Screen et al. 2013, 2014;

Gao et al. 2015; Kelleher and Screen 2017). Some studies

also found that the decline of Arctic sea ice in recent

decades presents significant effects on the climate across

China (Li andWang 2013; Guo et al. 2014;Wang andHe

2015; Wang et al. 2015; Wang and Chen 2016).

In particular, the variations during autumn–winter

SIC over the Barents Sea have great impacts on climate

over midlatitudes of Northern Hemisphere (Petoukhov

and Semenov 2010; Inoue et al. 2012; Kim et al. 2014)

and can further influence temperature anomalies

(F. Li et al. 2015), the winter monsoon (Wu et al. 1999),

and dust events (Fan et al. 2018) over China. Recently,

He et al. (2018) found that the reduction of sea ice over

the Barents Sea in June excites an anomalous Silk

Road pattern, which leads to an anomalous pre-

cipitation pattern over East Asia. However, there is

still a continuing debate as to whether recent Arctic sea

ice loss has significantly influenced the midlatitude

weather (Barnes and Screen 2015), and some studies

have turned to large ensemble models to see whether

those correlations just reflect the atmospheric internal

variability (e.g., Seviour 2017). Besides, few studies

have investigated the possible linkages between spring

Barents Sea ice and summer climate changes over

China. Therefore, variations of SIC over the Barents

Sea region in spring will be investigated and examined

in terms of possible connections to the summer hot

droughts over NEC, which might provide useful in-

formation for the prediction and understanding of

summer hot droughts over NEC.

First, we investigate drought events concerning the

concept of the return period in a multivariate frame-

work. Generally, the return period provides important

information to assess risks of climate extreme events.

To identify the return period of the concurrent climatic

events, multivariate copula methods were developed

and then widely used worldwide (De Michele et al.

2005; Salvadori and De Michele 2010; Zhang et al.

2013). Recently, a new multivariate approach based on

survival copulas and the relevant survival Kendall’s

measurement was further developed by Salvadori et al.

(2013), where the safe region of the extreme event is

bounded. Based on this method, the severe drought

event over California in 2014 has been well described

(AghaKouchak et al. 2014; Cheng et al. 2016). How-

ever, few studies have applied this method to analyze

hot drought events over China, which forms the topic

of this study. Since more work is needed regarding this

aspect, we investigate the associated atmospheric cir-

culations and its possible physical mechanisms relating

to summer hot drought events over NEC based on this

multivariate survival method. The joint survival cu-

mulative distribution function is calculated here to

assess the risks of hot droughts by simultaneously

considering the precipitation deficiency and high-

temperature anomalies.

The outline of this study is as follows. Section 2 gives a

simple introduction to datasets used in this research.

Section 3 describes the analysis methods concerning

the joint survival approach. Section 4 describes the

concurrent hot drought event over NEC in 2016 and the

atmospheric circulation anomalies for hot drought

events over NEC, and then the related possible physical
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mechanisms are further discussed and verified. A brief

summary and discussion are presented in section 5.

2. Data

a. Observational and reanalysis datasets

Observational daily precipitation and temperature

datasets during 1960–2016 are collected from the National

Meteorological Information Center of China Meteoro-

logical Administration, with 78 stations available in NEC

(within 428–548N, 1108–1358E). These datasets are in-

terpolated onto 18 3 18 grids using the iterative improve-

ment objectivemethod provided by theNCARCommand

Language. In addition, monthly reanalysis datasets

derived from the National Centers for Environmental

Prediction (NCEP)–National Center for Atmospheric

Research (NCAR) data with a horizontal resolution of

2.58 3 2.58 (Kalnay et al. 1996) are employed in this study.

Variables including surface pressure,meridional and zonal

winds, vertical velocity, geopotential height, surface air

temperature (SAT), and specific humidity are used here.

Monthly Arctic SIC datasets are obtained from the Had-

leyCentre Sea Ice and SST dataset, version 1 (HadISST1),

with a resolution of 18 3 18 (Rayner et al. 2003). Monthly

mean snow depth datasets derived from the ERA-Interim

land data with a resolution of 18 3 18 are also employed

(Balsamo et al. 2015). Monthly reanalysis datasets of soil

moisture from ERA-Interim with a resolution of 1.08 3

1.08 are obtained, and we focus on the top layer of soil

moisture. The polar–Eurasian teleconnection pattern

(POL) index that is defined by the Climate Prediction

Center as a mode of geopotential height at 700hPa and

provided by NOAA (available online at http://www.cpc.

ncep.noaa.gov/data/teledoc/telecontents.shtml) is also

employed. The Atlantic multidecadal oscillation (AMO)

index is derived from the Earth System Research Labo-

ratory (available online at https://www.esrl.noaa.gov/psd/

data/correlation/amon.us.data).

In our study, the PINEC index is defined as the spa-

tially weighted probability-based index (PI) over NEC

(within 428–548N, 1108–1358E). The SICBS index is cal-

culated as the spatially weighted SIC averaged over the

Barents Sea (within 728–778N, 308–608E). The SDWEA

index is defined as the spatially weighted snow depth

averaged over western Eurasia (within 558–708N, 308–

608E). The SMNEC index is defined as the spatially

weighted soil moisture averaged over NEC (within 428–

548N, 1108–1358E).

b. Community Earth System Model Large Ensemble

datasets

To provide evidence that supports the proposed con-

nections between sea ice/snow cover and hot drought

events over NEC, the simulations from the Community

Earth System Model Large Ensemble (CESM-LE)

datasets are employed (Kay et al. 2015). There are 35-

member ensembles included in CESM-LE, with a hori-

zontal resolution of 0.98 latitude 3 1.258 longitude and

30 vertical levels. The CESM-LE is based on the Com-

munity Atmosphere Model version 5, which consists of

coupled atmosphere, ocean, land, and sea ice compo-

nent models. Here, the simulated monthly historical

forcing (1920–2005) and the future representative con-

centration pathway 8.5 (RCP8.5) forcing (2006–2100)

datasets are employed. The variables used here include

surface air temperature, precipitation, surface pres-

sure, meridional and zonal winds, vertical velocity, ge-

opotential height, sea ice fraction, snow depth, and soil

moisture.

3. Method

The univariate return period of a certain extreme

event is calculated as

R(x)5
1

v[12F(x)]
, (1)

whereR(x) is the return period,v5 1 yr21 is the average

sampling frequency, and F(x) is the cumulative distri-

bution function (CDF) value (Wilks 2011).

The covariate return period of an extreme event is

related to the concept of multivariate copula. In our

study two variables, x1 (precipitation) and x2 (temper-

ature), are considered simultaneously, where F1(x1) 5

P(X1 # x1) and F2(x2) 5 P(X2 # x2) are the associated

CDFs. According to previous definitions, the joint CDF

is calculated as F (x1, x2)5C[F1(x1), F2(x2)] (Salvadori

et al. 2011). To identify dangerous regions, the concept

of a joint survival function (e.g., t copula, Gaussian

copula, and Gumbel copula) is employed (Salvadori

et al. 2013), and the survival CDF is calculated as

F i 5 12Fi. Specifically, we use the PI to represent the

joint survival CDF, which is shown by

PI5 Ĉ[F
1
(x

1
),F

2
(x

2
)]5P(X

1
. x

1
,X

2
. x

2
). (2)

Thus, given a probability level of t, the corresponding

survival layer LF
t is obtained as LF

t 5 fx 2 Rd:F(x)5 tg.

Apparently, for any x 2 Rd, there exists a unique mar-

ginal survival layer to meet the criterion function of

F(x)5 t (Salvadori et al. 2011). According to these

definitions, the survival Kendall’s return period kx is

defined as

k
x
5

m

12K(t)
, (3)
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wherem is the recurrence interval (Salvadori et al. 2013),

and K(t) is the survival function associated with F(x)

defined as

K(t)5P[F(X
1
,X

2
)$ t]5PfĈ[F

1
(x

1
),F

2
(x

2
)]$ tg. (4)

For a certain return period T, the probability level p is

given by p5 12m/T, and the survival Kendall’s quantile

of order q is calculated according to the following

equation:

q5 q(p)5 supft 2 I:K(t)5 pg5K(21)(p) . (5)

Consequently, the survival Kendall’s layer LF
t pro-

vides the set of conditions that share a joint return pe-

riod when q is given.

4. Results

a. Hot droughts in JA 2016 over NEC

Figure 1 shows the spatial patterns of the anomalous

temperature and precipitation during JA in 2016 with

respect to the climatology of 1981–2010. Clearly, there

was a strong positive temperature center (Fig. 1a) and a

considerable negative precipitation center (Fig. 1b) over

NEC, indicating the concurrence of strong precipitation

deficiency and a high-temperature event in 2016. To

understand the general variability of temperature and

precipitation over NEC, we calculate the relevant area-

weighted temporal series (Fig. 2). It is clear that the

temperature in 2016 was the second highest year during

1960–2016, following the year of 2000 (Fig. 2, top). In

terms of precipitation deficit, drought in 2016 over NEC

was the second most severe year during 1960–2016

(Fig. 2, middle), and the year of 2007 was the most

severe drought year in the historical record (during

1960–2016).

For univariate climatic events, the recurrence interval

of precipitation deficiency in 2016 was estimated to be

34 yr, and it was estimated to be 16 yr for high temper-

ature based on the univariate method in Eq. (1). Clearly,

estimation for the risk of a drought event in 2016 varies

when considering different univariate climatic in-

formation. In fact, extreme precipitation deficiency and

high temperature events do not necessarily occur at the

same time, but the concurrence of an extreme event with

another event might induce much stronger extreme

events (AghaKouchak et al. 2014). Thus, the multivar-

iate framework is employed to identify risk of the strong

precipitation deficiency and high temperature event

over NEC in JA 2016 [see Eqs. (2)–(5)]. Figure S1 in the

supplemental material presents the return period dis-

tribution of hot droughts over NEC during 1960–2016

FIG. 1. Spatial distribution of (a) temperature (8C) and (b) precipitation (mm) anomalies during JA in 2016 relative to

the climatology of 1981–2010.
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using t copula survival methods described in section 3,

which is a good fit at the 95% confidence level with an

acceptable p value of 0.66. Similar results can be ob-

tained from the Gaussian copula and Gumbel copula

methods (Durante and Salvadori 2010; Salvadori andDe

Michele 2010). We can find that the drought in JA 2016

has been up to a high level and has broken the historical

record in the past 50 years when the temperature and

precipitation anomalies are considered simultaneously.

This drought event is estimated to occur once in ap-

proximately 40 years. However, if we only consider the

univariate climatic factor for this drought event in JA

2016, the occurrence probability is generally over-

estimated. The return period is estimated to be 34 yr

when only precipitation is considered. Thus, high tem-

perature over NEC increased the severity of drought in

2016. Themost severe drought event inNECoccurred in

2016 during the period 1960–2016 and was the joint

result of precipitation deficiency and high temperature;

the drought during JA in 2007 was the second most se-

vere, and the drought during JA in 2000 was the third

most severe.

Results indicate that the univariate risk estimation

might underestimate (e.g., drought in 2016) or over-

estimate (e.g., drought in 2007) the risk of extreme

events. However, multivariate survival methods are

more reliable and can provide valuable information for

decision-making (AghaKouchak et al. 2014). Therefore,

the PI concerning the joint survival cumulative distri-

bution of precipitation deficit and high temperature [see

Eq. (2)] is further analyzed. Figure 2, bottom, shows the

area-weighted temporal series of PI anomalies during

1960–2016 over NEC (PINEC). Clearly, variations of

PINEC present similarities with the precipitation series,

while high temperature generally exacerbates the

drought events that result in lower PINEC values (e.g.,

drought in 2016). Typically, the PINEC value represents

the probability of the concurrent hot drought event over

NEC in JA, and a lower value represents a stronger,

hotter drought event. Hence, the lowest value in 2016

suggests that NEC suffered the most severe hot drought

event during JA, also supporting the results fromFig. S1.

b. Anomalous atmospheric patterns for the hot

droughts over NEC

To document the atmospheric circulation patterns

relevant to hot drought events in NEC, regression maps

of the atmospheric circulation patterns in JA against

PINEC during 1960–2016 are illustrated in Fig. 3. To

facilitate comparisons in the following analyses, we

multiply 21 by PINEC in this case. Here, wind anom-

alies and water vapor transport that associated with

PINEC are first examined. Clearly, there is a significant

anomalous anticyclonic system located over northern

Asia from 200 (Fig. 3a) to 850hPa (Fig. 3b), along with

an apparent anomalous anticyclonic integrated water

vapor transport (WVT; integrated from the surface to

300 hPa) (Fig. 3c). These anticyclonic anomalies of wind

and WVT are unfavorable for the accumulation of

moisture, thus playing an essential role in the induction

of a precipitation deficiency over NEC. Furthermore,

there exists a well-organized tripole pattern of geo-

potential height at 500hPa with a significant positive

center over NEC and two negative centers to the

northwest and southeast (Fig. 3d), which well resembles

the positive POL pattern. Similar patterns are also found

at 200 and 850hPa (figures not shown), indicating a

quasi-barotropic effect. Therefore, the coherent positive

anomalous geopotential height center from 850 to 200hPa

favors high temperature, thus strengthening the severity

of the drought event over NEC. The regression results

FIG. 2. Time series of area-weighted anomalies over NEC in JA

relative to the climatology of 1981–2010 in (top) temperature,

(middle) precipitation, and (bottom) PINEC (spatially weighted,

averaged over 428–548N, 1108–1358E) concerning the joint survival

cumulative distribution of precipitation deficiency and high tem-

perature. The dotted lines represent the corresponding anomalous

levels in 2016.
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of vertical motions against PI indicate that drought over

NEC is accompanied by a significant, uniform down-

ward vertical motion over NEC (about 428–558N), along

with significant, uniform upward vertical motion over

eastern–southern China (about 208–308N). Clearly, the

downward motion favors adiabatic heating over NEC

(Fig. 3e).

For the severe hot drought event in 2016, the corre-

sponding atmospheric circulation anomalies (relative to

the climatology of 1981–2010) are shown in Fig. 4. Ob-

viously, the anomalous anticyclonic wind (Figs. 4a,b)

and WVT (Fig. 4c) centers are evident over northern

Asia, indicating the stronger-than-normal northerly flow

in NEC, opposite to the climatologically typical south-

westerly. Thus, less water vapor was transported to this

region, leading to precipitation deficiency in 2016. Fur-

thermore, the anomalous positive geopotential height

over northern Asia at 500 hPa (Fig. 4d) was also con-

sistent with the regression results in Fig. 3d, and the

anomalous descending motion over NEC (Fig. 4e) was

similar to the regression pattern in Fig. 3e, and both

phenomena contributed to the higher temperature over

NEC. These anomalous atmospheric circulations in

2016 were in good agreement with the regression results

FIG. 3. Regression maps of the circulations in JA with regard to PINEC during 1960–2016, based on detrended

and standardized series: (a) 200- and (b) 850-hPa wind, (c) integrated water vapor transport, (d) 500-hPa geo-

potential height, and (e) vertical–horizontal cross section averaged along 1158–1358E for vertical wind. Shading

from light to dark in (a)–(d) indicate the regression coefficient significant at the 90%, 95%, and 99% confidence

levels based on the Student’s t test. The color shading in (e) indicates vertical velocity v anomalies, and the dotted

regions indicate the regression coefficient significant at the 90% confidence level based on the Student’s t test. Here,

PINEC is multiplied by 21.
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against PI, and they created a favorable environment for

less precipitation and higher temperature over NEC.

Gao et al. (2017) suggested that the POL tele-

connections could influence atmospheric circulations

over the Eurasia, and the above analyses have implied

that the regressed geopotential height against PINEC

shows similarity to the positive POL pattern in summer.

Here, POL series that derived from NOAA are em-

ployed to investigate the temporal relationship between

PINEC and POL indices in the past decades. The in-

terannual variation of POL and PINEC are substantially

consistent, with strong negative correlation coefficient

of 20.51 for the standardized series and 20.37 for the

detrended series, both of which are significant at the

99% confidence level based on the Student’s t test.

Moreover, the anomalous POL value in JA 2016 was

one of the largest during 1960–2016 (Fig. S2 in the sup-

plemental material), corresponding to the synchronous

lowest PINEC value in 2016 (Fig. 2c). Figure 5 illustrates

regression maps of the atmospheric circulations during

JA in 1960–2016 against POL. Remarkably, the re-

gressed atmospheric circulations onto POL index are

reasonably similar to that of PINEC index. The presence

of the POL pattern is clearly proven by the regressed

geopotential height fields. As a result, the positive POL

pattern favors anomalous high geopotential height over

FIG. 4. The circulation anomalies during JA in 2016 (relative to the climatology of 1981–2010) for (a) 200- and

(b) 850-hPawind (m s21), (c) integratedwater vapor transport (kgm21 s21), (d) 500-hPa geopotential height (gpm),

and (e) vertical–horizontal cross section averaged along 1158–1358E for vertical wind. The color shading in

(e) indicates v anomalies (1023 Pa s21).
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North Asia (Fig. 5d), which further induces downward

motion (Fig. 5e) along with the anomalous northerly

flow (Figs. 5a–c) over NEC, thus inducing insuffi-

cient moisture concentration and high temperature.

Thus, positive POL pattern is closely connected to

drought-relevant atmospheric circulation anomalies,

and the stronger-than-normal POL index in 2016

(Fig. S2) was favorable for the occurrence of that se-

verest hot drought event.

c. Impacts of Barents Sea ice on the hot drought

occurrence over NEC

The atmospheric circulation anomalies have been

discussed for the hot drought events over NEC in the

previous sections. In the following, the possible causal

factors of these anomalous circulation patterns are

further investigated, which can improve our under-

standing of these types of events and provide valuable

information for their prediction.

Previous studies have indicated that there is a close

relationship between sea ice over the Barents Sea and

the climates across China (Wu et al. 1999; Petoukhov

and Semenov 2010; Inoue et al. 2012; Kim et al. 2014;

Fan et al. 2018; He et al. 2018). Thus, the relationship

between SIC and PINEC is first calculated. Figure 6

displays the time series of SICBS in March and PINEC

in JA from 1979 to 2016. SICBS and PINEC exhibit

obvious interannual variability during 1979–2016, and

their variations aremore in phase after 1996/97 (Fig. 6a).

The correlation coefficients between PINEC and SICBS

are 0.41 for the entire period, 20.1 during 1979–96, and

0.75 during 1997–2016. Correlations during the entire

FIG. 5. As in Fig. 3, but for the regression maps of atmospheric circulations with regard to the POL during JA.
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period and the later period are significant at the 99%

confidence level based on the Student’s t test, and the

correlation is even higher (0.82) during 1997–2016 when

the linear trend is removed. Figure 6b shows the 21-yr

sliding correlation coefficients between SICBS and

PINEC, and their correlation increases significantly af-

ter the mid-1990s. Besides, the correlations between

SICBS and SAT/precipitation over NEC are also given

in Fig. S3 of the supplemental material, showing that

both SAT and precipitation has very close relationship

with SICBS during 1997–2016. The correlation is 20.70

(0.69) for SAT (precipitation) and SICBS; both are

significant at the 99% confidence level based on the

Student’s t test.

Figures 7a and 7b show the regression maps of SIC in

March with regard to PINEC in JA for two periods,

respectivley. Clearly, SIC anomalies over the Barents

Sea exhibit a strong positive relationship with PINEC

during 1997–2016, whereas there is almost no significant

regression coefficient over the Barents Sea during 1979–

96. Similarly, we also focus on regression maps of the PI

in JA with regard to SICBS in March. During 1997–

2016, the PI over NEC is strongly correlated to SICBS,

accompanied with widespread positive regression co-

efficients over NEC that are significant at the 95%

confidence level based on the Student’s t test (Fig. 7d).

In contrast, only scattered positive coefficients appear in

some parts of NEC during 1979–96 (Fig. 7c).

The aforementioned results show that the occurrences

of hot droughts in JA over NEC might be linked to sea

ice melting in March over the Barents Sea. A question

would be thus raised as to how the SICBS in March

exerts influence on the following summer hot drought

events over NEC. Previous studies have suggested that

SIC has a close relationship with snow depth (Li and

Wang 2014) and snow cover (Fan et al. 2018), which can

further influence the climate in China (Wu and Kirtman

2007; Wu et al. 2014; Zhang et al. 2016). We therefore

focus on the regression maps of snow depth (SD) in

April with regard to SICBS in March and PINEC in JA

(Fig. 8). Clearly, snow depth over western Eurasia

(WEA: within 558–708N, 308–608E) is highly correlated

with SICBS in March (Fig. 8a), and this region also

presents a positive relationship with PINEC in JA

(Fig. 8b). In general, the reduction of SICBS in March

could excite stationary Rossby waves (Fan et al. 2018)

that would propagate southward and lead to anomalous

adiabatic heating over WEA (Wu et al. 2011). Then, the

warmer SAT over WEA in April (Fig. S4 in the sup-

plemental material) would increase the rate of melting,

leading to decreased snow depth over that region in

April, which might be further linked to hot droughts

over NEC according to Fig. 8b (the associated physical

mechanisms will be explained in the following).

Here, we define the SDWEA as the area-averaged

snow depth over WEA in April, and then calculate the

21-yr sliding correlation coefficients between SDWEA

and SICBS (PINEC; Fig. 8c). The correlation between

SDWEA and SICBS is very high during the entire pe-

riod, significant at the 99% confidence level based on the

Student’s t test. In contrast, the relationship between

SDWEA and PINEC was not obvious before the mid-

1990s, but it increased significantly around 1996/97,

which is consistent with the enhanced relationship be-

tween SICBS and PINEC after 1996/97. Time series of

SDWEA and PINEC during 1997–2014 are plotted in

Fig. 8d, with strong interannual relationship of 0.66 (0.71

for the detrended series) between them, significant at

the 99% confidence level. These findings indicate that

snow depth over WEA might play an important role

linking the SICBS in March to the PINEC in JA.

Generally, soil moisture is an important indicator for

drought events, which affects atmospheric circulations

through evaporation–precipitation feedbacks and energy

exchanges between the land and the atmosphere. Zhang

and Zuo (2011) indicated that the influence can last for

2–3 months, and they found that the spring soil from the

Yangtze River valley to northern China (YRNC: 308–

408N, 1058–1208E) is significantly correlated with the

FIG. 6. (a) Time series of PINEC in JA (red) and SICBS (spa-

tially weighted, averaged over 728–778N, 308–608E) inMarch (blue)

during 1979–2016 for standardized (solid lines) and detrended

series (dashed lines). (b) The 21-yr sliding correlation coefficient

between PINEC and SICBS, based on the detrended series. The

dashed (solid) horizontal lines represent correlations significant at

the 95% (99%) confidence level based on Student’s t-test.
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summer precipitation over NEC. The abnormally dry soil

over YRNC accounts for less evaporation, insufficient

specific humidity, and higher SAT. Then the higher SAT

over YRNC in May–June (MJ) is connected to less pre-

cipitation over NEC in JA by influencing EASM and

summer atmospheric circulations. In addition to these

persistent influences, Zhang and Zuo (2011) also found a

dominant role of summer soil moisture in regulating

summer precipitation and temperature overNEC. In fact,

the dry SMNEC in JA also provides favorable atmo-

spheric circulations for hot droughts over NEC in JA (see

Fig. S5 in the supplemental material), inducing higher

SAT (Fig. 9g), less precipitation (Fig. 9h), and hot

drought event (Fig. 9i).

Thus, we further explore whether SICBS in March

and SDWEA in April can influence soil moisture over

YRNC in spring or SMNEC in JA, which are further

linked to hot droughts over NEC in summer. Figure 10

shows the regression maps of soil moisture with respect

to SICBS and SDWEA, and we multiply 21 by SICBS

and SDWEA in this case. Clearly, the decrease of

SDWEA in April leads to dry soil condition (Fig. 10c)

over YRNC and over NEC in the following MJ, while

the decline of SICBS in March present less significance

than that of SDWEA (Fig. 10a). By contrast, both the

decline of SICBS inMarch and the decrease of SDWEA

inApril favor dry conditions overNEC in JA (Figs. 10b,d).

This result is consistent with Wu et al. (2014), whose work

indicated that less summer precipitation and dry soil

moisture over NEC correspond to less spring snow cover

over the western Eurasian after 1990s. Therefore, soil

moisture can serve as an important bridge linking SICBS/

SDWEA and summer hot droughts over NEC.

Previous studies have proposed that variations of

Arctic sea ice (Wu et al. 2013) and western snow cover

(Wu et al. 2014) have a close relationship to atmospheric

circulations in summer over Eurasia, and snow depth

can influence the thermal conditions of land surface and

atmospheric circulations by affecting albedo and hy-

drology (Barnett et al. 1989). The signal of the decreased

SICBS inMarch can persist from spring to summer, thus

resulting in decreased sea ice cover over the Barents–

Kara Seas in JA (Fig. S6a in the supplemental material).

Then the decreased SIC over the Barents–Kara Seas in

JA may excite Rossby waves (He et al. 2018), which

helps to form the POL-like pattern (Fig. S6b). Besides,

the decrease of SIC over the Barents–Kara Seas in JA is

accompanied with warm surface air temperature, which

FIG. 7. Regression maps of the sea ice concentration in March with regard to PINEC during (a) 1979–96

and (b) 1997–2016. The red box indicates the Barents Sea (728–778N, 308–608E). Regression maps of PI in JA with

regard to SICBS during (c) 1979–96 and (d) 1997–2016. Results are based on detrended and standardized series,

and the dotted regions represent regression coefficient significant at the 95% confidence level based on the Stu-

dent’s t test.
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favors upward motion and a cyclonic center over the

polar region (Fig. S6b). To examine how the SICBS and

SDWEA play important roles in the hot droughts over

NEC after 1996/97, we further regress the SICBS in

March and SDWEA in April and atmospheric circula-

tions in JA during 1997–2016 (Fig. 11). Similar to Fig. 3,

we also multiply21 by SICBS and SDWEA in this case.

Influenced by the decreased SICBS in March and

SDWEA in April, there is an anomalous cyclonic center

over polar region and an anomalous anticyclonic center

over NEC (Figs. 11c,d). As a result, the positive POL

pattern is evident, accompanied with a wavelike train

propagating from the Barents Sea and western Eurasia

to NEC. Besides, the anomalous anticyclonic wind

centers over NEC are identified (Figs. 11a,b,e,f), ac-

counting for the precipitation deficiencies over NEC. In

addition, uniform quasi-barotropic downward motion

(Figs. 11g,h) is also evident over NEC, resulting in adi-

abatic heating and hot events over that region. These

regression patterns are quite similar to Fig. 3 and the

regression results of PINEC during 1997–2016 (Fig. S7

in the supplemental material).

In addition to the influences of SICBS and SDWEA

on summer atmospheric circulations, the decrease of

SDWEA in April also shows a close relationship to the

anomalous northerly and westerly wind (Figs. S8a,b in

the supplemental material) as well as the anomalous

downward motion (Fig. S8c) over YRNC and NEC in

MJ. These anomalous atmospheric circulations in MJ

contribute to insufficient moisture accumulation and dry

soil over YRNC (Fig. 10c), which is further linked to less

precipitation over NEC in JA according to previous

studies.

Subsequently, the positive POL pattern in JA can

provide a favorable environment for summer hot

drought over NEC (Fig. 5), and it will be more severe

under the dry soil condition over NEC in JA. Results

indicate that the decline of SICBS in March and the

decreased SDWEA in April have close connections

to the positive POL pattern (Fig. 11) and dry soil

(Figs. 10b,d) over NEC in JA, which are further linked

to summer hot droughts over NEC. As demonstrated

in Fig. 9, all of these three factors (the decline of SICBS

inMarch, decreased SDWEA inApril, and dry SMNEC

FIG. 8. Regression maps of SD in April with regard to (a) SICBS in March and (b) PINEC in JA. The dotted

(hatched) regions represent positive (negative) correlations significant at the 90% confidence level based on the

Student’s t test. (c) The 21-yr sliding correlation coefficient between SDWEA (spatially weighted, averaged over

558–708N, 308–608E) and PI (blue line), as well as SDWEA and SICBS (red line). The results are based on the

detrended series during 1979–2014, and the dashed (solid) horizontal line represents correlations significant at the

95% (99%) confidence level based on the Student’s t test. (d) Time series of PI in JA (red) and SDWEA in April

(blue) during 1997–2014 for standardized results, and the value in the parentheses represents their corresponding

values for the detrended series.
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FIG. 9. Regression maps of (left) temperature, (middle) precipitation, and (right) PI in JA with regard to (a)–(c) SICBS in March,

(d)–(f) SDWEA in April, and (g)–(i) SMNEC (spatially weighted) in JA. The results are based on the detrended series during 1997–

2016, and the dotted regions indicate the regression coefficient significant at the 90% confidence level based on the Student’s t test.

Here, SICBS, SDWEA, and SMNEC are multiplied by 21.
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in JA) present significant influences on summer hot

droughts over NEC (Fig. 9c,f,i) accompanied with high

temperature (Fig. 9a,d,g) and less precipitation (Fig. 9b,e,h).

In addition to these direct influences of summer POL

pattern and summer soil moisture over NEC, soil mois-

ture over YRNC inMJ also serves as the linkage between

the SDWEA in April and the hot drought events over

NEC in JA.

d. Causality validation by large ensemble model

CESM-LE

The possible causality between the decreased SICBS in

March or SDWEA in April and hot droughts in JA over

NEC has been discussed in the above analyses. Here, the

large ensemble simulations from the CESM-LE model

are used to further explore whether these relationships

can be seen by the model. For convenient comparison

with observational and reanalysis results, all of the vari-

ables from CESM-LE spanning from 1997 to 2016 are

analyzed, with data during 1997–2005 from the historical

simulation and during 2006–16 from theRCP8.5 scenario.

We are wondering whether the relationship between

SICBS in March and hot droughts over NEC in JA

exists in the individual models of CESM-LE. Accom-

panied by the decreased SICBS in March, about two-

thirds of the 35 models present a positive temperature

center, negative precipitation center, and negative PI

center over NEC in JA (figures not shown). This result

suggests that most of the CESM-LE members can re-

produce the proposed relationship between SICBS and

hot droughts over NEC. To reduce uncertainty from the

internal variability, we select the lowest and highest five

years for each member and construct the composite

maps based on all available members.

First, the composite differences of SIC in March

between five low and five high SICBS years during 1997–

2016 are investigated based on 35 ensembles of CESM-LE

(Fig. 12a). There is about a 10% decline of SIC over the

Barents Sea in low years in comparison to high SICBS

years. Then the decline of SIC in March favors de-

creased snow depth over WEA in April (Fig. 12b),

which is in good accordance with the observed results

(Fig. 8a). Similarly, the possible links between SICBS

in March or SDWEA in April and SMNEC in JA are

also well reproduced by the model. As seen in Figs. 12c,d,

the decline of SICBS inMarch and decreased SDWEA in

April would result in dry soil over NEC in JA, well re-

sembling the observed results (Figs. 10b,d). Besides, the

decreased SDWEA in April also favors dry soil over

YRNC in MJ.

In terms of the corresponding atmospheric circula-

tions with regard to SICBS in March and SDWEA in

FIG. 10. Regression maps of soil moisture in (a),(c) MJ and (b),(d) JA during 1997–2016 with regard to (top)

SICBS in March and (bottom) SDWEA in April. The results are based on detrended and standardized series, and

the dotted regions indicate the regression coefficient significant at the 90% confidence level based on the Student’s t

test. Here, SICBS and SDWEA are multiplied by 21.
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FIG. 11. Regression maps of the circulations in JA with regard to (left) SICBS in March and (right) SDWEA in

April during 1997–2016: (a),(b) 200-hPa wind, (c),(d) 500-hPa geopotential height, (e),(f) 850-hPa wind, and

(g),(h) vertical–horizontal cross section averaged along 1158–1358E for vertical wind. Results are based on

detrended and standardized series. Shading from light to dark in (a)–(f) indicate the regression coefficient

significant at the 90%, 95%, and 99% confidence levels based on the Student’s t test. The color shading in

(g),(h) indicate v anomalies, and the dotted regions indicate the regression coefficient significant at the 90%

confidence level based on the Student’s t test. Here, SICBS and SDWEA are multiplied by 21.
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April, Fig. 13 shows the composite differences for wind

at 200 and 850 hPa, respectively. Generally, decreased

SDWEA in April results in anomalous northerly wind

over NEC and YRNC (Figs. 13a,b) in MJ, thus

inducing insufficient moisture concentration over

YRNC, which shows much similarity to that from

Fig. S8. Similar to Fig. 11, results from CESM-LE in-

dicate that the decreased SICBS in March and de-

creased SDWEA in April also account for the positive

POL patterns (figures not shown) in JA. The anoma-

lous positive POL pattern favors a wavelike train

propagating from the Barents Sea to WEA and onto

NEC, thus leading to anomalous northeasterly wind at

200 hPa (Figs. 13c,e) and anticyclonic center at 850 hPa

(Figs. 13d,f) over NEC. These anomalous atmospheric

circulations from MJ to JA contribute to the dry soil

over YRNC in MJ and the dry soil over NEC in JA

(Figs. 12c,d). Influenced by the dry soil moisture con-

dition and the anomalous atmospheric circulations, we

also witness the occurrence of hot droughts (Fig. S9c in

the supplemental material) over NEC in JA, accom-

panied with high SAT (Fig. S9a) and low precipitation

(Fig. S9b). Consistent with the observed results, the

linkages between the decline of SICBS in March or

decreased SDWEA in April and the hot droughts over

NEC in JA also exist in CESM-LE. Meanwhile, the

corresponding physical mechanisms concerning the

modulation of POL pattern and soil moisture are also

well verified by models. Since results from CESM-LE

capture major features and general physical processes,

the decreased Barents Sea ice in March might have

been one of the contributing drivers for summer hot

droughts over NEC.

e. Validation by sensitivity experiments of CAM4

To provide more robust evidence for the relationship

between SICBS in March and hot droughts over NEC,

we also conduct numerical experiments to examine the

proposed physical processes. Here, we use the Com-

munity Atmosphere Model, version 4 (CAM4), to carry

out two numerical experiments, including a control ex-

periment and a sensitivity experiment. The CAM4 has a

finite volume grid of 1.98 3 2.58 with 26 hybrid sigma–

pressure levels. In the control run, the climatological

FIG. 12. Composite differences of (a) SIC inMarch between five low and high SICBS years during 1997–2016 (%)

and (b) SD in April between five low and high SICBS years during 1997–2016 (mm). Composite differences of soil

moisture in JA between five low and high years of (c) SICBS and (d) SDWEA during 1997–2016 (mm3mm23).

Results are based on 35 ensembles of CESM-LE, and the dotted regions indicate the composite differences are

significant at the 90% confidence level based on the Student’s t test.
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monthly means of SST and SIC during 1981–2010 are

prescribed as the boundary condition, and the other

external variables are fixed. In the sensitivity run, the

boundary condition of SIC in March is set as the

boundary condition in the control run plus the anoma-

lous lowest SIC in March during 1986–2015 and other

months are prescribed as the climatological condition,

and the boundary condition of SST is set to 21.88C

where SIC 5 0. The control run and sensitivity run are

both repeated 40 times, with slight disturbance in initial

conditions, integrated from 1March to 31 August. Then

we use the differences between sensitivity experiments

and control runs to find the lagged responses to the de-

creased SICBS in March.

Figure 14 displays the simulated differences between

the sensitivity and control experiments with regard to

the decrease of SICBS in March based on 40 ensembles

of CAM4. To show consistency of different ensembles,

we dotted areas where more than 50% of the 40

ensembles share the same sign as the multimodel en-

semble mean (MME). The key regions with high con-

sistency are also significant based on the Student’s t test

(see Fig. S10 in the supplemental material). Generally,

the decrease of SICBS in March (Fig. 14a) will result in

the decline of snow depth over western Eurasia in April

(Fig. 14b). It further leads to dry soil over from the

Yangtze River valley to northern China in MJ

(Fig. 14c) and dry soil over NEC in JA (Fig. 14d).

Accompanied with these responses, the lagged

responses in atmospheric circulation anomalies are

also evident. For example, the geopotential height at

500 hPa is characterized by a positive POL pattern

(Fig. 14e), and there is an anomalous anticyclonic

center over NEC at 850 hPa (Fig. 14f), which provides

an unfavorable environment for moisture accumula-

tion over NEC. Because of the combined influences,

warm temperature (Fig. S11a) and less precipitation

(Fig. S11b) prevail over most regions of NEC in JA. All

FIG. 13. Composite differences of (a) 200- and (b) 850-hPa wind (m s21) in MJ between five low and high

SDWEA years during 1997–2016. (c),(d) As in (a),(b), but for the differences in JA between low and high SICBS

years. (e),(f) As in (c),(d), but for the differences in JA between low and high SDWEA years. Results are based on

35 ensembles of CESM-LE.
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of these responses well resemble the observations and

CESM-LE, further verifying the proposed linkages.

5. Discussion and conclusions

In this study, we identified the most severe hot

drought event over NEC, which occurred in 2016, and

we explored its prominent features and possible

mechanisms using the multivariate survival method. A

hot drought event over NEC is characterized by a

positive POL pattern, which is accompanied by an

anomalous anticyclonic wind center, a positive geo-

potential height anomaly, and an obvious descending

motion centered over NEC, resulting in less mois-

ture accumulation and high temperature. Clearly, the

anomalous atmospheric circulation patterns in 2016

were quite similar to the regressed patterns onto

PINEC, which provided a beneficial background for

FIG. 14. The composite differences of (a) sea ice concentration inMarch (%), (b) SD inApril (units: mm), (c) soil

moisture in MJ (mm3mm23), (d) soil moisture in JA (mm3mm23), (e) geopotential height at 500 hPa in JA (gpm),

and (f) 850-hPa wind (m s21) in JA between the sensitivity and control experiments based on 40 ensembles of

CAM4. The black dotted areas in (b)–(e) and the red arrows in (f) indicate that more than 50% of the 40 ensembles

share the same sign as the MME.
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the occurrence of the hot drought event over NEC in

that year.

Results indicate that the SICBS inMarch can partially

regulate summer hot droughts over NEC after 1997, and

the associated possible physical mechanisms are illus-

trated in Fig. 15. Clearly, the SIC decline over the

Barents Sea inMarch can influence anomalous adiabatic

heating over WEA, thus leading to decline of snow

depth in April (Fig. 8a). On the one hand, the decrease

of SDWEA might exert influence on atmospheric cir-

culations (Fig. S8) and result in dry soil conditions over

YRNC inMJ (Fig. 10c), further leading to the deficiency

of precipitation over NEC in JA (Zhang and Zuo 2011).

On the other hand, the decline of SICBS in March and

SDWEA in April affects the atmospheric circulations in

JA, inducing anomalous positive POL pattern in sum-

mer (Fig. 11). The anomalous positive POL pattern is

accompanied with a wavelike train propagating from the

Barents Sea and western Eurasia to NEC (Fig. 11),

which favors northerly wind (Figs. 11a,c), anticyclonic

geopotential center (Figs. 11c–f), and downward motion

(Figs. 11g,h) over NEC, thus leading to drier soil

(Figs. 10b,d), higher SAT (Figs. 9a,d,g), and insufficient

moisture concentration (Figs. 9b,e,h) over NEC, which

can finally influence hot drought events over the region

(Figs. 9c,f,i). All of these physical processes have been

well confirmed by the large ensemble simulations of the

model of CESM-LE and the numerical experiments that

based on CAM4.

However, it is worth noting that SICBS inMarch is not

the only factor to influence hot drought events over

NEC. Generally, other factors such as the EASM (Sun

et al. 2007, 2017), NAO (Sun and Wang 2012), ENSO

events (Sun et al. 2004; Dai 2013; X. Li et al. 2015), and

so on could also exert influence on interannual varia-

tions of precipitation and temperature over NEC.

Therefore, the variability in SICBS in March might be

one of the potential predictors for the summer hot

drought occurrences over NEC. Snow depth and soil

moisture generally serve as the linking bridges between

SICBS in April and PINEC in JA. In addition, the SIC

over the Barents Sea in 2016 was the second lowest year,

which also supports our conclusion.

In this study, an increased interannual relationship

between SICBS and PINEC is observed after 1996/97,

accompanied by an enhanced relationship between

SDWEA and PINEC. Hot droughts over NEC also ex-

perienced an interdecadal increase in the mid-1990s,

resembling the shift of the Atlantic multidecadal oscil-

lation (AMO) variations (Sutton and Dong 2012).

FIG. 15. Schematic diagram illustrating the mechanisms for hot droughts during JA over NEC.
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Previous studies have indicated that SIC is in-

trinsically linked to the AMO (Miles et al. 2014), and

evidence indicates that the positive AMO since the

1990s might have caused rapid warming over the

North Atlantic, bringing warm water to the Barents

Sea and contributing to SIC decline (Day et al. 2012;

Fan et al. 2018). Based on these arguments, Screen

(2013) has suggested that changes in AMO, sea ice,

and precipitation over northern Europe could be

interconnected, a theory that shares the common

features with this research. In addition, Qian et al.

(2014) verified the increasing influence of the AMOon

the decadal variations in summer droughts in eastern

China. We also find that the decadal variations in the

AMO and PI over NEC are highly correlated, with a

correlation coefficient of 20.996. Furthermore, the

correlation coefficient between the AMO and SICBS

is 20.703 and is 0.749 between SICBS and PI. We also

noticed that the interdecadal variations of the AMO,

PI, and SICBS that occurred around 1996/97 corre-

spond well to the abrupt decrease of PINEC and its

enhanced relationship with SICBS. Therefore, the

shift of the AMO that occurred in the 1990s might

partially account for the increased relationship be-

tween SICBS and PINEC after 1996/97. Further ana-

lyses relating to these decadal shifts are still needed

and will be the focus of future research.

Additionally, in the near future (corresponding to

the positive AMO phase), results suggest that a re-

lationship between SICBS and hot droughts might also

exist. The decreased SICBS in March will result in

decline of snow depth over the western Eurasia in

April, accompanied with soil reduction averaged over

NEC in JA. Besides, there will be anomalous northerly

wind at 850 hPa and an anomalous anticyclonic center

at 200 hPa over NEC in JA, which is unfavorable for

moisture accumulation. Influenced by these anomalies

in atmosphere and soil moisture, we will witness high

temperature and low precipitation over NEC, thus

leading to hot droughts over this region (figures not

shown). Consequently, the Barents Sea ice decline in

spring might also enhance summer hot droughts over

NEC in the future, and variations of SICBS in March

might be a potential predictor for the summer hot

drought occurrences over NEC.
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