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ABSTRACT: Previous studies detected significant negative correlations between the nonuniform land surface warming

and the decadal weakened activities of the summer extratropical cyclones (ECs) over East Asia and the East Asian summer

monsoon (EASM) after the early 1990s. Here such relationships are further examined and the possible mechanisms are

explored via numerical sensitivity experiments with a regional climate model (RegCM4.5). The positive/negative sensible

heat flux (SH) anomalies were added as a forcing to a key region near 508N of East Asia in RegCM4.5 to simulate the

observed ground surface temperature (GST) anomalies. The model results suggest that the nonuniform land surface

warming over the Lake Baikal area (508–608N, 908–1208E) can indeed cause the weakening of the extratropical cyclogenesis

and affect the decadal weakening of the EASM. Warm (cold) GST forcing over the key GST region can lead to decreasing

(increasing) atmospheric baroclinicity and related energy conversion of the EC activity over the key EC region (408–508N,

908–1208E), resulting in an evidently weakening (enhancing) of the ECs over East Asia. Meanwhile, precipitation shows a

dipole pattern with significantly suppressed (enhanced) precipitation in northern and northeastern China, and slightly

enhanced (suppressed) rainfall south of 408N of East Asia, mainly over the East China Sea. Lake Baikal and its adjacent

areas are occupied by a strong anticyclonic (cyclonic) circulation while the southeast coastal areas of China have a relatively

weak cyclonic (anticyclonic) circulation accompanied with an anomalous northeasterly (southwesterly) wind to the

southeast of the anticyclonic circulation, which is opposite to (coincident with) the atmospheric circulation anomalies that

are associated with the second mode of the EASM.
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1. Introduction

In the context of global warming, the land surface warming

rate exhibits significant geographic nonuniformity (Hansen

et al. 2006, 2010; Zhou et al. 2015, 2016). The significant

warming trend and the rapid decadal summer warming over

the Eurasian continent have received much attention (Sutton

and Dong 2012; Stainforth et al. 2013; Dong et al. 2017).

Previous studies detected a nonuniform spatial pattern of

summer land surface warming around the mid-1990s over the

Eurasian continent, with a predominant amplified warming

over Europe–West Asia and Northeast Asia (Chen and Lu

2014; Dong et al. 2016; Chen et al. 2017b; Hong et al. 2017).

This regional warming feature has been explored in recent

studies (Zhu et al. 2012; Han et al. 2016).

Since the Eurasian continent is the largest continent in the

world, with complex terrain and diverse underlying surface

conditions, the land surface thermal anomalies over different

regions of Eurasia are expected to have nonnegligible impacts

on both the atmospheric general circulation and climate via

land–atmosphere interactions (Vernekar et al. 1995; Dong and

Valdes 1998; Dash et al. 2006). For instance, Chen et al. (2016)

investigated the interannual variations of summer surface air

temperature over Northeast Asia (NEA) and its associated

circulation anomalies. They obtained two leading modes by

EOF analysis: 1) a homogeneous temperature anomaly over

NEA centered over Northeast China, which is called the NEA

mode, and 2) a seesaw pattern showing a contrasting distri-

bution between East Asia and north of this region, which is

named the East Asia (EA) mode. Their results indicated that

abnormal summer surface air temperature over NEA has sig-

nificant impacts on the upper-tropospheric westerly jet, and

also that the NEA mode is associated with the Eurasian tele-

connection pattern, whereas the EA mode is associated with

the East Asia–Pacific/Pacific–Japan pattern. Lin et al. (2018)

found a close relationship between the surface air temperature

in the Russian Far East area and the northern flank of the East

Asian upper-tropospheric westerly jet (EAJ), which could be

explained by a positive feedback mechanism between the

surface air temperature in the Russian Far East area and the

overhead circulation: when the surface air temperature in

the Russian Far East area is warmer than usual, there is a local
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anticyclonic circulation anomaly in the upper troposphere that

will decelerate the westerly in the northern flank of the EAJ,

and the anticyclonic circulation anomaly related to the weak-

ened westerly in the northern flank of the EAJ can in turn

induce a warmer surface. Yan et al. (2019) evaluated the sim-

ulations of the meridional displacement of the EAJ, which is

the dominant interannual variation mode of the EAJ in ob-

servations, using 34 CMIP5 CGCMs. Their study proved the

interannual relationship between the EAJ meridional dis-

placement and East Asian summer rainfall, which is recog-

nized as the main linkage between extratropical circulation

anomalies and East Asian summer rainfall in observations. In

addition, the warming of Eurasia could also play a role in

shaping the monsoon and thereby causing drought in northern

China. J. Zhang et al. (2019) identified the linkage of Eurasian

warming with extreme summertime droughts in northern

China, related to both monsoon circulation and westerly cir-

culation. Their study pointed out that increasing Eurasian

heating contributes to the enhancing Eurasian teleconnection

pattern (EU) and Silk Road pattern (SRP): positive anomalies

of the EU and SRP patterns lead to coincident anticyclone

anomalies and an enhanced ridge around Lake Baikal and

northern China, which finally result in downward motion and

divergence and are responsible for the extreme summertime

droughts in northern China.

Extratropical cyclones (ECs) are large, mid- to high-latitude,

low pressure vortices with strong baroclinicity that are closely

related to the large-scale circulation in the Southern and

NorthernHemispheres. The anomalous activity of ECs has been

extensively studied for decades. A number of studies docu-

mented evident changes in the frequency and other statistics of

the cyclone during recent decades. Analyses of Northern

Hemisphere cyclones showed secular and decadal-scale changes

in cyclone frequency, intensity, lifetime, and deepening rates to

various extents (Gulev et al. 2001). Wang et al. (2006) defined

strong cyclones as cycloneswith intensity of 153 1025 hPa km22

or greater, and showed a significant increasing trend in January–

March (JFM) strong-cyclone activity over the high-latitude

North Atlantic and over the midlatitude North Pacific, with a

significant decreasing trend over the midlatitude North Atlantic

and a small increasing trend over northern Europe. McCabe

et al. (2001) indicated a statistically significant decrease in

midlatitude cyclone frequency and a significant increase in

high-latitude cyclone frequency. Their study supported the

hypothesis that global warming may result in a northward shift

of storm tracks in theNorthernHemisphere.Wang et al. (2009)

proved that the dipole structure of EC changes, with increases

in the north and decreases in the southern part of northern East

Asia, is related to the northward movement of the baroclinic

frontal zone on either side of 1108E.
In theNorthernHemisphere, the main cyclone activity occurs

primarily over the North Atlantic and the North Pacific, and

secondarily over the Asian continent and the Mediterranean

region (Ulbrich et al. 2009). Nevertheless, a series of recent

studies focus on the EC activity over East Asia. Wang et al.

(2009) revealed that EC activity has displayed clear seasonal,

interannual, and decadal variability in northern East Asia and

the frequency of ECs has increased in the high latitudes

(especially 408–508N) of East Asia, which is opposite to the

lower latitudes during the period 1958–2001. This north–south

dipole structure of trends in East Asian summer EC is also

obvious in the more recent analysis of Rudeva and Simmonds

(2015). Other studies (Wu et al. 2010) also noted that the fre-

quency of the EC activity evidently decreased after the early

1990s. For a long time, much effort has been made to explain

the anomalous activity of ECs and its decadal change.

H. Zhang et al. (2019) detected a significant interdecadal in-

crease in the seasonal mean Mongolian sea level pressure

(MSLP) around the early 1990s, which was accompanied by a

weakening in the activity of regional ECs, and suggested that

the inhomogeneous air temperature anomaly distribution may

be responsible for it. Since atmospheric baroclinicity, which

has long been regarded as a main triggering mechanism of the

midlatitude synoptic-scale weather system, is closely related to

the meridional temperature gradient (Simmons and Hoskins

1978; Hoskins and Valdes 1990; Lim and Simmonds 2002, 2007),

the effect of the land surface warming nonuniformity to the EC

activity is supported by a number of observation-based analyses.

Chen et al. (2017b) pointed out that there is a close linkage

between the weakening of the midlatitude summer cyclonic

activity over East Asia after the early 1990s and the decadal

variation of East Asian summer monsoon (EASM). When the

midlatitude summer cyclone activity over East Asia is strong

(weak), EASM tends to be intensified (weakened). Chen et al.

(2017b) conjectured that significant warming to the west of

Mongolia tends to weaken the north–south temperature gradi-

ent and the atmospheric baroclinicity to its south and thus leads

to weakening of the midlatitude cyclone activity over East Asia.

In a more recent study, Chen et al. (2019) investigated the im-

pact of nonuniform land surface warming on the summer

anomalous ECactivity overEastAsia and further explored their

negative correlation and possible physical mechanisms.

Althoughmany studies have showed that the surfacewarming

nonuniformity did play an important role in affecting the

anomalous EC activity, they were based on empirical statistical

methods, which cannot tell the causality and the underlying

mechanism, and thus should be corroborated by numerical

model experiments, which can better quantify and separate

various relevant physical processes. With this in mind, as a se-

quel toChen et al. (2017b) andChen et al. (2019), here we aim to

explore numerically the mechanism for the role played by the

land surface thermal anomaly in affecting the summer variation

of EC activity over themidlatitude of EastAsia andEASM. The

structure of this paper is as follows: section 2 describes the data

and model used in this study. The results of model sensitivity

experiments are presented in section 3, followed by conclusions

and discussion in section 4.

2. Data and methods

a. Observation and reanalysis data and methods

The reanalysis data used in this study are from the European

Centre for Medium-Range Weather Forecasts interim re-

analysis (ERA-Interim; Dee et al. 2011; http://apps.ecmwf.int/

datasets/) data and the 6-hourly NCEP Reanalysis 2 data
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provided by the National Centers for Environmental Prediction–

Department of Energy (NCEP–DOE; Kanamitsu et al. 2002;

https://psl.noaa.gov/), with a horizontal resolution of 1.58 3 1.58
(ERA-Interim) and 2.58 3 2.58 (NCEP–DOE), including topog-

raphy and the monthly mean fields of geopotential height, hori-

zontal wind and 6-h daily sea surface pressure. Themonthlymean

temperature data used include the land skin temperature from

ERA-Interim, and the near-surface temperature (version 4.03)

from the Climatic Research Unit (CRU), University of East

Anglia, United Kingdom (Harris et al. 2014). The monthly mean

precipitation data are the GPCC Full Data Monthly Product

version 2018 (GPCC; Schneider et al. 2018) and the CRU TS4.03

dataset. The spatial resolution is 0.58 3 0.58 for the CRU data and

0.258 3 0.258 for theGPCC data, and the time period investigated

is 36 years (1982–2017) for CRU and 35 years (1982–2016) for

GPCC. The monthly mean soil moisture, surface sensible heat

flux and surface latent heat flux data are from the NCEP–NCAR

reanalysis project (NCEP–NCAR1; Kalnay et al. 1996; https://

psl.noaa.gov/), the NCEP–DOE Reanalysis 2 data (NCEP–

DOE), theModern-EraRetrospective Analysis for Research and

Applications version 2 (MERRA-2; Gelaro et al. 2017), and the

Global Land Data Assimilation System Noah land surface model

dataset version 1 (GLDAS-1; Rodell et al. 2004). The time period

investigated is 39 years (1979–2017) for NCEP–NCAR1, NCEP–

DOE, GLDAS-1, and 38 years (1980–2017) for MERRA-2.

The objective identification and tracking algorithm used to

track cyclones was proposed by Murray and Simmonds

(1991a,b) and refined by Simmonds andMurray (1999), which

has been widely used in the research of extratropical cyclone

(Lim and Simmonds 2007; Pezza et al. 2012). The definition of

cyclogenesis frequency was given by Chen et al. (2017b),

which refers to the number of cyclones generated in each

1.58 3 1.58 grid box.

The maximum covariance analysis (MCA) for July ECs and

GST is performed to confirm the negative correlation between

EC activity and GST in the summer season. The trend and

mean of the time series of July ECs and GST during 1979–2017

are removed before performing the MCA. The time series was

standardized via dividing it by its standard deviation first, fol-

lowed by theMCA. For example,MCA1 for July ECs andGST

is shown in Fig. 1, which explains about 40.3% of the covari-

ance. Here we locate two key regions of interest based on

MCA1: 1) the key region of GST anomaly (508–608N, 908–
1208E, delineated by the solid rectangle in Fig. 3), where the

GST anomaly affects the anomalous EC activity most in the

midlatitude of East Asia, referred to as the key GST region,

and 2) the key region of EC activity (408–508N, 908–1208E),
which shows the maximum frequency and significant variabil-

ity of EC activity (figure not shown), referred to as the key EC

region. The MCA for July ECs and GST before detrending

supports a similar conclusion (figure not shown), implying that

GST over the key GST region is closely related to the EC ac-

tivity over the key EC region. Figure 1d shows the normalized

time series of regional averaged summer mean and July GST

over the key GST region, and ECs over the key EC region. For

visual clarity the normalized time series of regional averaged of

summer mean (JJA) and July GST of the key GST region in

Fig. 1d are multiplied by 21. The correlation coefficients

between July ECs activity and GST are 20.57, and 20.59 for

the summer mean. Both pass the t test at the 0.05 confidence

level. The significant correlations remain after the linear trend

are removed from the data, with the correlation coefficients

being 20.46 and 20.38 for July and the summer mean, re-

spectively. The consistent variations among them and their

correlation coefficients confirmed the negative correlation

between EC activity and GST for both summer mean and July,

and July can well represent the situation in the summer season.

We further performed an EOF analysis on July GST and SH

before and after removing the linear trends. Figures 1e and 1g

show the spatial distribution of the first EOFmode of GST and

SH over East Asia before detrending, and there is a distinct

center of positive anomalies for both GST and SH in the

midlatitude of East Asia. The principal component (PC1) of

GST and SH before detrending both show a clear decadal

change after the early 1990s. The correlation coefficients be-

tween the PC1 of July GST and SH is 0.67 that passes the t test

at the 0.05 confidence level. The EOF analysis of the detrended

GST and SH shows the same spatial pattern with positive

anomalies over the midlatitude of East Asia (figure not

shown), and the correlation coefficients between the PC1 of

detrended July GST and SH is 0.63, which also passes the t test

at the 0.05 confidence level. In addition, we also performed an

EOF analysis on July ECs and then calculated its PC1 correla-

tion coefficients with the PC1 of SH and GST. The correlation

coefficients between the PC1 of July ECs and SH are 20.35

and20.42 before and after removing the linear trends. The PC1

of ECs and GST also shows significant correlations with the

correlation coefficients being20.43 and 20.47 before and after

removing the linear trends. All the correlation coefficients

mentioned above passed the t test at the 0.05 confidence level

and confirmed the negative correlation between SH, GST, and

EC activity. The consistent variations and significant correlation

before and after removing the linear trends indicate a close

linkage between ECs, GST, and SH, and the analyses above

indicates the robustness of this link.

Before the numerical experiments, we have checked the

land surface parameters (e.g., soil moisture, surface albedo,

and NDVI) that may potentially affect theGST in the keyGST

region and found that there is a significant positive correlation

between the spring soil moisture in western Siberia to the Lake

Baikal area and the summer GST anomalies in the key GST

region; also, the soil moisture has a good memory that can sus-

tain to summer. Besides the nonlocal effects, the local land

surface thermal conditions also play an important role. Figure 2

shows the spatial distribution of the linear trend of summer soil

moisture, surface sensible heat flux, and surface latent heat flux

over the East Asia in four reanalyses. The four datasets reflect

consistent characteristics of the variations in the soil moisture,

surface sensible heat flux, and surface latent heat flux. Both the

soil moisture and surface latent heat flux are evidently de-

creasing. There is an obvious increasing trend in the surface

sensible heat flux over East Asia for the period 1979–2017.

Figure 2 shows that drier soil with reduced latent heat and in-

tensified sensible heat may lead to the land surface warming in

the midlatitudes of East Asia. The role of local atmospheric

forcing and land–atmosphere interaction responsible for recent

15 DECEMBER 2020 ZHANG ET AL . 10471

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/33/24/10469/5016618/jclid200088.pdf by guest on 30 N
ovem

ber 2020

https://psl.noaa.gov/
https://psl.noaa.gov/
https://psl.noaa.gov/


FIG. 1. MCA over midlatitude region of East Asia with the detrended data. (a),(c) Heterogeneous correlation

coefficient of MCA1 for July cyclogenesis frequency over the key EC region and GST over the key GST region,

respectively. The black dots in (a) and (c) indicate correlation coefficients are statistically significant at the 0.05

level. (b) PC1 of MCA during 1979–2017 for July cyclogenesis frequency (blue line) and GST (red line).

(d) Normalized time series of regional averaged of summer mean (JJA) and July GST of the key GST region, and

ECs over the key EC region. Also shown are the EOFs over the midlatitude region of East Asia with the original

data: the (e),(g) spatial pattern and (f),(h) normalized time series of the first EOFmode (PC1) of July GST and SH.

For visual clarity the normalized time series of regional averaged of summer mean (JJA) and July GST of the key

GST region in Fig. 1d are multiplied by 21.
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summer land surface warming over East Asia and the possible

mechanisms have been proved by our previous work (Chen

et al. 2020).

b. Model and experiments

To further explore the relationship between GST and EC

activity, a numerical case study was carried out using the

RegCM4.5 (http://gforge.ictp.it). RegCM4.5 is based on the

NCAR MM5 mesoscale model with two dynamical cores:

hydrostatic and nonhydrostatic (Giorgi et al. 2016). The hy-

drostatic core of the model has been extensively used to study

the climate of East Asia and other regions with in general

satisfactory simulation capability (Yang et al. 2018; Zhou et al.

2018; Juneng et al. 2016; Kong et al. 2019). Although the

nonhydrostatic core allows for simulations at higher horizontal

resolutions for the order of a few kilometers less than 15 km

(Giorgi et al. 2016; Elguindi et al. 2014), the hydrostatic core is

cheaper computationally and shows better performance of

FIG. 2. Linear trend of summer mean (JJA) (left) surface soil moisture (m3m23 decade21), (center) surface sensible heat flux

(Wm22 decade21), and (right) surface latent heat flux (Wm22 decade21) for the period 1979–2017 of (a)–(c) NCEP–NCAR1, (d)–(f)

NCEP–DOE, and (j)–(l) GLDAS-1, and (g)–(i) the period 1980–2017 of MERRA-2. The black dots indicate the anomalies are statis-

tically significant at the 0.05 level.
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precipitation simulation in many recent studies (Adeniyi 2019;

Pongracz et al. 2018). Considering the purpose of simulating

the large-scale climate response and the computational cost,

the hydrostatic dynamical core is used in the model dynamic

framework. The model domain, which includes a large part of

the middle latitudes of East Asia, is shown in Fig. 3a. Briefly,

RegCM4.5 is configured with 1) the Lambert projection with

the reference parallels at 308 and 608N, 2) a resolution of 50 km

in the horizontal, 3) 18 vertical sigma-levels, 4) the cumulus

convection scheme of Emanuel (1991), and 5) the planetary

boundary layer scheme of Holtslag et al. (1990). It is driven by

the 6-hourly reanalysis of the NCEP–DOE and NOAA

(National Oceanic and Atmospheric Administration) weekly

Optimum Interpolation Sea Surface Temperature (OISST) anal-

ysis version 2 (Reynolds et al. 2002; https://www.esrl.noaa.gov/psd/)

during 1 June to 31August for the period of 1982–2017. Themodel

results at 18 sigma levels are saved at 6-hourly interval and inter-

polated to 17 pressure levels for analysis. The main physical

FIG. 3. (a) Topography in the model area (shaded; m). The area surrounded by black solid

line is the key GST region (508–608N, 908–1208E) for the experiments of SH6 20, SH6 40, and

SH 6 80. The forcing was gradually diminished from the inner boundary (dashed line) to the

outer boundary (solid line) of the key GST region. (b) Taylor diagram for pattern statistics of

cyclogenesis, ground surface temperature (GST), air temperature at 775 hPa (T775), geo-

potential height at 300, 500, and 775 hPa (GPH300, GPH500, and GPH775), zonal wind at 300

and 500 hPa (U300 and U500), and precipitation. The pattern statistics are calculated between

the model results of CTL, ERA-Interim reanalysis, and GPCC data.
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process parameterization schemes and geolocation information

used in the model configuration are summarized in Table 1.

In the present study, the Community Land Model (CLM)

version 4.5, developed by the National Center for Atmospheric

Research (Oleson et al. 2013), is used in the RegCM4.5 to

represent land surface processes. Since GST is of great im-

portance in the surface energy balance and can be affected by

the sensible heat, we designed three groups of experiments

during 1982–2017, without and with an anomalous forcing in

the key GST region, in order to explore the effects of July GST

anomalies. The first is the control run (CTL), which has no

anomalous forcing applied in the key GST region. The next two

are model sensitivity experiments with increases and decreases in

sensible heat to emulate the land surface thermal anomalies. An

anomalous forcing of up to620,640, and680Wm22 is added to

the total sensible heat flux to the atmosphere over the key GST

region at each time step in the model run of July in three subset

experiments, which are referred to as SH6 20, SH6 40, andSH6
80, respectively. The forcing is620,640, and680Wm22 over the

central area (548–568N, 1028–1088E, delineated by the dashed

rectangle in Fig. 3a), gradually decreased outward, and reached

64, 68, and 616Wm22 at the outermost areas within the key

GST region. The regional average SH forcing added to the three

subset experiments over the keyGST region are about69.05,618.10,

and636.19Wm22 in the experiments of SH6 20, SH6 40, and

SH 6 80, respectively. After the forcing is added, the changed

ground surface heat flux will affect the surface processes to

maintain the energy balance and then adjust the GST, which

can generally produce the observed land surface temperature

anomalies. The magnitude of SH forcing applied is hypo-

thetical but can highlight the impacts of GST anomalies and

increase the signal-to-noise ratio, which is often small to bi-

ogeophysical effects of land surface disturbances in climate

models. In each subset experiment, 36 runs are performed

during 1982–2017, and every run is integrated from 1 June to

31 August in each year. The SH forcing is only added in July

in each run of the sensitivity experiments, and the first month

of the integration is considered as spinup.

The model results are interpolated into 1.58 3 1.58 horizontal
resolution. The subsets of the sensitivity experiments share the same

boundary conditions for the period 1982–2017. All the anomalies of

simulated variables in July are obtained by composing the differ-

ences between the sensitivity experiments SH6 20, SH 6 40, and

SH 6 80. For example, the SH-20’s cyclogenesis frequency is first

subtracted from the results of SH 1 20 to obtain the cyclone

anomalies with a sample size of 36, and the average of the 36-yr

differences is then calculated for analysis. Student’s t test with the

null hypothesis that the average differences is zero is carried out to

conduct the significant test with the 0.05 confidence level.A detailed

discussion of results is presented in the following sections.

c. Model evaluation

The performance of the model to simulate EC activity, cir-

culation, precipitation, and surface heat fluxes is evaluated by

validating the CTL run against the ERA-Interim reanalysis

and GPCC data during July (Fig. 3b). All the pattern statistics

are calculated over the area of 258–73.58N and 808–1308E,
which covers most of the middle latitudes of East Asia. The

Taylor diagram in Fig. 3b shows that the pattern correlations

for GST, 775-hPa air temperature, geopotential height, and

zonal wind are all greater than 0.9, except the correlation of

0.89 for 500-hPa horizontal wind and 0.76 for precipitation.

The standard deviations of these variables in CTL are 0.95–

1.45 times those of the ERA-Interim reanalysis and GPCC

data. For EC activity, the pattern correlation of the cyclogen-

esis frequency is 0.82 and the ratio of standard deviation is 0.83.

Figure 4 further shows the spatial distribution of cyclogenesis

frequency, precipitation, ground surface temperature, 500-hPa

geopotential height, 500-hPa temperature, and 200-hPa hori-

zontal wind from the CTL and reanalysis. Evidently, the

RegCM4.5 is able to realistically capture the spatial distribu-

tion of EC activity, such as the key EC region and a relatively

weak cyclone activity center from the southeast coast of China

to Japan, which is consistent with the previous studies and the

main cyclogenesis location found by the manual identification

(Ulbrich et al. 2009; Zhang 1984; Zhu et al. 2000; Wang et al.

2009; Zhang et al. 2012). The key EC region is related to the

mean meridional temperature gradient and is consistent with

the average position of the baroclinic frontal zone, which can

be reflected by the dense isotherms shown in Figs. 4d, 4h, and

4l. The key EC region is located in the eastern areas of the

Mongolian Plateau, which is consistent with the study of Zhang

et al. (2012) showing that leeward slope is another important

reason for the high frequency of cyclone formation in the key

EC region. However, compared to the results of ERA-Interim

and NCEP–DOE, the model slightly underestimates the cy-

clogenesis frequency. In addition, the main rain belts and the

decrease of summer precipitation from southeast to northwest

are well simulated. The precipitation in northeastern China

shown in Figs. 4b, 4f, and 4j, is in correspondence with the

eastward movement of cyclones from the key EC region to

northeastern China (Chen et al. 2017b). The distribution of

GST and the location of subtropical high are also well captured

by the model. We further evaluated the temporal variation of

GST and precipitation during July over the middle latitudes of

East Asia, and the correlation coefficients is 0.73 for GST be-

tween CTL run and ERA-Interim, and 0.49 for precipitation

between CTL and GPCC, which both pass the t test at the 0.01

confidence level. Overall, the RegCM4.5 is generally able to

realistically simulate the EC activity, circulation, and land

surface temperatures.

TABLE 1. Themain physical process parameterization schemes and

geolocation information used in the model configuration.

Scheme Description

Model dynamics Hydrostatic

Cartographic projection Lambert

Horizontal resolution 50 km

Vertical levels 18 s levels

Central latitude/longitude 508N, 1058E
Number of grid points 109 3 144

Land surface model CLM 4.5 (Oleson et al. 2013)

Cumulus convection Emanuel (Emanuel 1991)

Planetary boundary layer Holtslag (Holtslag et al. 1990)
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To examine the reasonability of the SH forcing added to the

sensitivity experiments of SH 6 20, SH 6 40, and SH 6 80, we

first obtain the regional average of GST in the key GST region

before and after removing the linear trend, and then select the

years with anomalous warming and cooling July GST, if ex-

ceeding one standard deviation of the regional averageGST. The

composite analysis of the GST difference between anomalous

warming/cooling years and the climatology without removing the

linear trend is shown in Figs. 5a and 5e (figureswith the detrended

data are not shown for brevity). Figures 5b–d and 5f–h are the

GST differences between the sensitivity experiments of SH6 20,

SH 6 40, SH 6 80, and CTL. In Fig. 5, the average GST anom-

alies over the key GST region are about 24.75, 22.12, 21.16,

1.18, 1.75, and 3.19K in the experiments of SH 2 80, SH 2 40,

SH2 20, SH1 20, SH1 40, and SH1 80, respectively. For the

sensitivity experiments, the magnitudes of the GST anomalies in

SH6 20, SH6 40, and SH6 80 are generally comparable to the

magnitudes in the reanalysis, indicating that the anomalous SH

forcing added to the sensitivity experiments produces realistic

GST anomalies.

3. Results of sensitivity experiments

a. Cyclone anomalies

To analyze the anomalous cyclone activity, the differences

between the sensitivity experiments (i.e., SH1 minus SH2)

are composed for the model results. Figure 6 shows the dif-

ferences in cyclogenesis frequency and 775-hPa maximum

Eady growth rate between the sensitivity experiments with the

positive and negative SH forcing over the key GST region.

When the GST forcing over the key GST region is positive

(negative) with any magnitude, the key EC region is a distinct

center of negative (positive) anomaly, passing the t test with the

0.05 confidence level, which is generally consistent with the results

ofMCA(Fig. 1).Moreover, as thewarm (cold)GST forcing being

FIG. 4. Cyclogenesis frequency distribution of July for (a) CTL, (e) ERA-Interim, and (i) NCEP–DOE. Precipitation (mmday21)

distribution of July for (b) CTL, (f) GPCC, and (j) CRU.Ground surface temperature of July for (c) CTL, (g) ERA-Interim, and (k) CRU.

The 500-hPa geopotential height (shaded; gpm), 500-hPa temperature (solid; K) and 200-hPa horizontal winds (vectors; m s21) of July for

(d) CTL, (h) ERA-Interim, and (l) NCEP–DOE.
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increased (decreased) over the key GST region, cyclogenesis

frequency declines (increases) over the key EC region.

To further explore the possible mechanism for the influence

of GST anomaly on EC activity, we selected the maximum

Eady growth rate at 775 hPa, sBI5 0.31(jfUzj/N)5 0.31(M2/N)

[where f is the geostrophic parameter, Uz is the vertical

wind shear, M is a measure of the meridional gradient of the

potential temperature and can be estimated according toM25
j2g(›Inu/›y)j, and N is the Brunt–Väisälä frequency and is

defined by N2 5 gj›Inu/›zj)] to measure the intensity of the

atmospheric baroclinicity for further analysis (Eady 1949;

Lindzen et al. 1980). Since the equation of sBI is nonlinear, the

mean sBI calculated from the time-mean data differs from that

calculated from the averages of sBI calculated at synoptic

scale, and the latter one is more appropriate that has been

proved by Simmonds and Lim (2009). Here we used the daily

data to calculate the maximum Eady growth rate. It is noted

that the key EC region also exhibits the significant anomalous

maximum Eady growth rate at 775 hPa, which is similar to the

anomalous EC activity because the atmospheric baroclinicity is

closely related to the activities of ECs and storm tracks.

The scatterplots in Fig. 7 show a general relationship be-

tween the anomalies of ECs andmaximumEady growth rate at

775 hPa averaged in the key EC region against the GST

anomalies over the key GST region. For both variables with

increasing SH, the warmGST anomalies in the keyGST region

will lead to the decrease in both the EC activity and the at-

mospheric baroclinicity over the key EC region. The correla-

tion coefficients between anomalous EC activity, maximum

Eady growth rate at 775 hPa in the key EC region and the GST

anomalies in the key GST region are 20.34 and 20.67, re-

spectively. Both pass the t test at the 0.05 confidence level. We

further performed the above analysis for the warming trend

slowdown period 2000–15, during which the GST leveled off.

The ECs and maximum Eady growth rate at 775 hPa exhibit

similar spatial patterns to that of the whole study period 1982–

2017 (figure not shown). These results indicate the negative

correlation between atmospheric baroclinicity, cyclogenesis

frequency and the ground surface temperature: The strong

(weak) GST anomalies in the key GST region is always ac-

companied by a decrease (increase) in the atmospheric bar-

oclinicity, and relatively weak (strong) cyclone activity in the

key EC region. They are consistent with the previous findings

in section 2, which supports our conclusion about the rela-

tionship between GST and EC activity over the midlatitude

region of East Asia.

b. Energy conversion anomalies

To reveal the underlyingmechanism responsible for the effect of

the land surface thermal anomalies on the midlatitude EC activity,

next we perform a diagnosis of the specific processes of the energy

conversion based on the equations of eddy effective potential

FIG. 5. Composite difference in July ground surface temperature (K) between anomalous (a) warming and (e) cooling years and the

climatology. Also shown are differences in July ground surface temperature (K) between the sensitivity experiments (b)–(d) SH 1 20,

SH1 40, and SH1 80 and (f)–(h) SH2 20, SH2 40, and SH2 80 and the control run (CTL). The black dots indicate the anomalies are

statistically significant at the 0.05 level.
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energy and eddy kinetic energy (Orlanski andKatzfey 1991; Chang

and Orlanski 1993). Here we mainly focused our analysis on the

following four energy terms that related to the baroclinic conver-

sion of the eddy energy budget (Chen et al. 2019): 1) eddy effective

potential energyAe5 (1/2)[(T0)2/r], 2) eddy kinetic energyKe5
(1/2)(u02 1 y02), 3) the baroclinic conversion between the time-

mean effective potential energy and eddy effective potential energy

I(Am, Ae)52(1/r)T 0 �V0 � =Tm, and 4) the baroclinic conversion

between the eddy effective potential energy and the eddy kinetic

energy I(Ae, Ke)52(R/P)v0T 0. The meanings of the variables

used in the energy termsare as follows: 1) r52(1/r0)(›Inu0/›p)(p0/

R)2 is the static stability parameter, 2) r0 and u0 are the density

and potential temperature at a reference surface, respectively, 3)

V0 5 u0i 1 y0j is the two-dimensional eddy horizontal wind

vector; 4) Vm 5 umi1 ymj represents the time-mean horizontal

wind vector, 5) T 0 is the eddy temperature, 6) u0 is the eddy

portion of geopotential height, and 7) v0 is the eddy vertical

velocity. The detailed description of the formulations and

meaning of the energy conversions here can be found in the

references cited above. A case study on its application to a

particular exceptional baroclinic storm propagating to Nome

(Alaska) in October 1992 also provides a good example for

understanding the energy conversion process (Pezza et al. 2010).

Veiga et al. (2008) presented an analysis of the environmental

energetics associated with the transition of the first South

Atlantic hurricane, which advanced the understanding of the

application and formulation of energy conversion analysis.

We derive the anomalous energy conversion terms in the

model following the same method used to obtain the anoma-

lous EC activity. Figure 8 presents the differences of anoma-

lous I(Am, Ae), Ae, I(Ae, Ke), and Ke at 775 hPa for the

experiments of SH 6 20, SH 6 40, and SH 6 80. Evidently,

when the GST forcing anomaly over the key GST region is

positive (negative), significant negative (positive) anomalies in

the four energy conversion terms appears in the key EC region.

The vertical sections of anomalous energy conversion terms

between 908 and 1208E are further examined in Fig. 9. In con-

trast to the warm (cold) GST forcing north of 508N, the energy

FIG. 6. Differences in (a)–(c) cyclogenesis frequency and (d)–(f) 775-hPa maximum Eady growth rate (day21) of July between the

experiments with the positive and negative SH forcing over the key GST region. Experiments with the magnitude of the SH forcing of

(left) 20, (center) 40, and (right) 80Wm22, i.e., SH6 20, SH6 40, and SH6 80, respectively. The black dots indicate the anomalies are

statistically significant at the 0.05 level.
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conversion terms exhibit a negative (positive) anomalous center

between 408 and 508N. The anomalous center of I(Am, Ae), Ae,

I(Ae, Ke) are mainly located at ;775 hPa in the lower tropo-

sphere, which is consistent with the vertical distribution of at-

mospheric baroclinicity. When it comes to the eddy kinetic

energy Ke, the significant anomalous center moves to the upper

level at;300 hPa, which differs from other energy terms and is

much stronger, possibly due to the interaction between synoptic

eddy and low-frequency flow. The feedback between the two

could amplify the eddy kinetic energy and their differences (Jin

et al. 2006; Jin 2010), which needs future investigation.

To better understand the above relationships, we calculate

the regional averaged anomalous GST, surface SH over the

key GST region, and 775-hPa maximum Eady growth rate, cy-

clogenesis frequency, and the energy conversion terms over the

key EC region for the sensitivity experiments of SH6 20, SH6
40, and SH6 80, respectively. Figure 10 shows that, in general,

the effects of GST over the key GST region increase with the

magnitude of SH forcing added to the simulation. Positive

(negative) GST anomalies over the key GST region decrease

(increase) the 775-hPa maximum Eady growth rate and the

relevant energy conversion, producing the distinct negative

(positive) anomaly of cyclone activity in the key EC region.

Therefore, we can infer that because the energy conversion

terms are directly related to the atmospheric baroclinicity, the

warm (cold) GST forcing over the key GST region weakens

(enhances) the atmospheric baroclinicity via influencing the

meridional gradient of temperature. The decreased (increased)

I(Am, Ae) over the key EC region negatively (positively) con-

tributes to the intensity ofAe, which further induces the decline

(increase) of the baroclinic conversion term I(Ae, Ke), and

thereby alter the eddy kinetic energyKe. These changes weaken

(enhance) the conversion of energy from the time-mean flow to

the synoptic-scale eddy and result in the negative (positive)

anomalous EC activity.

c. Atmospheric circulation and precipitation anomalies

We further investigate the anomalous atmospheric circula-

tion and precipitation linked with the EC activity anomalies in

this section. Figure 11 presents the differences of anomalous

2-m air temperature and precipitation for the experiments of

SH6 20, SH6 40, and SH6 80, respectively. For thewarmGST

forcing over the key GST region, we find that 1) the air tem-

perature over the Lake Baikal area gets warmer; 2) the pre-

cipitation generally shows a dipole pattern with significantly

suppressed precipitation in northern and northeastern China,

and enhanced rainfall south of 408N of East Asia, mainly over

the East China Sea (Figs. 11d–f); 3) Lake Baikal and its adja-

cent areas are occupied by a strong anticyclonic circulation

while a relatively weak cyclonic circulation is located over the

southeast coastal area of China, which is beneficial to decrease

the precipitation in northern and northeastern China and

FIG. 7. Scatterplots of (a) anomalous cyclogenesis frequency (y axis) and (b) 775-hPamaximumEady growth rate (y axis; day21) of July

over the key EC region (408–508N, 908–1208E) against the July ground surface temperature anomalies (x axis; K) over the keyGST region

(508–608N, 908–1208E). The red (blue) filled circle in each plot represents the positive (negative) SH forcing. Moreover, the size of the

circle corresponds to the magnitude of the SH forcing, just as shown by the legend at the bottom of the figure. The thick black line is the

linear fit line with the regression coefficient shown in the upper right corner of the plot. The asterisk in the superscript of the coefficient

suggests the regression passing p 5 0.05 significance test.
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increase the precipitation over southern China to the East

China Sea; and 4) there is an anomalous northeasterly wind to

the southeast of the anticyclonic circulation, which is com-

pletely opposite to the atmospheric circulation anomalies that are

associated with to the secondmode of the EASM. The weakening

of the southwesterly wind also provides an explanation for the

reduction of precipitation in northern and northeasternChina. The

opposite situation occurred in the cases with the negative GST

anomalies over the keyGST region. Furthermore, Figs. 11g–i show

the vertical integral ofmoisture flux and its divergence for the total

column between the experiments of SH6 20, SH6 40, and SH6
80.Corresponding to theprecipitation anomalies, themoisture flux

is divergent in northern and northeastern China but convergent

south of 408N of East Asia, mainly over the East China Sea. In

addition, it is noticed that the precipitation anomalies are much

stronger in northern and northeastern China but are relatively

weaker in the south of 408N over East Asia. Although the anom-

alous precipitation over the south of 408N of East Asia fails the

significance test, this dipole pattern of precipitation anomalies is

generally consistent with the composite analysis of observed pre-

cipitation anomalies between anomalous warming and cooling

years (figure not shown for brevity). It also exhibits characteristics

similar to the spatial pattern of precipitation anomalies associated

with the secondmode of theEASM(Huang et al. 2015; Chen et al.

2017b). The consistency of the model and the observation result

proves that GST forcing does contribute to the precipitation and

EASM to a certain extent, rather than that GST forcing over the

key GST region dominates the phenomenon. To some extent, the

current results are based on the conclusion of qualitative analysis.

As for quantitative analysis, more rigorous and complex experi-

ments should be designed, which will be the focus of our subse-

quent work. Besides, the regional differences in the intensity of

precipitation anomalies may also result significantly from the

anomalous EC activity caused by the land surface thermal anom-

alies (Chen et al. 2017a). The analysis above reveals close rela-

tionships among land surface thermal anomalies, midlatitude ECs,

FIG. 8. Differences in (a),(e),(i) I(Am,Ae) (13 1024 m2 s23), (b),(f),(j)Ae (m
2 s22), (c),(g),(k) I(Ae,Ke) (13 1024 m2 s23), and (d),(h),(l)

Ke (m
2 s22) of July at 775 hPa between the experiments of (top) SH 6 20, (middle) SH 6 40, and (bottom) SH 6 80. The black dots

indicate the anomalies are statistically significant at the 0.05 level.
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and EASM, which will be discussed with more detail at the end of

this section, after analyzing the anomalous atmospheric circulation.

Besides the precipitation changes discussed above in Figs. 11d–f,

it is noticed that when theGST forcing over the keyGST region is

warm (cold), the precipitation exhibits strong positive (negative)

anomalies over the key GST region. These results, however, are

inconsistent with observations, because minor positive precipita-

tion anomalies are shown in the composite differences in the

precipitation anomalies between anomalous warming and cooling

years (figure not shown), which fails the significance test. Zhou

et al. (2018) encountered the similar problem when verifying ef-

fects of the GST anomalies over the Tibetan Plateau on the

FIG. 9. Differences between the experiments of (top) SH 6 20, (middle) SH 6 40, and (bottom) SH 6 80 for the cross section of

(a),(e),(i) I(Am,Ae) (13 1024 m2 s23), (b),(f),(j)Ae (m
2 s22), (c),(g),(k) I(Ae,Ke) (13 1024 m2 s23), and (d),(h),(l)Ke (m

2 s22), of July at

775 hPa. The anomalies are averaged between 908 and 1208E. The black dots indicate the anomalies are statistically significant at the

0.05 level.

FIG. 10. (a) Ground surface temperature, surface sensible heat of July over the key GST region, and 775-hPa

maximum Eady growth rate (day21), cyclogenesis frequency of July over the key EC region for sensitivity

experiments of SH 6 20, SH 6 40, and SH 6 80. (b) I(Am, Ae) (1 3 1024 m2 s23), Ae (m2 s22), I(Ae, Ke)

(13 1024 m2 s23), andKe (m
2 s22) of July at 775 hPa over the key EC region for sensitivity experiments of SH6 20,

SH 6 40, and SH 6 80.
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rainfall over northwestern China and westernMongolia using the

RegCM4.1. The reasons of the inconsistency between modeled

and observed are that, in the model’s sensitivity experiments, the

anomalous precipitation over the key GST region is almost con-

vective precipitation and is mainly driven by the anomalous

forcing applied. However, for other regions over East Asia, these

regions are dominated by large-scale precipitation and the spatial

pattern of precipitation is consistent with the observations.

Compared to the influence of other factors on precipitation, the

effects of GST anomalies in the sensitivity experiments are mag-

nified and the resulting changes over the keyGST region aremuch

more intense than other areas simulated.When theGST forcing is

warm in the model, it will cause upward movement and the

moisture flux convergence over the key GST region (Figs. 11g–i),

making the precipitation anomalies stronger than in reality over

the key GST region. In observations, however, other factors

FIG. 11. Differences in (a)–(c) 2-m air temperature, (d)–(f) precipitation (mmday21) and 500-hPa horizontal winds (vectors; m s21), and

(g)–(i) vertical integral of moisture flux (vectors; kgm21 s21) and its divergence (shaded; 1025 kg s21) for the total column of July between

the experiments with the positive and negative SH forcing over the key GST region. Experiments with the magnitude of the SH forcing of

(left) 20, (center) 40, and (right) 80Wm22, i.e., SH6 20, SH6 40, and SH6 80, respectively. The black dots indicate the anomalies are

statistically significant at the 0.05 level.
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besides theGST forcing can significantly impact precipitation over

the keyGSTregion and thus suppress the effects ofGST forcing on

precipitation.

To further explore the atmospheric circulation anomalies,

Figs. 12a–c depict the differences in the geopotential height

anomaly at 300, 500, and 775 hPa for the experiments of SH6
20. Evidently, when the GST forcing over the key GST region

is warm (cold), there is a large area of negative (positive) ge-

opotential height anomalies over the north of 608N from the

western Siberian Plain across the central Siberian Plain and

extending to the Russian Far East. Meanwhile, the geo-

potential height anomaly field is positive (negative) over the

midlatitude of East Asia 408–608N at 775 and 500 hPa. At

300 hPa, the anomalous geopotential height is similar to 500

and 775 hPa but stronger. Corresponding to the geopotential

height anomalies, a strong anomalous anticyclonic (cyclonic)

circulation pattern is centered over the south of Lake Baikal

and exhibits consistent variations in the upper, middle, and

lower troposphere, which show a quasi-barotropic structure.

We can infer from the general circulation structure that the

dynamic effect may play a dominant role.

The anomalous meridional geopotential height, air tem-

perature, vertical circulation, vertical velocity, and zonal wind

averaged from 908 to 1208E are further examined in Figs. 12d–f

for the experiments of SH6 20. As shown in Fig. 12d for SH1
20 (SH 2 20), a negative (positive) anomalous center of air

temperature is above 200 hPa, and anomalous air temperature

is positive (negative) below 250 hPa over 408–608N. The tro-

posphere exhibits a uniform positive (negative) anomaly from

the bottom to the top with the positive (negative) anomalous

center of geopotential height around 458N at about 200 hPa,

which is consistent with Figs. 12a–c. However, near the sur-

face between 408 and 608N, there are very shallow negative

(positive) geopotential height anomalies. Figure 12e shows

that descent (ascent) is over the south of 508N, and ascent

(descent) is over the region between 508 and 608N. The

FIG. 12. Differences in geopotential height (shaded; m), and horizontal winds (vectors; m s21) of July at (a) 300, (b) 500, and (c) 775 hPa

between the experiments of SH6 20. (d) Anomalous air temperature (shaded, K) and geopotential height (contours with the interval of

3m) of July between the experiments of SH 6 20. (e) Anomalous meridional circulation (vector with the vertical velocity multiplied by

103) and vertical velocity (shaded; 1023 Pa s21) of July averaged along 908–1208E. (f) Anomalous zonal wind (m s21) of July averaged

along 908–1208E between the experiments of SH 6 20. The thick brown lines in each figure denote regions with anomalous geopotential

height in (a)–(c), air temperature in (d), vertical velocity in (e), and zonal wind in (f) that are statistically significant at the 0.05 level.
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vertical velocity south of 508N is significantly positive (neg-

ative), indicating a downward (upward) motion over this re-

gion unfavorable (favorable) to the eddy energy’s baroclinic

conversion. Additionally, the zonal wind is opposite in the

north and south of 508N. Figure 12f indicates that, for the

experiments of SH 6 20, the 608N zonal wind is enhanced

(weakened), which decreases (increases) the transport of high-

latitude cold air to Lake Baikal. On the contrary, the zonal wind

around 408N is weakened (strengthened), which favors (disfa-

vors) the transport of low-latitude warm air to the Baikal area.

Therefore, the positive feedback between the GST forcing over

the key GST region to the north of Lake Baikal and the atmo-

spheric circulationmakes contribution to themaintenance of the

warm (cold) anomaly north of the Lake Baikal area, which is

responsible for the negative (positive) EC anomalies over the

key EC region and then further affects the EASM (more dis-

cussion in next section).

d. Anomalies in transient wave activity and mean flow
interaction

The association of anomalous atmospheric circulation with

the precipitation anomalies reveals some close connections

among the land surface thermal anomalies, midlatitude cy-

clones, and the EASM. Considering the strong coupling be-

tween the cyclone frequency and storm tracks, the feedback of

the synoptic-scale transient wave activity on the mean flow are

proposed to explain the impact of the EC activity on the large-scale

circulation associated with EASM. To diagnose the interaction be-

tween the transientwave activity and the timemeanflow,weuse the

following terms: the synoptic transient dynamic forcing (STDF) on

the mean flow expressed by the time averaged geopotential ten-

dency, which has been used to diagnose the possible feedback of

eddies on the intraseasonal variations of the East Asian trough

(Songet al. 2016), and thehorizontalEliassen–Palm(EP)fluxand its

divergence (Trenberth 1986), which can be used to describe the in-

teraction between the synoptic-scale wave and the low-

frequency flow in barotropic cases. The equations of these

two terms are as follows: STDF52(f /g)=22
h [=h � (y0j0)];

Eu 5 [(1/2)(y02 2u02)i, u0y0j]3 cosu, where u and y are hori-

zontal winds, j is the vertical component of the vorticity, f is the

Coriolis parameter, g is the gravitational acceleration, hmeans

the horizontal component, i and j represent the zonal and

meridional unit vector, and u is the latitude. A Butterworth

bandpass filter is used to obtain the synoptic-scale disturbance.

The STDF for the experiments of SH 6 20 in Figs. 13a–c

shows that the positive (negative) GST anomalies in the key

GST region will lead to the positive (negative) STDF anoma-

lies over the midlatitude of East Asia, especially in the region

between eastern Mongolia to the south of Lake Baikal and

northeast China, which is a signal of the positive (negative)

dynamic contribution of the synoptic-scale transient wave

to the geopotential tendency. This positive (negative) anomaly

distribution of STDF will suppress (enhance) the development

of the East Asia trough. The large area of positive STDF

anomaly is very similar to the distribution of positive ge-

opotential anomalies and the location of anticyclone circula-

tion, indicating a close linkage between the synoptic-scale

transient wave activity and the strong positive anomaly of the

geopotential height around Lake Baikal. The differences in EP

flux and EP flux divergence between the experiments of SH6
20 support the same conclusion, that accompanied with the

warm (cold) GST forcing, there is a negative (positive) anomaly

of the EP flux divergence, which will suppress (enhance) of the

conversion from the energy of the synoptic-scale disturbance to

the kinetic energy of mean flow.

The analysis above demonstrates that the negative (positive)

anomalous EC activity due to anomalous warm (cold) GST

forcing over the key GST region south of the Lake Baikal will

result in positive (negative) anomalies of the geopotential field

over the Lake Baikal by the positive (negative) STDF anom-

aly, and at the same time weaken (enhance) the East Asia

trough. The increase (decrease) of the positive (negative) dy-

namic contribution of the synoptic-scale transient wave to the

geopotential tendency and the decrease (increase) of the

FIG. 13. Differences in the synoptic transient dynamic forcing (STDF; gpm day21; shaded) of July at (a) 300, (b) 500, and (c) 775 hPa

between the experiments of SH 6 20. The black dots indicate the anomalies are statistically significant at the 0.05 level.
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energy conversion from the synoptic-scale disturbance to the

mean flow are unfavorable (beneficial) to the development of

the EASM.

4. Conclusions and discussion

Based on analyses of observational and reanalysis data and

modeling experiments, this study, along with our previous re-

search (Chen et al. 2017b, 2019), suggests a possiblemechanism

by which the land surface thermal anomaly affects the mid-

latitude extratropical cyclone activity and finally makes con-

tribution to the East Asian summer monsoon anomalies. It is

found that the land surface warming near 508N and north to

Lake Baikal may contribute to the weakening of the EC ac-

tivity. This negative relationship between the July ground

surface temperature over the key GST region (508–608N, 908–
1208E) and the cyclone activity over the key EC region (408–
508N, 908–1208E) exists before and after removing the linear

trends, and is confirmed by both of our MCA analysis and

numerical experiments. To determine the effects of the GST

anomalies over the key GST region on midlatitude EC activity

and the EASM, two groups of sensitivity experiments with

positive and negative SH forcing added over the key GST re-

gion are conducted by RegCM4.5, as well as one set of control

experiment. Through analyzing the anomalous cyclogenesis

frequency in the sensitivity experiments, it is found that

warming (cooling) land surface over the north of 508N is always

accompanied by a decrease (an increase) in the atmospheric

baroclinicity in the key EC region. Since the energy conversion

terms is directly related to the atmospheric baroclinicity, fur-

ther analysis indicates that, when positive (negative) land

surface warming appears over the key GST region, it will

weaken (enhance) the conversion of energy from the time-

mean flow to the synoptic-scale eddy and result in the negative

(positive) anomalous of the extratropical cyclogenesis and

relatively weaker (stronger) EC activity.

We also examine the monsoon atmospheric circulation and

precipitation associated with the negative relationship between

the July ground surface temperature and the EC activity. The

differences between sensitivity experiments shows that, when the

GST forcing over the key GST region is abnormally warm (cold),

the precipitation generally shows a dipole pattern with signifi-

cantly suppressed (enhanced) precipitation in northern and

northeastern China, and enhanced (suppressed) rainfall south of

408N of East Asia, mainly over the East China Sea. Meanwhile,

Lake Baikal and its adjacent areas are occupied by a strong an-

ticyclonic (cyclonic) circulation and exhibits consistent variations

in the upper, middle, and lower troposphere. And there is an

anomalous northeasterly (southwesterly) wind to the southeast of

the anticyclonic (cyclonic) circulation, which is completely op-

posite to (similar with) the atmospheric circulation anomalies that

are associated with the second mode of the EASM. The weak-

ening (strengthening) of the southwesterly wind also provides an

explanation for the reduction (increment) of precipitation in

northern and northeastern China. Descent (ascent) is over the

south of 508N, and ascent (descent) is over the region between 508
and 608N, respectively. The zonal wind also shows an opposite

structure over the north and south of 508N.The 608Nzonalwind is

enhanced (weakened), and the zonal wind around 408N is weak-

ened (strengthened). Therefore, the positive feedback between

the GST forcing over the key GST region to the north of Lake

Baikal and the atmospheric circulation makes contribution to the

maintenance of the warm (cold) anomaly north of the Lake

Baikal area, which is responsible for the negative (positive) EC

anomalies over the key EC region. The negative (positive)

anomalous EC activity due to anomalous warmer (colder) GST

forcing over the key GST region south of the Lake Baikal will

result in positive (negative) anomalies of the geopotential field

over the Lake Baikal by the positive (negative) STDF anomaly.

The increase (decrease) of the positive (negative) dynamic con-

tribution of the synoptic-scale transient wave to the geopotential

tendency and the decrease (increase) of the energy conversion

from the synoptic scale disturbance to the mean flow are unfa-

vorable (beneficial) to the development of the EASM.

In summary, this study first identifies the impacts of nonuniform

land surface warming on summer anomalous extratropical cyclone

activity and East Asian summer monsoon, and then explores the

physical processes and mechanisms of how the anomalous GST

forcing impacts on EC activity and monsoon circulation by nu-

merical experiments with a regional climate model. However, the

dynamic processes of the atmosphere are comprised of numerous

complex processes and interactions and no model can ever be

expected to simulate these processes without uncertainties (e.g.,

Foley 2010). Although the RegCM4.5 with the hydrostatic core is

able to realistically capture the main characteristic of cyclogenesis

frequency, precipitation, ground surface temperature and other

processes, the nonhydrostatic core with higher horizontal resolu-

tionsmay providemore reliable climate information on regional to

local scales (Prein et al. 2015), and this may be an uncertainty that

should be examined in the future. Furthermore, the GST anoma-

lies over the midlatitude of East Asia may result from several

factors. For example, the amplified nonuniform land surface

warming over the Eurasian continent since the mid-1990s coin-

cided with the start of the rapid decrease of summer Arctic sea ice

(Simmonds 2015). The impact of Arctic sea ice loss on Eurasian

temperature and circulation is now becoming well established by

many studies and may be one of the possible key forcing that in-

fluences the GST anomalies (Yao et al. 2017; B. Luo et al. 2019;

D. Luo et al. 2019). Besides the anomalies in Arctic sea ice, Pacific

sea surface temperature, and snow cover/depth over northern

Eurasia in winter and spring may also play an important role. Luo

et al. (2017) demonstrate that theAtlantic multidecadal oscillation

(AMO) also has a noticeable influence of the Eurasian surface air

temperature anomalies. Therefore, our proposed feedback con-

tribution of the synoptic-scale transient wave activity on the mean

flow and the cause-and-effect chain we inferred from the thermal

anomaly over the key GST region of Eurasia to the anomalies of

cyclone activity, atmospheric circulation and climate over East

Asia/East Asian summer monsoon (EASM) remains an open

question that requires further investigation.
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