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ABSTRACT

Northeast China (NEC) suffered a severe drought that persisted from March to July of 2017 with profound

impacts on agriculture and society, raising an urgent need to understand themechanism for persistent droughts over

midlatitudes. Previous drought mechanism studies focused on either large-scale teleconnections or local land–

atmosphere coupling, while less attention was paid to their synergistic effects on drought persistence. Here we show

that the 2017 NEC drought was triggered by a strong positive phase of the Arctic Oscillation in March, and

maintainedby theanticycloneover thearea south toLakeBaikal (ASLB) throughaquasi-stationaryRossbywave in

April–July, accompanied by sinking motion and north wind anomaly. By using a land–atmosphere coupling index

basedon thepersistenceofpositive feedbacksbetween theboundary layer and land surface,wefind that the coupling

states over NEC and ASLB shifted from a wet coupling in March to a persistently strengthened dry coupling in

April–July.OverASLB, the dry coupling and sinkingmotion increased surface sensible heat, decreased cloud cover,

and weakened longwave absorption, resulting in a diabatic heating anomaly in the lower atmosphere and a diabatic

cooling anomaly in the upper atmosphere. This anomalous vertical heating profile led to a negative anomaly of

potential vorticity at low levels, indicating that the land–atmosphere coupling had a phase-lock effect on the Rossby

wave train originating from upstream areas, and therefore maintained the NEC drought over downstream regions.

Our study suggests that an upstream quasi-stationary wave pattern strengthened by land–atmosphere coupling

should be considered in diagnosing persistent droughts, especially over northern midlatitudes.

1. Introduction

InMarch–July of 2017,Northeast China (NEC) suffered

its worst spring–summer drought event in recent decades

(S. Wang et al. 2019), and this exerted severe impacts on

agricultural production and the livelihoods of people, re-

sulting in a direct economic loss of about 7 billion CNY

(about one billion U.S. dollars; Zhang et al. 2017). Under

the background of decadal variation manifested as

‘‘southern flood–northern drought (Yu et al. 2004; Ding

et al. 2009; Wang 2001; Zhou et al. 2009),’’ NEC summer

precipitation also experienced a decrease after 1999 (Han

et al. 2015). Since NEC is one of the major agriculture

regions in China, improving the understanding of drought
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mechanisms is important for both earlywarning (Yuanand

Wood 2013) and disaster mitigation (Li et al. 2019).

In fact, persistent droughts have occurred frequently

over different parts of China in recent years. Over

southwestern China, a severe drought event occurred

with more than 80 dry days in the summer of 2006 (Li

et al. 2011), and a drought with the longest period of dry

days during a winter season in the past 50 years hap-

pened in 2009/10 due to an El Niño event and negative

phase of the Arctic Oscillation (Yang et al. 2012). Over

East China, teleconnection patterns originating from the

North Atlantic contributed to the extreme drought dur-

ing winter–spring of 2011 (Jin et al. 2013). Over North

China, a number of extreme drought events started in

spring and persisted into summer, which usually occurred

when La Niña transitioned to El Niño with a negative

North Pacific oscillation phase in the preceding winter

(Chen and Yang 2013; Zhang et al. 2018).

An extreme and prolonged drought event is usually

related to local persistent anticyclonic circulation anom-

aly. This anomaly always appears as a center of certain

teleconnection pattern, which is called as the stationary

wave pattern (Schubert et al. 2011, 2014). A number of

studies investigated the influence of stationary waves on

North China drought events. Wei et al. (2004) concluded

that droughts in the summers of 1999 and 2000 were at-

tributed to a quasi-stationary wave train over Eurasia

(named the EU pattern; Wallace and Gutzler 1981), and

Wang et al. (2017) also concluded that the 2015 summer

drought was associated with the EU pattern. Wang and

He (2015) argued that the 2014 July–August drought was

jointly caused by the Silk Road pattern (SR; Lu et al.

2002), the Pacific–Japan pattern (PJ; Nitta 1987), and the

EU pattern.

Studies were also carried out to investigate causes of

the above teleconnection patterns at different time scales.

For the anomaly of stationary Rossby waves at a monthly

time scale, submonthly vorticity transients are the pri-

mary forcing factors (Schubert et al. 2011). But for the

stationary wave anomaly that persists more than one

month, the role of external forcing should be considered

in addition to internal atmospheric dynamics. For in-

stance, the loss of Barents sea ice in March and sub-

sequent loss of snow cover over western Eurasia in April

triggered a polar–Eurasia teleconnection pattern and

resulted in the July–August hot drought over NEC in

2016 (Li et al. 2018). The EU pattern triggered by

anomalies of Eurasian spring snow and Arctic sea ice

cover, the PJ pattern and midlatitude Asian summer

pattern associated with sea surface temperature (SST)

anomaly over North Pacific and tropical Indo-Pacifc re-

gions, and the SR pattern sustained by intense warming

over the European continent synergistically contributed

to extremeNorth China July–August drought (Wang and

He 2015; Wang et al. 2017; Xu et al. 2017).

Besides external forcings from the ocean and sea ice,

the land surface also plays an important role in sustaining

droughts. Correlation analysis showed that soil moisture

affected the persistence of droughts through a positive

feedback to precipitation, that is, reduced soil moisture

decreased evapotranspiration and subsequently reduced

precipitation (Wu and Kinter 2009), and this coupling

becomes more significant as the time scale increases from

daily to monthly (Zeng and Yuan 2018). Moreover, soil

moisture can exert a remote impact on precipitation

through changing atmospheric circulation. Persistent

surface dryness is considered as a quasi-steady heat source

and can trigger a Rossby wave pattern that prohibits

precipitation, and develops soil moisture anomalies in two

regions that can lead to phase locking and an amplifica-

tion of planetary wave (Koster et al. 2014, 2016).

However, the effects of soil moisture on drought were

usually studied from the perspective of feedback between

evapotranspiration and precipitation, little attention was

paid to the evolution of coupling between soil moisture and

the boundary layer, and between the overlying atmospheric

dynamic and thermal processes related topersistent drought

events. In this study, we aim to answer the following ques-

tions: What is the associated anomalous circulation pattern

for the persistent 2017 NEC drought? Is there a connection

between quasi-stationary Rossby wave train and the per-

sistent NEC drought? What is the role of land–atmosphere

coupling in the change of thermal and dynamic structure in

the lower atmosphere layer? Can the land–atmosphere

coupling be considered as a precursor of atmospheric cir-

culation anomaly, especially in a prolonged drought?

This paper is arranged as follows: data and methods are

described in section 2. In section 3a, we investigate the

local circulation anomalies and the associated Rossby

wave trains that induce the severe drought over NEC

during March–July of 2017. In section 3b, we analyze the

anomalies of land surface state and atmospheric boundary

layer and reveal the evolution characteristics of land–

atmosphere coupling during the NEC drought. The feed-

back of surface diabatic heating to atmosphere circulation

is studied by analyzing the potential vorticity (PV) budget

in section 3c. In section 3d, we investigate the local pre-

cursory signal of the persistent circulation anomalies from

soil moisture and land–atmosphere coupling. The results

of this study are concluded in section 4.

2. Data and methods

a. Data

The datasets derived from ERA-Interim reanalysis

(Dee et al. 2011) from 1981 to 2017 were used in this
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study, which include 1) daily pressure level data at a

horizontal resolution of 1.08 3 1.08 and 2) surface daily

data including soil moisture (m3m23) at depths of 0–10

and 0–100 cm, surface sensible heat flux (Wm22), surface

net longwave radiation (W m22), surface pressure (Pa),

air temperature (K), and specific humidity (k kg21) at

2m. Monthly mean outgoing longwave radiation (OLR)

data at a 2.58 3 2.58 grid resolution during 1981–2017

were provided by NOAA (Liebmann and Smith 1996).

Monthly gridded precipitation data at 2.58 resolution

from NOAA’s Precipitation Reconstruction (PREC)

data (Chen et al. 2002) were used as observation.

b. Method for characterizing land–atmosphere
coupling

Soil moisture can change the surface fluxes and then

exert an impact on the atmospheric states through land–

atmosphere coupling (Dirmeyer and Halder 2017).

Roundy et al. (2013) developed a classification method

based on the persistence of positive feedback between

evapotranspiration and water vapor in the atmospheric

boundary layer, where land–atmosphere coupling states

were classified into four types (wet, dry, transitional, and

atmospherically controlled) at daily time scales, with

both the dry and wet coupling events showing strong

persistence. To define the coupling classification, this

methodology utilizes a historical dataset of daily con-

vective triggering potential (CTP), low-level humidity

index (HI), and soil moisture (SM) taken before dawn.

The CTP–HI space is then divided into coupling regimes

based on the difference between the climatological

distribution of soil moisture and the conditional distri-

bution of soil moisture for specific subspaces in the

CTP–HI space. Once the CTP–HI space is classified, a

daily coupling regime is defined based on the location of

the current day CTP and HI within the classified CTP–

HI space. The coupling drought index (CDI) is defined

to express the dominant coupling type (dry or wet)

over a period of time:

CDI5
N

d
2N

w

N
t

, (1)

whereNd,Nw, andNt refer to the number of dry coupling

days, wet coupling days, and total days in the study pe-

riod. The CDI can be used to link the land–atmosphere

dry coupling state at daily time scale with seasonal ex-

treme droughts (Roundy et al. 2013).

CTP (J kg21) is the vertical integral of the area be-

tween atmospheric temperature profile Tenv (K) and

moist adiabatic Tparcel (K) from 100 to 300 hPa (from

ZPSurf-100 to ZPSurf-300) above surface, and is a measure

for boundary layer stability, which is calculated as

CTP5 g

ðZPSurf-100

ZPSurf-300

T
parcel

2T
env

T
env

dz , (2)

where g (m s22) is the gravitational acceleration and dz

is the thickness (m) of the atmospheric layer, where

Tparcel is the temperature of air parcel in the moist adi-

abatic process, which coincides with the constant

equivalent potential temperature line. A higher CTP

value means a higher boundary layer height and a more

unstable boundary layer. HI (K) is defined as

HI5 (T
PSurf-50 2T

d,PSurf-50)

1 (T
PSurf-150 2T

d,PSurf-150), (3)

which is computed as the sum of the dewpoint depres-

sions (K) in the 50–150-hPa region above ground to

measure the wetness of the atmosphere. A lower HI

value corresponds to a wetter atmosphere (Findell and

Eltahir 2003a). All meteorological variables for calcu-

lating HI and CTP are derived from ERA-Interim re-

analysis data mentioned in section 2a.

c. Calculations of diabatic heating and PV budget

We calculated the diabatic heating rate Q1 (K s21)

as a residual of the thermodynamic equation based on

ERA-Interim daily data (Yanai and Tomita 1998; Ren

et al. 2015):

Q
1
5
›T

›t
1V

h
� =

h
T1v

 
›T

›p
2

RT

c
p
p

!
, (4)

where T is the air temperature, Vh is the horizontal

wind in meridional and zonal directions, v (Pa s21) is

the vertical velocity at pressure p level, p (Pa) is pres-

sure, R (’8.314 Jmol21K21) is the gas constant, cp
(’1.004 J kg21K21) is the specific heat at constant

pressure, =h is the horizontal gradient operator, and the

unit of Q1 is converted to kelvins per day (K day21) for

the later analysis.

To explore the influence of surface sensible heat on

atmospheric motion, we calculated the PV. PV can be

derived through a combination of the first law of ther-

modynamics and momentum conservation, because it

can only be changed by diabatic heating or frictional

processes. The expression of PV in the p coordinate is

shown as

PV ffi 2g( f 1 z)
›u

›p
, (5)

where f (s21) is the Coriolis parameter, z (s21) is ver-

tical relative vorticity, and u (K) is isobaric potential
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temperature. The unit of PV is PVU (1 PVU 5
1026Kkg21m2 s21). If diabatic heating is considered

and friction is neglected, local variability of PV (›PV/›t)

is determined by three terms: the horizontal and vertical

advections, and diabatic heating. The corresponding

equation is

›PV

›t
52

�
u
›PV

›x
1 y

›PV

›y

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

part-h

2v
›PV

›p|fflfflfflfflffl{zfflfflfflfflffl}
part-w

2g( f1 z)
›Q

1

›p|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
PVG

2 g

�
z
x

›Q
1

›x
1 z

y

›Q
1

›y

�
, (6)

where zx and zy are the zonal and meridional compo-

nents of relative vorticity, respectively. On the right

side of the equation, the first two terms are the PV

variation caused by horizontal (part-h) and vertical

(part-w) movement. The third term represents PV var-

iability generated by vertical gradient ofQ1 and absolute

vorticity, and is denoted as PVG hereafter. The fourth

term is the same as the third, but for the horizontal di-

rection, which is much smaller than the others and can be

neglected. Similar to Ren et al. (2015), we decomposed a

daily mean variable into its long-term average (denoted

with an overbar and named as basic flow hereafter) and

interannual components. The first three terms on the

right side of Eq. (6) can be modified into the following:

PV0
part-h 52

�
u
›PV0

›x
1 y

›PV0

›y

�

2

�
u0 ›PV

›x
1 y0

›PV

›y

�
1 residues

h
, (7)

PV0
part-w 52v

›PV0

›p
2v0 ›PV

›p
1 residues

w
, and (8)

PV0
PVG 52g(f 1 z)

›Q0
1

›p
2 gz0

›Q
1

›p
1 residues

Q
, (9)

where the first term on the right-hand side of Eq. (9) is

the main contributor, which is related to vertical gradi-

ent of interannual anomalies of diabatic heating.

Therefore, we calculated 2g(f 1 z)(›Q0
1/›p) to repre-

sent PV0
PVG hereafter. The residue terms in Eqs. (7)–(9)

are very small, and can be neglected.

d. SVD and lag correlation

To identify the lagged covariability relationship between

monthly low-level atmosphere (geopotential height at

850 hPa) and antecedent soil moisture anomalies (top

100 cm), the singular value decomposition (SVD) analysis

was employed. The relationship between land–atmosphere

coupling and atmospheric state (850hPa) was also studied

via lag correlation of regional mean CDI (May–June) with

geopotential height and Q1 (June–July).

3. Results

a. 2017 NEC drought and the associated atmospheric
circulations

The evolution of monthly standardized precipitation

anomalies duringMarch–July in 2017 with respect to the

climatology of 1981–2017 is shown in Figs. 1a–e. There

is a clear negative precipitation anomaly over NEC and

the area south to Lake Baikal (ASLB) in each month,

which indicates a strong persistence of this drought

event. The time series of regional average precipitation

values during March–July for each year indicates the

2017 drought is the most severe one over NEC since

1981 (Fig. 1f).

To explore the cause for the NEC and ASLB pre-

cipitation anomaly during spring–summer of 2017, we

analyzed the atmospheric circulation anomaly, and cal-

culated the wave activity flux (Takaya and Nakamura

2001) to characterize the propagation of Rossby wave in

the westerlies (Figs. 2a,b). The results show that the

anomalous circulation patterns are significantly differ-

ent between March and April–July. For geopotential

height anomaly at 500 hPa, a strong positive anomaly

over the high-latitude regions of Eurasia occurred dur-

ing March (Fig. 2a), especially over the Far East.

But a circulation adjustment occurred during April–July

(Fig. 2b), where a wave train originated from the At-

lantic and propagated to downstream areas, with nega-

tive centers over the Atlantic and eastern Europe, and

positive centers over the coast of western Europe and

ASLB. In fact, the negative anomaly over the polar re-

gion and the positive anomaly over mid- and high lati-

tudes in March (Fig. 2a) indicated a strong positive

phase of Arctic Oscillation (AO), with an AO index of

1.365. The positive phase of AO accompanied sinking

motion and warmer surface due to a more zonally

symmetric circulation in high latitudes, which prevented

cold air from moving southward (Yin et al. 2013;

Thompson and Wallace 1998). The circulation differ-

ences between March and April–July were also ex-

hibited in the meridional wind anomalies at 250hPa

(Figs. 2c,d). However, there were abnormal north winds

over NEC in both periods, which were displayed in the

longitude–time evolution plot around 1208E (Fig. 2e).

A similar circulation pattern was exhibited at 700hPa

(Figs. 3a,b), indicating a quasi-barotropic structure. The

climatological mean field of 500-hPa geopotential height

shows that NEC is located on the front of the Baikal high

ridge and the back of the East Asian trough (Fig. S1 in
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the online supplemental material), so it is usually domi-

nated by downward motion. The positive geopotential

height anomalies in 2017 strengthened the Baikal high

ridge and the dynamic descent. The 850-hPa wind

anomaly also shows that the high-latitude region was

controlled by anticyclone in March (Fig. 3a), but only

ASLB was controlled by anticyclone during April–

July, resulting in anomalous northerly wind over NEC

(Fig. 3b), and the weakened northward moisture trans-

port (Figs. 3c,d). The local meridional–vertical circula-

tion anomaly averaged over 908–1208E shows that there

was an anomalous ascending motion around 458N in

March (Fig. 3e), which matched the area with positive

precipitation anomalies in Fig. 1a. However, fromApril to

July, an anomalously sinking motion in the upper-middle

troposphere was displayed in the region of 408–558N
(Fig. 3f). The descending motion to the south of 508N
strengthened the sinking branch of the Ferrel cell (red

downward arrow in Fig. 3f, and vectors in Fig. S4), and

the descending motion to the north of 508N weakened

the updraft (red upward arrow in Fig. 3f, and vectors

in Fig. S4) of the Ferrel cell over ASLB, resulting

in negative precipitation anomaly during April–July

(Figs. 1b–e).

b. Land–atmosphere coupling during the 2017
persistent drought over NEC and ASLB

The above analysis indicates that the strong posi-

tive phase of AO triggered the drought event inMarch,

and the drought was maintained by a wave train

originating from the Atlantic with a phase-locked

anticyclone over ASLB during April–July. To further

explore the possible local influence of land surface

conditions on this anticyclone, the coupling feature

between soil moisture and atmospheric boundary

layer is investigated in this section. Figure 4 shows

FIG. 1. Standardized precipitation anomalies in (a) March, (b) April, (c) May, (d) June, and (e) July, and (f) the time series of stan-

dardizedMarch–Julymean precipitation anomalies averaged over theNortheast China (NEC) regionmarked in Fig. 1a. The area south to

Lake Baikal is also marked in Fig. 1a as ASLB.
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the spatial patterns of anomalies of monthly soil mois-

ture (Figs. 4a–e), HI (Figs. 4f–j), and low-level CTP

(Figs. 4k–o) during March–July of 2017. To facilitate

the analysis in different months and different regions,

the three variables were standardized. Even though

there was a negative precipitation anomaly over NEC

in March (Fig. 1a), the corresponding SM anomaly was

still positive over NEC and was weakly negative over

ASLB (Fig. 4a). April is a tipping point, where a weak

negative SM anomaly emerged over NEC and an ob-

vious negative anomaly occurred over ASLB (Fig. 4b).

The soil drying was intensified in the subsequent three

months over the two regions (Figs. 4c–e). A similar

turning point was also found in the HI fields. Figures 4f–j

show a slightly wetter boundary layer in March with

low HI values, while it became drier during April–July

over NEC and ASLB with higher HI and a higher lifted

condensation level (LCL), suggesting a unfavorable

condition for convective precipitation. The analysis of

SM and HI implies that the water deficiency in the land

surface and atmospheric boundary layer lagged one

month behind the negative precipitation anomaly at the

onset of the 2017 drought. At daily time scales, a neces-

sary condition for convective triggering is that the

boundary layer height is above the LCL (Santanello et al.

2011). In April–July of 2017, the drier soil led to more

sensible heat and less evaporation, manifested as strong

positive anomaly of CTP (Figs. 4l–o) and positive

anomaly of HI (Figs. 4g–j). Although the positive CTP

anomaly resulted a well-developed boundary layer, the

poor water vapor condition in boundary layer (higher

value of HI) and large-scale water vapor flux divergences

(Fig. 3d) over the two regions are not in favor of rain; that

is, it is too dry for convection to occur.

FIG. 2. (a),(b) Geopotential height anomalies (shaded; dagpm) and wave activity flux (vectors; m2 s22) at 500 hPa in March and April–

July during 2017, respectively. (c),(d) The meridional wind anomalies at 250 hPa in March and April–July 2017, respectively.

(e) Longitude–time diagram for 15-day running mean of the meridional wind anomalies averaged over 558–608N during March–July 2017.
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FIG. 3. Geopotential height anomalies at 700 hPa (shaded; dagpm) and the anomalous winds (vectors;

m s21) at 850 hPa in (a) March and (b) April–July during 2017, anomalies of water vapor flux integrated

from Earth’s surface up to 250 hPa (vectors; kg m21 s21) and its divergence (shaded; 1024 kgm22 s21) in

(c) March and (d) April–July, and anomalous meridional–vertical circulation averaged over 908–1208E,
with shades indicating the long-term mean of vertical velocity (213 Pa s21) in (e) March and (f) April–

July; the red arrows in (f) represent the climatological mean location of ascending and descending branch

of the Ferrel cell and the black box in (f) marks the vertical convergence zone over ASLB.
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The dryness of the soil and boundary layer that lasts

for a long period of time may be caused by the positive

feedback between them. The feedback could be divided

into two processes: 1) When under a large-scale cir-

culation background not suitable for raining, a drier

boundary layer needs more water vapor from land

surface, resulting in large evaporation demand and a

drier soil surface. However, the large-scale water vapor

divergence consumes the water evaporated from the

land surface, reduces the soil water that enters into air,

and consequently prohibits precipitation. 2) On the

other hand, when under the large-scale circulation

background that is suitable for raining, wetter soil can

provide sufficient water vapor to the boundary layer to

initiate convective precipitation and increase soil

moisture. The above two positive feedback processes

are classified as dry coupling and wet coupling, re-

spectively, at daily time scales, and they can be char-

acterized in the CTP–HI–SM space summarized by the

CDI (Roundy et al. 2013), where a higher (lower) value

of CDI means dry (wet) coupling plays a dominant role

in the studied time period.

Similar to the temporal evolution of the SM and HI

anomaly in 2017, standardized anomalies of CDI also

showed a transition fromwet coupling inMarch (Fig. 5a)

to dry coupling in April–July (Figs. 5b–e), with the dry

coupling gradually strengthening during the evolution

of the drought. In accordance with the lowest precipi-

tation of 2017, the regional averaged CDI also shows

that ASLB and NEC experienced the driest soil and

strongest dry coupling during April–July since 1981

(Figs. 5f,g).

c. Diabatic heating feedback and its role in
maintaining the anticyclone over ASLB

With the strongest dry coupling over ASLB in 2017

from the above analysis, the lower atmosphere contin-

uously received sensible heating from the surface that

FIG. 4. Standardized anomalies of monthly soil moisture, low-level humidity index (HI), and convective triggering potential (CTP)

during March–July 2017.
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manifested as a large positive anomaly of CTP (Figs. 4l–o).

In fact, the center of the negative SManomaly and positive

CTP anomaly located over ASLB instead of NEC, which

matched with the location of anticyclone at 500 and

700hPa (Figs. 2a, 3a). Whether the persistent anomaly of

the dry land surface and associated sensible heating has

a feedback to atmospheric circulation requires further

investigation. Therefore, in this section, we diagnosed the

contributions of the three items [Eqs. (7)–(9)] to the local

PV anomaly at 750hPa during March–July of 2017, espe-

cially the dynamic and thermodynamic processes related

to the diabatic heating.

Although all terms in Eqs. (7)–(9) are calculated,

PV0
part-h [Eq. (7)] is dominated by the first item

FIG. 5. Standardized anomalies of the coupling drought index (CDI) during (a)–(e) March–July 2017, and time

series of standardizedApril–Julymean CDI (blue), soil moisture (red), and precipitation (black) averaged over the

(f) ASLB and (g) NEC regions marked in Fig. 5b during 1981–2017.
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2[u (›PV0/›x)1 y (›PV0/›y)] on the right side of the

equation, which represents the horizontal advection

of interannual PV anomalies due to basic flow;

PV0
part-w [Eq. (8)] is dominated by the second item

2v0(›PV/›p), which represents the vertical advection

of basic flow PV anomalies due to interannual anom-

alies of vertical velocity; PV0
PVG [Eq. (9)] is dominated

by the first item 2g(f 1 z)(›Q0
1/›p), which represents

the interannual anomalies of the vertical gradient of

diabatic heating and basic flow absolute vorticity (fig-

ures omitted). This is consistent with the result of Ren

et al. (2015). However, to make an accurate compari-

son, here we still showed the sum of the two terms on

right side of Eqs. (7)–(8) in Figs. 6a–d, but the first item

of Eq. (9) in Figs. 6e and 6f.

A negative PV anomaly means lower PV or an an-

ticyclonic anomalous system. The negative center of

the PV anomaly in 2017 was only located over NEC

during March (contours in Figs. 6a, 6c, and 6e) at

750 hPa, but was located over ASLB and NEC during

April–July (contours in Figs. 6b, 6d, and 6f), which

is consistent with the positive height anomalies at

700 hPa and anticyclonic wind anomalies at 850 hPa

(Figs. 3a,b). Based on the analysis of the contributions

of three terms to the negative PV anomaly, we find that

the horizontal advection (shaded in Figs. 6a and 6b)

showed positive anomaly over NEC during March,

and weak positive or negative anomalies over ASLB

during April–July. The vertical advection (shaded in

Figs. 6c and 6d) also showed weak positive or negative

anomalies over NEC during March and over ASLB

during April–July and is not consistent with the nega-

tive PV anomalies. This means both vertical and hori-

zontal items contributed little to the negative PV

anomalies, while the anomalous pattern of PVG items

(shaded in Figs. 6e and 6f) matched well with the spa-

tial distribution of PV anomaly over NEC and ASLB,

indicating the maintenance of negative troposphere

PV anomaly is mainly due to PV generation related to

diabatic heating. So we calculated the anomalous dia-

batic heating rates field at 850 hPa as a representation

of the thermal state at the low level (shaded in Figs. 6g

and 6h), and found that a positive center was located

over NEC in March and over ASLB in April–July,

which also matched well with the corresponding neg-

ative PV anomalies (contours in Figs. 6a–f). Our result

showed that positive surface sensible heat anomaly

(contours in Figs. 6g and 6h) had a similar distribution

as the Q1. This is in accordance with the previous

studies that a surface sensitive heat flux anomaly due to

dry soil for a long period of time can be seen as a quasi-

steady heat source in the low troposphere (Koster

et al. 2016).

According to Eq. (9), PVG is mainly related to the

vertical gradient of the Q1 anomaly, so the vertical

heating rate profiles over ASLB during April–July are

given in Fig. 7a. There was an anomalous heating be-

tween 1000 and 700 hPa with amaximum at 850 hPa, and

an anomalous cooling above 700hPa with a minimum at

600 hPa, this structure of upper cooling and lower

heating may lead to a positive vertical gradient (›Q0
1/›p)

at 750 hPa. In Eq. (9), (f 1 z) is positive in middle and

high latitudes, thus leading to a negative PVG during

April–July (shaded in Fig. 6f). The diabatic heating in

the atmosphere usually comes from precipitation latent

heat release, surface sensible heat, and surface longwave

radiation. The specific humidity showed strong negative

anomaly between 1000 and 650 hPa duringApril–July of

2017 (Fig. 7b), so the ‘‘low-level heating’’ (shaded in Fig.

6h) was mainly due to surface sensible heating anomaly

(contours in Fig. 6h). For the ‘‘upper cooling,’’ liquid

water and water vapor in the clouds can absorb the

surface longwave radiation, but significant anomalous

air downwelling in April–July (Fig. 3f) led to negative

low cloud cover (LCC) anomalies (Fig. 8b) with the in-

crease of net OLR (Fig. 8d). The negative (positive)

centers of LCC (OLR) also matched with the anticy-

clone over ASLB during April–July (Fig. 3b), while

their associations were not obvious inMarch (Figs. 8a,c).

Therefore, the clouds absorbed less longwave radiation

from the land surface, which manifested as a cooling

anomaly above 700hPa (Fig. 7a). There is a positive

vertical gradient ofQ0
1 between 850 and 600hPa (Fig. 7a),

so we calculated the vertical integration of PV0, PV0
part-w,

PV0
part-h, and PVG from surface to 600hPa as a repre-

sentative of the low levels (Fig. S5). The results are sim-

ilar to those in Fig. 6, but for upper levels (500hPa), the

advection effect (PV0
part-w), rather than PVG, has a strong

contribution to the negative anomaly of PV (Fig. S6).

Based on the above analysis, we can conclude that a

lot of sensible heat was transported to the lower atmo-

sphere layer during April–July due to persistently in-

creasing dry coupling over ASLB (shaded in Fig. 6h). So

there is an ascending motion anomaly at the low level

around 850 hPa due to sensible heating, and a descend-

ing motion anomaly below 500hPa due to the telecon-

nection. This is clearly shown in the black box region of

Fig. 3f. Thus the upper descending and lower ascending

lead to a vertical convergence in the midlevels. Because

the atmosphere is incompressible, vertical convergence

leads to horizontal divergence flow that flows from

center to perimeter. During the process of divergence,

the circulation flow becomes anticyclonic due to Coriolis

forcing, which always directs to the right side of mo-

tion in the Northern Hemisphere. This is the physical

mechanism on how the anomalous surface land state
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FIG. 6. The three terms related to the PV budget, (a),(b) part-h {horizontal advection

term, PV0
part-h 52[u (›PV0/›x)1 y (›PV0/›y)]2 [u0(›PV/›x)1 y0(›PV/›y)]; shaded; 1021 PVU

day21}, (c),(d) part-w [vertical advection term, PV0
part-w 52v (›PV0/›p)2v0(›PV/›p); shaded;

1021 PVU day21], and (e),(f) PVG [PV generation term due to vertical gradients of diabatic

heating, PV0
PVG 52g(f 1 z)(›Q0

1/›p); shaded; 10
21 PVU day21] during March and April–July;

contours in (a)–(f) are PV anomalies (1021 PVU day21) in the corresponding period. (g),(h)

The diabatic heating source Q1 (shaded; K day21) and surface sensible heat flux (contours;

W m22) anomalies.
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provided feedback to the low-level atmospheric circu-

lation during the persistent NEC drought.

d. The relation between land–atmosphere coupling
over ASLB and persistent drought events
over NEC

Reduced precipitation from spring to summer resulted

in cumulative soil moisture deficits over ASLB. Whether

this dry soil memory exerted influence on subsequent

atmospheric circulation needs more investigation. Here,

SVD analysis was performed between May (June)

monthly SM (top 100 cm) and June (July) geopotential

height (850hPa) anomalies. The second component

of the SVD for May SM and June geopotential height

pattern (Figs. 9a,b) showed a reverse change over

ASLB, which is similar to the corresponding anomalous

pattern of soil moisture and geopotential height in 2017

(Fig. S2). This pattern explained 20% of the total vari-

ance, which is close to the explained variance by the first

mode (26.9%), and the spatial patterns of soil moisture

(Fig. 9a) and geopotential height (Fig. 9b) for the second

component are more relevant to the drought series. The

first component of the SVD of June SM and July geo-

potential height showed similar results, and explained

FIG. 7. Vertical profiles of (a) diabatic heatingQ1 anomalies (K day21) and (b) specific humidity anomalies (g kg21)

averaged over the ASLB region marked in Fig. 5b.

FIG. 8. Standardized anomalies of low cloud cover in (a) March and (b) April–July. (c),(d) As in (a) and (b), but for

outgoing longwave radiation.
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FIG. 9. (a)–(c) Heterogeneous correlation maps and their corresponding normalized time series of the second

SVDmodes for the normalized monthly top-100-cm soil moisture in May and 850-hPa geopotential height in June

for the period of 1981–2017. (d)–(f) As in (a)–(c), but for the first SVD modes of soil moisture in June and geo-

potential height in July.
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the most (39%) of the total variance (Figs. 9d,e). Both

time series of the two patterns showed high correlation

coefficients of 0.75 and 0.64, respectively, and showed

extreme values in 2017 (Figs. 9c,f). This implies the soil

moisture anomaly during May and June over ASLB is a

key factor that influenced the local positive 850-hPa

height anomalies one month later. We caution that sta-

tistical relationships between lagged variables, while

suggestive, cannot prove causality.

The ASLB experienced the strongest dry coupling in

2017 (Fig. 5f), so the relationship between coupling and

atmosphere circulation also requires further investiga-

tion. Correlation analysis for seasonal drought events

suggests that the dry soil moisture may lead to a re-

duction in precipitation in later month through reducing

evaporation (Wu and Kinter 2009). So we calculated the

monthly regional average CDI time series over ASLB

for May and June during 1981–2017, and correlated it

with geopotential height and Q1 (June and July) at

850 hPa with a one-month lag. Figure 10 shows that

there is a significant positive correlation center over

ASLB for geopotential height field (Fig. 10a) as well as

theQ1 field (Fig. 10b). The numerical experiments show

that a stationary wave train can only maintain for three

weeks as a response of idealized localized vorticity

source forcing, or the internal atmospheric forcing

(Schubert et al. 2011). External forcing from SST or soil

moisture may play more important role in the mainte-

nance of the wave train for longer time scales. To further

study the response time of atmospheric circulation to the

soil moisture anomaly, we calculated the lagged corre-

lation between pentad mean 750-hPa meridional wind

anomaly over NEC and soil moisture anomaly over

ASLB (Fig. 11a), and found that there are significant

positive correlations before 6–8 pentads, while the au-

tocorrelation of meridional wind anomalies is lower and

insignificant (Fig. 11b), indicating a connection between

land surface anomaly and atmospheric drought. Han

et al. (2017) demonstrated that there is a significant

positive correlation between spring Niño-3 index and

NEC summer precipitation, but there are weak negative

correlations between Niño-3 and geopotential height at

500 hPa over ASLB and NEC. Moreover, the stan-

dardized Niño-3 index in 2017 spring is 0.66, which only

shows a weak positive anomaly. So, the Niño SST

anomaly may not be the reason for the 2017 NEC

drought. The above correlation analysis suggests that

as compared with the Niño SST anomaly, the terrestrial

anomaly is more significantly related to the lower-level

atmospheric circulation and thermodynamic conditions

one month later.

We also selected other six persistent drought events

over NEC during 1979–2017, with a standardized

precipitation anomaly in April–July lower than 21.

These droughts occurred in 1982, 1987, 1997, 1999, 2000,

and 2007. The composite result of these seven drought

events (including 2017) shows similar circulation pat-

terns as 2017 (Fig. 3b), where a mid–high-latitude tele-

connection originated from the Atlantic with positive

anomaly centers lying on the Atlantic and ASLB, neg-

ative center over the west coast of Europe (Fig. 12a).

The composite result of PV budget at 750 hPa over

ASLB shows positive anomaly of horizontal and vertical

PV advections (shades in Figs. 12b and 12c), both terms

give negative contribution to the negative PV anomaly

(contours in Figs. 12b and 12c). The PVG (shades in

Fig. 12d) term shows a negative center over ASLB,

thus causes a positive contribution to the PV negative

anomalous (contours in Fig. 12d), which is also consis-

tent with the anomaly of 2017 (Figs. 6b,d,f). Likewise,

the negative PVG anomaly is due to the positive verti-

cal gradients of diabatic heating rate between 850

and 650hPa with a maximal heating anomaly around

850 hPa and cooling around 650 hPa (Fig. 12f), the

heating anomaly (shades in Fig. 12e) is caused by

FIG. 10. (a) Lag correlation between time series of standardized

CDI in May–June averaged over the ASLB region marked in

Fig. 5b and monthly 850-hPa geopotential height field in June–July

for the period of 1981–2017. (b) As in (a), but for lag correlation

between CDI and diabatic heating sourceQ1 field at 850 hPa; here

the time series of CDI includes both the values of May and June

instead of the average value of the two, as well as the Q1 and

geopotential height field, namely May vs June and June vs July

separately.

7416 JOURNAL OF CL IMATE VOLUME 32

Unauthenticated | Downloaded 01/18/21 09:41 PM UTC



the surface sensible flux (contours in Fig. 12e) and the

cooling is caused by the decrease of cloud (not shown).

The above composite results indicate that the phase-

locking effect during persistent drought events is com-

mon over the NEC.

4. Conclusions and discussion

In this study, we diagnosed possible causes for the

persistent extreme drought event in Northeast China

(NEC) during March–July of 2017. The results showed

that a strong positive phase of Arctic Oscillation (AO)

in March triggered the NEC drought, and a telecon-

nection originating from the Atlantic maintained the

negative precipitation anomaly during April–July with

an anomalous anticyclonic circulation located over

ASLB. Both the two patterns enhanced the Baikal high

ridge and the associated dynamic descent, the north

wind on the east side of the anticyclone weakened water

vapor transport from the south, and these dynamical and

water vapor conditions finally resulted in the extreme

persistent NEC drought.

The land–atmosphere coupling over NEC and ASLB

transitioned from wet coupling in March to dry coupling

inApril–July. A similar transition occurred in the fields of

both soil moisture and atmosphere boundary layer. The

record-breaking dry coupling during April–July of 2017

over ASLB led to a positive anomaly of surface sensible

heating in the lower atmosphere. Meanwhile, a diabatic

cooling anomaly formed in the upper level due to the

decrease of low-level cloud cover caused by anomalous

sinking motion. This anomalous vertical thermal structure

led to a negative potential vorticity (PV) anomaly (anti-

cyclone) in lower level over ASLB, and had a phase-

locking effect on the teleconnection pattern originating

from theAtlantic, indicating that the synergistic effect of

upper barotropic processes and lower baroclinic pro-

cesses led to the maintenance of anomalous anticyclone

over ASLB, as well as the drought occurred over its

downstream area (NEC) during April–July of 2017.

Over ASLB, drier soil during late spring and early

summer corresponds to a higher geopotential height in

the next month, and the dry coupling related diabatic

heating in low level might be a key process for this re-

lationship. The above conclusions demonstrate that

the persistent ASLB anticyclonic anomaly is maintained

by the combined influences of upstream Rossby wave

and the local land–atmosphere coupling, which resulted

in the downstream NEC drought in 2017. Our analysis

shows a large-scale land–atmosphere feedback mecha-

nism during persistent drought event, which may be

helpful to understand the dynamic and thermodynamic

processes for how the land state influences planetary

waves in mid–high latitudes. Drought events can be

promoted by positive thermodynamic feedbacks that

favor depleted soil moisture and surface sensible heat-

ing. On the other hand, they are also strongly regu-

lated by atmospheric dynamics that initiate and sustain

anomalous heating and drying (Coumou et al. 2018). By

conducting numerical simulations, Koster et al. (2016)

FIG. 11. (a) The lead correlation between pentad soilmoisture anomalies (averagedover theASLB regionmarked

in Fig. 5b) and meridional wind anomalies of 750 hPa (averaged over the NEC region marked in Fig. 5b) during

May–July (MJJ) over the period 1981–2017; the red bar denotes that the correlation value is statistically significant at

the 5% level. (b) As in (a), but for the autocorrelation of meridional wind anomalies of 750 hPa over NEC.

1 NOVEMBER 2019 ZENG ET AL . 7417

Unauthenticated | Downloaded 01/18/21 09:41 PM UTC



shows that cumulative surface dryness in the U.S. in-

terior can excite an anticyclonic anomaly over the west-

central United States, and this circulation condition

is favorable to sensible heating of atmosphere which

in turn maintains the upper circulation. Further study

shows that the phase locking also depends on the local

atmospheric basic state (H. Wang et al. 2019). More-

over, dry surface conditions can also enhance the posi-

tive height anomaly at upper levels and thus make it

more persistent during the 2003 European summer heat

FIG. 12. The composite results of seven persistent drought events over NEC (standardized April–July mean

precipitation anomaly overNEC less than21). (a)Geopotential height anomalies (shaded; dagpm); (b)–(d) shaded

are PV0
part-w, PV

0
part-h and PVG (1021 PVU day21), and contours are PV anomalies (1021 PVU day21); (e) the

diabatic heating source Q1 (shaded; K day21) and surface sensible heat flux (contour; W m22) anomalies and

(f) vertical profiles of diabatic heating Q1 anomalies (K day21) over ASLB.
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wave (Fischer et al. 2007). These previous studies show

an apparent phase-locking and amplification effect of

soil moisture dryness on the upper atmosphere circula-

tion. Here we analyzed the combined effect of surface

heating and upper-level cooling on the Rossby wave

originating fromupstream, and speculate that this drought

mechanism may also be relevant for Europe and the

United States, as well as other hot spots of atmosphere–

land coupling over the midlatitudes of the Northern

Hemisphere.

Soil moisture, the atmospheric boundary layer, and

the free atmosphere are highly coupled to each other.

Soil moisture dryness influences the atmospheric circu-

lation through changing the thermodynamic condition

in boundary layer, so the qualitative study on this effect

can be conducted through forcing an ideal model by an

artificial vertical heating profile with a maximum dia-

batic heating rate at lower levels, which can be regarded

as the anomalous diabatic heating induced by surface

sensible heat (Koster et al. 2014, 2016). Numerous

studies based on realistic models also try to isolate and

quantify the feedback from surface to atmosphere:

Zhang and Wu (2011) do a GLACE1-type coupling

experiment with Weather Research and Forecasting

Model, and found that land–atmosphere coupling gen-

erally accounts for 30%–70%of the numbers of hot days

and heat waves over eastern and southwestern China. In

our future work, we will try to do a similar simulation to

isolate the effect of land–atmosphere coupling and

teleconnection on the local atmosphere circulation.

Furthermore, precipitation in NEC is also modulated

by the NAO and the PDO, with the East Asian summer

monsoon varying at interannual to decadal time scales,

respectively (Sun and Wang 2012; Li et al. 2010).

Therefore, the regulation of large-scale orography (the

Tibetan Plateau), NAO, and PDO on land–atmosphere

coupling deserves to be further investigated.
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