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Abstract
With the significant warming, Central Asia (CA) has suffered from frequent drought events and vegetation degradation. 
However, whether it is the large-scale circulation dynamics or the surface local thermal mechanism that plays the dominant 
role in the drought remains unknown. Here we used 3-month Standardized Precipitation Evaporation Index in August to 
identify the summer drought events for 1980–2022 and conducted a composite analysis. Results indicate that the drought 
related wave train, originating from mid-high latitude North Atlantic (NA), has a barotropic vertical structure and propagates 
eastward, featuring a positive geopotential height center in CA. The pronounced warm sea surface temperature (SST) over 
the middle-latitude NA and cold SST over the high-latitude NA contribute to the Rossby wave formation, which is verified 
by an analysis of the apparent vorticity anomaly and linear baroclinic model experiments. The anticyclone anomaly over CA, 
corresponding to strong vertical subsidence, enhances downward shortwave radiation and surface sensible heat flux, while 
significantly reducing surface latent heat flux. The maintenance of drought is usually associated with persistent precipita-
tion deficits. By using the backward moisture tracking model, we further found that the recycled precipitation, induced by 
the local evapotranspiration, contributes to the 88.39% reduction of total precipitation during drought periods, whereas the 
inflow of external advected moisture shows no significant decrease. The above results highlight the dominated role of local 
land–atmosphere interactions responsible for the drought through reduced local evapotranspiration, with large-scale circula-
tion anomalies providing a conducive background for the drought.

Keywords  Mid-high latitude circulation · Surface thermal forcing · Central Asia · Drought events · SST anomalies · 
Recycled precipitation

1  Introduction

Central Asia (CA) is located in the hinterland of the Eur-
asian continent, spanning from the Caspian Sea to the 
northwest region of China, far from the ocean, with scarce 

sources of moisture. The region is the “hotspot” for climate 
change, experiencing significant warming over the past 
100 years (Ji et al. 2014; Huang et al. 2017), particularly 
from 1979 to 2011, with the rate accelerating to approxi-
mately 0.338 °C/10 year, which far exceeds the averages for 
global land (Peng et al. 2019). The increase in temperature 
intensifies the frequency and intensity of CA droughts (Guo 
et al. 2018; Jiang and Zhou 2021, 2023; IPCC 2021). Dry-
ness characterizes arid and semi-arid regions, yet droughts 
represent an unexpected decrease in rainfall over a specific 
time, significantly affecting the region. As one of the most 
complicated and severe natural disasters (Portela et  al. 
2015), drought has severely threatened crop productivity, 
industry and society (Mishra and Singh 2010). For exam-
ple, in early June 2021, due to record-breaking heat and 
insufficient rainfall, CA suffered from prolonged drought. 
More than 2000 domesticated animals died due to a lack of 
water and forage, leading to increased food prices (Jiang and 
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Zhou 2023). In the arid and semi-arid regions, coupled with 
the frequent occurrence of drought events, this leads to a 
series of problems such as intensified contradiction between 
water supply–demand, increased desertification, and more 
frequent sandstorms, further exacerbating the already fragile 
ecological environment of CA (Bestelmeyer et al. 2015; Li 
et al. 2015; Chen et al. 2016; Zhang et al. 2018). There-
fore, in light of the severe situation of frequent droughts 
in CA in recent years, understanding the underlying physi-
cal mechanisms of drought events over CA is urgent and of 
significant practical importance, as it helps meet the needs 
for the rational utilization of water resources and maintain 
ecological security and sustainable development, especially 
in drylands.

Previous studies have documented that various large-scale 
teleconnection patterns affect wet/dry conditions by modu-
lating precipitation in CA. On the interdecadal scale, since 
the 1990s, the Interdecadal Pacific Oscillation (IPO) has 
undergone a phase shift from positive to negative, leading to 
reduced spring precipitation and exacerbating the decrease 
in soil moisture at the start of the growing season over 
CA (Jiang and Zhou 2023). The positive phase of Atlantic 
Multidecadal Oscillation (AMO) in the twenty-first century 
corresponds to the weakened westerly and less CA precipi-
tation (Guo et al. 2022). While the negative east Atlantic/
western Russia pattern can lead to the cooling of the upper 
troposphere and the formation of an anomalous cyclone over 
CA, inducing precipitation in CA (Ma et al. 2020; Ren and 
Zhao 2023). On the interannual scale, the El Nino–Southern 
Oscillation significantly influences summer CA precipita-
tion by adjusting the strength and location of the westerly 
jet stream (Hu et al. 2017). When the Indian Ocean sea sur-
face temperature (SST) is cooler, the South Asian summer 
monsoon intensifies, and the North Indian continent has a 
positive heat source anomaly; this condition corresponds to 
a northward shift of the subtropical westerly jet, resulting 
in sinking motions and reduced rainfall over southeastern 
CA (Meng et al. 2021; Wei et al. 2023). The Indian summer 
monsoon and Tibetan Plateau heating, both affected by south 
Indian Ocean Dipole in February, have synergistic impact 
the interannual variation of summer CA precipitation (Zhao 
et al. 2022). Additionally, Bothe et al. (2012) indicate that 
the North Atlantic (NA) SST anomaly also influences the 
extreme and severe dryness over CA. However, it still lacks 
a clear analytical framework for determining which loca-
tions trigger the teleconnection wave trains that dominate 
the maintenance of drought events in CA on an interannual 
scale.

Anomalies in large-scale circulation systems create the 
dynamic conditions for drought persistence and are often 
accompanied by changes in moisture transport and local 
evapotranspiration. These moisture transport anomalies are 
directly linked to precipitation anomalies, such as drought 

and flood. Therefore, understanding moisture changes for 
drought is crucial. Previous studies have indicated that the 
spring drying trend in southeastern CA is mainly caused by 
reduced local evaporation and weakened moisture transport 
from the Arabian Peninsula and Arabian Sea. The summer 
drying trend in northern Central Asia can be attributed to 
decreased local evaporation and reduced moisture transport 
from Scandinavia (Jiang et al. 2020). The dry season of CA 
shows a reduction in net moisture inflow, primarily due to 
decreased water vapor from central and western Eurasia, 
which leads to a decrease in precipitation minus evapotran-
spiration (P − E) (Ren et al. 2022). Additionally, the local 
thermodynamic mechanism plays a critical role in maintain-
ing and intensifying droughts by influencing the temperature 
and local evaporation. Drought events often coincide with 
anomalous subsidence and moisture flux divergence, leading 
to reduced cloud cover and increased downward shortwave 
radiation; the adiabatic warming effect of subsidence intensi-
fies surface air heating, further favoring drought occurrence 
(Zhou et al. 2024). Warming increases atmospheric moisture 
demand; initially, actual evapotranspiration briefly spikes 
anomalously (Zhao et al. 2023), but as water supply is lim-
ited in arid regions, soil moisture quickly depletes, causing 
latent heat flux to decrease and sensible heat flux to increase. 
This reduction in local actual evapotranspiration then causes 
a decrease in recycled and total precipitation, intensifying 
drought through a local coupled soil-temperature process 
(Mukherjee et al. 2018). Quantifying changes in moisture 
transport process, precipitation recycling and water bal-
ance during drought periods can deepen our understanding 
of atmospheric water cycle and is beneficial for forecasting 
drought extreme event (Roy et al. 2019; Guan et al. 2022). 
However, current research on the quantitative analysis of the 
relative contributions of local evapotranspiration (affected 
by local thermodynamic mechanisms) and external moisture 
advection (affected by large-scale circulation dynamics) to 
drought events in CA is extremely scarce.

Therefore, in this study, we focus on summer drought 
events across CA, identifying the main atmospheric circu-
lation patterns associated with drought events and extract-
ing the related teleconnection wave trains at the interannual 
scale. The study further investigates the mechanisms of how 
the wave train develops and examines whether the wave train 
is excited by thermal anomaly of underlying surface. In addi-
tion, a backward moisture trajectory tracking model is used 
to quantify the relative contributions of external moisture 
transport anomalies and local actual evapotranspiration 
anomalies to the drought events over CA. Through the above 
exploration, we aim to provide a comprehensive analysis of 
the physical causes underlying drought events.

The structure of this paper is organized as follows. Sec-
tion 2 provides a detailed description of the datasets and 
methods used in the study. Section 3 identifies the drought 
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events and examines the associated circulation anomaly. 
Section 4 investigates the dynamics of the teleconnection 
wave train in detail. Section 5 quantifies the contributions 
of external moisture advection and local evapotranspiration 
to the drought events. Section 6 conducts the model experi-
ment to validate the role of thermal anomaly of underlying 
surface. Section 7 offers the summary and discussion.

2 � Data sets and methods

2.1 � Data

The drought measurement is complex with no uniform stand-
ard (Heim 2002). Various drought indices have been used 
to examine changes in the wet-dry conditions of CA, such 
as the standardized precipitation index (SPI, McKee et al. 
1995), Palmer Drought Severity Index (PDSI, Palmer 1965; 
Li et al. 2017), and standardized precipitation evaporation 
index (SPEI, Vicente-Serrano et al. 2010). The PDSI has 
a fixed time scale, and its accuracy largely depends on the 
quality of soil moisture data (Kumar et al. 2013). Compared 
to the SPI index, the SPEI index accounts for temperature 
anomalies in addition to precipitation deficits. Therefore, 
using the SPEI index can more reasonably identify drought 
events in CA. Considering that summer precipitation is 
closely related to annual precipitation and significantly 
affects the annual precipitation variability in CA (Hu et al. 
2017), coupled with the fact that droughts are often accom-
panied by severe precipitation deficits, we therefore focus 
our research on interannual variations of summer droughts. 
The SPEI-3 in August serves as an effective indicator of 
summer drought. The data for SPEI-3 is sourced from the 
Climate Research Unit (CRU) Version 4.08, spanning from 
1901 to 2022 with a spatial resolution of 0.5° × 0.5°.

The monthly geopotential height, winds, radiative flux, 
cloud cover, surface and air temperature, along with 6-h 
mean winds, precipitation, evaporation and precipita-
ble water are derived from the Modern-Era Retrospective 
Analysis for Research and Applications, version 2 (MERRA-
2) with a resolution of 0.625° × 1.25°, which is available 
from 1980 to present (Gelaro et al. 2017). Besides, we also 
obtained the monthly mean extended reconstructed SST 

version 5 (ERSST v5), which spans from 1854 to present 
with a horizontal resolution of 2° × 2°.

2.2 � Methods

2.2.1 � The precipitation dynamic recycling model (DRM)

To understand the contribution of the recycling process to 
precipitation deficit, we conducted the DRM to calculate the 
recycling ratio, which is derived from the atmospheric mois-
ture balance equation (Eq. (1); Dominguez et al. 2006). The 
model has been used for exploring precipitation recycling 
and tracing moisture source (Dominguez and Kumar 2008; 
Pathak et al. 2014; Hua et al. 2017a, b; Ren et al. 2022).

The u and v represents moisture that weighted zonal and 
meridional winds, the specific calculating process can be 
seen in Table 1. The W,E and P represent the precipitable 
water, evapotranspiration and precipitation, respectively. 
The W  has two sources: the external advected moisture 
and local evapotranspiration. The model assumes that the 
water vapor from evapotranspiration and advection is well 
mixed in the vertical direction. Therefore, the mass con-
servation equation can be expressed as follows:

where � is the recycling ratio, and � =
Pm

P
=

Wm

W
 . The sub-

script m represents recycled components. By solving the 
above differential equation, we can obtain the expression 
for recycling ratio in one cell as follows:

where s is the moisture trajectory, and s0 represents the start-
ing point of the moisture trajectory. Further we can calculate 
the region recycling ratio for a region including z grid cells, 
the specific formula can be seen in Table 1.
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Table 1   The derived variables 
from the q , û , v̂, q′, û′ , and v̂′ , 
where are the mean and 
transient values for the specific 
humidity and zonal and 
meridional wind, respectively

A represented the area of the cell

Abbreviation Variable description Equation

u The moisture-weighted vertically integrated 
zonal winds

u = ∫ P
0

0
qûdp + ∫ P

0

0
q�û�dp

v The moisture-weighted vertically integrated 
meridional winds

v = ∫ P
0

0
qv̂dp + ∫ P

0

0
q�v̂�dp

Rz The regional precipitation recycling ratio ρ =
Pm

P
=

∑z

i=1
�iPiΔAi∑z

i=1
PiΔAi
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2.2.2 � Moisture source detection

To accurately quantify the contribution of moisture sources 
to precipitation in CA, we employed the ‘moisture source 
detection’ method developed by Sodemann et al. (2008), 
which tracks the changes in specific humidity of an air par-
cel along its trajectory from the source to the target area. 
This method considers the temporal sequence of evapora-
tion into and precipitation from the air parcel. It has been 
widely applied in previous studies (e.g., Peng et al. 2020; 
Ren et al. 2022; Zhang et al. 2022). However, since DRM is 
a two-dimensional model, we primarily used the variable W, 
rather than specific humidity, to calculate moisture changes 
within the air column during backward tracking, where mul-
tiple processes of moisture absorption and release occur. Our 
adaptation of the Sodemann method involves the following 
three steps:

	 (i)	 Drawing on the results of DRM, we selected all tra-
jectories bound for the target area that exhibit mois-
ture release within that region.

	 (ii)	 As these trajectories go forward from their mois-
ture uptake locations to the target area, the mois-
ture content in the whole air column can fluctuate 
due to multiple processes of evaporation and pre-
cipitation. To calculate the changes, we calculate 
ΔW = W(t) −W(t − 6h) for the kth backward tra-
jectory over time t. The first point where ∆W > 0 is 
marked as the starting point for tracking. At locations 
where ∆W is positive, evapotranspiration contributes 
moisture content to the entire air column. The frac-
tional contribution ( fn ) of ∆W to the moisture in a 
unit area air column ( Wn ) at that specific moment n, 
is determined as follows:

As the air column moves towards the target area, it 
engages in multiple cycles of absorbing and releasing water 
vapor. New instances of moisture uptake can reduce the rela-
tive contribution of earlier uptakes. Therefore, to accurately 
account for these dynamics, the contributions of moisture 
from previous time m must be recalibrated as follows:

where fm represents the fractional contributions of all mois-
ture uptakes at earlier times m relative to the new moisture at 
moment n. When ΔW < 0 , precipitation results in the release 
of moisture across the entire air column at that location, thus 

(4)f k
n
=

ΔWk
n

Wk
n

(5)f k
m
=

ΔWk
m

Wk
n

,m < n

diminishing the influence of all prior contributions of ΔW to 
the moisture in a unit area air column. Consequently, all pre-
vious contributions to the moisture of the entire air column 
are proportionally adjusted in response to the precipitation, 
which is discounted as follows:

When the air column arrives at the target region, the 
cumulative sum of the most recent fractional contributions 
from all uptake points reflects the total contribution from 
all points along the trajectory throughout the entire period.

	 (iii)	 The contribution percentage of the jth moisture 
source region to CA precipitation is calculated as:

where CP is the sum of the contributions of all tra-
jectories for the jth moisture source region.

2.2.3 � The linear baroclinic model (LBM)

The LBM model (Watanabe and Kimoto 2000) is a dry 
atmospheric model developed to simulate the atmosphere 
dynamic responses to idealized forcing such as diabatic 
heating and convergence. For our simulations, we used the 
T42L20 version of the LBM, which incorporates a T42 hori-
zontal resolution and 20 sigma levels. The model's back-
ground state is based on the climatological mean of sum-
mer derived from the NCEP/NCAR reanalysis for the period 
1958–1997. To ensure a stable response to heating forcing, 
the model is integrated over a period of 60 days. We focused 
on averages from days 30 to 60 to characterize the linear 
response of atmospheric circulation, analyzing variables 
such as meridional wind and geopotential height.

2.2.4 � Other methods

The Empirical Orthogonal Function (EOF; Lorenz 1956) 
analysis is utilized to extract the dominant spatial mode of 
the August SPEI-3 index over CA. To emphasize interan-
nual variability, a 9-year sliding average is removed from all 
variables. Additionally, composite analysis and regression 
are performed, with statistical significance assessed using 
the Student’s t-test.

The wave activity flux (WAF; unit: m2 s−2), as introduced 
by Takaya and Nakamura, is calculated to elucidate the prop-
agation of anomalous Rossby waves across the mid-to-high 
latitudes of the Northern Hemisphere. Its expression is as 
follows:

(6)ΔWk�

m
= ΔWk

m
+ ΔWk

n
Δf k

m
for all m < n

(7)CPj =

∑ktot

k=1
ΔWk(j)

∑ktot

k=1
Wt=−6h

× 100%



Impact of mid‑high latitude circulation and surface thermal forcing on drought events in Central… Page 5 of 16  90

where � denotes the geostrophic stream function, φ is the 
latitude, p is the pressure, a is the earth’s radius, and u and v 
are the zonal and meridional winds. The subscripts y and x 
indicate the partial differential in latitudinal and meridional 
directions, respectively. The overbar and prime represent 
the climatology (1980–2022) and anomalies during drought 
periods, respectively.

The wave train is sustained primarily through two mecha-
nisms of energy extraction from the mean flow: the conver-
sion of kinetic energy (CK) and the conversion of available 
potential energy (CP). These conversions are quantified 
using the methods outlined by Kosaka and Nakamura 
(2006):

where the positive CK(CP) means the anomalies extracted 
the kinetic energy (available potential energy) from the mean 
flow.

Following Kosaka and Nakamura (2006), the linearized 
vorticity equation can be expressed as:

where V� = (u� , v� ) denotes rotational wind components, 
and � is the relative vorticity. The terms of ZA and MA indi-
cate the advections of anomalous vorticity due to climato-
logical mean rotational zonal and meridional winds, respec-
tively. The � term denotes the horizontal advection of the 
mean vorticity by anomalous winds. The Res term includes 
the contribution of vertical advection, nonlinear effects, and 
dissipation. A positive value of each term in Eq. (11) rep-
resents a positive cyclonic vorticity tendency. RWS denotes 
the linearized barotropic Rossby wave source, which can be 
calculated referring to Sardeshmukh and Hoskins (1988):
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where Vχ = (uχ, vχ) represent divergent wind components. 
The sum of S1 and S2 on the right-hand side of Eq. (12) is 
the vortex stretching term induced by the product of anoma-
lous divergence and climatological absolute vorticity, and 
arising from the interaction between climatological diver-
gence and anomalous vorticity, respectively. The sum of S3 
and S4 is the vorticity advection term. The S3 term repre-
sents the advection of climatological mean absolute vorticity 
by anomalous divergence flow, and S4 is the advection of 
anomalous absolute vorticity by climatological mean diver-
gence flow (Lu and Kim 2004).

3 � Identification of summer drought 
and associated circulation anomaly

The time series of the area-averaged summer precipitation 
in CA and August SPEI-3 demonstrate high consistency in 
their fluctuations, with significant year-to-year variations 
(Fig. 1a). However, their trends diverge: the former shows 
an increasing trend, while the latter reveals a decreasing 
trend. This discrepancy arises because SPEI accounts not 
only for precipitation but also incorporates the effects of 
significant warming, which results in a drying trend. In order 
to examine the spatiotemporal characteristics of CA drought, 
we first performed the EOF analysis to the August SPEI-3 
during 1980–2022. The EOF1 mode of SPEI-3 accounts for 
39.8% of the total variance and exhibits a largely consist-
ent spatial pattern across CA, except for northeastern sub-
regions (Fig. 1b). The first principal component (PC1) of 
EOF1 features pronounced interannual variability and is 
highly correlated with the SPEI-3 index, showing a correla-
tion coefficient of 0.73. we defined a drought year as any 
year in which PC1 is less than − 1. Accordingly, the years 
1984, 1995, 1997, 2006, 2008, and 2014 are identified as 
drought years (Fig. 1c) and are selected as composites to 
represent the drought periods.

The atmospheric circulation anomalies provide the back-
ground for the drought. The composite analysis of 250 hPa 
geopotential height shows a “+ − +” structure, with an anoma-
lous high-pressure system is observed over the CA (Fig. 2a). At 
850 hPa, the spatial pattern of geopotential height anomalies is 
similar with that at 250 hPa, which indicates this is an equiva-
lent barotropic structure from the lower-troposphere to upper-
troposphere (Fig. 2b). The wave activity fluxes are shown to 
estimate the Rossby wave propagation associated with CA 
drought (Fig. 2c). Wave energy originates from the high lati-
tudes of the NA, intensifies over Europe, passes through the 
Mediterranean and Aral Sea, and then turns eastward towards 
CA. Correspondingly, the meridional wind is characterized 
by an alternating northerly and southerly anomalies within 
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the Rossby wave train (Fig. 2c). The Fig. 2d gives the vertical 
structure of the composited geopotential height, vertical veloc-
ity and temperature anomalies along the major centers labeled 
A, B, C, and D in Fig. 2a, which confirms the quasi-barotropic 
structure of the atmospheric wave train. The anti-cyclonic and 
positive temperature center in CA is the strongest among these 
three action centers, with the profound descending motion con-
trolling the CA (Fig. 2d). In addition, the strongest temperature 
anomalies over CA are located in the upper layer (i.e. 300 hPa) 
of the troposphere, and temperature in the North Atlantic 
shows a positive anomaly below 300 hPa while a negative 
anomaly above 300 hPa (Fig. 2d).

4 � Large‑scale dynamics mechanisms 
responsible for the CA drought

We have presented the circulation pattern and suggested 
that the wave train originates from high latitude NA, 
influencing drought conditions over CA. However, the 
mechanisms triggering and maintaining the wave train 
remain to be elucidated. By conducting an analysis of the 
linearized vorticity budget, the formation and persistence 
of the wave train can be further determined. Figure 3a–f 
illustrates the spatial distribution of each term at 250 hPa 
in the linearized vorticity equation (Eq.  (11)). In the 
upper troposphere, a strong anticyclonic vorticity source 
is found around 65°N, 30°W. The positive and negative 
wave sources alternate along the atmospheric wave train, 
with largest anticyclonic vorticity source observed in east 
of CA (Fig. 3a). The contributions of the ZA (Fig. 3b) and 
β_y term (Fig. 3e) are significantly stronger than the oth-
ers, and they exhibit opposite signs. This pattern suggests 
that the advection of disturbance vorticity by the mean 
zonal rotating wind is largely offset by the β effect, con-
firming that the wave train is indeed a stationary Rossby 
wave. The contributions of β_x and MA term (Fig. 3c, d) 
to the teleconnection are weak, and the residual term is 
dispersed and small in amplitude (Fig. 3f).

Further exploring which process plays a pivotal role in 
the generation of Rossby wave, we divided the anomalous 
RWS int two components: the vortex stretching term and 
vorticity advection term. The distribution of the vortex 
stretching term is highly consistent with the total RWS in 
both spatial pattern and values (Figs. 3a, 4a), indicating 
a close relationship between RWS and convergence and 
divergence in the upper troposphere, while the contribu-
tions of the vorticity advection term are relatively weak 
(Fig. 4b).

To clarify which energy source maintaining this atmos-
pheric wave train, we examined the baroclinic and baro-
tropic energy conversions processes during the drought 
periods. Figure 5a, b exhibits the spatial pattern of CK and 
CP integrated from 1000 to 100 hPa. Significant CK values 
are observed in the exit region of the Atlantic jet and both 
flanks of Asian jet (Fig. 5a). In the mid-latitude NA and 
the west of CA, CK values are positive; in the high-latitude 
NA and the east of CA, CK values are negative. The spatial 
characteristics of CP are manifested as alternating positive 
and negative values along the atmospheric wave train, with 
amplitudes of positive values being greater than negative 
ones (Fig. 5b). Overall, the contribution of CP exceeds 
that of CK. CP plays a major role in maintaining the wave 

(b)

(c)

(a)

Fig. 1   a The time series of August SPEI-3 (black line) and the sum-
mer precipitation anomalies (blue line) averaged over CA. b The spa-
tial pattern of the EOF1 mode for interannual variation (removing the 
9-year sliding average) of August SPEI-3 over CA. c The normalized 
PC1 time series
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(a) (b)

(d)(c)

A B C D

Fig. 2   Anomalies characteristics of the summer. a 250  hPa zonal 
deviation field of geopotential height (contour; units: gpm) and 
250  hPa temperature (shading; K) during the drought periods. b Is 
the same as a, but for 850 hPa. The areas with dot markers indicate 
the differences exceed 95% significance level. c Composite 250 hPa 
wave activity fluxes (vectors, unit: m2 s−2) and meridional wind 

(shading; V) anomalies. Red boxes represent the CA region. The five 
major meridional wind action centers are labeled with red pentagram. 
d Vertical profile of the composite anomalies of the zonal deviation 
field of temperature (shading; T), geopotential height (contour; H) 
and vertical velocity (Arrow; � ) along the solid green line in (a)

(a) (b)

(c) (d)

(e) (f) s

s s

ss

s

Fig. 3   Composite anomalies of vorticity budget of 250  hPa winds 
during drought periods. a The Rossby wave source term (RWS), b the 
zonal advection term (ZA), c the meridional advection term (MA), d 

the transport of mean vorticity by disturbed zonal rotating wind (β_x) 
term, e the transport of mean vorticity by disturbed meridional rotat-
ing wind (β_y) term and f the residuals. Unit: 10−11 s−2



	 Y. Ren et al.90  Page 8 of 16

train, while CK's influence is relatively limited, primarily 
acting to stabilize the positions of the wave train.

5 � Local thermal mechanisms responsible 
for the CA drought

Atmospheric circulation anomalies play an essential role in 
modulating local heat fluxes by influencing radiation process 
and cloud cover (Horton et al. 2016; Liu and Sun 2023). 
Under the control of anomalous anticyclone of the middle 
to upper troposphere, CA experiences strong anomalous 
downward motion (Fig. 6a), which is most significantly in 
central and eastern CA. This subsidence is accompanied by a 
decrease in total cloud cover (Fig. 6b) and an increase in out-
going longwave radiation (Fig. 6c). Under such conditions, 
the downward longwave radiation at the surface decreases 
(Fig. 6e), allowing more shortwave radiation to penetrate the 
atmosphere and reach the ground (Fig. 6d). Additionally, the 
adiabatic warming effect of the subsidence further increases 
surface temperature in CA (Fig. 6g). With almost constant 
net radiation at the surface (Fig. 6f), enhanced sensible heat 
flux (Fig. 6h) and reduced latent heat flux (Fig. 6i) are more 
conducive to maintaining drought conditions.

The significant reduction in latent heat flux implies a 
marked decrease in evapotranspiration during the drought 
periods. Precipitation is composed of two components: 
one part originates from local evapotranspiration, referred 
to as “recycled precipitation (Pe)” and the other from the 
advection of external moisture, referred to as “advected 

precipitation (Pa)”. The impact of local evapotranspiration 
on precipitation deficits merits further quantification. During 
the drought periods, total precipitation in CA decreases by 
7.75 mm, of which Pe contributes 6.85 mm and Pa contrib-
utes 0.90 mm (Fig. 7b–d). This is accompanied by a sig-
nificant decrease in the recycling ratio (Fig. 7a). The spatial 
patterns of the changes in Pe and total precipitation are also 
highly similar (Fig. 7b, c), indicating that the decrease in 
Pe caused by the decrease in evapotranspiration dominates 
the reduction in the total precipitation. We further gave the 
moisture contribution of the water vapor sources to the CA 
precipitation. Figure 8a shows the climatological mean 
moisture sources contributions to the CA summer rainfall, 
the sum of moisture tracked is 91.72%. The spatial extent of 
the sources covers the Eurasia continent, the North Atlantic, 
the Western Pacific, and the tropical Indian Ocean. During 
drought periods, there is primarily a relative reduction in 
moisture source contributions from CA (− 4.32%), West-
ern Europe (− 11.69%), the North Atlantic (− 8.85%), and 
the Indian Peninsula (− 2.02%) (Fig. 8b, c); while moisture 
source contributions from the central-western and northern 
parts of the Eurasian continent increase (6.60 and 5.81%) 
(Fig. 8b, c), which is closely related to an anticyclonic anom-
aly over CA, enhancing water vapor transport from these 
regions along the west of anticyclone.

Furthermore, precipitable water significantly decreases 
(Fig. 9a). A detailed analysis of the atmospheric water budget 
over CA (Fig. 9b) reveals that there are minimal changes in 
the inflow (climatological mean: 44.53 kg m−1 s−1; anom-
aly: 44.58 kg m−1 s−1) and outflow (climatological mean: 

(a) (b)

Fig. 4   Composite anomalies of a 250 hPa vortex stretching term and b absolute vorticity advection term during drought periods. Unit: 10−11 s−2

(a) (b)

Fig. 5   Vertically integrated (from surface to 100 hPa) conversion of a kinetic energy and b available potential energy. Unit: W m−2. The green 
contour line represent summer mean zonal wind speeds above 20 m s−1
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53.25 kg m−1 s−1; anomaly: 51.83 kg m−1 s−1) of moisture 
flux to the region. This indicates that external moisture 
transport has little impact on maintaining drought. Instead, 
droughts are primarily influenced by local land–atmosphere 
interactions reducing local evapotranspiration (climatologi-
cal mean: 24.86 kg m−1 s−1; anomaly: 21.01 kg m−1 s−1), 
with the circulation field providing a large-scale background 
conducive to drought.

6 � Simulation for the modulation of North 
Atlantic

By the above-mentioned TN-wave activity fluxes and RWS 
analysis, we have demonstrated that the NA ocean may play 
a key role in exciting the eastward propagation Rossby wave 
by the diabatic heating or vorticity perturbation (Ghosh et al. 
2017; Sheng et al. 2022), leading to the positive geopoten-
tial height anomalies over CA during the drought periods. 
The following provides a preliminary physical picture on 
how the NA SST affects CA precipitation variability. We 
first selected five 250 hPa anomalous meridional wind (V*) 
activity centers from Fig. 2c, and defined an index reflect-
ing wave train intensity as “ZS5”, which formulation can be 
seen as follows:

The NA SST field and 250 hPa relative vorticity field is 
further regressed on ZS5. As can be seen in Fig. 10a, the 
significant positive SST anomalies over the mid-latitude 
eastern NA and negative SST anomalies over extratropical 
western NA can be observed, which is correspond well to 
the pronounced negative relative vorticity in the mid-latitude 
eastern NA (blue box: 50° N–58° N, 10° W–31° W) and 
marked positive relative vorticity in the extratropical west-
ern NA (red box: 58° N–67° N, 28° W–65° W) (Fig. 10b), 
although with somewhat lower significance in places for 
high-latitude SST anomalies. The middle and high latitude 
SST impacts atmosphere through the indirect dynamical 
and thermal forcing by atmospheric transient eddy activities 
(Fang and Yang 2016). The cooling of SST at high latitudes 
strengthens the meridional gradient of SST around 58° N, 
accompanied by an increase in the baroclinicity of the lower 
atmosphere, leading to more transient eddy activities. The 
transient eddy vorticity forcing induces a whole-layer nega-
tive geopotential tendency over the cold SST area, conducive 
to the low-pressure anomaly there (Chen et al. 2020; Song 
and Chen 2023). The vertical profiles of anomalous rela-
tive vorticity over the significant areas (red and blue boxes 

(13)

ZS5 = 2∕5[V∗(62◦N, 30◦W) + V∗(45◦N, 45◦E)
+ V∗(44◦N, 107◦E)] − 3∕5[V∗(52◦ N, 4◦W)
+ V∗(43◦N, 78◦E)]

in Fig. 10b) during drought periods are shown in Fig. 10c, 
where the peak of vorticity is distributed at 300 hPa. To 
further validate vorticity perturbations can excite the east-
ward-propagating Rossby wave, a numerical experiment to 
simulate the atmospheric response to vorticity forcing over 
NA based on LBM is conducted, and the vertical profiles of 
Fig. 10c is used to force the experiment. The model response 
of the geopotential height and meridional wind at 250 hPa 
to the above vorticity forcing is depicted in Fig. 11 from day 
30 to day 60. A series of alternating positive and negative 
height anomalies are observed over Eurasia, forming a wave 
train‐like pattern extending from the NA Ocean to the East 
Asia, with an anomalous anticyclone over CA (Fig. 11a, b). 
The results of the numerical experiment show a structure 
similar to that of the composite circulation pattern (Fig. 2a, 
c). Thus, the anomalous SST and its related vorticity in the 
mid-high latitude NA can be considered a trigger factor for 
the drought over CA.

7 � Conclusion and discussion

In this study, we focused on the summer drought of CA 
and explored its underlying physical mechanism using 
MERRA-2 reanalysis data. All processes are summarized 
in Fig. 12. First, for the large-scale circulation, composite 
analysis show that the CA drought is closely associated 
with a high-pressure anomaly over CA. This anomaly is 
related to a large-scale extratropical anomalous wave train 
from the high-latitude NA to East Asia, featuring positive 
anomaly centers in extratropical NA and CA, and negative 
anomalous centers in the Europe and western Russia. The 
anomalous wave energy propagates from the extratropical 
western NA toward East Asia. Meanwhile, significant nega-
tive SST anomalies appear in the high-latitude western NA 
and positive SST anomalies occur in the mid-latitude east-
ern NA during summer. This pattern corresponds to posi-
tive vorticity anomalies in the former and negative vorticity 
anomalies in the latter. These results suggest that on the 
interannual scale, the anomalous wave train is associated 
with the variation of mid-high latitudes SST in the NA. The 
LBM model experiments further verify the impact of the NA 
vorticity anomalies.

Meanwhile, under the control of anticyclone, significant 
subsidence occurs in CA, accompanied by anomalously 
low cloud cover. This results in increased OLR, enhanced 
downward shortwave radiation at the surface, and reduced 
downward longwave radiation. The net radiation at the sur-
face has little change, leading to an increase in sensible heat 
and a decrease in latent heat flux (Fig. 12). The reduction in 
latent heat implies a decrease in actual evapotranspiration. 
By using the DRM model, we further quantified the role 
of the decrease in local evapotranspiration on the drought. 
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(b) (c)

(e)(d)

(f) (g)

(h) (i)

(a) (-1*Pa s )-1
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The recycled precipitation, induced by the local evapotran-
spiration, contributes to 88.39% of the decrease in total 
precipitation during the drought periods. Further quanti-
fying the moisture contributions from source regions, the 
total moisture tracked in the climatological state amounts to 
91.72% for CA precipitation. For drought periods, negative 
moisture contribution anomalies are concentrated in CA, the 
Indian Peninsula, Western Europe, and the North Atlantic 
Ocean. Conversely, water vapor contributions from the west-
ern and northern parts of Eurasia have increased, which is 
closely related to the circulation patterns. We finally gave 
the moisture balance for CA and found that compared to the 
climatology, the inflow of external advected moisture did 
not significantly decrease during drought periods. Instead, 
a marked reduction in local evapotranspiration, triggered by 
local thermal forcing, is the primary factor sustaining the 

drought conditions, and anomalies in large-scale circulation 
provides a favorable background for the drought.

For the Atlantic SST, it changes are closely linked to the 
North Atlantic Oscillation (NAO) variations in recent dec-
ades. The NAO significantly modulated interannual variabil-
ity of drought (measured by SPEI) and summer temperature 
across most subregions of CA (De Beurs et al. 2018; Guo 
et al. 2018). The anomalously negative NAO modulates 
the partitioning of latent and sensible heat, thereby play-
ing a contributing role in the heat wave observed over the 
northern parts of CA (Wright et al. 2014). In contrast, under 
a positive NAO pattern coupled with a cyclone over CA, 
the northeastern regions of CA exhibit a positive precipi-
tation anomaly (Hua et al. 2017a, b). Particularly during 
positive phases of the Summer North Atlantic Oscillation 
(SNAO), on one hand, the North Atlantic storm track shifts 
northward, enhancing tropospheric transient eddy activity. 
This activity propagates eastward through CA and Mongo-
lia, increasing precipitation in northeastern Eurasia; on the 
other hand, the quasi-stationary wave originating from the 
NAO center extends eastward across the Eurasian Conti-
nent (Linderholm et al. 2011; Sun and Wang 2012). Addi-
tionally, the relationship between the AMO and the SNAO 

Fig. 6   Anomalies of the a 500  hPa vertical velocity (−1*Pa s−1), b 
total cloud cover, c outgoing longwave radiation (W m−2), d surface 
downward shortwave radiation (W m−2), e surface downward long-
wave radiation (W m−2), f surface downward net radiation (W m−2), 
g surface temperature (K), h sensible heat flux (W m−2) and i latent 
heat flux (W m−2) during drought period. The dotted grid represents 
anomalies significant at the 95% confidence level

◂

(a) (b)

(d)(c)

Fig. 7   Spatial patterns of anomalies of a recycling ratio (%), b total 
precipitation (mm), c precipitation induced by internal cycle (mm), 
and d precipitation induced by external cycle (mm) during drought 

periods over CA. The dotted regions represent anomalies significant 
at the 95% confidence level
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over periods exceeding 10 years reveals that a cold (warm) 
phase of the AMO corresponds to a positive (negative) phase 
of the SNAO (Sutton and Dong 2012). Consequently, the 
indirect impact of the AMO warrants further consideration. 

Additional factors such as the Arctic ice, Tibetan Plateau 
snow cover, aerosols, greenhouse gases, and others should 
also be evaluated for their potential influence on CA drought.

Fig. 8   a The spatial patterns of the climatological summer mean 
moisture contribution (%). b The differences in moisture contribu-
tion between the drought periods and the climatology means. The 
dotted regions indicate anomalies significant at the 95% confidence 
level. c The spatiotemporal average moisture contributions for the 
climatological mean (blue bar), drought years (skyblue bar) and the 
difference between them (pink bar). The * represents that the differ-
ence is significant at the 0.05 level. The black boxes in a represent 

the defined geographic regions: the North Atlantic Ocean (NAL: 
0° N–80° N, 80° W–0° E), Northern Eurasia (NEA: 55° N–80° N, 
0° E–120° E), Western Eurasia (WEA: 35° N–55° N, 0° E–25° E), 
Midwestern Eurasia (WCEA: 35° N–55° N, 25° E–55° E), Central 
Asia (CA: 35° N–55° N, 55° E–90° E), North Africa and West Asia 
(NAFWA: 10° N–35° N, 0° E–60° E), and the Indian subcontinent 
and the Indian Ocean (ISIO: 0° N–35° N, 60° E–100° E)

(a) (b)

Land E 21.01 (24.44)P 13.77(15.67) 

Fin 44.58 (44.62)

Atmosphere

SUMMER
Units: (107 kg s-1)

Fout 51.83(53.40)Fout-a 38.81(38.63)

Fout-e 13.02(14.67)Pa 5.78 (6.00) Pe 7.99(9.67)

Runoff 3.63 (7.49)

Res 6.39 
(4.63) 

Fig. 9   a Anomaly in vertical integrated water vapor flux (vector; kg 
m−1  s−1) and precipitable water (shades; Kg m−2) during drought 
periods relative to the climatological mean. b Schematic diagrams of 
the land–atmosphere water balance for the climatological mean (in 
black brackets) and the drought periods. The variables in this figure 
include horizontal external advected moisture inflow (Fin), the precip-

itation caused by the external moisture advection (Pa), the precipita-
tion caused by the local evaporation (Pe), local evapotranspiration (E), 
the advected moisture flows out of this region (Fout‐a), the outflowing 
water vapor produced by the local evapotranspiration (Fout‐e), runoff 
and horizontal moisture outflow the region (Fout)
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Although our results provide a detailed elucidation of 
the primary circulation systems that sustain drought and 
quantify the associated moisture transport anomalies, this 
study still has some limitations, which are outlined below. 
Firstly, DRM is a ‘analytical’ model that employs simple 

budget equations to quantify sources and sinks of precipi-
tation. It does not account for all the physical processes 
that influence atmospheric moisture, such as advection, 
convection, and cloud microphysics. Additionally, the 
LBM model used in this study has a relatively low resolu-
tion (T42) and a simplified structure, which may not fully 
capture the complex air-sea interactions. To gain a more 
comprehensive understanding of the physical mechanisms 
through which North Atlantic SST anomalies influence 
CA drought, experiments using coupled ocean–atmosphere 
models could be advantageous. Unlike atmospheric mod-
els, coupled models can simulate both the atmospheric 
response and the air-sea feedbacks under SST forcing in 
the specific area. Such models could provide more accurate 
verification and offer valuable insights for future research. 
Furthermore, the use of a reanalysis dataset is primarily 
motivated by its ability to depict coupled land–atmosphere 
interactions and quantify multiple fluxes and processes, 
which is not achievable with observational data alone. 
However, reanalysis product also has its data bias. There-
fore, observation-based investigations would be the most 
direct approach for verifying the findings of this study.

(a) (c)

(b)

1
2

Fig. 10   Selection of the LBM vorticity sensitivity test. The a North 
Atlantic SST and b 250 hPa vorticity regressed to ZS5 index (the two 
significant areas are defined as the “1” and “2” areas). The dotted 

regions indicate regression significant at the 95% confidence level. c 
Vertical profiles of the averaged vorticity anomalies over significant 
areas in b during drought periods

(a)

(b)
LBM 30-60 day mean v(m s-1) anom

LBM 30-60 day mean hgt (gpm) and wind (m s-1) anom250 hPa

250 hPa

Fig. 11   Spatial distribution of a the 250  hPa geopotential height 
(shaded; gpm) and wind field (vector; m s−1) and b 250 hPa meridi-
onal wind (m s−1) under the vorticity forcing in the LBM experiment
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