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Abstract
Periodic variability in the hydro-climatic system has important implications not only for climate
prediction but also for planning and managing water resources. Here we identify periodic decadal
variability of dry/wet conditions in Central Asia (CA) since the mid-20th century, which are tied to
the Pacific quasi-decadal oscillation (PQDO) with a period of 8–16 years (r = 0.87). The
periodically varying forcing in the Pacific modulates zonal winds and moisture transport and
profoundly affects the precipitation on the decadal time scale. The PQDO-related equatorial
central Pacific warming significantly heats the overlying troposphere, increasing the meridional
temperature/geopotential gradients in the subtropics. As a result, the strengthened westerly jet in
CA transports more water vapor from the North Atlantic and increases local precipitation. The
plateau to the east further amplifies the increased precipitation in eastern CA through orographic
influence on the convection and large-scale circulation. The atmospheric model forced by the
PQDO signal reproduces an overall consistent mechanism with the observation, indicating a
robust synchronization of the Central Asian hydro-climatic system to the PQDO. The newly
discovered oscillatory feature in this study may advance the predictability of Central Asian
precipitation on the decadal time scale, which promotes the mitigation and prevention of natural
disasters like droughts and wildfires.

1. Introduction

The climate system has complex time-varying fea-
tures, such as linear trend, periodic variability, and
irregular fluctuation. The former two provide a vast
majority of climate predictability, while the latter is
stochastic noise from the nonlinear system [1]. Aside
from the human-induced long-term trend, periodic
variabilities are vital to predictions. Many previous
studies have illustrated the oscillatory features in the
climate system. The quasi-biennial oscillation [2, 3]
is a dominating mode in the equatorial stratosphere
and has a period of approximately 28 months, with
alternating zonal winds propagating downward. On
the interannual time scale, El Niño Southern Oscilla-
tion (ENSO) exhibits 2–7 years periodicity [4, 5], sig-
nificantly affecting the global climate. On the inter-
decadal to multidecadal time scales, the sea surface

temperature (SST) in the North Atlantic shows signi-
ficant variations between the warm and cold phases
that persist for 30–40 years, referred to as the Atlantic
Multidecadal Oscillation (AMO) [6]. Due to large
heat capacity, the oscillations found in the oceans
are often sources of climate variability [7], caus-
ing synchronized oscillations in local and remote
regions via teleconnection [8, 9]. As the periodically
driven oscillations are often highly predictable [1], the
predominant oscillatory features in the oceans may
have great implications for more precise predictions
of regional climate.

In the tropical Pacific, the interannual and inter-
decadal oscillations, such as ENSO and Interdecadal
Pacific Oscillation (IPO), have long been recog-
nized, whereas less attention has been paid on
the quasi-decadal scale. Previous studies detected
a quasi-decadal signal in the equatorial central
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Pacific (ECP), known as the Pacific quasi-decadal
oscillation (PQDO) [10, 11]. The PQDO is identified
as SSTwarming/cooling in the ECP region, with a sig-
nificant period of 9–13 years since 1951 [10, 12]. The
SST signal is originated from the subtropical North
Pacific and amplified/sustained by meridional advec-
tion and deepening in the thermocline, while zonal
advection is mainly responsible for its decay [12]. The
11 years cycle of the PQDO has been hypothesized
by both external forcings related to the solar radiat-
ive cycle [13, 14] and internal variability associated
with the nonlinear component of ENSO [15]. It is
suggested that the PQDOcould be distinguished from
ENSO or the IPO since their periodicities and under-
lying dynamics are significantly different [12].

As a distinct mode of variability, the PQDO has
profound impacts on remote regional climate via
atmospheric teleconnection. For instance, Wang et al
(2014)[16] have linked the quasi-decadal variation of
North American rainfall to the phase-transition of
PQDO. A wave train related to the PQDO propag-
ates from Southeast Asia to North America and fur-
ther changes the local hydrologic cycle, resulting in
synchronized oscillations in the intermountain pre-
cipitation [17] and the Salt Lake water level [18].
The PQDO also leads the monsoonal precipitation in
Nepal (southern Himalayan foothills) via enhanced
moisture fluxes related to the PQDO-excited wave
train [19]. Moreover, the PQDO influences the pre-
cipitation in Taiwan by the westward extension of
the North Pacific subtropical anticyclone [20]. Above
all, the quasi-decadal variations in many areas are
synchronized or lagged to the PQDO. It could sig-
nificantly improve the predicting skill regarding the
PQDO as a precursor of regional climate.

Central Asia (CA), as one of the largest dry-
lands in the Northern Hemisphere [21], is char-
acterized by complex geographic landscapes, short-
age of water resources, agriculture-led economies,
and growing populations [22]. In the background
of global warming, Central Asian surface air tem-
perature has warmed at 0.36 K decade−1, which is
two times faster than the global mean [23], while
the regional precipitation has decreased slightly [24].
Consequently, the drying climate and increasing
water demands lead to more severe and frequent
droughts [25], which significantly threaten the sus-
tainable development of the Central Asian economy
and society [26]. However, the current numerical pre-
diction of Central Asian weather and climate is far
from skillful. Therefore, it is urgent to improve the
predictability of regional droughts in CA.

The drought condition in CA is modulated by
both water supply and evaporative demand associ-
ated with local precipitation and air temperature,
respectively, which exhibit significant interannual
and interdecadal variabilities [27]. Previous studies
have demonstrated that the air temperature in CA is
modulated by the North Atlantic Oscillation (NAO),

AMO, and East Atlantic/West Russia pattern, while
the precipitation shows close associations with ENSO
[28] and the Scandinavia pattern [29, 30]. The CA
precipitation exhibits oscillatory features, with peri-
ods of 3–6 and 28 years [31]. The interannual cycle is
explained by ENSO, while the interdecadal oscillation
may be more related to the NAO and Pacific decadal
oscillation [27]. The variations in temperature and
precipitation are embedded in the drought condition
of CA, which also exhibits strong variabilities onmul-
tiple time scales. As many studies have focused on
the CA aridity on interannual and multidecadal time
scales [32], the decadal variability of dry/wet condi-
tions is lesser-known. Previous studies have revealed
a 16–64 months oscillation in Central Asian drought,
which is closely related to ENSO [33, 34], indicating a
close connection between CA and the tropical Pacific
on the interannual time scale. However, does such a
teleconnection exist on the decadal time scale remains
unclear. As mentioned above, the oscillatory charac-
teristic is an important source of predictability. Thus,
investigating the periodicity in Central Asian dry/wet
conditions and linking it to remote climate modes
on the decadal time scale would greatly improve the
prediction skills and contribute to disaster prevention
and mitigation.

2. Method

2.1. Data
In this study, the monthly land surface data, includ-
ing precipitation, soil moisture, surface temperature,
and Palmer drought severity index (PDSI) for global
terrestrial surfaces, are derived from the TerraCli-
mate [35], which is a global dataset of meteorolo-
gical and water balance variables (available at www.
climatologylab.org/terraclimate.html). The TerraCli-
mate dataset is based on station and reanalysis data
and is available from 1958 to the present. The data-
set has a rather high resolution at 4 km, which is then
conformed to T63 grids (1.88◦ × 1.88◦) to match the
resolution of atmospheric data. To verify the peri-
odic decadal variability in Central Asian dry/wet con-
ditions, we also examine other products. We use
the self-calibrating PDSI (scPDSI) from the Climatic
Research Unit (CRU) (https://crudata.uea.acuk/cru/
data/drought/) at 0.5◦ spatial resolution for 1901–
2018 [36]. The scPDSI over CA in CRU data shows
a similar quasi-decadal periodicity with the TerraC-
limate (not shown here). The ERSSTv5 dataset is
also employed [37], which has a resolution of 2◦.
The atmospheric reanalysis data, including geopoten-
tial height, water vapor, winds, and vertical motion,
are from the JRA55 reanalysis [38], with a resolu-
tion of 1.25◦. All data are analyzed for the period
1958–2018. Additionally, the ensemble mean of the
AtmosphericModel IntercomparisonProject (AMIP)
simulation out of 24 CMIP6 models (supplementary
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table 1 available online at stacks.iop.org/ERL/17/
054050/mmedia) with 38 ensemble members is ana-
lyzed for the period 1979–2014. Most of the AMIP
models (18 out of 24) have a horizontal resolution of
less than 2◦. AMIP is a standard experimental pro-
tocol for global atmospheric general circulationmod-
els (AGCMs) driven by the prescribed observed SST
[39]. The simulated precipitation is used to exam-
ine the relationship between the PQDO and the
Central Asian precipitation in comparison with the
observation.

2.2. Computation of PDSI
The PDSI is a commonly used indicator to quantify
the drought condition and has been employed in
many previous studies [40, 41]. The PDSI is based
on the water balance equation by taking both water
supply and demand into consideration (e.g. incor-
porating precipitation and potential evapotranspir-
ation (PET)). The calculation of PET is based on
the Penman–Monteith equation [42]. Note that the
PDSI has scale-fixed characteristics, with a prefer-
able time scale of 9–12 months [43], which meets
the requirements in the present study focusing on
the annual dry/wet conditions. The time series is cal-
culated by the area-weighted average of PDSI in CA
(35◦ N–45◦ N, 50◦ E–75◦ E).

2.3. Statistical method
We apply a local wavelet spectrum method with a
Morlet wavelet base [44] to analyze the oscillatory fea-
ture of one time series and gain its significant period.
The decadal component of a series is computed by an
8–16 years band-pass filter. The statistical significance
of the correlation coefficient is evaluated by a two-tail
Student’s t test. The effective number of degrees of
freedom (Neff) in the original series is estimated by:

1

Neff
≈ 1

N
+

2

N

N∑
j=1

N− j

N
ρXX (j)ρYY (j) (1)

where N denotes the sample size and ρXX (j) stands
for the autocorrelation of sampled time series X and
ρYY (j) is for Y, while j is the time lag.

2.4. Central Pacific SST-forced-AGCM experiment
(CP_EXP)
In this study, a CP_EXP is conducted to investig-
ate the atmospheric response to the central Pacific
SST and the associated precipitation changes in CA.
This experiment employs the International Centre for
Theoretical Physics AGCM version 41 (ICTPAGCM
V41) [45], which has a horizontal resolution of
T30 (3.75◦ × 3.75◦) with eight vertical levels. In
the CP_EXP, the AGCM is forced by the observed
monthly-varying SST over the central Pacific region
(10◦ S–10◦ N, 165◦ E–165◦ W), and the climato-
logical monthly SSTs are prescribed elsewhere. This
experiment aims to directly assess the impact of SST

forcing on the atmospheric circulation and isolate the
effects from the central Pacific and the PQDO sig-
nal. The CP_EXP simulations starts in 1940 and run
through 2018. The first 19 years are for the model
to spin up. An ensemble of five members is gener-
ated by restarting the model using small initial per-
turbations. All the members are transient runs. The
results of the ensemble members are averaged and
analyzed for the period 1958–2018. Therefore, the
simulated atmospheric circulation changes associated
with the PQDO signal can be considered as the dir-
ect response to the PQDO-related SST forcing. In
order to inspect the effects of Asian topography on
the responses of precipitation over CA, we perform
an additional experiment similar to the CP_EXP, but
with the East Asian topography removed (referred to
as CP_EXP_NT) in the model simulation.

3. Results

3.1. Quasi-periodic variability in Central Asia (CA)
dry/wet conditions
The PDSI quantifies the regional dry/wet conditions
by considering the difference between water supply
(precipitation) and demand PET and is a commonly
used indicator for yearly meteorological droughts. As
shown in figure 1(a), the PDSI (bar) in CA exhib-
its notable interannual variability, varying within
±3, whereas the long-term trend is not signific-
ant. The positive (negative) PDSI indicates a wetter
(drier)-than-normal condition. Visually, the wet/dry
conditions alternatively persist for 4–5 years, which
implies periodicity in the Central Asian dry/wet con-
ditions. To verify this inference, we apply the Mor-
let wavelet analysis to the Central Asian PDSI for the
period 1958–2018. In figure 1(b), the wavelet spec-
trum shows considerable energy at an 8–16 years fre-
quency bandduring thewhole analyzed period, indic-
ating a quasi-periodic feature in the Central Asian
dry/wet conditions. The corresponding power spec-
trum peaks at 8–16 years, indicating that the period-
icity is most prominent on the decadal time scale. In
order to highlight the decadal component, the series
of PDSI is processed by 8–16 years band-pass fil-
tering (figure 1(a), line), which shows a prominent
quasi-periodic fluctuation, with wet/dry conditions
alternatively occurring on the order of 4–8 years,
consistent with the wavelet analysis. Note that the
quasi-decadal periodicity of PDSI can be captured
by 5 years low-pass filtering as well, which explains
at least 50% of the decadal variance of the PDSI.
It is not surprising because the prominent spec-
trum of PDSI is concentrated within the frequency
band of 8–16 years, while the variance on the inter-
decadal time scale is relatively minor. In addition to
the PDSI, soil moisture is also an essential aspect of
regional dry/wet conditions, which is vital to agricul-
tural production. In figure 1(c), the interannual vari-
ability of soil moisture is generally consistent with
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Figure 1. The time series of (a). PDSI and (c). Soil moisture (units: mm) averaged over CA (35◦ N–45◦ N, 50◦ E–75◦ E) for the
period 1958–2018. The bars indicate the raw data, while the solid lines indicate the 8–16 years filtered series. Figures (b) and (d)
are the wavelet power spectrums and the global spectrums (right-hand panel) of the PDSI and soil moisture, respectively. The
dotted area indicates the 95% significance level, using a red-noise background spectrum. The dashed line in the right-hand panel
is the significance for the global wavelet spectrum, assuming the same significance level and background spectrum as in the local
wavelet spectrum.

that of the PDSI (r = 0.88). Through the wavelet
analysis (figure 1(d)), the quasi-periodic component
of the soil moisture variability in CA is highlighted
on the decadal time scale, with a peak power spec-
trum at 8–16 years. The band-pass filtered series of
soil moisture exhibits an identical oscillatory feature.
This has been consistently demonstrated by the res-
ults using cross wavelet transform (CWT) [46] meth-
ods, which suggests that the interannual variabilities
of PDSI and the soil moisture are strongly correlated,
together with similar wavelet power spectrums peak-
ing at 8–16 years (supplementary figure 1(a)). We
may conclude that the periodic decadal swings in the
Central Asian hydro-climatic system are robust and
independent of indicators that quantify the regional
dry/wet conditions.

Based on the PDSI and soil moisture, we have
found significant decadal periodicity in the Central
Asian dry/wet conditions, but what drives the fluc-
tuation is still unknown. For the PDSI, two factors
are taken into consideration, one is precipitation, and
the other is PET related to surface air temperature.
Here, we inspect the time series of temperature, PET,
and precipitation to find out which one dominates
the quasi-periodic component of the PDSI in CA. In
figure 2(a), the time series of surface air temperature
(bar) in CA shows a significant long-term warming
trend superimposed on the interannual variability.
However, no significant periodicity on the decadal
time scale can be found. It is suggested that the

Central Asian air temperature is modulated by the
AMO, which exhibits a period of 50–70 years [47],
with a phase shift in the 1990s, consistent with that in
temperature. Thus, the long-term warming may be a
passage of the multidecadal oscillation related to the
AMO [29]. Meanwhile, anthropogenic forcing may
also play a role [48]. As the temperature is an essential
parameter in the computation of PET, the variations
between themare overall agreed. Itmust be noted that
both the surface air temperature and PET are consist-
ently dominated by an increasing trend, whereas their
decadal component of variabilities or their periodicit-
ies are obscure within the analyzed period. Thus, we
may conclude that the variations in either temperat-
ure or the associated water demand contribute little
to the observed decadal oscillation in PDSI over CA.

Other than the surface air temperature, precipit-
ation is another major factor influencing the PDSI.
Unlike surface air temperature, the oscillatory fea-
ture in precipitation is more pronounced, while the
long-term trend is insignificant. The time series of
CA precipitation is shown in figure 2(b). By applying
the band-pass filtering (8–16 years), the decadal com-
ponent of the precipitation variations is isolated. It
fluctuates quasi-periodically within 8–16 years, which
is consistent with the band-pass filtered series of the
PDSI (r = 0.91), indicating a synchronized decadal
variability. In figure 2(d), the energy in the wave-
let analysis is concentrated in the frequency band
of 8–16 years, which is also similar to the PDSI. In
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Figure 2. The time series of (a) temperature (bar; unit: K) and PET (solid line; units: mm), (b) precipitation (bar: raw data; solid
line: 8–16 years band-pass filtered data; unit: mm), and (c). PQDO index (bar: raw data; solid line: 8–16 years band-pass filtered
data; units: K). The PQDO index is calculated by the area-weighted average of central Pacific SST anomalies over (10◦ S–10◦ N,
165◦ E–165◦ W). Figures (d) and (e) are the corresponding wavelet power spectrums and the global spectrums (right-hand
panel). The dotted area indicates the 95% significance level, using a red-noise background spectrum. The dashed line in the
right-hand panel is the significance for the global wavelet spectrum, assuming the same significance level and background
spectrum as in the local wavelet spectrum.

addition, the power spectrum also suggests that a
period of 8–16 years prevails over the other cycles,
further identifying periodic decadal swings in pre-
cipitation over CA. It must be noted that the power
spectrum of precipitation also indicates a period of
4–5 years, which has been attributed to the ENSO
variability in previous studies [31]. However, less
attention has been paid to its decadal compon-
ent of variability. Based on the above analysis, we
can conclude that the decadal oscillation in Cent-
ral Asian dry/wet conditions is mainly driven by
the periodic variability in precipitation, while little
contribution originated from the temperature/PET
variabilities, which are dominated by a consistently
increasing trend.

3.2. Linking the quasi-decadal oscillation to
Central Pacific SST
As suggested above, precipitation anomaly is a direct
driver of the decadal oscillation in the Central Asian
dry/wet conditions. Thus, figuring out what modu-
lates the precipitation on the decadal time scale may
reveal the underlying mechanism of how the decadal
periodicity is formed. As suggested in previous stud-
ies [8, 9], oscillations in the oceans can modulate the
weather pattern and climate through teleconnections,

resulting in synchronized or lagged oscillatory fea-
tures over the inland area. In order to seek potential
drivers of the CA precipitation, we inspect the cor-
relation map of the CA precipitation with tropical
SST anomalies (figure 3(a)), and we also employ the
5 years low-pass filtered data to isolate the decadal
component of variabilities. Interestingly, the Pacific
Ocean basin exhibits the most significant coherence
with the precipitation index on the interannual time
scale. The Central Asian precipitation is positively
correlated with the tropical central-eastern Pacific
SST, while significant cooling can be found in the sub-
tropical central Pacific and western Pacific. It is con-
sistent with previous studies [31], which demonstrate
that the interannual variability of Central Asian pre-
cipitation is largely modulated by ENSO. In addition,
the ECP exhibits the most prominent warming, with
a correlation coefficient larger than 0.5, further indic-
ating a tight connection between central Pacific SST
and Central Asian precipitation. In figure 3(b), the
SST warming signal in the ECP is even more promin-
ent via 5 years low-pass filtering, with the correlation
coefficient exceeding 0.6. The SST warming extends
from the ECP to the subtropical eastern Pacific in
both hemispheres, while the eastern tropical Pacific
warming is less significant. In the subtropical central
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Figure 3. The correlation maps between the Central Asian precipitation index and tropical SST anomalies. Figure (a) is for raw
data and (b) is preprocessed by 5 years low-pass filtering to isolate the decadal variability. The green box indicates where the
PQDO index is defined.

Pacific and tropical western Pacific, the SSTs show an
arch-shaped cooling. Note that the correlation pat-
tern based on the 8–16 years band-pass filtered data
(not shown here) is similar to figure 3(b). It must be
noted that the low-pass filtered correlation pattern is
very similar to the PQDO, as is shown in the previ-
ous study [12], implying a potential linkage between
the PDQO and the Central Asian precipitation on the
decadal time scale.

Since the spatial coherence between the central
Pacific SST and Central Asian precipitation has been
identified on the decadal time scale, the temporal
consistency should be examined. Here, we define the
PQDO index by the area-weighted average of SST
anomalies in the ECP (10◦ S–10◦ N, 165◦ E–165◦ W),
consistent with the previous study [12]. As shown
in figure 2(c), the decadal component of the PQDO
(8–16 years band-pass filtered series) exhibits prom-
inent quasi-periodic fluctuations, which is consist-
ent with the Central Asian precipitation (r = 0.78)
as well as the PDSI (r = 0.87). The spatial correla-
tion between the PQDO index and the PDSI is also
inspected (not shown here), which shows a signific-
ant positive correlation in CA, consistent with the
time series analysis. However, the coherences between

PQDO and CA surface air temperature and PET
are not valid. To verify the periodicity in PQDO,
we apply the wavelet analysis on the PQDO index
(figure 2(e)), which exhibits significant oscillatory
features at a period of 8–16 years, with a spectrum
peak at 11 years. The CWT pattern between the
PQDO and the Central Asian precipitation (supple-
mentary figure 1(c)) exhibits a strong coherence over
the period of 8–16 years. The vectors pointing right
at the frequency band 8–16 years are also promin-
ent, indicating that the two series are quite in-phase.
For instance, the phase shifts of PQDO in 1966, 1977,
2001, and 2013 generally correspondwith those in the
Central Asian precipitation. Despite that slight dis-
agreement of phase shifts from 1977 to 2000, more
precipitation in CA mostly corresponds to a warmer
SST in the ECP. The periodic variability of the PQDO
agrees with not only the Central Asian precipitation
but also the PDSI. The CWT pattern between the
PQDO and the Central Asian PDSI is also inspec-
ted (supplementary figure 1(b)). It is suggested that
the frequency band of 8–16 years is most correl-
ated between them, and the correlation coefficients
are well above 0.8 throughout the whole analyzed
period, indicating that the decadal periodicities are
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synchronized. Based on the above analysis, we can
conclude that the decadal component of PQDO,
Central Asian precipitation, and PDSI variabilities
are highly coherent, with a synchronized 8–16 years
period. In addition, an ensemble mean of the AMIP
simulation (see section 2) indicates a consistently
robust relationship between the PDQO and the Cent-
ral Asian precipitation for the period 1979–2014, with
a correlation coefficient reaching 0.61 on the inter-
annual time scale (supplementary figure 2(a)). Note
that there are biases between the simulated precip-
itation and PQDO after 2010. We further perform
a 16 years (to cover the period of a cycle) running
correlation between two series (supplementary figure
2(b)), which suggests that the coupled relationship
between them is stable over time (running correlation
coefficients >0.6, significant at the 95% confidence
level). Based on the above analysis, we hypothesize
that the periodic decadal swings in the Central
Asian dry/wet conditions are linked to the PQDO
via the modulations of large-scale circulation and
regional precipitation.

3.3. Mechanism
We first inspect how the PQDO influences the atmo-
spheric circulations in CA on the decadal time scale
(processed by the 5 years low-pass filtering). The cor-
relations of air temperature and geopotential height
with the PQDO are shown in figure 4(a). From
a zonally-averaged perspective, due to the PQDO-
related central Pacific SST warming, the entire tropo-
sphere is significantly heated in the tropical region.
The upper-level shows more pronounced warm-
ing responses than the lower-level troposphere, and
the warmed air is slightly asymmetrical to the
equator, with a warm core located in the North-
ern Hemisphere. In contrast, the upper-level tro-
posphere (especially at 200 hPa) displays significant
cooling in the mid-high latitudes. As a result, the
meridional temperature gradients over the North-
ern Hemisphere subtropics increase due to the ECP
warming. Such a meridional contrast in air temper-
ature would have a profound influence on atmo-
spheric circulation. In figure 4(a), the geopotential
height increases extensively in the tropical tropo-
sphere corresponded with warmer air, while the geo-
potential height responses over the mid-high latit-
udes are rather weak and insignificant, referring to
an enlarged meridional contrast. We may also notice
that the atmospheric responses to the tropical cent-
ral Pacific heating are quasi-barotropic, with uni-
formly increased/decreased air temperature and geo-
potential in the entire troposphere. The impacts of
PQDO are not limited to the central Pacific Ocean.
More importantly, the PQDO-induced meridional
contrasts would lead to the consequent geostrophic
adjustments in zonal atmospheric circulations.

In addition to the zonal mean perspective, the
responses of atmospheric circulation in CA to the
PQDO are also examined. As shown in figure 4(b),
the regression map of 500 hPa geopotential height
onto the PQDO index indicate a strengthening Sub-
tropical High on land. The anomalous geopoten-
tial height extends along the 30◦ N latitude, stretch-
ing from North Africa and the Mediterranean Sea to
the western boundary of the Tibetan-Iran Plateau.
In CA, the geopotential height decreases from south
to north, exhibiting increased meridional gradients,
which are consistent with the zonal mean results.
Along both sides of the enhanced Subtropical High,
strong wind anomalies are generated, with the west-
erlies strengthened in CA and easterlies prevailing
in Iran Plateau and Arabian Peninsula. It must be
noted that the PQDO-induced meridional geopoten-
tial height gradients significantly intensify the sub-
tropical westerly jet, which is vital to the water vapor
content and precipitation in CA [49]. As sugges-
ted in previous studies, the North Atlantic Ocean,
Mediterranean Sea, Black Sea, and the Caspian Sea
are important moisture sources for CA precipitation
[50, 51]. By regressing the zonal moisture transport
(u · q integrated from surface to 400 hPa) onto the
PQDO index, strong zonal moisture transports are
found along the enhanced subtropical westerly jet as
is shown in figure 4(c). The strongest moisture con-
vergence is located in CA, combining the water vapor
transported from the Black Sea and the Caspian Sea.
The PQDO-related strengthens in subtropical jet sig-
nificantly increase the Central Asian water vapor sup-
ply by enhancing the moisture transport from the far
west, which favors the regional precipitation.

Figure 4(d) maps out the precipitation responses
to the PQDO, which exhibits significantly increased
rainfall in CA and shows noticeable consistency with
the PQDO-related moisture transport. The central
Pacific SST warming (PQDO) increases the meri-
dional gradients of tropospheric temperature and
geopotential height. It intensifies the water vapor
transport by the subtropical westerlies, consequently
resulting in more precipitation in CA. The coherence
between the zonal winds and regional precipitation
in CA highlights an important role of the eastward
moisture transport in modulating the precipitation
in association with the remote PQDO forcing. We
may also notice that strong vertical motions are loc-
ated on the east edge of CA, which somewhat cor-
respond with the increased rainfall. The anomalous
ascendant provides favorable dynamical conditions,
which is as important as the zonal moisture transport
to the regional precipitation. Thus, we may conclude
that decadal swings observed in the Central Asian
precipitation are mainly dominated by the increased
moisture transport in response to the PQDO on the
decadal time scale.
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Figure 4. (a) The correlation maps between the PQDO index and the zonal mean (0–360) tropospheric temperature (contour)
and geopotential height (shading) on the decadal time scales. (b) The regressions of geopotential height (shading, unit: m) and
zonal winds (contour; unit: m s−1) at 500 hPa onto the PQDO index on the decadal time scales. (c) The regression of zonal winds
(contour; unit: m s−1) and zonal moisture transport (uq; shading; units: kg m−1 s−1) integrated from surface to 400 hPa onto
the PQDO index on the decadal time scales. (d) The correlations of precipitation (shading; unit: mm) and vertical motions
(contour) with the PQDO index on the decadal time scales. All data (1958–2018) are preprocessed by 5 years low-pass filtering to
isolate the decadal variability. The dotted shading indicates the correlation/regression is significant at the 95% confidence level.

In the CP_EXP, the influences of PQDO on the
atmospheric circulation and Central Asian precipita-
tion are inspected. In figure 5(a), the regression map
of the tropospheric temperature onto the PQDO dis-
plays prominent warming in the tropics but cooling
in the subtropics, resulting in the enlargedmeridional
temperature gradients. The most significant tem-
perature contrasts in response to the central Pacific
heating are located at 200 hPa in the subtropical
region. In association with the tropospheric warm-
ing, the geopotential height displays similar responses
to the PQDO, exhibiting increased heights in the
upper-level tropics. The simulated responses of tem-
perature and geopotential height are overall con-
sistent with the observed patterns, indicating that
the PQDO-related central Pacific warming indeed
enhances the meridional gradients in the Northern
Hemisphere subtropics, which regulates the zonal cir-
culation. As shown in figure 5(b), in response to
the PQDO, the increased geopotential height extends
from North Africa to central Siberia, while an anom-
alous low is located in the Mediterranean Sea, res-
ulting in a significant incline of geopotential height
in CA. The increased subtropical pressure gradients
are consistent in both observation and CP_EXP sim-
ulation. Consequently, the subtropical westerly jet is

significantly strengthened in CA, transporting mois-
ture from the North Atlantic Ocean and the Medi-
terranean Sea (figure 5(c)). Note that the westerly
jet and the corresponding zonal moisture transport
show southward shifts, which may be related to the
inherit model biases. It has been suggested in the pre-
vious study [52] that the southward shift of the sum-
mer mean state of the westerly jet simulated by the
ICTPAGCMmay reflect the biases in reproducing the
meridional temperature gradients. Such biases may
be related to a lack of diurnal cycle in the model,
whichmakes it difficult to the accurate representation
of convection and sub-grid-scale vertical heat trans-
port over the continents during the summer. Despite
that the locations of the westerly jet show biases, the
role of PQDO in strengthening the moisture trans-
port in CA is successfully reproduced, which is con-
sistent with the observation to some extent.

In figure 5(d), the intensified moisture transport
and strongly increased precipitation are well corres-
ponded, consistent with the observation. The model
simulation indicates overall consistent results that the
PQDO-related zonal moisture transport dominates
the Central Asian precipitation on the decadal scale.
Considering the coarse resolution of the ICTPAGCM,
we also examine the results from the AMIP ensemble
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Figure 5. (a) The CP_EXP simulated regressions between the PQDO index and the zonal mea tropospheric temperature
(contour; units: K) and geopotential height (shading; units: m) on the decadal time scales. (b) The CP_EXP simulated regressions
of geopotential height (shading, unit: m) and zonal winds (contour; unit: m s−1) at 500 hPa onto the PQDO index on the decadal
time scales. (c) The CP_EXP simulated regressions of zonal winds (contour; unit: m s−1) and zonal moisture transport (uq;
shading; units: kg m−1 s−1) integrated from surface to 400 hPa onto the PQDO index on the decadal time scales. (d) The
CP_EXP simulated correlations of precipitation (shading; unit: mm) and vertical motions (contour) with the PQDO index on the
decadal time scales. All simulation data (1958–2018) are preprocessed by 5 years low-pass filtering to isolate the decadal
variability. The dotted shading indicates the correlation/regression is significant at the 95% confidence level.

(supplementary figure 3). The AMIP-simulated pre-
cipitation over the mid-latitudes shows a consistent
increase in response to the PQDO on the decadal
time scale. There is a significant positive correlation
in CA, suggesting that the central Pacific SST warm-
ing corresponds well with the local increased rainfall.
This is consistent with the results from the obser-
vation and the CP_EXP. In addition, the intensi-
fied westerlies are simulated by the AMIP ensemble,
indicating an important role of the PQDO-induced
zonal moisture transport in modulating the wet/dry
conditions in CA.

It must be noted that strong vertical motions are
consistently found in the observation and CP_EXP.
In figure 5(d), the simulated profiles of ascend-
ants are more confined to the 2000 m isoline on
the east edge of CA, implying that the eastern ter-
rains may play a role. CA is semi-surrounded by
mountains and plateaus, such as the Tian Shan and
Pamirs Plateau in the east, and Tibetan-Iran Plat-
eau in the south/southeast, whereas CA is mainly
flatland, and its elevation inclines to the east. It has
been suggested in previous studies that the topo-
graphy in CA enhances the responses of precipitation
to remote climatemodes (e.g. ENSO) [28, 53]. To dis-
cuss the effect of topography on the PQDO-related

Central Asian precipitation, we conducted an addi-
tional experiment with the East Asian topography
removed (CP_EXP_NT). As shown in supplement-
ary figure 4, the PQDO-induced meridional differ-
ences in geopotential height and temperature have
little change, but the westerly jet and vertical motions
are significantly weakened in CA. Themoisture trans-
port is no longer strong and withdraws to the Middle
East. It indicates that the large terrains are not only
important for the moisture convergence/ascendant
in the foothill regions but also vital to the west-
ward extension of the subtropical jet due to the sur-
face heating and pumping effects in plateaus during
the summer [54]. This is consistent with the pre-
vious studies that the Tibetan Plateau profoundly
influences the atmospheric circulation in CA, such
as the subtropical westerly jet and low-level cyc-
lones [55, 56]. In addition to the direct meridional
responses of atmospheric circulation and the pre-
dominate zonal moisture transport to the PQDO, the
Central Asian topographymay amplify in the PQDO-
CA dry/wet conditions teleconnection by strengthen-
ing the regional scale verticalmotion and the eastward
moisture transport. The detailed impacts of topo-
graphy on the Central Asian precipitation in addition
to the PQDO-related moisture transport, are beyond
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Figure 6. The schematic diagram of the mechanism behind the synchronized decadal periodicities of the PQDO and the Central
Asian precipitation. The PQDO-related central Pacific SST warming induces uplifts of geopotential height over the lower
latitudes, which intensifies the subtropical westerly jet and enhances moisture transport in CA. With more inlet water vapor and
ascending motions forced by the eastern plateaus, the regional precipitation increases significantly in response to the remote
PQDO-related SST warming and vice versa.

the scope of the current study and could be inspected
in future works.

4. Discussion and conclusion

In this study, we identify periodic variability in the
hydro-climatic system over CA. We find a decadal
oscillation in CA dry/wet conditions consistently
indicated by the PDSI and soil moisture, with a signi-
ficant period of 8–16 years. Further analysis suggests
that the periodicity of dry/wet conditions arises from
the oscillatory variations in regional precipitation,
whereas the temperature only exhibits a long-term
warming trend. Observational analysis suggests that
the PQDO is very likely a dominating driver of the
periodic decadal swings observed in the Central Asian
precipitation and, consequently, the regional dry/wet
conditions. The schematic diagram is provided in
figure 6. The PQDO-related ECP warming induces
the zonally distributed tropospheric warming in the
tropics, which corresponds with the increased meri-
dional contrasts in the subtropical regions. The sub-
tropical westerly jet is strengthened in CA, further
enhancing the zonal moisture transport from the
North Atlantic Ocean and theMediterranean Sea and
resulting in more precipitation in the heart of CA.
Moreover, the large-scale orography east of CA may
play a role by enhancing the eastward extension of the
anomalous westerly responses due to the heat pump-
ing effects over the plateaus. Also, significant mois-
ture convergence and ascending motions in the foot-
hill regions may amplify the precipitation in response
to the PQDO. The CP_EXP successfully reproduces
the above mechanism, and the results are overall con-
sistent, indicating a robust synchronization of Central
Asian dry/wet conditions to the PQDO.

We may notice that the eastern Indian Ocean is
also correlated with the Central Asian precipitation.

The quasi-decadal variabilities of SST in the ECP
Ocean and the eastern Indian Ocean are overall syn-
chronized [57], which may result in a consistent SST
warming signal in the Indian Ocean. However, a pre-
vious study also indicated that, on the interannual
scale, while the ENSO-related central-eastern Pacific
SST warming favors the regional precipitation, the
effects of IndianOcean SST are the opposite [58]. The
relative contributions of the Indian Ocean SST on the
Central Asian precipitation in addition to the PQDO
may be comprehensively assessed in future works.

The decadal swings of dry/wet conditions in CA
and its coupled relationship with the PQDO can
be reproduced by most of the state-of-the-art mod-
els in AMIP simulations. The SST-precipitation rela-
tionship could be further evaluated with more avail-
able model simulation results. We also construct a
PQDO-based linear regression model using observa-
tions (supplementary figure 5), which also captures
the decadal swings of precipitation. SST is more pre-
dictable than inland precipitation [59]. Thus, based
on the linear regressionmodel, the Central Asian pre-
cipitation can be better constrained using the model-
predicted SST in the central Pacific. According to
previous studies [12], the decadal periodicity of the
PQDO is physically-based. The PQDO is currently
in the transition phase of the cycle, from the positive
phase to the negative, which may indicate that CA is
about to get dryer in the next decade. Therefore, based
on this newly discovered oscillatory feature, we may
significantly improve the predictability of CA dry/wet
conditions several years in advance.
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