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Spring Central Asian precipitation (SCAP) holds significant implications for local agriculture and
ecosystems, with its variability mainly modulated by EI Nifio-Southern Oscillation (ENSO). The
ENSO-SCAP relationship has experienced pronounced interdecadal shifts, though mechanisms
remain elusive. Based on observations and climate model simulations, these shifts may result from
transitions in ENSO-induced meridional circulation and Rossby wave trains triggered by North Atlantic
(NA) sea surface temperature (SST) anomalies. During high (low) correlation periods, ENSO induces
strong (weak) vertical motion anomalies over Central Asia, while NA SST anomalies exert a weak
(strong) counteracting effect, modulated by the Pacific decadal oscillation (PDO). In the positive
(negative) phase of PDO, a slow (fast) decaying ENSO triggers a strong (weak) NA horseshoe-like SST
anomaly in the post-ENSO spring, affecting the ENSO-SCAP relationship. Our study identifies a
strengthening trend in the ENSO-SCAP relationship since the 2000s, indicating improved

predictability for SCAP in recent decades.

Central Asia (CA), recognized as one of the largest semi-arid to arid regions
in the world, includes Kazakhstan, Uzbekistan, Turkmenistan, Kyrgyzstan,
and Tajikistan. This region features a typical continental climate and hosts a
fragile ecosystem, particularly susceptible to changes in local precipitation.
The primary rainy season in CA, especially in southern CA, is spring"”. The
Spring Central Asian precipitation (SCAP) variability serves as a crucial
indicator for local agricultural production, water sources, ecosystems, and
economic activities. El Niflo-Southern Oscillation (ENSO) is the dominant
source of interannual variability in tropical ocean—-atmosphere interactions.
It exerts far-reaching impacts on global weather and climate via atmospheric
teleconnections, and is a vital signal for seasonal forecasting and climate
prediction worldwide’”. Numerous studies have demonstrated that ENSO
exerts a significant impact on the precipitation variability in CA®, and spring
precipitation over more than half of CA shows a positive correlation with El
Nifio in the preceding winter’. On the one hand, El Nifio favors above-
normal precipitation in CA as it enhances southwesterly water vapor flux
from the Arabian Sea and tropical Africa, along with more northeasterly
water vapor flux from Russia’. This mechanism is confirmed by an
atmospheric general circulation model experiment forced by observed sea
surface temperatures (SST)"**”. ENSO is also suggested to explain the large
fluctuations of sea level pressure over the Caspian Sea'’, which is an
important moisture transport source for CA. On the other hand, El Nifio
could lead to upper-level divergence anomalies over CA through large-scale

convergence and divergence. This can induce anomalous updrafts, resulting
in increased precipitation in the region'""”. To sum up, El Nifio (La Nifia)
typically leads to increased (decreased) precipitation over CA through
enhanced (weakened) moisture transportation and intensified updrafts
(downdrafts), though the spatial pattern of precipitation anomalies exhibits
seasonal variations during different phases of ENSO".

Changes in ENSO characteristics, such as flavors and intensity, con-
tribute to diverse precipitation responses over CA. Previous studies have
revealed that precipitation anomalies associated with cold-tongue El Nifio
mainly fall along the hills and Pamir Plateau, whereas those linked to warm-
pool El Nifio are concentrated around the mountains and the Aral area
during the El Nifio decaying spring®. Notably, the latter type of El Nifio
exerts a stronger influence on precipitation anomalies in CA. Regarding the
varying intensity of El Nifio events, stronger El Nifio events normally lead to
persisting above-normal precipitation over CA from the developing winter
to decaying summer, whereas precipitation anomalies are less obvious in
weaker El Nifio events'.

Previous studies have indicated that North Atlantic (NA) SST
anomalies play a crucial role in influencing Eurasian climate anomalies,
serving as a source for predicting Eurasian climate variability. The
positive phase of the NA horseshoe-like SST anomaly pattern could
excite an atmospheric quasi-barotropic Rossby wave train extending
from NA through Eurasia to downstream East Asia, leading to reduced
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rainfall east of the Caspian Sea and across CA'*". Besides, summer
extreme precipitation in eastern CA shows a close correlation with NA
SST anomalies as well'’. It is worth mentioning that the horseshoe-like
SST anomaly pattern over NA is tightly associated with the North
Atlantic Oscillation (NAO), which strongly influences the precipitation
over CA through upper-tropospheric westerly jets” ™. Numerous
researches have demonstrated that ENSO could induce the NA
horseshoe-like SST anomaly pattern during its decaying spring. This is
primarily attributed to surface heat flux anomalies resulting from the so-
called atmospheric bridge (or teleconnection) induced by ENSO***'. Tt
has also been pointed out that the positive phase of NA SST anomalies is
more pronounced during spring in slow-decaying El Nino events
compared to fast-decaying ones. This discrepancy can largely be
attributed to differences in lower-level wind anomalies and the asso-
ciated surface heat flux anomalies’. Thus, NA SST anomalies may act as
an important bridge in the cross-seasonal impacts of ENSO on pre-
cipitation anomalies over CA.

Studies have been conducted in exploring the impacts of ENSO
on SCAP, and emerging evidence implies that the relationship
between ENSO and SCAP may not be consistently stable"*”. How-
ever, the underlying mechanisms of interdecadal shifts remain a
knowledge gap to date. In this study, we aim to investigate the
plausible causes of interdecadal variations of the relationship
between wintertime ENSO and subsequent SCAP. Given that rela-
tively short observational records may constrain our understanding
of interdecadal shifts, we also take advantage of climate model
simulations from phase 6 of the Coupled Model Intercomparison
Project (CMIP6). These simulations provide an extensive set of
samples to verify the mechanisms driving interdecadal changes in
the observations. By leveraging multiple observations and a subset
of CMIP6 models capable of capturing interdecadal modulations,
we discern the roles of Pacific and NA SST anomalies on the SCAP.
We propose that the ENSO-SCAP relationship may be influenced
by ENSO-induced large-scale meridional divergence and con-
vergence, and zonal Rossby wave trains triggered by NA SST

anomalies. Idealized model simulations are also performed to
validate the dynamic mechanisms.

Results

Interdecadal shifts of ENSO-SCAP relationship

Figure 1 depicts the regression and 19-year sliding correlation of pre-
cipitation over CA from the El Nifio developing winter to decaying summer
with normalized DJF(0) Nifo3.4 index in the observations during
1891-2020. Seasonal precipitation features homogeneous wet anomalies
across the whole of CA. From DJF(0) to JJA(1), the highest correlation
persists in the southern and eastern parts of CA, while the lower correlation
is sustained in the northern part. Precipitation anomalies also exhibit dis-
tinct seasonal differences, with wet anomalies intensifying and expanding to
central CA from DJF(0) to MAM(1) and then weakening in JJA(1). Notably,
precipitation anomalies are obviously larger during the El Nifio decaying
spring than in other seasons (Fig. la—c). The 19-year sliding correlations
indicate pronounced interdecadal shifts, sharply declining in the 1930s and
then gradually strengthening until the 1960s. Moreover, there is an
increasing trend after the 2000s for DJF(0) and MAM(1). Hereafter, we
focus on interdecadal shifts of ENSO influences on SCAP, given that spring
is the major growing season for arid CA and precipitation variability during
spring may hold the utmost significance. We further define the high cor-
relation (HC) period and low correlation (LC) period based on the 19-year
sliding correlation. Thus, the periods 1951-1969 and 1920-1938 are selected
as the HC and LC periods in the observations, respectively. To ensure the
reliability of our conclusions, we also calculate sliding correlations of SCAP
with normalized DJF(0) Nif03.4 index using two additional window lengths
and two other precipitation datasets. The results remain robust (Supple-
mentary Fig. 1).

The regression and 19-year sliding correlation of SCAP with
normalized DJF(0) Nifio3.4 index in 45 CMIP6 models during
1891-2014 are shown in Supplementary Figs. 2 and 3, respectively.
Most CMIP6 models could capture the unstable ENSO-SCAP
relationship except for ACCESS-CM2, CESM2-WACCM, FGOALS-
g3 and MIROC-ES2L (Supplementary Fig. 3). To investigate the
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Fig. 2 | Response of precipitation (unit: mm/day)

to El Niiio in observation and selected models. ont 1
Regression of MAM(1) precipitation over CA with 55°N ]
normalized DJF(0) Nifi03.4 index for HC minus LC 50°N ]
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physical mechanisms of the interdecadal variations, high-skill
models are further selected. The criteria for selecting proper
models involve ensuring a degree of fidelity in simulating the
ENSO-related anomalous precipitation pattern over CA and the
capability to reproduce the differences between HC and LC periods.
Based on (a) the spatial correlation of ENSO-related precipitation
anomalies over CA in each model with the observation during the
whole period, (b) the spatial correlation during the HC period, and
(c) the maximum minus minimum value of 19-year sliding corre-
lation, five models are finally selected and the detailed results are
listed in Supplementary Table 2. They are CNRM-CM6-1-HR,
HadGEM3-GC31-LL, HadGEM3-GC31-MM, SAMO0-UNICON, and
UKESM1-0-LL, in which the spatial correlations with the obser-
vations are above 0.56 and 0.33 for the whole and HC period,
respectively. And the difference in correlation values between HC
and LC periods exceeds 0.77. Here, the definition of HC and LC
periods in each model aligns with that in the observations. Note
that lowering thresholds and incorporating additional models do
not alter the conclusions of this study, as the results from CMIP6
models are mainly used for verification (figures not shown).

Can the selected five models accurately reproduce the spatial pattern of
ENSO-induced precipitation anomalies over CA in MAM(1)? Figure 2
illustrates the difference in ENSO-induced SCAP anomalies between HC
and LC periods. In the observations, enhanced precipitation tends to occur
during the HC period, with the most significant positive values centered
over southern and eastern CA. Despite slight differences in magnitude and
location, the results from the multi-model ensemble mean (MME) and five

single models closely resemble the observed pattern. In other words, the
models selected based on the above criteria can well capture the interdecadal
changes in the relationship between ENSO and SCAP.

Potential mechanisms modulating the ENSO-SCAP relationship
Based on the observations and five models selected in the previous section,
we explore the underlying mechanism for the interdecadal variations of the
ENSO-SCAP relationship in this section.

Previous studies have suggested that ENSO influences the hydro-
climate of CA through restructuring winds and moisture sources. Figure 3
shows the regression of MAM(1) vertically integrated moisture transpor-
tation and divergence with normalized DJF(0) Nifo3.4 index in the
observations and CMIP6 MME. During the HC period, notable cyclonic
circulation anomalies are located over CA, with anomalous westerlies along
the southern periphery favoring water vapor transport from the Atlantic
and Mediterranean Sea in both observations and MME (Fig. 3a, c). As a
result, moisture convergence anomalies are observed across nearly the entire
region of CA, favoring above-normal local precipitation. In contrast,
cyclonic circulation anomalies shift towards the west of CA during the
observed LC period, while an anomalous anticyclonic circulation appears in
northern CA (Fig. 3b). The northward moisture transport anomalies in
southern CA carry moisture from the Indian Ocean to the region, although
local moisture convergence anomalies are weaker compared to those in the
HC period. Previous studies have found that during El Nifo events, the
weakened Pacific Walker circulation suppresses convection and precipita-
tion over the Indo-western Pacific warm pool. This suppression induces a
westward-propagating baroclinic Rossby wave train, leading to
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Fig. 3 | Response of vertically integrated moisture

transportation and its divergence to El Niiio.
Regression of MAM(1) vertically integrated moist-
ure transportation (vectors; unit: kg/(m s)) and its
divergence (colors; unit: 10~ kg/s) with normalized
DJF(0) Nifi03.4 index for a HC period and b LC
period in the observation. Green (brown) shadings
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Fig. 4 | Response of 200-hPa velocity potential and divergent winds to El Niiio.
Regression of MAM(1) 200-hPa velocity potential (colors; 10° m*/s) and divergent
winds (vectors; m/s) with normalized DJF(0) Nifio3.4 index for a HC period and
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b LC period in the observation. c Same as (a), but for divergence (colors; 10~7/s) and
divergent winds (vectors; m/s) for HC minus LC differences. d-f Same as a-c, but
for MME.

anticyclonic/high-pressure anomalies over the Indian Ocean and extending
to southern CA. This process can explain enhanced southwesterly water
vapor flux from the Indian Ocean to southern CA***"**, MME results during
the LC period display stronger anticyclonic circulation anomalies covering
nearly the entire CA. This leads to easterly anomalies over northern CA,
creating unfavorable conditions for water vapor transport from the oceans
to reach the region (Fig. 3d). Consequently, moisture divergence anomalies
occur, favoring below-normal precipitation across CA.

To further understand the ENSO-induced dynamic conditions over
CA during the HC and LC periods, the regressions of MAM(1) 200-hPa
velocity potentials and divergent winds against normalized DJF(0)
Nif03.4 index in the observations and CMIP6 MME are shown in Fig. 4.
The red (blue) colors indicate El Nifio-induced upper-level convergence
(divergence) anomalies. Notably, persistent upper-level convergence
anomalies are evident over the western Pacific, while the anomalous
upper-level divergence generally prevails over the eastern Pacific. Pre-
vious studies have indicated that ENSO could influence mid-latitude
weather and climate via large-scale meridional convergence and
divergence'>**. During the HC period, CA is dominated by El Nifio-
induced upper-level divergence anomalies, which are conducive to
anomalous ascent and increased precipitation across the region (Fig.
4a, d). Compared to the HC period, the upper-level divergence and
divergent wind anomalies are weaker in the LC period in both obser-
vations and MME (Fig. 4c, f). Thus, both El Nifio-induced anomalous

moisture transportation and ascending motion through large-scale
convergence and divergence are stronger in the HC period compared to
the LC period, which may account for the increased SCAP during the
former period.

To further explore the potential mechanisms underlying the
unstable relationship between ENSO and SCAP, the regressions of
MAM(1) SST anomalies with normalized DJF(0) Nifo3.4 index are
examined for the HC and LC periods in the observations and CMIP6
MME (Fig. 5). A horseshoe-like SST anomaly pattern is salient in
NA, characterized by cold SST anomalies near the east coast of the
United States and warm SST anomalies in the NA subpolar gyre zone
and tropical NA. Moreover, the horseshoe-like SST anomaly pattern
is significantly stronger during the LC period than the HC period in
both observations and MME (Fig. 5¢, f). Compared to the observa-
tions, the difference in SST anomalies between the HC and LC
periods over the tropical Atlantic is weaker in CMIP6 MME. Here,
we construct an NA dipole SST index (NAI) to assess the impact of
an NA horseshoe-like SST anomaly pattern on the SCAP. This index
is defined as the difference between area-weighted regional mean SST
anomalies over northeastern NA (blue box; 35°N-55°N,
20°W-40°W) and southwestern NA (red box; 30-50°N, 50-80°W).
The regions are selected based on the anomalous SST difference
between the HC and LC periods (Fig. 5¢, f). The correlation between
DJF(0) Nino3.4 index and MAM(1) NAI is insignificant during the
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Fig. 5 | Response of Atlantic SST (unit: K) to El

Niiio. Regression of MAM(1) SST with normalized 70°N
DJF(0) Nifi03.4 index for a HC period, b LC period A
and ¢ HC minus LC differences in the observation. 50°N
d-f Same as a—c, but for MME. The dots denote the 30°N
90% confidence level in the observation and 80%

consistency in models. The blue and red boxes 10°N
denote the area of NA dipole SST index

(40°W-20°W, 35°N-55°N) and (50°W-80°W, 10°S
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whole period in both observation and selected CMIP6 models, with
correlation coefficients of 0.05 and 0.04 for the observation and
CMIP6 MME, respectively.

Figure 6 illustrates the regression of MAM(1) 200-hPa geopotential
height with normalized NAI and the corresponding wave activity flux in the
observations and CMIP6 MME. The positive phase of the NA horseshoe-
like SST anomaly pattern could trigger quasi-barotropic high-pressure
anomalies across CA as part of the Eurasian Rossby wave train, thereby
leading to decreased local precipitation (Supplementary Fig. 4). Figure 7
shows the 19-year sliding correlation of MAM(1) precipitation over CA and
NAI against normalized DJF(0) Nifo3.4 index in the observations and five
selected models. In the observations, the sliding correlation between ENSO
and NAI shows an upward trend before the 1930s and then gradually
declines until the 1960s. Additionally, a decreasing trend is observed after
the 1980s. The relationship between ENSO and NAI generally aligns well
with the opposite evolution of the ENSO-SCAP relationship. Similar con-
clusions could be obtained in high-skill CMIP6 models as well. The 102-yr
negative correlations between ENSO-NAI and ENSO-SCAP time series in
the observations and simulations of each selected model can be further
validated through a 99% significance test except for HadGEM3-GC31-MM.
How to understand the dynamic processes behind the negative correlations?
The results indicate that a stronger positive (negative) phase of the NA SST
anomaly pattern corresponds to a weaker (stronger) relationship between El
Nino and SCAP. During periods when the positive phase of the NA SST
anomaly pattern is strong, it leads to an anticyclone occupying CA, sup-
pressing local precipitation. This counteracts the direct wetting impacts of El
Nifno on SCAP, thereby resulting in a diminished ENSO-SCAP relation-
ship. Conversely, the negative phase of the NA SST anomaly pattern induces

an anomalous cyclone located over CA, intensifying the wetting impacts
caused by El Nifio. This finally leads to an enhanced ENSO-SCAP
relationship.

To validate whether the NA dipole SST anomalies could trigger the
Eurasian teleconnection pattern, we further conducted three sets of linear
baroclinic model (LBM) experiments. They are driven by positive vorticity
forcing in northeastern NA, negative vorticity forcing in southwestern NA,
and their sum, respectively, along with climatological mean flow during the
boreal spring (Fig. 8a, ¢, and d). The prescribed vorticity source exhibits a
cosine elliptical pattern, with its peak set at the 0.25 sigma level. Similar to the
observations, the 200-hPa geopotential height and wind responses manifest
an atmospheric Rossby wave-like structure. Notably, among three sets of
experiments, two prominent centers of anticyclonic circulation anomalies
are consistently observed. One is located over North America, around 70°N,
and the other is over CA. Additionally, two centers of cyclonic circulation
anomalies are evident over the subtropical NA and northern Europe (Fig.
8b, d, and f).

Fast and slow decaying ENSO

Why is the positive phase of the NA SST anomaly pattern stronger in the LC
period compared to the HC period? Previous studies have suggested that the
surface heat flux anomalies play a dominant role in the formation of the NA
horseshoe-like SST anomaly pattern®”~’. Figure 9 illustrates the regression
of JEM(1) latent heat flux and 850-hPa wind with normalized DJF(0)
Nino3.4 index in the observations and CMIP6 MME. Here, JEM(1)
represents the cross-seasonal months between DJF(0) and MAM(1), which
helps in understanding the persistent impacts of anomalous latent heat flux
in NA SST anomalies. Compared with the HC period, the anomalous latent
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Fig. 6 | Response of 200-hPa geopotential height to

North Atlantic SST anomalies. Regression of
MAM(1) 200-hPa geopotential height (colors; m)
with normalized MAM(1) NAI and the corre-
sponding wave activity flux (vectors; m?/s’) in the
observation (a) and MME (b). The dots denote the
90% confidence level in the observation and 80%
consistency in models.
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Fig. 7 | Interdecadal relationship of ENSO with SCAP and North Atlantic SST
anomalies. The 19-year sliding correlation of MAM(1) precipitation (purple lines;
mm/day) over CA and NAI (green lines; K) with normalized DJF(0) Nifio3.4 index.

a Is for observation and b-f is for five selected models. The numbers at the upper
right present the 102-year correlation of the two lines. The gray dashed lines denote
the 90% confidence levels of 19-year samples.

heat flux patterns over NA are more pronounced in the LC period. The
difference in latent heat flux anomalies between the HC and LC periods
could be further attributed to the varying lower-level wind anomalies*. Due
to the intensified anomalous cyclonic circulation in the mid-latitude NA in
the LC period, the stronger southwesterly (northeasterly) anomalies induce
a reduction (enhancement) in wind speed and decrease (increase) positive
latent heat flux anomalies in the tropical (subtropical) NA. Consequently, it
leads to warmer (colder) SST in the tropical (subtropical) NA through
wind-evaporation-SST feedback during the LC period compared with the
HC period™*".

Previous studies have indicated that the lower-level wind
anomalies over NA in MAM(1) are closely related to ENSO in the
tropical eastern Pacific***'. Therefore, we hypothesize that ENSO may
manifest differently in distinct epochs, leading to varying lower-level
wind anomalies over NA. We first examine the regressions of DJF(0)

SST with normalized DJF(0) Nifo3.4 index in the observations and
CMIP6 MME (Supplementary Fig. 5). No significant spatial pattern
transitions of ENSO are observed between the HC and LC periods. In
the meantime, the observed and MME autocorrelations of the
Nifi03.4 index with its DJF (0) values display a distinct difference in
the ENSO cycle, with observed and MME decaying rates of —0.40
(—0.25) and —0.23 (—0.16) in the HC (LC) period, respectively (Fig.
10a, b). Here, the decaying rate is calculated as the difference between
MAM(1) and DJF(0) Nifio3.4 index. These quantitative results
indicate that the decaying pace of ENSO in the HC period may be
faster than that in the LC period. These results are consistent with
previous studies, which suggested that the NA horseshoe-like SST
anomaly pattern in MAM(1) is stronger and more persistent during
the slow than fast decaying ENSO events**”>. The ENSO amplitude is
further examined to explore whether it is a potential modulator of the
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Fig. 8 | Response of upper-level circulation to 70°N

(a)Vorticity forcing

(b)Z200 response in LBM

vorticity forcing in LBM. a Horizontal distribution
of imposed atmospheric positive vorticity forcing
(colors; 10> s ' d™") in the North Atlantic. b The
200-hPa geopotential height (colors; m) and wind
(vectors; m/s) anomalies in response to the vorticity
forcing. ¢ and d same as a, b, but for negative vor-
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ENSO-SCAP relationship. Although stronger ENSO events appear to
occur during the observational HC period, there is a lack of con-
sistency among selected CMIP models (Fig. 10c). Furthermore, the
19-year sliding standard deviation of DJF(0) Nifno3.4 index, verified
across three SST datasets, indicates that the lowest amplitudes of
ENSO occur around the 1930s and 1950s, which do not correspond
very well with the evolution of ENSO-SCAP (Figs. le, 10d). There-
fore, the ENSO amplitude may play an important role in the
ENSO-SCAP relationship during certain epochs, but it cannot fully
explain the historical interdecadal shifts in this relationship. In

conclusion, two distinct types of ENSO decay rates, namely fast and
slow decaying ENSO, might be important factors modulating the
interdecadal shifts of ENSO-SCAP by influencing the magnitude and
phase of the NA SST anomaly pattern.

Driver of ENSO decaying pace

What factors contribute to the variation in the decaying pace of
ENSO across different epochs? Previous studies have suggested that
the evolution of ENSO may be associated with the decadal variability
of the climate system. Figure 11 shows the time series of the
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ENSO-SCAP relationship, Pacific Decadal Oscillation (PDO) index,
and Atlantic Multidecadal Variability (AMV) index in the observa-
tions. The results indicate a relatively strong (weak) correlation
between PDO (AMV) and ENSO-SCAP, with a correlation coeffi-
cient of —0.41 (0.09). To explore the reasons behind the generally
strong negative correlation between PDO and ENSO-SCAP, we
select El Nifo cases during the positive and negative phases of PDO
from observations and conduct composite analyses of El Nifio-related
SST anomalies from DJF(0) to JJA(1). It is found that the positive
phase of PDO could lead to slower El Nino decay compared to its
negative phase (Supplementary Fig. 6). Regarding the mechanisms,
previous research suggests that the positive phase of PDO can
enhance trade winds in the tropical Pacific and promote eastward
wind convergence. The mean-state changes in tropical winds can
induce an eastward displacement of El Nifo-related equatorial wes-
terly anomalies, resulting in a prolonged El Nifio lifetime”. As a
result, the phase of PDO could modulate the decaying pace of ENSO
across different epochs. From this perspective, the strengthening

ENSO-SCAP relationship after the 2000s may be attributed to the
negative PDO phase in the recent decade, as this cold phase will favor
faster El Nifio decay and weaken the positive phase of the NA SST
anomaly pattern.

Discussion

The present study investigates interdecadal shifts in the relationship
between previous winter ENSO and subsequent SCAP based on observa-
tions and CMIP6 simulations. The observed ENSO-SCAP relationship
displays pronounced interdecadal shifts, with a sharp decline in the 1930s
followed by gradual strengthening around the 1960s. Furthermore, there is
an increasing trend after the 2000s.

Two factors may contribute to the interdecadal shifts in the
ENSO-SCAP relationship, which is summarized by a schematic diagram in
Fig. 12. One factor is changes in the meridional pathway, i.., large-scale
convergence and divergence, through which Pacific SST anomalies influence
moisture and dynamical conditions over CA. During warm ENSO events,
persistent anomalous upper-level divergence generally prevails over the
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respectively. The blue dashed curve indicates the Rossby wave train path, and the size
of the circles along the curve represents the amplitude of the circulation. The letter A
(C) indicates atmospheric anticyclone (cyclone) anomalies. Surface yellow arrows
over NA indicate lower-level wind anomalies. Green (brown) shadings and vertical
arrows over CA denote above (below) normal precipitation and anomalous
ascending (descending) anomalies, respectively.

central-eastern Pacific, while upper-level convergence anomalies emerge
over the western Pacific. The large-scale upper-level convergence over the
western Pacific further induces upper-level divergence in CA, resulting in
anomalous vertical motion and increased local precipitation. The stronger
upper-level divergence over CA during the HC period could induce a more
robust ascending motion, further contributing to increased precipitation
compared to the LC period. The other factor is the changes in the zonal
Rossby wave train triggered by NA horseshoe-like SST anomalies. The
MAM(1) cold SST anomalies are seen in the middle NA, and warm SST
anomalies exist in the NA subpolar gyre zone and tropical NA, which is more
pronounced during the LC period than the HC period. This NA SST
anomaly pattern plays an opposing role compared to the wetting impacts of
El Nifio on SCAP, thereby disrupting the ENSO-SCAP relationship. The
disruption caused by the NA SST anomaly pattern is more pronounced
during the LC period than the HC period, resulting in a stronger
ENSO-SCAP relationship in the latter period. We verify the dynamical
processes induced by the NA SST anomaly pattern using the LBM. The
results align well with our proposed mechanisms, with almost identical
Eurasian Rossby wave trains as in the observations.

During the LC period, the stronger anomalous southwesterlies
(northeasterlies) in the tropical (subtropical) NA aid in decreasing
(increasing) latent heat flux anomalies, heating (cooling) the local SST and
resulting in a more pronounced horseshoe-like SST anomaly pattern.
Interestingly, the decaying pace of ENSO may modulate the interdecadal
shifts of the NA horseshoe-like SST anomaly pattern, which can be further
traced back to the phase of PDO. During the positive PDO phase, a slow
decaying ENSO triggers a robust NA horseshoe-like SST anomaly pattern
during MAM(1), counteracting the impact of ENSO on SCAP. In contrast,
during the negative PDO phase, this counteracting effect is weakened,
resulting in a more robust ENSO-SCAP relationship.

The findings of this study address important issues concerning the
unstable ENSO-SCAP relationship and underlying mechanisms. More-
over, we identify a strengthening tendency in the ENSO-SCAP relationship
after the 2000s, which indicates enhanced predictability for SCAP during
recent decades. In this sense, this research may offer valuable information
for regional stakeholders engaged in seasonal forecasting and climate pre-
diction in arid CA. It should be noted that the NA horseshoe-like SST
anomaly pattern is one of the pathways that may interfere with ENSO’s

impact on SCAP. Further research might be necessary to explore additional
potential influence factors. Moreover, the factors modulating the decaying
pace of ENSO are complex and cannot be solely attributed to PDO. Various
influences and mechanisms involved are still unclear and call for future
investigations to gain a comprehensive understanding. Furthermore, future
efforts are preferred to examine how the ENSO-SCAP relationship will
respond to greenhouse warming though projections driven by historical and
future radiative forcing imply a slower decay of E1Nifio in the 21st century™*.

Methods

Data

Three datasets of monthly precipitation and three datasets of monthly SST
have been used to ensure the reliability of results in the present study. The
monthly precipitation datasets include Global Precipitation Climatology
Centre (GPCC) monthly product version 2022%, the Climatic Research
Unit (CRU) high-resolution gridded datasets version 4.04*, and the Uni-
versity of Delaware (Udel) Air Temperature & Precipitation version v4.01”.
In terms of SST datasets, they are sourced from Hadley Centre Sea Ice and
SST dataset (HadISST)*, Extended Reconstructed Sea Surface Temperature
(ERSST) v5”, and Kaplan Extended SST V2*’. Global atmospheric circu-
lation data are derived from the NOAA-CIRES-DOE Twentieth Century
Reanalysis (20CR) project, Version V2. Outputs from the historical
experiments of 45 CMIP6 climate models (more details in Supplementary
Table 1) are also used. Here, we examine the first ensemble member (nor-
mally “rlilplfl”) of each model’s historical simulations, which involve
running climate models to replicate past climate conditions from 1850 to
2014. These simulations can provide an extensive set of samples to under-
stand the factors driving historical climate variability. Prior to analysis, all
the observations and model simulations are bilinearly interpolated onto
2.5° x 2.5° grids in a horizontal manner for uniformity.

Interdecadal shifts

Throughout this study, we focus on the interdecadal shifts of ENSO-SCAP
relationship. The 11-year sliding average has been moved from raw data
before correlation and regression analysis to remove decadal and longer
timescale variations. For a 19-year time series, correlations of 0.39 and 0.46
reach the 90% and 95% confidence levels, respectively, based on the two-
sided Student’s t-test.
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ENSO index

To extract the year-to-year variations of ENSO and monitor the
ENSO-SCAP relationship, we define the DJF(0) Nifio3.4 index as the areal
average of preceding December to following February seasonal mean SST
anomalies in the NINO3.4 regions (170°W-120°W, 5°S-5°N). Here, the
numbers in parentheses denote ENSO developing (0) and decaying (1)
years. The regression of climate anomalies against DJF(0) Nifi03.4 index is
considered indicative of ENSO-induced climate anomalies. Since the
regression analysis is linear, it can demonstrate climate anomalies induced
by both El Nifio and La Nifa events. For simplicity, we primarily show the
climate anomalies over CA during post-El Nifio springs in the main text.

NA dipole SST index

Considering the potential influence of NA SST anomalies on the
ENSO-SCAP relationship, we establish the NA dipole SST index (NAI) for
the period MAM(1). This index is computed as the difference between the
area-weighted averaged SST anomalies over northeastern region (35°N-55°N,
20°W-40°W) and southwestern region (30°N-50°N, 50°W-80°W), as deli-
neated by the blue and red boxes in Fig. 5¢ and f, respectively.

Wave-activity fluxes
The horizontal wave-activity fluxes are defined as*

L o) + V(v - v,

2V (v - vy ) + 7 (42 - v "

where V represents the horizontal wind velocity vector, Uand V denote the
zonal and meridional wind velocity, respectively. y symbolizes the stream
function. The primes and overbars signify the regressed anomalies onto the
normalized DJF(0) Nifio3.4 index and climatological mean-state quantities,
respectively.

PDO index

The Pacific decadal oscillation (PDO) is obtained by the leading pattern via
empirical orthogonal function analysis of SST anomalies in the North
Pacific basin (poleward of 20°N). The SST anomalies are obtained by
removing both the climatological annual cycle and the global-mean SST
anomaly from the data at each grid point.

AMV index

The Atlantic multidecadal variability (AMV) index is defined as detrended
10-year low-pass filtered DJF(0) mean area-averaged SST anomalies over
the North Atlantic basin (0°-65°N, 80°W-0°).

Numerical simulation

In the present study, we employ the dry version of the linear baroclinic
model (LBM) to investigate how the atmosphere responds to the vorticity
perturbation induced by Atlantic SST anomalies”. The LBM is a model
made up of atmospheric primitive equations linearized at a given state. The
model has a horizontal resolution of T42 and a vertical resolution of 200. We
set a maximum e-folding decay time of 6h for horizontal diffusion to
maintain model stability. For different levels of o, we apply Rayleigh friction
and Newtonian damping timescales ranging from 1 to 30 day™". Vertical
diffusion across all layers is fixed at 1000 day'. We run the model for
50 days to reach a stable state and use the average of the last 30 days as results.

Data availability

All the data that support the findings in the present study are available
for open access. The monthly precipitation datasets, including
GPCC, CRU, and Udel are accessed from https://opendata.dwd.de/
climate_environment/GPCC, https://crudata.uea.ac.uk/cru/data/hrg/
cru_ts_4.07 and https://downloads.psl.noaa.gov/Datasets/udel.airt.
precip, respectively. The HadISST, ERSST, and Kaplan SST datasets

are from https://www.metoffice.gov.uk/hadobs/hadisst, https://www1.
ncdc.noaa.gov/pub/data/cmb/ersst/v5/netcdf and https://psl.noaa.gov/
data/gridded/data.kaplan_sst.html, respectively. Global atmospheric
circulation dataset is derived from https://psl.noaa.gov/thredds/
catalog/Datasets/20thC_ReanV2/Monthlies/gaussian/monolevel/
catalog.html. In addition, CMIP6 model outputs are from https://
aims2.1Inl.gov/search/cmip6.

Code availability
All the codes for analyses and diagnostics are available from the corre-
sponding authors upon reasonable request.
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