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Key Points:

¢ Asignificant multidecadal variability of autumn surface air temperature occurs over Southwest China (SWC).
e The Atlantic multidecadal oscillation (AMO) has a remote influence on the multidecadal variability of the autumn surface air

temperature over Southwest China.

e The atmospheric Africa—Asia multidecadal teleconnection (AAMT) pattern associated with the AMO modulates the autumn surface air

temperature over Southwest China.
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Abstract: Southwest China (SWC) is one of the major grain-producing areas in China, and the surface air temperature (SAT) during
autumn has a substantial influence on grain production and planting. It is therefore important to understand temporal changes in the
SAT over SWC (SWC-SAT). Our analysis of observational and reanalysis datasets shows that the autumn SWC-SAT exhibits significant
multidecadal variability. A significantly strong positive correlation also exists between the autumn SWC-SAT and the Atlantic
multidecadal oscillation (AMO) time series (correlation coefficient of 0.85). These results suggest that the AMO is a remote driver of
multidecadal variability in the autumn SWC-SAT. Further analyses show that the North Atlantic sea surface temperature anomalies (SSTA)
associated with the AMO modulate the multidecadal variability of the autumn SWC-SAT through triggering the Africa—Asia multidecadal
teleconnection (AAMT) pattern. Specifically, the AAMT corresponds to geopotential height anomalies over SWC, which adjust the local
thickness of the air column and thereby induce multidecadal variability of the autumn SWC-SAT. This potential mechanism, derived from
observational and reanalysis datasets, was verified by using a linear barotropic model and the Community Atmosphere Model version 4.
Our results from combining observations and numerical modeling simulations indicate that the North Atlantic SSTA may act as a key

pacemaker for the multidecadal SAT variability over SWC.
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1. Introduction

The Atlantic multidecadal oscillation (AMO) is a key contributor to
multidecadal climate variability on Earth. This variability is charac-
terized by the spatially consistent pattern of the North Atlantic
basin-wide warm or cold sea surface temperature anomaly (SSTA),
which has a period of 50-70 years (Kerr, 2000; Enfield et al., 2001;
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Li S and Bates, 2007; Sutton and Hodson, 2007; Ting M et al., 2014;
Sun C et al,, 2017b; Zhang R et al., 2019). The AMO underwent
warm phases in 1860-1880 and 1930-1960, whereas it shifted to
cold phases in 1905-1925 and 1970-1990. Since the 1990s, it has
gradually transitioned toward a warm phase (e.g., Gray et al.,
2004; Li S and Bates, 2007; Zhang GW et al.,, 2020; Wang LC et al.,
2023).

The persistent basin-scale SSTA associated with the AMO have
important impacts on climate change over the North Atlantic and
surrounding regions (e.g., Sutton and Hodson, 2005; Mariotti and
Dell’Aquila, 2012; Muller et al., 2013; Drinkwater et al., 2014). The
North Atlantic sea surface temperature (SST) has a warmer
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climatic mean state during summer and autumn (Frankignoul et
al., 2003; Cattiaux et al., 2011; Sutton and Dong BW, 2012; Guo YP
et al,, 2016), and this may provide a warmer SST background and
stronger coupling between the SST and convection (Seager and
Murtugudde, 1997; Cheng KY et al., 2022; Huang P et al., 2024).
The AMO has a substantial effect on the surface air temperature
(SAT) and precipitation across Europe and North America, as well
as on hurricane activity in the North Atlantic during summer and
autumn (Enfield et al., 2001; Held and Soden, 2006; Knight et al.,
2006). The North Atlantic SSTA associated with the AMO are likely
to induce the generation of more hurricanes in the Atlantic
Ocean, which in turn would affect the Atlantic climate (Enfield and
CidSerrano, 2009). Nigam et al. (2011) used observations to show
that the AMO has a substantial influence on the reconstruction of
multiyear droughts and wet episodes over North America, particu-
larly in the autumn wetness of the 1980s.

The AMO plays a key role in the global multidecadal variability of
atmospheric circulation, temperature, and precipitation via atmo-
spheric teleconnection (e.g., Dong BW et al., 2006; Zampieri et al.,
2013; Li JP et al., 2019; Ratna et al.,, 2019; Zheng F et al., 2023). In
addition to the North Atlantic and surrounding regions, the AMO
also has a remote link to climate change in other regions over
multidecadal timescales (Ratna et al., 2019; Xie TJ et al,, 2019;
Zhang R et al., 2019; Li JP et al,, 2022). For example, the positive
AMO phase can enhance the southeast and east Asian summer
monsoons via a coupled air-sea interaction in the Indo-West
Pacific region (Zhang R and Delworth, 2005; Lu RY et al., 2006). In
addition, the AMO and its associated atmospheric Rossby wave
propagation are the primary source of the multiyear prediction
ability regarding the summer SAT over Northeast Asia (Monerie et
al., 2018; Yeager et al., 2018).

Southwest China (SWC; 21°-35°N, 97°-112°E, Figure 1) comprises
the provinces of Sichuan, Yunnan, Guizhou, and Guangxi, as well
as the municipality of Chongqing (Qin NX et al,, 2015; Zhu Y et al.,
2024). Southwest China is one of the most densely populated
regions in China, accounting for approximately 17% of the
country’s total population. It is also one of China’s main grain-
producing regions, accounting for approximately 16% of the
national supply (Wang L et al, 2015). Using the annual mean
temperature anomalies from 1880 to 2002, Wang SW et al. (2004)
showed a multidecadal variation in the SWC temperature.
Furthermore, Qian W and Qin A (2006) used national station
observations from 1960 to 2000 to identify the multidecadal vari-
ability in the autumn SAT in SWC (SWC-SAT). The autumn SWC-
SAT has followed a significant warming trend since the late 1990s
(Liu XD and Chen BD, 2000; Ma ZF et al., 2013), which is consistent
with the recent warm phase of the AMO. In paleoclimate studies
using the reconstructed temperatures in SWC over the past
millennium, results have suggested that the multidecadal variabil-
ity of SWC temperatures is closely linked to the AMO (Wang JL et
al., 2013, 2015; Shi SY et al., 2017; Fang KY et al.,, 2019).

In addition, several studies have found a statistical relationship
between the AMO and multidecadal variability of the SWC-SAT
over the past 50 years (e.g., Jin HY et al., 2022; Liu P et al,, 2022;
Deng KQ et al., 2024). However, we lack a systematic understanding
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Figure 1. Topography and regions of SWC.

of how the AMO influences the SWC-SAT because the observational
records are relatively short. In this study, we used a longer period
of observations (i.e., the Climatic Research Unit [CRU] Time-Series
[TS] version 4.08 and HadCRUTS5 datasets) to calculate the correla-
tion coefficient between the AMO and the SWC-SAT time series
for each of the four seasons. The autumn correlation is the
strongest (>0.85; statistically significant at the 95% confidence
level). In SWC, autumn is the season when crops reach maturity
and are harvested, while preparations are underway for planting
winter crops.

During autumn, the SAT has a major impact on crop yields and
the subsequent food supply (e.g., Bannayan et al., 2011; Rasul et
al., 2011). Therefore, this article focuses on the multidecadal vari-
ability of the SWC-SAT and its linkage with the AMO. The remainder
of this article is organized as follows. The data, methods, and
models are described in Section 2, and the findings are presented
in Section 3, focused on addressing the following questions:

(1) Does the autumn SWC-SAT show multidecadal variability?

(2) Does the AMO have a remote influence on multidecadal vari-
ability in the autumn SWC-SAT?

(3) If so, what is the mechanism that underlies this influence?
Finally, a summary and discussion are presented in Section 4.

2. Data and Methods

2.1 Data

We used the CRU TS version 4.08 temperature dataset with a hori-
zontal resolution of 0.5° x 0.5° for the period of 1901-2023,
obtained from the Climatic Research Unit at the University of East
Anglia (Harris et al., 2020). The CRU TS dataset was created by
interpolating monthly climate anomaly data from a global meteo-
rological observation grid, using an angular-distance weighting
method. The dataset is recognized as a reliable source of climate
data for use in the analysis of global and East Asian climate
change patterns and impacts (Buermann et al., 2018; Bromley et
al., 2020; Li CX et al., 2020; Tan XZ et al., 2020). We calculated the
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AMO and its associated SSTA by using the global sea surface
ground temperature dataset HadCRUT5 from 1850 to the present.
The HadCRUTS5 dataset is collated by the Hadley Center of the UK
Meteorological Office and the Climatic Research Unit at the
University of East Anglia, and it has a horizontal resolution of
5° x 5° (Morice et al., 2021). The HadCRUTS5 dataset is widely used
to characterize the Atlantic SST in climate research (e.g., Qasmi,
2023; Schurer et al., 2023). For wind and geopotential height data,
we used the 20th Century Reanalysis (version 2) dataset
(20CRv2C) from the National Oceanic and Atmospheric Adminis-
tration (NOAA) covering the period of 1851-2012 and with a hori-
zontal resolution of 2° x 2°.

2.2 Methods

We defined the SWC-SAT time series as the area-weighted average
of the SAT anomalies over SWC (21°-35°N, 97°-112°E). Following
previous studies (Trenberth and Shea, 2006; Sun C et al., 20173, b),
we defined the AMO time series as the area-weighted mean of
SSTA over the North Atlantic (0°-60°N, 0°-80°W). The Africa-Asia
multidecadal teleconnection (AAMT) was identified in previous
studies to explore the multidecadal teleconnection associated
with the AMO (e.g., Sun C et al., 2017a; Li JP et al,, 2019; Xie TJ et
al, 2019). The AAMT index is the leading principal component
(PC1) time series of empirical orthogonal function 1 (EOF1;
approximately 30% variance), which is statistically significant
(North et al.,, 1982). The EOF1 is calculated through the autumn
meridional wind anomalies across the Eurasian continent
(0°-60°N, 60°W-150°E) at 300 hPa (V300). Following previous stud-
ies (Sun C et al,, 2017a), the V300 anomalies were smoothed by
using an 11-year running mean filter to isolate the multidecadal
signal before applying the EOF.

According to the hypsometric equation, the average temperature
of the atmosphere between pressures p, and p, can be expressed
as follows (Wallace et al., 1996; Holton and Gregory, 2013):

9o (, P1
(M= R('”p_z) Az M
AZ=27,-27,

where (T) is the average temperature of the atmospheric layer, AZ
is the thickness of the atmosphere, and z, and Z, are the geopo-
tential height at the p; and p,, respectively. The gravitational
acceleration is go = 9.80655 m-s~2 and the dry air gas constant is
R = 287 J’kg~":K~" in the equation above. If we consider (T)' and
AZ' as deviations or anomalies from their mean value, Equation (1)
can be rewritten as a perturbation equation, as follows:

M=% ()" az. @
Equation (2) shows that the anomalous mean temperature
between the pressure levels is proportional to the anomalous
thickness of the layer. This equation can be used to investigate
the impact of upper-level atmospheric circulation on changes in
the SAT (Wallace et al., 1996; Zhang YZ et al., 2022).

The statistical significance of the correlation between two auto-
correlated time series is calculated using the two-tailed Student’s
t-test and the effective number of degrees of freedom (N*) (Pyper
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and Peterman, 1998; Li JP et al., 2013), as follows:

2
q N KI_Z N Pxx(l oyl (©)

where N is the number of samples, and p,, (j) and p,y (j) denote
the autocorrelations of the time series X and Y, at time lag j,
respectively.

Prior to the analysis, all variables and indices were linearly
detrended using the least squares method, which removes
centennial-scale trends to better isolate and highlight the signal
associated with the multidecadal variability. Because this study
focuses on multidecadal timescales, we smoothed the data by
using an 11-year Gaussian low-pass filter for most of our analysis.
We also used power spectral analysis, lead-lag correlation, and
linear regression methods. The autumn variables were calculated
as the mean values for September, October, and November, and
the anomalies represent the deseasonalized anomalies with
respect to the period of 1961-1990.

2.3 Model Experiment

To investigate the mechanism underlying the atmospheric tele-
connection pattern, we used the linear barotropic model (LBM) to
analyze the atmospheric response to the thermal forcing related
to the AMO. The LBM is a linearized atmospheric model developed
to improve our understanding of the complex feedback mecha-
nisms within the atmosphere by eliminating nonlinear atmo-
spheric processes (Watanabe, 2005). Further details regarding the
model formulation can be found in Watanabe and Kimoto (2000).
The LBM simulates the stable linear response of the atmosphere
to specific forcings (Held et al., 2002), and the model has a T42
horizontal spectral resolution and 20 vertical levels. Note that the
LBM is typically used to explore the atmospheric teleconnection
pattern over Eurasia (Lu RY and Lin ZD, 2009; Yasui and Watanabe,
2010; Sun C et al,, 2014). The spatial distribution and vertical struc-
ture of the thermal forcing associated with the AMO over the
North Atlantic is shown in Figure S1.

We also used the Community Atmosphere Model version 4
(CAM4), which is the atmospheric component of the Global Circu-
lation Model (GCM) and Community Earth System Model (CESM),
developed by the National Center for Atmospheric Research
(NCAR; Neale etal., 2013). The CAM4 is the atmospheric component
of the CESM. The CAM4 has a medium-resolution version
(1.9° x 2.5°) that includes 96 longitude and 144 latitude points.
The CAM4 has been widely used to study the response of the
atmospheric circulation to SST (He ZQ and Wu RG, 2014; Koenigk
et al., 2019). This model can better reproduce the temperature
distribution and its seasonal variation characteristics in China (e.g.,
Yu ET et al, 2018). We undertook two groups of experiments: a
control run (i.e., EXPO) forced by the 30-year average SST of the
global climate state, and a sensitivity run (i.e., EXP1) that included
an AMO-related SST forcing in the North Atlantic. Note that both
the control and sensitivity experiments were based on case
F_2000, in which the solar forcing, carbon dioxide, ozone concen-
tration, and aerosol are fixed at the year 2000 level. The details of
the experiments are provided in Table 1.
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Table 1. Detailed design of the CAM4 experiments.
Experiment Description
EXPO Control run using case F_2000. Prescribed SST forcing based on the climatological present-day SST provided by NCAR.
EXP1 AMO sensitivity run. Same as EXPO, but with SST anomalies associated with the AMO (Figure S2) added over the North Atlantic (0°-60°N,
0°-80°W) during autumn.
3. Results period of approximately 60 years (Figure 2b), which is consistent

3.1 Multidecadal Variability in the Autumn SWC-SAT and
Its Linkage to the AMO

To reveal the multidecadal variability in the autumn SWC-SAT, we
analyzed the SWC-SAT anomalies averaged over the region
21°-35°N, 97°-112°E for the period of 1901-2023. Figure 2a shows
the raw and 11-year Gaussian low-pass filtered time series for the
autumn SWC-SAT. Both time series show well-defined multidecadal
variations, with cold phases around 1901-1915 and 1950-1990,
and warm phases around 1915-1950 and after 1990 (Figure 2a).
To further elucidate the predominant periodicities associated with
the autumn SWC-SAT, the power spectrum of the autumn SWC-
SAT time series is shown in Figure 2b. The SWC-SAT exhibits a
significant (at the 95% confidence level) spectral peak with a
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with the AMO period (e.g., Enfield et al., 2001; Sutton and Hodson,
2007). These results motivated us to study the potential linkage
between the autumn SWC-SAT and the AMO.

We followed the approach of previous studies that have defined
the AMO (e.g., Trenberth and Shea, 2006; Sun C et al., 2017a) to
calculate the autumn AMO time series. To detect the potential
linkage between the AMO and the autumn SWC-SAT, we plotted
the detrended and 11-year Gaussian low-pass filtered time series
of the autumn AMO and SWC-SAT together (Figure 2¢). Both the
filtered SWC-SAT time series and the AMO (Figure 2c¢) show
pronounced multidecadal variability, and the multidecadal fluctu-
ations of the SWC-SAT appear to be approximately in phase with
those of the AMO. Specifically, the filtered time series of the
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(a) Area-averaged autumn SWC-SAT anomalies (bars) and the 11-year Gaussian low-pass filtered (orange line) time series over the

period of 1901-2023 based on the CRU TS version 4.08 dataset. (b) Power spectrum of the autumn SWC-SAT anomalies for the period of
1900-2023. The blue and red dashed lines show the 95% confidence level and the reference red noise spectrum, respectively. (c) Detrended time
series of the autumn SWC-SAT anomalies (red line) and the AMO (blue line) from 1901 to 2023 after applying an 11-year Gaussian low-pass filter.
(d) Lead-lag correlation between the detrended autumn AMO and the SWC-SAT time series over the period of 1901-2023 after applying an
11-year Gaussian low-pass filter. Negative (positive) lags indicate that the autumn AMO leads (lags) the SWC-SAT, and the thick blue line indicates
statistical significance at the 95% confidence level when using the effective number of degrees of freedom.
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autumn SWC-SAC and AMO are in their negative phase between
1950 and 2000 and in positive phases before 1950 and after 2000.
Figure 2d further shows the lead-lag correlation between the
filtered SWC-SAT time series and the AMO index. A strong correla-
tion is evident between the filtered SWC-SAT and the AMO time
series at zero lag (correlation coefficient of ~0.85, significant at the
95% confidence level). This result indicates that the multidecadal
variability in the SWC-SAT may be largely explained by the AMO.

We further investigated the spatial pattern of the relationship
between the AMO and the SWC-SAT. Figure 3a shows the correla-
tion map between the AMO time series and the SWC-SAT anoma-
lies during autumn. The SAT anomalies and the AMO are signifi-
cantly correlated over the entire SWC region, with correlation
coefficients mostly above 0.7 and being significant at the 95%
confidence level. These results suggest that the multidecadal vari-
ability of the SWC-SAT is closely related to the AMO.

In addition to the AMO, the interdecadal Pacific oscillation (IPO;
Power et al., 1999; Folland et al., 2002; IPCC, 2013a; Henley et al.,
2015) and the Pacific decadal oscillation (PDO; Mantua et al., 1997;
IPCC, 2013b) are important climatic modes at decadal to multi-
decadal timescales, although there remains debate regarding the
difference between the IPO and PDO (e.g., Holbrook et al., 2014).
Previous studies have reported that the IPO and PDO influence
global and regional SATs (e.g., Dong B and Dai AG, 2015; Meehl et
al, 2016; Henley et al., 2017). On the basis of these points, we
considered whether the IPO or PDO signal could influence the
relationship between the AMO and the autumn SWC-SAT. To clarify
the possible impact of the IPO (PDO), we first removed the IPO
(PDO) signal and then performed a correlation analysis between
the AMO time series and the SWC-SAT. Specifically, to remove the
IPO (PDO) signal, the autumn SWC-SAT anomalies were regressed
onto the AMO time series and the result was then subtracted from
the total SWC-SAT anomalies. Note that it is challenging to
completely remove the variations related to a specific variable
from the climate records because of the nonlinear influences;
thus, our results might exclude only the linear components (e.g.,
LiYetal., 2019).

Figures 3b and 3c show the spatial pattern of the correlation coef-

(a) AMO (b) Without IPO
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ficients between the AMO and the autumn SWC-SAT without the
IPO signal (Figure 3b) or PDO signal (Figure 3c). It can clearly be
seen that the correlation maps without the IPO and PDO (Figures
3b and 3c) are similar to the raw correlation map (Figure 3a). That
is, significant correlation coefficients remain between the AMO
and the autumn SWC-SAT even after removing the IPO or PDO
signals over the entire SWC region (Figures 3b and 3c¢). In addition,
the correlation coefficients without the IPO or PDO signal (Figures
3b and 3c¢) are weaker than the raw correlation (Figure 3a) in SWC.
This result implies that the IPO and PDO contribute to the multi-
decadal variability of the autumn SWC-SAT. However, the IPO and
PDO may explain only part of the multidecadal variability in the
autumn SWC-SAT because the correlation coefficients calculated
without the IPO or PDO signals exceed 0.5 across the entire SWC
region. These results suggest that neither the IPO signal nor the
PDO signal is able to affect the robust link between the AMO and
the autumn SWC-SAT and that the AMO has a remote influence
on the multidecadal variability of the autumn SWC-SAT.

3.2 Potential Mechanism for the Remote Influence of the
AMO on Multidecadal Variability in the Autumn
SWC-SAT

Here, we investigated the remote influence of the AMO on the

multidecadal variability of the autumn SWC-SAT. Previous studies

have reported that the AMO plays a vital role in multidecadal
climate change in the northern hemisphere by triggering the

AAMT, which acts as an atmospheric bridge, conveying the influ-

ence of the AMO onto the downstream multidecadal variation

(e.g., Li JP etal, 2013, 2022; Sun C et al., 2017a). To investigate the

spatial pattern of the AAMT, we calculated the meridional wind at

300 hPa (V300) regressed onto the AAMT time series on a multi-

decadal timescale (Figure 4a). Note that the correlation coefficient

between the autumn AMO and AAMT time series is high (>0.71,

statistically significant at the 99% confidence level), indicating a

strong in-phase relationship between them (e.g., Sun C et al.,

2017a). As shown in Figure 4a, the AAMT wave train has three
positive centers and three negative centers from Africa to East

Asia between 20°N and 40°N, which is similar to the findings of

previous studies (e.g., Sun C et al,, 2017a; Xie TJ et al.,, 2019). In

(c) Without PDO
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Figure 3. (a) Correlation map between the autumn 11-year Gaussian low-pass filtered AMO time series and the SWC-SAT over the period of
1901-2023. (b, ¢) As for (a), but after removal of the IPO signal or the PDO signal, respectively. The dotted areas indicate correlations significant at

the 95% confidence level.
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Figure 4. V300 and geopotential height anomalies regressed onto the AAMT index. (a) Spatial pattern of the 11-year Gaussian low-pass filtered
autumn meridional wind at 300 hPa (V300) anomalies over the Eurasian continent (0°~60°N, 60°W-150°E) from 1900 to 2012 regressed onto the
normalized time series of the autumn AAMT. (b) Autumn meridional wind (contours, meters per second) and geopotential height anomalies
(shading, meters) across 20°-35°N regressed onto the normalized time series of the autumn AAMT from 1900 to 2012. The zero contour of
meridional wind anomalies (0) is shown as a solid bold line, the positive contours (+0.3) as solid lines, and the negative contours (—0.3) as dashed
lines. The red rectangle indicates the longitudinal range of the SWC region. The dotted areas indicate that the regressions for height are
statistically significant at the 95% confidence level when using the effective number of degrees of freedom.

particular, the only negative center of the AAMT wave train over
East Asia is located in the SWC region. Given that the AMO can
excite the AAMT wave train (e.g., Sun C et al., 2017a; Li JP et al.,,
2022), it is suggested that the AMO may have impacts on the SWC-
SAT through the AAMT.

To investigate the potential mechanism associated with the
remote influence of the AMO on the multidecadal variability of
the autumn SWC-SAT, we first analyzed the vertical structure of
the autumn AAMT. Figure 4b shows the latitudinal averages of
geopotential height and meridional wind anomalies regressed
onto the AAMT time series during the period of 1901-2012. Note
that the latitudinal averages in Figure 4b were calculated within
the band 20°-35°N, which covers the entire SWC region. As shown
in Figure 4b, the meridional wind pattern related to the AAMT has
relatively large values of meridional wind in the upper tropo-
sphere. The vertical structure of the geopotential height is broadly
consistent with that of the meridional wind, showing three positive
regions in the upper troposphere extending from the northwest
coast of Africa to the SWC region.

According to Equation (2) and previous studies (e.g., Wallace et al.,
1996; Sun C et al.,, 2016; Li Y et al., 2024; Zhu Y et al., 2024), the
tropospheric upper-level geopotential height anomalies can
modaulate the tropospheric temperature through the air thickness
and thus influence the SAT. Figure 5a shows a correlation map
between the autumn AAMT time series and air thickness from
1000 hPa to the upper level (1000-300 hPa). The thickness pattern
is positively correlated with the AAMT over the entire SWC region

(Figure 5a). The strong correlation between the AMO and AAMT
time series (correlation coefficient of >0.71) indicates that the
positive AMO phase corresponds to the increasing thickness over
the entire SWC region, which is caused by the greater geopotential
height at the upper level than at the lower level (Figure 4b).
Because the tropospheric temperature is related to the thickness
based on the hypsometric equation (Equation (2)), the warming
temperature related to the AAMT is expected to be modified by
the increasing thickness. The spatial correlation map of tropo-
spheric temperature shows positive values over the entire SWC
region (Figure 5b), highlighting the warming temperature associ-
ated with the AAMT or positive AMO phase. In addition, the corre-
lation map of tropospheric temperature (Figure 5b) is in good
agreement with that of the SAT over the SWC region (Figure 5c).
This agreement arises mainly from the strong coupling of air
temperature from the troposphere to the surface (e.g., Wallace et
al.,, 1996; Sun Cet al., 2016).

These results imply that the AAMT associated with the AMO influ-
ence the multidecadal variability of the autumn SWC-SAT. To
further clarify the remote influence of the AMO on the autumn
SWC-SAT via the AAMT, we recalculated the correlation map
between the AMO and autumn SWC-SAT, but for the SAT without
the AAMT signal (using the regression method as in Figures 3b
and 3c¢). When the correlation maps with the AAMT signal (Figure
3a) and without the AAMT signal (Figure 5d) were compared, the
correlation values without the AAMT signal were much weaker
and the correlation coefficients were 0.2 over the entire SWC
region (Figure 5d). This result further suggests that the AAMT
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Figure 5. (a) Correlation map between the autumn 11-year Gaussian low-pass filtered AAMT time series and air thickness from 1000 to 300 hPa
for the period of 1901-2012. (b) Correlation map between the autumn 11-year Gaussian low-pass filtered AAMT time series and the tropospheric
temperature calculated using the air thickness between 1000 and 300 hPa. (c) Correlation map between the autumn 11-year Gaussian low-pass
filtered AAMT time series and autumn SWC-SAT for the period of 1901-2012. (d) As for (c), but for the AAMT time series after removal of the AMO
signals. The dotted areas indicate correlations that are statistically significant at the 90% confidence level.

plays a vital role in the remote influence of the AMO on the multi-
decadal variability of the autumn SWC-SAT.

3.3 Modeling Evidence for the Remote Influence of the
AMO

The results above suggest that a remote teleconnection exists
between the AMO and the SWC-SAT. To further verify the associ-
ated mechanism, we performed an LBM experiment. In this study,
the model was forced with a prescribed thermal forcing pattern
representing the heating over the North Atlantic associated with
the AMO (Figure S1). Figure 6a shows the LBM-simulated
response of the atmosphere to the heat forcing associated with
the AMO and that the LBM-simulated AAMT pattern (Figure 6a) is
roughly consistent with the observed AAMT (Figure 4a). The LBM
experiment was able to capture the only negative V300 center
within the East Asian region, although there is a northward shift in
the location of this negative center when compared with the
observations (Figure 6a). This simulated bias is probably the result

of the LBM being a simplified linear model.

In addition to the LBM experiment, we performed control and
sensitivity CAM4 experiments (Table 1) to further support our
results. Figure 6b shows the V300 response to the SST anomalies
associated with the positive phase of the AMO during autumn in
the CAM4 simulations. The positive AMO corresponds to the
atmospheric teleconnection (Figure 6b), which is in good agree-
ment with both the observed (Figure 4a) and LBM-simulated
(Figure 6a) AAMT. Note that CAM4 also reproduced the only nega-
tive center over the East Asian region, which covers the SWC
region (Figure 6b). Compared with the LBM simulation, this nega-
tive center over SWC simulated by CAM4 is closer in position to
that in the observations (Figures 6a and 6b), which may be related
to the relatively complex atmospheric process of CAM4 (e.g.,
Neale et al,, 2013). Regarding the vertical structure of the AAMT,
CAM4 was also able to capture the main features and show the
larger geopotential height in the upper troposphere (Figure 6c).
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Figure 6. (a) LBM simulation of the steady responses of the autumn meridional wind at V300 anomalies (contours, meters per second) to the
Atlantic thermal forcing. (b) CAM4 simulation of the autumn meridional wind at V300 anomalies over the Eurasian continent (0°-60°N,
60°W-150°E). (c) CAM4 simulation of the autumn geopotential height anomalies (shading, meters) at 20°-35°N. The red rectangle indicates the

longitudinal range of the SWC region.

According to the hypsometric equation (Equation (2)), this simu-
lated teleconnection would also induce the warming of the SWC-
SAT (Figure S3). When the observations (Figure 4) were compared
with the model simulations (Figure 6), some biases were found
within the LBM and CAM4 simulations, likely related to the incom-
plete representation of complex atmospheric processes in the
models. Nevertheless, the model simulations give us confidence
that the LBM and CAM4 reproduced the observed anomalous
atmospheric teleconnection associated with the AMO to a large
extent and that the simulated high geopotential height in the
upper troposphere contributes to the warming SWC-SAT.

4. Conclusions and Discussion

In this study, we used the CRU TS version 4.08 and HadCRUT5
datasets to investigate the remote influence of the AMO on the
multidecadal variability of the autumn SAT over SWC and the
associated mechanism. We found that the autumn SWC-SAT
shows well-defined multidecadal variations, with a significant
60-year cycle, which is consistent with the AMO period. To under-
stand the link between the autumn SWC-SAT and the AMO, we

calculated their lead-lag correlation. The lead-lag correlation
between the filtered autumn SWC-SAT time series and the AMO
index was high (correlation coefficient of 0.85) at zero lag and was
statistically significant at the 95% confidence level (two-tailed
Student’s t-test; Figure 2d). These results imply that the AMO has a
robust remote influence on the multidecadal variability of the
autumn SWC-SAT, which is unaffected by the IPO and PDO signals
(Figures 3a and 3¢).

To study the potential mechanisms associated with the remote
influence of the AMO on the multidecadal variability of the
autumn SWC-SAT, we regressed the meridional wind at 300 hPa
(V300) onto the AAMT time series over a multidecadal period
(Figure 4a). The AAMT wave train has three positive centers and
three negative centers from Africa to East Asia between 20°N and
40°N. Of note, the SWC region is located on the only negative
center of V300 associated with the AAMT wave train in East Asia.
In addition, the vertical structure related to the AAMT shows three
positive geopotential height anomalies in the upper troposphere,
extending from the northwest coast of Africa to the SWC region.
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According to the atmospheric thickness formulae (Equation (2))
and previous studies (Wallace et al., 1996; Sun C et al., 2017b; Li Y
et al, 2024; Zhu Y et al, 2024), the tropospheric upper-level
geopotential height anomalies could modulate the tropospheric
temperature via the air thickness and thereby influence the SAT.
Considering the strong correlation between the AMO and the
AAMT time series (>0.71), our results suggest that the AAMT asso-
ciated with the AMO corresponds to the upper-level positive
center of geopotential height over SWC, which modulates the
tropospheric temperature through the air thickness and subse-
quently affects the SAT. To further verify our observational results,
we designed and performed the LBM (Figure 6a) and CAM4
(Figures 6b and 6c¢) experiments to evaluate the influence of the
AMO. Both the LBM and CAM4 models were able to simulate an
AAMT pattern that was essentially consistent with the observed
AAMT (Figure 4a). The two models also captured the negative
V300 center over the East Asian region. The vertical structure of
the AAMT was also reproduced, with relatively larger geopotential
heights simulated in the upper troposphere over SWC (Figure 6c¢).

This study focused primarily on the remote influence of the AMO
on the multidecadal variability of the autumn SWC-SAT when
using both observations and model simulations. The IPO and PDO
may also contribute to this multidecadal variability in autumn
SWC-SAT (Figures 3b and 3c¢), although they have no effect on the
stable connection between the autumn SWC-SAT and the AMO.
Future work is needed to improve our understanding of the relative
contributions of the AMO, IPO, and PDO to changes in the SWC-
SAT.
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