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Frequency of the winter temperature extremes over Siberia
dominated by the Atlantic Meridional Overturning Circulation

Huan Wang'?, Zhiyan Zuo'**®, Liang Qiao', Kaiwen Zhang'®, Cheng Sun(@’, Dong Xiao®, Zouxing Lin', Lulei Bu' and

Ruonan Zhang'

Widespread observed and projected increases in warm extremes, along with decreases in cold extremes, have been confirmed as
being consistent with global and regional warming. Here we disclosed that the decadal variation in the frequency of the surface air
temperature (SAT) extremes over Siberia in winter was primarily dominated by the Atlantic Meridional Overturning Circulation
(AMOC) rather than anthropogenic forcing. The stronger AMOC induced more warm and cold extremes through increasing the
variance of winter SAT over Siberia while the direct effect of external forcings, especially anthropogenic greenhouse gases, had little
impact on the summation of warm and cold extremes due to equivalent effects on the increases in warm extremes and decreases
in cold extremes. The possible mechanism can be deduced that the stronger AMOC stimulated the propagation of the wave train
originated in the North Atlantic Ocean, across mid- to high latitudes, thereby increasing the variabilities in the circulations over the
Ural blocking region and Siberia, which are critical to the SAT extremes there.
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INTRODUCTION

A long-term increasing frequency of warm extremes and
decreasing cold extremes were observed over Siberia during
boreal winter along with global warming'™, and this tendency
was projected to continue in the near future®. However, adverse
cold winters over Siberia, concurrent with pronounced warming
over the Arctic, known as the “warm Arctic cold Siberia (WACS)”
pattern, have occurred in recent decades®’. As a consequence,
frequent severe winters, including persistent snow cover and cold
extremes, occurred over Europe and Asia in 2005/20068, 2009/
1091%, 2010/11"", and most recently in 2020/21'%'3, making
headlines in the major population centres of industrialized
countries in the Northern Hemisphere.

Winter extremes have received major public attention due to
their serious impacts on living creatures and ecosystems, as well
as on human society. An open question that is critically important
for scientists and policy-makers is whether any such increase in
weather extremes is natural or anthropogenic in origin'.
Anthropogenic global warming has been confirmed to be the
dominant factor for the increases in intensity, frequency, and
duration of warm extremes and the decrease in the likelihood of
cold extremes'. However, changes in regional temperature
extremes can be modulated by several factors other than
anthropogenic influence and thereby show heterogeneous spatial
distributions. The recent cold winters over mid- to high latitudes in
the Northern Hemisphere, which unexpectedly interrupted the
anthropogenic forcing-induced global warming trend, imply an
internal mode of winter temperature variation'>'®, Some suggest
that the internal variability from the Atlantic Ocean may have
dampened the magnitude of global warming over the historical
era'® ' Anomalous surface heat fluxes released into the

atmosphere caused by the Atlantic Meridional Overturning
Circulation (AMOC) are critical for the climate over mid- to high
latitudes in the Northern Hemisphere'®24, On the other hand, the
AMOC-induced northwards flow of warm salty water in the upper
Atlantic is a major source of substantial northwards Atlantic heat
transport®>. Northwards heat transportation strongly affects the
sea ice distribution?%?%%7 and, since the late 1990s, presumably
has been linked to Arctic amplification (AA)2”28, These results
make us wonder if AMOC can directly affect the surface air
temperature (SAT) extremes over Siberia in winter.

Most previous studies have focused on the causes of a specific
extreme event or short-term behaviours of regional SAT extremes
instead of their decadal-scale variations, and the dominant factor
for these extremes has not been clearly established?®*°, In this
study, we examine the frequencies of the winter SAT extremes
over Siberia and explore the dominant effect of AMOC on their
decadal variations utilizing observational and reanalysis datasets
combining climate model simulations. The findings will shed light
on the AMOC effect on SAT variability and deepen our under-
standing of the interactive influences of natural variability and
anthropogenic forcing on climate change.

RESULTS

Decadal variation in the winter SAT extremes over Siberia
dominated by AMOC

Robust relationship between AMOC and the frequency of the winter
SAT extremes over Siberia. We examined the frequency histogram
and conducted a normal Gaussian distribution fitting (GDF) of the
winter SAT anomalies (daily SATs minus winter SAT mean during
1960-2017) over Siberia (50°—70°N, 60°—120°E) based on the
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Spatial and temporal characteristics of the winter SAT extremes over Siberia and their relationship with AMOC. a Spatial

distribution of the Sums for the days (units: days season™") with the SAT anomaly either greater than its 1.28 STD or less than —1.28 STD in
winter during 1960-2016; the black box is the Siberian region. b Frequency histogram (bars) and GDF fitting (curve) of the winter SAT
anomalies (units: K) over Siberia during 1960-2016. ¢ Decadal changes in the frequencies (days season™) for the Sums over Siberia in winter
based on D1 using the BEST and JRA55 datasets and D2 and the fingerprint AMOC index during 1960-2016 (the year 1964 represents the 9
years’ moving average from 1960 to 1968). d Frequency histograms (staircase curves) and GEV fittings (smooth curves) of the winter SAT
anomalies (units: K) over Siberia during the weak AMOC (blue lines) and strong AMOC phases (red lines). e Differences in the variances (unit:
K?) of the winter SATs over Siberia between the strong and weak AMOC phases. The SAT anomalies in a, b, d, and e are from the BEST dataset.

Berkeley Earth Surface Temperature (BEST) dataset (details in
“Methods”). An essential Gaussian distribution (passing the Jarque-
Bera Test>") is shown in Fig. 1b, where the 90th percentile (5.93 K)
and the 10th percentile (—6.19K) of this distribution are nearly
symmetric and approximately equal to +1.28 standard deviation
(STD). If we count the days with winter SAT anomalies greater than
1.28 STD and less than —1.28 STD during 1960-2017 and calculate
their summation at each grid (Fig. 1a), the greatest variation (more
than 25 days in the 58 years) occurred over Siberia, making our
study on the causes of the SAT extremes over this region
particularly important.

Classical SAT extremes are described by the Expert Team on
Climate Change Detection and Indices (ETCCDI)*?. Since the SAT
anomalies present an essential Gaussian distribution (Fig. 1b), a
new definition was developed based on the ETCCDI procedure but
aimed specifically at regional consistencies. For the Siberian
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region, if there are sufficient grids with daily SAT anomalies above
(below) a certain multiple of their STD, an extreme warm (cold)
day is identified (hereafter D1, for details, see “Methods”).

The decadal variation (9-year moving average) in the sums of
the frequencies for warm and cold extremes (hereafter Sums) over
Siberia in winter based on D1 indicates an overall decreasing
trend of ~5 days/season per decade from the beginning of the
1970s to the early 1990s, followed by a rapid increasing tendency
of ~9 days/season per decade from the early 1990s to the early
2000s and a decrease to ~9 days/season per decade thereafter
(Fig. 1c). This variation coincides with the fingerprint of the AMOC
index (details in “Methods"”) with a correlation coefficient of 0.53
(significant at the 99% confidence level). Another subpolar upper
ocean salinity index of AMOC (referred to AMOC (so) index
hereinafter, details in “Methods”) shows strong correlations with
the fingerprint AMOC index (Supplementary Figure 1 and
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Supplementary Table 1), implying that the AMOC index will not
affect the results.

In addition, decadal changes in Sums based on the ETCCDI
(hereafter D2) and different datasets were examined (Fig. 1c).
Variations for D2 and D1 are fairly consistent with their correlation
coefficient of 0.93 (significant at the 99% confidence level),
confirming the fidelity of D1 in representing the SAT extremes,
although the maximum changing amplitude of D1 is greater than
D2 (~3.5 days/season per decade). Moreover, another 6-hourly
SAT dataset of the Japanese 55-year Reanalysis (JRA55) from the
Japan Meteorological Agency>? was utilized as a complement. We
first examine the correspondence between the SATs from the
BEST data and the JRA55 reanalysis at a daily scale by combining
the 120 days in winter of the 57 years (1960-2016) into a
sequence (see Supplementary Figure 2). They display alignment
on the daily scale with a correlation coefficient of 0.73, and their
standard deviations for BEST and JRA55 are 472 and 4.71,
respectively. These results guarantee the following JRA55-based
physical mechanisms of the AMOC effect on the BEST-based SAT
extremes over Siberia, which makes sense. Decadal variation in the
Sums based on the JRA55 resembles the BEST with a correlation
coefficient of 0.79 (significant at the 99% level), although the
maximum changing amplitude of the JRA55 is even greater
(~13 days/season per decade). In conclusion, neither the defini-
tions of the SAT extremes and AMOC nor the datasets affect the
robust relationship between the decadal change in AMOC and the
frequencies of the winter SAT extremes over Siberia.

AMOC modulation of the winter SAT variance over Siberia. Based

on to the decadal changes in AMOC in Fig. 1¢, two decadal time
frames of the weak AMOC (1985-1994) and the strong AMOC
1995-1999)

(1964-1968 combined with were selected for
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comparison. The influence of the strong AMOC after 2000, when
the prominent AA effect emerged, is analysed in the discussion
section, as the AA effect gives rise to more SAT extremes over
Siberia in a different physical mechanism. The frequency
histograms of the regional averaged winter SAT anomalies over
Siberia during the strong and weak AMOC phases based on the
BEST datasets were used to analyse the AMOC effect on the SAT
variances (Fig. 1d). The shapes of the frequency histograms
resemble Gaussian distributions, and generalized extreme value
(GEV) fittings generated by the Fischer-Tippett Theorem3* were
applied to better characterize the frequencies of the SAT extremes
as the upper or lower PDF tails>>>%, The scale parameters, which
can determine the “steepness” of the GEV fitting (the smaller the
scale parameter is, the steeper the curve), are 4.79 and 4.53 for the
strong and weak AMOC phases, respectively. The GEV tails for the
strong AMOC phase, on behalf of the warm and cold extremes, lie
above those for the weak AMOC phase. These results imply that
the greater SAT variance (flattened GEV shape) aggravated by the
strong AMOC favours an increase in the Sum. In addition, we
diagnosed the regional differences in the SAT variances over
Siberia between the strong and weak AMOC. The spatial pattern in
Fig. 1e presents positive anomalies over the whole Siberian region,
and the changing amplitude exceeds 8 K? over western Siberia,
further confirming the AMOC effect on the SAT variances.

CMIP6 simulations on the effects of external forcings on the
SAT extremes over Siberia

The state-of-the-art Coupled Model Intercomparison Project,
Phase 6 (CMIP6) of the World Climate Research Program (WCRP)
models (details in “Methods”) have been confirmed by previous
studies as being able to capture the global surface temperature

Cold extremes
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Fig. 2 Decadal variations in the SAT extremes over Siberia in winter based on the CMIP6 simulations. a Decadal variations in the Sums
(a, d, g), warm extremes (b, e, h) and cold extremes (c, f, i) over Siberia in winter during 1850-2014 based on D1 (units: days season~") for each
model in the historical (a, b, ¢), hist-nat (d, e, f) and hist-GHG runs (g, h, i). The black, red and blue thick lines are the multi-model means of the
Sums, warm extremes and cold extremes, respectively. The x-axes are for years, and the y-axes are for the frequencies of the Sums, warm

extremes and cold extremes (units: days season™").
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distribution tail shape; thus, the model utility in temperature
extremes is confident®”. In this study, the frequency histograms of
the daily SAT anomalies over Siberia in winter during 1850-2014
resemble Gaussian distributions (r1i1p1f1 members of 6 models in
the historical experiment as examples; see Supplementary Figure
3), confirming the fidelity to discuss the SAT extremes in models.

The Sixth Assessment Report (AR6) of the Intergovernmental
Panel on Climate Change (IPCC) has concluded that anthropo-
genic global warming is the dominant factor influencing the
increase in warm extremes and decrease in the likelihood of cold
extremes'>. However, we raised the point that the decadal change
in the Sum over Siberia in wintertime is not the consequence of
anthropogenic forcings. Since the internal variations among
individual realizations are usually uncorrelated and thus are
averaged out over a large number of ensemble members, the
multi-model mean from the large CMIP6 ensembles contains
mostly external forcing changes®®3°. The response of the SAT
extremes to the variations in all external forcings, natural external
forcings, and anthropogenic greenhouse gases forcings were
estimated by the multi-model means of the historical runs, hist-nat
runs, and hist-GHG runs, respectively (details in “Methods”). All the
decadal variations in the Sums over Siberia based on D1 for the
multi-model means of the historical runs (Fig. 2a), hist-nat runs
(Fig. 2d) and hist-GHG runs (Fig. 2g) present feeble amplitudes of
less than 3 days/season per decade in the 165 years analysed.
However, the underlying reasons for the faint changes are
different. For the hist-nat experiment, natural external forcings
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can influence neither warm extremes (Fig. 2e) nor cold extremes
(Fig. 2f). However, for the historical (Fig. 2b, ¢) and hist-GHG
experiments (Fig. 2h, i), all external forcings and anthropogenic
greenhouse gases have relatively equivalent effects on the
increase in warm extremes (Fig. 2b, h) and the decrease in cold
extremes (Fig. 2¢, i). Nevertheless, the feeble variations in the
multi-model means of the Sums suggest that neither natural
external forcings nor anthropogenic greenhouse gases can
distinctly impact the decadal change in the frequencies of the
Sums over Siberia.

CMIP6 simulations of the AMOC effect on the winter SAT
extremes over Siberia

Considering the small impact of external forcings on the Sums and
the robust relationship between AMOC and the winter SAT
extremes over Siberia in the observation, another CMIP6 hist-
resAMO experiment was utilized to examine whether the
relationship exists in model simulations. The hist-resAMO experi-
ment is a pacemaker-coupled historical climate simulation but
with SST restored to the model climatology plus an observational
historical anomaly in the AMO domain (details in “Methods”).
Previous studies have demonstrated that AMO is primarily
associated with internal variability associated with AMOC in
reanalysis and model simulations'®4%#'; thus, we assume that this
experiment clarifies the AMOC signal more than the historical one.
The frequency histograms of the daily SAT anomalies over Siberia
in winter during 1870-2014 based on the hist-resAMO runs show
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Fig. 3 AMOC effect on the winter SAT extremes over Siberia based on the model simulations. Decadal changes in the frequencies (day
season ') of warm extremes (dashed red line), cold extremes (dashed blue line) and Sums (solid purple line) over Siberia in winter and the
AMOC (so) index (solid black line) during 1960-2016 based on the multi-model means of the hist-resAMO experiment (a) and A-H experiment
(b). The fingerprint AMOC index (solid grey line) is shown for comparison. The left y-axis is for warm and cold extremes, and the right two
y-axes are for the Sum and AMOC index in (a). The left y-axis is for warm, cold extremes and Sum, and the right y-axis is for the AMOC index in
(b). ¢ Frequency histograms (staircase curves) and GEV fittings (smooth curves) of the winter SAT anomalies (unit: K) over Siberia during the
weak AMOC phase (blue lines) and strong AMOC phase (red lines). d Differences in the variances (unit: K?) of the winter SATs over Siberia
between the strong and weak AMOC phases. ¢ and d are based on the multi-model composite of the hist-resAMO runs.
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Fig. 4 Differences in the sea-air heat exchange and ocean heat transmission in winter between the strong and weak AMOC phases.
Difference in the a USLH (shadings, units: W-m™2, based on the WHOI dataset), b 0-700 m OHC (shadings, units: 108 joules, based on the NECI

dataset) and stream functions (shadings, units: m2.s~!

) and wave activity fluxes (vectors, units: m2s2) at 200 hPa (c) and 500 hPa (d) based on

the NECP datasets in winter between the strong and weak AMOC phases. Hatched areas in a and b indicate significance at the 95%
confidence level using Student’s t test for USLH and OHC, respectively. The red boxes in ¢ and d are the Siberia region.

approximate Gaussian distributions as well (Supplementary Figure
4), which guarantees the following analyses.

The AMOC signals defined by the maximum Atlantic meridional
overturning stream function (hereafter max AMOC index, details in
“Methods”) were applied to diagnose model abilities in simulating
the mean state of AMOC during 1870-2014 (details in Supple-
mentary Figure 5). The depths of the max AMOC cell at 27.5°N of
the hist-resAMO models are all below 1km, which is consistent
with the RAPID observational result (mooring array deployed in
2004 off the coast of Florida to monitor AMOC*?). However, the
historical experiment and BCC-CSM2-MR model in the hist-
resAMO experiment cannot simulate AMOC reasonably (details
in Supplementary Figures 5, 6)***4. Therefore, the following
analysis is based on the FIO-ESM-2-0 and MRI-ESM2-0 models due

Published in partnership with CECCR at King Abdulaziz University

to their good consistency and better approximation of the AMOC
intensity to the RAPID observation.

Figure 3a depicts reasonably synchronous characteristics of the
decadal variations in both the warm and cold extremes and their
summations with AMOC (both the AMOC (so) index in the hist-
resAMO models and the fingerprint AMOC index). This substanti-
ates the observations in Fig. 1d that a strong AMOC increases the
SAT variance and induces both warm and cold extremes. The
long-term increasing trend in warm extremes and decreasing
trend in cold extremes can be induced by external forcings. To
focus on the AMOC effect only, we used the data in Fig. 3b to
conduct an A-H (hist-resAMO minus historical) experiment in
which the multi-model means of the SAT extremes in the historical
experiment were subtracted from the corresponding extremes of
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Fig. 5 A possible mechanism of the AMOC effect on atmospheric circulations. Composition of the daily Z500 anomalies (units: gpm) when
warm (@) and cold (b) extremes occur over Siberia. Hatched areas indicate significance at the 95% confidence level using Student’s t test. The
yellow boxes in a and b are the Ural blocking region. Frequency histograms (staircase curves) and GEV fittings (smooth curves) of the Z500
anomalies over Siberia (c) and the Ural blocking region (d) during the weak AMOC phase (blue lines) and strong AMOC phase (red lines). The
x-axes in ¢ and d are the standard deviations (o, units: K) of the daily Z500 anomalies, and the y-axes are the frequency histograms. All Z500

values are based on the JRA55 dataset.

the multi-model means in the hist-resAMO experiment. The
variations in warm extremes, cold extremes and their summations
without trends resemble AMOC more than Fig. 3a, further
consolidating the argument that AMOC modulates the winter
SAT extremes over Siberia.

Moreover, the frequency histogram of the winter SAT over
Siberia during different AMOC phases was examined based on the
hist-resAMO runs. Strong and weak AMOC phases are 1991-2000
and 1976-1985 for the FIO-ESM-2-0 model and 1979-1988 and
1989-1998 for the MRI-ESM2-0 model, respectively. The multi-
model composite of the hist-resAMO runs (Fig. 3c) resembles a
Gaussian distribution as well. Similar to the observations, the
stronger AMOC flattens the GEV with scale parameters of 6.98 and
6.19 for the strong and weak AMOC phases, respectively. Both tails
of the GEV for the strong AMOC phase lie above those for the
weak AMOC, indicating more warm and cold extremes and
therefore more Sums. The spatial pattern of the SAT variances over
Siberia for the multi-model composite of the hist-resAMO runs in
Fig. 3d also resembles the observation, with the largest variances
occurring in western Siberia. In terms of each model in the hist-
resAMO experiment (Supplementary Figure 7), there are some
differences, but they cannot influence the conclusion that the
strong AMOC favours more winter SAT extremes over Siberia by
increasing the SAT variances.

Physical mechanism of the AMOC effect on the winter SAT
extremes over Siberia

Sea-air energy exchange and transmission induced by AMOC.
Figure 4 shows the differences in the sea-air energy exchange
and transmission in winter between the composition of the strong
and weak AMOC phases (the phases are consistent with Fig. 1d).
Both the upwards surface sensible and latent heat (hereafter
referred to USLH, Fig. 4a) provided by the Woods Hole
Oceanographic Institution (WHOI) Objectively Analysed air-sea
Fluxes (OAFlux) for the Global Oceans (details in “Methods”) and
the 0-700 m ocean heat content (OHC, Fig. 4b) derived from the
NOAA National Centers for Environmental Information (NCEI)
world ocean heat content dataset (details in “Methods”) manifest
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positive anomalies between the strong and weak AMOC phases,
meaning that the strong AMOC releases more surface heat fluxes
into the atmosphere and transports additional meridional heat
from the tropical to higher latitudes through the subsurface
Atlantic Ocean. This heat release and transportation were
confirmed to be critical for the climate over mid- to high latitudes
in the Northern Hemisphere'9-2125-2845

In addition, steam functions and wave activity fluxes defined by
Takaya and Nakamura®® were calculated utilizing the monthly
fields of the horizontal wind velocities and monthly means of the
daily geopotential heights at 200 hPa (hereafter Z200, Fig. 4c) and
500 hPa (hereafter Z500, Fig. 4d) from the National Centers for
Environmental Prediction/National Center for Atmospheric
Research (NCEP) reanalysis datasets (details in “Methods”) and
the JRA55 reanalysis datasets (see Supplementary Figure 8). There
are significant wave trains originating from the subtropical North
Atlantic Ocean and propagating across mid- to high latitudes
towards Siberia both in the upper (Fig. 4c and Supplementary
Figure 8a) and middle troposphere (Fig. 4d and Supplementary
Figure 8b), implying that the wave trains initiated by the stronger
AMOC will modulate the downstream atmospheric circulations
and climate.

AMOC modulation of the atmospheric circulations over the Ural
blocking region and Siberia. The composition of the daily Z500
anomalies when warm extremes occur over Siberia (Fig. 5a based
on the JRAS55 datasets and Supplementary Figure 9a based on the
NCEP datasets) demonstrates a pronounced Atlantic-Eurasian
wave train pattern across mid- to high latitudes, connecting a
high-pressure centre over west Europe, a prominent low-pressure
(less than —50 gpm) centre over the Ural region (55°—85°N,
20°—80°E) and very strong high-pressure centre (greater than 50
gpm) over Siberia. The negative anomalies at high latitudes (north
to 65°N) across a wide range from 90°W to 180°E indicate that the
polar vortex is strong enough to constrain cold air in the Arctic. In
contrast, when cold extremes occur over Siberia (Fig. 5b and
Supplementary Figure 9b), the pronounced Atlantic-Eurasian wave
train pattern connects a significant high centre over the Ural

Published in partnership with CECCR at King Abdulaziz University



90°N
75°N
60°N
45°N
30°N —

15°N -

H. Wang et al.

SAT and horizontal wind at 200hPa

------

N (//{

.o

A~ vy Sl
S

..... LR K 477255~
Py a2z

543210123475

c Z500 anomalies, Ural

SAT anomalies, Siberia

f | T T
0° 45°E 90°E 135°E 180°

(5 ) I Y i o L
216 -12 0.8 04 0 04 08 12 16 2

Reference Vector

e SAT variance

-

2005

\0E
80°F gpE 100

0 I L L L L 0 .
-30 -20 -0 0 [} 20 30 -15 -10
—strong AMOC plusAA ——weak AMOC

——strong AMOC plus AA

0 5 10 15
—weak AMOC 8 -6 -4 20 2 46 8

Fig. 6 A possible mechanism of the AMOC combined with the AA effect on the winter SAT extremes over Siberia. Difference in the
a 0-700 m OHC (units: 10" joules, based on the NCEI dataset) and b SAT (shadings, units: K) and horizontal wind at 200 hPa (vectors, units:
m-s~") in winter between the strong AMOC plus AA phase and the weak AMOC phase based on the JRA55 datasets. Hatched areas in a and
yellow dots in b indicate significance at the 95% confidence level using Student’s t test for the variation in OHC and SAT, respectively.
Frequency histograms (staircase curves) and GEV fittings (smooth curves) of the Z500 anomalies (units: gpm) over the Ural blocking region
(¢, based on the JRA55 datasets) and the winter SATs (units: K) over Siberia (d, based on the BEST datasets) during the weak AMOC phase (blue
lines) and strong AMOC plus AA phase (red lines). The x-axes are for the standard deviations (o, unit: K) of the daily Z500 anomalies in (c) and
SAT anomalies in (d), and the y-axes are for the frequency histograms. e Differences in the variances of the winter SATs (unit: K2, based on the
BEST dataset) over Siberia between the strong AMOC plus AA and weak AMOC phases.

region (more than 50 gpm) and a low centre (less than —50 gpm)
over Siberia. Many previous studies*’~>° have verified that the
weakened polar vortex (represented by the positive Z500
anomalies at high latitudes in Fig. 5b) favours enhanced Ural
blocking and leads to more widespread cold extremes down-
stream.

The Atlantic-Eurasian wave trains of the daily Z500 anomalies
when SAT extremes occur over Siberia (Fig. 5a, b) are quite similar
to Fig. 4d, indicating the AMOC effect on the atmospheric
circulations over the Ural and Siberia regions. Thus, variabilities in
the regional averaged Z500 anomalies over Siberia were examined
based on the strong and weak AMOC phases. Figure 5¢ (based on
the JRA55 datasets) and Supplementary Figure 9c (based on the
NCEP datasets) demonstrate more extreme distributions of Z500
anomalies during the strong AMOC, where the two tails (greater
than 1.20 and less than —1.10) of the GEV line are both above
those of the weak AMOC. In addition, extreme Ural blockings that
generate SAT variability are associated with extreme events in
many regions®’, including Europe®®°?, Eurasia®’, and Asia>>>*. We
examined the AMOC effect on the variability in regional mean
7500 over the Ural blocking region, as it is presumably linked to
the wave train stimulated by AMOC. The result is shown in Fig. 5d
(based on the JRA55 datasets) and Supplementary Figure 9d
(based on the NCEP datasets). A more extreme distribution during
the strong AMOC phase, where the two tails (greater than 0.50
and less than -20) of the GEV fitting are both above those of the
weak AMOC, indicates that the strong AMOC favours more
extreme Ural Z500 variability. Combined with the results of Fig. 5a,
b and Fig. 4d, the greater variabilities in Z500 anomalies over
Siberia and the Ural blocking region due to the strong AMOC are
conducive to both warm and cold extremes over Siberia.
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DISCUSSION

Recent work showed that a weakened AMOC could explain a
reduced Arctic sea ice loss in all seasons and cause the Northern
Hemisphere midlatitude jets to move poleward?2. In other words,
a strengthened/weakened AMOC may enhance/diminish the
Arctic amplification (AA) effect and thus influence the climate
over mid- to high latitudes?®®. The AA effect emerged with
intensity in the 2000s (Supplementary Figure 10); hence, we
analysed the difference in the OHC between a strong AMOC phase
accompanied by the AA effect during 2000-2009 (hereafter
referred to as the strong AMOC plus AA phase) and a weak AMOC
phase (Fig. 6a). There are significant positive anomalies over the
whole Atlantic Ocean and even the Barents Sea, the region in
which the AA is most dominant>®, meaning that additional heat
from the North Atlantic Ocean has been transported even further
into the Arctic and strengthened AA since 2000. AA reduces the
temperature gradient from the mid- to high latitudes to the North
Pole in the whole Northern Hemisphere and weakens the upper-
level jet stream (Fig. 6b and Supplementary Figure 11a).
Compared with the weak AMOC, the strong AMOC plus AA
enhances the Ural blockings by shifting the frequency distribution
of the Z500 anomalies towards the positive direction (Fig. 6¢ and
Supplementary Figure 11b). Thus, more cold air from the Arctic is
transported into the relatively low latitudes and entails an
increasing probability of cold extremes over Siberia. This
mechanism has already been confirmed by previous studies®>%-°,
In conjunction with the increases in warm extremes due to global
warming, a more extreme distribution of the SAT anomalies (Fig.
6d) is manifested with more SAT variance over Siberia (Fig. 6e)
during the strong AMOC plus AA phase. As a result, more SAT
extremes have occurred over Siberia since 2000.
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The physical mechanism of the AMOC effect on the winter SAT
extremes over Siberia was preliminarily explored in this study.
More mechanisms found by previous studies can be summarized
in thermal and dynamic ways. In terms of the thermal effects, the
upper branch of the AMOC can transport warm water and excess
ocean heat from tropical regions to the mid- to high latitudes of
the North Atlantic. This process is like the “Achilles heel” of the
global climate system. Once it weakens or even collapses, less
heat is transferred to the high latitudes. The cooling first occurs in
Western Europe and North America, which are closest to the North
Atlantic, and then occurs throughout the entire Northern Hemi-
sphere?>23, The AMOC suddenly weakened occurred ~12,800
years ago and halted global warming, with the global average
temperature dropping by ~6°C. The whole event lasted ~1200
years and is known as the Younger Dryas event®. In other words,
the thermal effect of the stronger AMOC can warm Siberia and
contribute to more warm extremes there.

On the other hand, AMOC modulates the downstream climate
in a dynamic way. The warm water brought by the North Atlantic
Current penetrates into the Arctic region to strengthen the AA.
The AMOC variation is significantly anticorrelated with the Arctic
sea ice extent anomalies and correlated with the Arctic SAT
anomalies on decadal time scales in the Atlantic sector of the
Arctic®®. Then, cold air masses such as the Arctic vortex that
originally swirled over the Arctic region are driven towards Siberia
and finally aggravate the occurrence of the SAT extremes there??.

However, the intrinsic physical mechanism of the AMOC effect
on SAT extremes cannot be easily divided into thermal or dynamic
effects in the real world and depends on the research region. For
example, Western Europe and North America may be more
affected by the thermal effect as they are close to the North
Atlantic. While Siberia may be more influenced by the dynamic
mechanism discussed in our study, the wave train originating from
the North Atlantic Ocean across the mid- to high latitudes
contributes to more extreme atmospheric circulations over the
Ural and Siberian regions. Nevertheless, further studies concerning
the AMOC effect on ocean-air energy budget, large-scale air
circulation, and local thermodynamic anomalies are needed in the
future.

Here, we do not deny the anthropogenic impact on the SAT
extremes, but its direct thermal effect has less impact on the Sum
due to its equivalent effect on the increase in warm extremes and
the decrease in cold extremes. In addition, we did not rule out the
possibility that the AMOC changes were caused by human-
induced global warming. More analyses will be carried out to
understand how large-scale climate variability interacts with local-
scale feedbacks and their mutual effect on regional SAT extremes.

METHODS
Warm and cold extremes

Daily mean SATs during 1960-2017 from the BEST dataset (http://
berkeleyearth.org/data/)®" with a horizontal resolution of 1°x 1°
were used to identify the extreme SAT events. Wintertime in this
study was defined from November in the current year to February
in the next year. February 29 was excluded, and thus, there were
57 winters in our study (the winter of 2017 was excluded due to
the lack of data in 2018).

Classical SAT extremes are described by the ETCCDI, where a
cold (warm) extreme is identified if the SAT anomaly falls below
the 10th percentile (lies above the 90th percentile) of the SAT
distribution defined by all 5-day intervals from 1981 to 2010
centred on each calendar day. A new definition based on the
ETCCDI procedure but aimed more specifically at regional
consistencies was made in this study. For each day within a
specific winter montbh, if more than 50% of the grids in Siberia are
characterized by the daily SAT anomalies lying above (falling
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below) one (one negative) standard deviation of this month, and
among these grids, there are more than 70% grids with SAT
anomalies above 1.28 (below —1.28) standard deviation, then an
extreme warm (cold) day is identified. Next, we count the
frequencies of the warm (cold) extremes in the four months of
each winter and isolate the decadal time series by calculating a
9-year moving average.

Composite distributions of the SAT anomalies in winter exhibit
regional consistency over Siberia for the occurrences of extremes
(see Supplementary Figure 12), which validates the feasibility of
our definition. When warm extremes occur (Supplementary Figure
12a), significant positive SAT anomalies are demonstrated over
mid- to high latitudes with a maximum changing amplitude of
more than 7 K over Siberia. An opposite spatial characteristic is
shown with a maximum changing amplitude exceeding —7K
occupying Siberia for cold extremes (Supplementary Figure 12b).

AMOC indices

Two AMOC definitions were chosen for the robustness of the
results in the observation. One is the fingerprint index52 from 1960
to 2017 obtained from http://www.pik-potsdam.de/~caesar/
AMOC_slowdown/. The other is the subpolar upper ocean salinity
index defined as the average over 45°-65°N in the Atlantic basin
and integrated over 0-1500 m (derived from ref. %3) based on
distinct datasets. Additional maximum Atlantic meridional over-
turning stream functions (known as the max AMOC index) in
CMIP6 models are defined as the maximum value at 27.5°N
(closest to RAPID 26.5°N at a 2.5° x 2.5° resolution) of the following
function:

0 Aw

o(z,lat) = //Vcos(lat)dxdz (1)

zZ A

where ¢(z,lat) is the Atlantic meridional overturning stream
function, Vis the meridional velocity, z is the depth, x is the
meridional coordinate, and Ay and Af are the west and east
boundaries of the Atlantic Basin.

CMIP6 model simulations

Four CMIP6 experiments (https://esgf-node.linl.gov/projects/
cmip6/) are utilized in this study. The historical experiment with
a total of 341 members from 44 models is an all-forcing simulation
of the recent past based on different realizations (r), initialization
(i) schemes, physics (p), and forcing (f) indices®®. The hist-nat
experiment, including 47 members of 10 models, resembles the
historical simulations but instead is forced with only solar and
volcanic forcing®®. The hist-GHG experiment with 40 members of
11 models resembles the historical simulations but instead is
forced by only well-mixed greenhouse gas changes. Time-varying
global annual mean concentrations for long-lived greenhouse
gases, including CH,4, N,O, HFC,, PFC,, SF, several ODS, and NFs,
serve as inputs®®. The hist-resAMO experiment, containing 3
members of 3 models, is initialized from the historical run year
1870 and integrated up to the year 2014 with historical forcings
and is a pacemaker-coupled historical climate simulation that
includes all forcings but with SST restored to the model
climatology plus observational historical anomaly in the AMO
domain (0-70°N, 70°W-0°) using the same model resolutions as
the CMIP6 historical simulation®’. All these model details are
shown in Supplementary Table 2.

Daily near-surface air temperature (tas outputs) was derived
from the four experiments. The time lengths for the historical, hist-
GHG and hist-nat experiments are 1850-2014 and 1870-2014 for
the hist-resAMO experiment. The monthly sea water salinity (so
outputs) and sea water meridional velocity (vo outputs) of the
FGOALS-f3-L model in the historical experiment and all models in
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the hist-resAMO experiment were utilized to calculate the AMOC
subpolar upper ocean salinity indices and max AMOC indices,
respectively.

The monthly and daily SATs in the historical runs (taking the
r1ilp1f1 member of the MPI-ESM-1-2-HAM model for example,
which has both daily and monthly tas outputs) were compared to
confirm that the temporal resolutions make no difference for an
individual member of a particular model. The results are shown in
Supplementary Figure 13. Utilizing identical time series makes it
possible to analyse the relationship between AMOC derived from
the monthly datasets and SAT extremes derived from the daily
datasets of the same member of a given model.

Multi-model means are calculated as multi-institution means
after performing multi-model means of the same institution. All
the model results were interpolated to a resolution of 2.5°x 2.5°,

Significance test

We conducted a 9-year running mean to represent the decadal
variation in the SAT extremes over Siberia. This may reduce the
effective degree of freedom (EDF) when calculating the statistical
significance of the correlation coefficients. Thus, in this paper, EDF
is estimated via the following equation®®.

2 N-2

1 N l N—j R R
NN N2 W Bxx(j)Byy (i) )

where N is the sample size and Bxx(j) and Byy(j) are the
autocorrelation coefficients of the two time series at lag j.

Other reanalysis variables for the atmosphere and ocean

Six-hourly SAT and Z500 and Z200 are provided by the JRA-55
datasets. Additional daily Z500 and Z200 datasets are derived
from the NCEP datasets®®. Monthly mean horizontal wind
velocities at 500 hPa and 200 hPa from the JRA55 and NCEP
datasets are used for comparison. The horizontal resolutions for
these datasets are 2.5° x 2.5°.

Monthly upwards sensible and latent heat fluxes over the global
ocean are provided by the WHOI air-sea fluxes for the Global
Oceans’®. Global OHC data at 0-700 m in winter are extracted
from the NCEI world ocean heat content dataset’'. The horizontal
resolutions are 1°x 1° for WHOI and 2.5° x 2.5° for NCEI.

The time spans of all the reanalysis datasets are from 1960 to
2017, and all the variables are interpolated into grids of 2.5° x 2.5°.

DATA AVAILABILITY

Daily mean SATs are from the BEST dataset (http://berkeleyearth.org/data/). The
fingerprint index of AMOC was obtained from (http://www.pik-potsdam.de/~caesar/
AMOC_slowdown/). CMIP6 simulation results were obtained from https://esgf-
node.linl.gov/projects/cmip6/. The JRA-55 and NECP reanalysis datasets are available
at https://rda.ucar.edu/datasets/ds628.0/ and https://psl.noaa.gov/data/gridded/
data.ncep.reanalysis.ntml, respectively. Monthly surface heat fluxes over the global
ocean are provided by the WHOI (https://oaflux.whoi.edu/data-access/). 0-700 m
global OHC extracted from NCEI is from https://www.ncei.noaa.gov/access/global-
ocean-heat-content/. All relevant data and source codes are available from the
corresponding author upon reasonable request.
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