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Key Points:

e The proportion of the Northern Annular Mode variance driven by variability of sea
surface conditions increases in the warmer climate.

e This change is tied to early-winter emergence of the Aleutian-lcelandic Low seesaw
which is limited to late winter in the present climate.

e Teleconnection from the El Nifo-Southern Oscillation contributes to the earlier winter
emergence of the seesaw in the warmer climate.
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Abstract

The Northern Annular Mode (NAM) is the dominant pattern of atmospheric circulation
variability in the wintertime Northern Hemisphere extratropics. This study utilizes a large
ensemble atmospheric simulation dataset to examine the seasonality of the NAM variability and
its modulations under global warming. We show an enhancement of the Aleutian Low anomaly
associated with the NAM in a warmer climate. This enhancement is related to the emergence of
the Aleutian-lcelandic Low seesaw (AIS) from early winter, which is in contrast prominent only
in late winter in the historical climate. The large ensemble reveals a significant increase in the
fraction of the NAM variance explained by sea surface temperature and sea ice variability,
suggesting a higher potential predictability. In particular, the eastward extension of the El Nifio-
Southern Oscillation (ENSO) teleconnection under global warming contributes to the AIS
formation even in early winter and a higher NAM-ENSO correlation.

Plain Language Summary

Anomalous weather in the wintertime Northern Hemisphere extratropics is linked to the
Northern Annular Mode (NAM). It manifests as the seesaw-like air pressure anomalies between
the Arctic region and the midlatitude ocean basins. Despite its importance for climate risk
assessment in a warming world, future changes in the year-to-year NAM variability have not
been sufficiently investigated. Based on a large ensemble atmospheric simulation dataset of over
10,000 model years, we show that the NAM in a warmer climate correlates more tightly with the
El Nifio-Southern Oscillation, a dominant climate mode over the tropical Pacific. Our finding
suggests a higher potential predictability of the NAM under global warming.

1 Introduction

The Northern Annular Mode (NAM), also known as the Arctic Oscillation, is the most dominant
pattern of atmospheric circulation variability in the wintertime Northern Hemisphere extratropics
(Thompson & Wallace, 1998). The NAM features the same-signed sea-level pressure (SLP)
anomalies around the climatological Aleutian Low (AL) and Azores High, and the opposite-
signed SLP anomaly around the climatological Icelandic Low (IL). The two Atlantic lobes
constitute the North Atlantic Oscillation (NAO), the dominant mode of variability in the North
Atlantic. The NAM is also related to the strength of the polar vortex and represents a mode of
variability extending from the troposphere to the stratosphere (Baldwin & Dunkerton, 1999;
Kidston et al., 2015; Thompson & Wallace, 2000). Given the broad NAM influence on the
surface climate (Thompson & Wallace, 1998; He et al., 2017; Thompson & Wallace, 2000),
understanding its mechanisms is crucial for regional climate variability, extremes, and their
seasonal forecasts.

Since identified by Thompson & Wallace (1998), the physical nature of the NAM has been
debated. The main issue is its relationship with the NAO. The NAM spatially resembles the
NAO in the North Atlantic sector, with a high temporal correlation between their indices.
Wallace (2000) argued that the difference lies in whether one views the phenomenon locally
(NAO) or hemispherically (NAM), as they are essentially the same. However, other studies
questioned statistical (Deser 2000) and physical (Ambaum et al., 2001) linkages of the AL center



60
61
62
63

64
65
66
67
68
69
70

71

72

73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

88
89
90
91

92
93
94
95

96

97
98

manuscript submitted to Geophysical Research Letters

of action with the NAO. Among others, Honda & Nakamura (2001) discovered a prominent
seesaw-like variability, named the Aleutian-Icelandic low seesaw (AlS), between the AL and IL
during late winter. They suggested that the spatial pattern of the NAM is a result of the artificial
mixing of the NAO and AIS through the empirical orthogonal function (EOF) analysis.

Climate model simulations suggest that the NAM shifts towards a more positive phase with
global warming (Lee et al., 2021). However, aside from the mean state changes of the NAM,
modulations of the statistical properties of NAM as an interannual variability remain to be
elaborated further. In particular, its relationship with the AIS, which emerges in late winter in the
present climate, as well as the spatial structure and amplitude of the NAM itself, have not been
thoroughly investigated. In this study, we examine changes in these aspects under global
warming using a large ensemble global atmospheric simulation dataset.

2 Data and Methods
2.1 Data

We use the database for Policy Decision making for Future climate change (d4PDF). d4PDF is a
large ensemble of simulations by an atmospheric general circulation model (AGCM), MRI-
AGCM3.2, with a 60 km horizontal resolution (Mizuta et al., 2017). The historical experiment
(“HIST”) consists of 100-member ensemble simulations from 1951 to 2011, driven by observed
sea surface temperatures (SST), sea ice, and external forcing factors such as greenhouse gases.
d4PDF also includes a 90-member ensemble of global warming experiment (“+4K”), where the
global mean surface temperature is increased to the 4°C global warming level. The SST imposed
to +4K is derived by first removing the linear trend from the observations used for HIST, then
adding climatological mean changes to match the global warming level. The spatial patterns of
mean SST changes are derived from six selected models (Figure S1) of the Coupled Model
Intercomparison Project Phase 5 (CMIP5; Taylor et al., 2012). The sea ice is also adjusted
accordingly. The external forcing factors are based on the RCP8.5 scenario in the year 2090. For
each of the six warming patterns, 15 ensemble simulations were conducted, comprising a 90-
member ensemble of the +4K experiment. Note that interannual variability of SST is unchanged
between HIST and +4K. All the data has been interpolated to 1.25-degree horizontal resolutions.

In d4PDF, small perturbations within the range of observational errors have been added to the
prescribed SST, which differ among ensemble members. In this study, we disregard this
influence and evaluate the variability of the ensemble mean as the component driven by SST and
sea ice variability.

As a reference, we use the ERAS reanalysis data (Hersbach et al., 2020) from 1940 to 2022 with
a 1-degree horizontal resolution. Monthly SST data of COBE-SST2 (Hirahara et al., 2014),
which served as the lower boundary condition for d4PDF, is also used for the period 1951-2011
with a horizontal resolution of 1 degree.

2.3 Analysis methods

Monthly climatology is calculated over the entire period (of the ensemble mean) of each
dataset/experiment, and anomalies are defined as deviations from the monthly climatology. In
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the +4K experiment, anomalies are defined relative to the climatology of individual warming
patterns. Following Thompson & Wallace (1998), an EOF analysis is performed on interannual
variability of monthly sea-level pressure (SLP) in the Northern Hemisphere extratropics (20-
90°N). This EOF analysis is applied separately to the December-February (DJF) average and
each calendar month from November to March. The NAM index is defined as the standardized
first principal component time series. For d4PDF HIST (+4K), unless noted otherwise, the NAM
index is defined for the variability over 6,000 (5,400) years, combining all ensemble members.
The statistical significance is tested using t-test, with the effective degree of freedom estimated
according to Bretherton et al. (1999).

3 Results

3.1 Seasonality in the NAM and its change in a warmer climate

DJF Dec Jan Feb

ERA5

HIST

+4K

-7.2 -4.8 -24 0.0 24 4.8 7.2
Sea level pressure [hPa]

Figure 1. SLP anomalies (hPa) regressed onto the NAM index for (a) DJF-mean, (b) December,
(c) January, and (d) February based on ERAS dataset. (e-h) and (i-l) are the same as (a-d), but for
d4PDF HIST and +4K, respectively. Dots indicate the statistical significance at the 95% level.

Figure 1 summarizes the SLP anomalies associated with the NAM. d4PDF reproduces the
overall structure and magnitude of the NAM reasonably well (Figure la-h). While d4PDF
overestimates the AL anomaly, as also found in a majority of CMIP5 (Gong et al., 2017; Zuo et
al., 2013) and CMIP6 (Coburn & Pryor, 2021) models, it successfully captures the observed
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temporal correlations among three centers of action, namely the AL and two Atlantic lobes
(results not shown).

In both ERA5 and d4PDF HIST, the NAM exhibits an enhancement of the AL anomaly from
early to late winter. Indeed, the ratio of squared SLP anomaly over the AL region (40-55°N,
180°-150°W) to that of the North Atlantic sector (20-90°N, 90°W-40°E) increases from
December to February (1.3 times for ERA5 and 2.3 times for d4PDF). This result is qualitatively
unchanged against slight changes in the AL and North Atlantic domains.

In +4K, the NAM structure becomes more Pacific-weighted (Hamouda et al., 2021). Indeed,
while the SLP anomaly magnitudes at the Arctic and North Atlantic anomaly centers do not
change so much from the HIST experiment, the AL anomaly of the NAM in +4K strengthens
throughout winter (Figures li-1). As in HIST, the intensified AL anomaly also undergoes
intraseasonal strengthening from December to February.

0.6 1 -=-= ERA5
--— HIST

0.4 —— HIST (ens. avg.)
-=-=- K

0.21 —— +4K (ens. avg.)

0.0

-0.21

-0.41

0.6

0.8

November December Janhary Febr'uary March

Month

Figure 2. Temporal correlation of SLP anomalies averaged over the AL (40-55°N, 180°-150°W)
and IL (60-70°N, 40-10°W) regions for each calendar month. Shading represents the 5th-95th
percentile range of d4PDF HIST (blue) and +4K (red) ensembles, with the median shown by a
dashed line. The black dashed line represents the correlation based on ERAS. Solid lines
represent the correlation between ensemble-averaged time series of HIST (blue) and +4K (red).
Dots indicate the statistical significance at the 95% level.

This seasonality of the NAM structure and its change under global warming are linked to the
AIS. Figure 2 shows the seasonality of the SLP anomaly correlation between the AL and IL
regions. In ERADS, the correlation is insignificant in November and December, but negatively
strengthens into late winter, becoming marginally significant in January and February (black
dashed line in Figure 2). This late-winter negative correlation represents the AIS (Honda &
Nakamura 2001). Since the AIS combined with the NAO can represent the NAM, the AIS
seasonality is consistent with the structural seasonality of the NAM.
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Except for March, d4PDF HIST experiment captures the observed AIS within the ensemble
spread, demonstrating the capability of d4PDF to reproduce the NAM seasonality (blue shading
in Figure 2). The intraseasonal change of the correlation is more remarkable in the ensemble
mean (blue solid line in Figure 2), the component driven by the forcings external to the
atmosphere, namely SST and sea ice variability. In the HIST ensemble mean, the AL-IL
correlation is significantly positive in early winter (November and December), but turns
significantly negative in late winter (January and beyond).

In the +4K ensemble mean, the AL-IL correlation is more negative than in HIST throughout the
cold season, with a negative correlation already in December (red solid line in Figure 2). The
stronger negative correlation is also found in the all-member variability in +4K compared to
HIST in each calendar month (red shading in Figure 2). The disappearance of subseasonal
compensation and the strengthening of AL-IL correlation contribute to the structural changes of
the seasonally averaged NAM under global warming.

3.2 Externally forced component of the NAM

Next, we evaluate the externally (sea surface-) driven component of the NAM as the d4PDF
ensemble mean. The AL anomaly of the externally driven NAM strengthens from December to
February in both HIST and +4K (Figure S2). In December, the AL anomaly is almost missing in
HIST but obvious in +4K. This is consistent with the AIS emergence in early winter in the
warmer climate (Figure 2).

Table 1. Statistical properties of the NAM index. The ratio of the externally forced variance to
total variance of the NAM index (evaluated following Rowell et al., (1995)) and the correlation
between the ensemble-averaged NAM and the Nifio 3.4 indices. Asterisks and daggers indicate
the 95% statistical significance of the non-zero correlations and their difference from those of
HIST, respectively.

S:rtii:m‘;ftf:ﬁe fgf;”\“/g:faﬁ‘c’graged NAM | Correlation with the Nifio 3.4 index
DJF Dec Jan Feb DJF Dec Jan Feb
ERA5 - - - - -0.06 0.15 -0.12 -0.18
d4PDF HIST 9.5% 3.8% 48% | 102% | -0.18* | 0.06* | -0.09* | -0.24*
d4PDF +4K 31.0% | 8.0% 17.3% | 21.0% | -0.50*" | -0.21*" | -0.36*" | -0.41*"

Under global warming, the ratio of SST/sea ice-driven variance to total variance of the NAM
increases. In HIST, this ratio increases from early to late winter (d4PDF HIST of Table 1),
corresponding to the late winter emergence of the AlS. In +4K, this ratio more than doubles in
each calendar month compared with HIST (d4PDF +4K in Table 1). In the DJF mean, the ratio
increases more than threefold, since the intraseasonal compensation of the AL-IL correlation in
HIST disappears in +4K (Figure 2). These results suggest that the potential predictability of the




174
175
176

177
178
179
180
181
182
183
184

185

186

187

188
189
190
191
192
193
194
195

196
197
198
199
200
201

manuscript submitted to Geophysical Research Letters

NAM increases under global warming. While the separate NAM definitions for HIST and +4K
might raise a concern of mixing up differences in spatial patterns and temporal behaviors, our
additional analyses with common spatial patterns confirm the robustness of the result (Table S1).

We also estimate the required ensemble size for robust signal detection. Following Mori et al.
(2014), we perform a bootstrap sampling from the ensembles of HIST and +4K and obtain the
NAM index from the subsampled members for the DJF mean variability (Figure S3). The 5th-
95th percentile range is well separated with 10 or more members. For individual calendar months,
50 and 20 or more members are required for December and February, respectively (Figures not
shown). It is noteworthy that our result is based on ensemble simulations of a single AGCM, and
thus the above members can be considered as the lower limits. The required ensemble size can
be even larger when the analysis is based on multi-model ensemble simulations.

3.3 ENSO teleconnection contributing to the seasonality

HIST

oq JLPUE Y RN £
280 180°  120°W  60°W

o

o5 N s
L 40’N;v_" :

20°N |

3

o b

+4K

|5
2005 F : 20°8 # A
BoE 180° 120°W  60°W BoE 180° 120°W  60°W

-0.40 -032 -024 -0.16  -0.08 0.00 008
Sea surface temperature [° C]

Figure 3. Same as Figure 1, but SST anomalies (°C) are regressed onto the NAM index.

We investigate the SST variability correlated with the NAM (Figure 3). In HIST, a distinct
polarity change in SST anomalies is evident over the equatorial Pacific from December to
February (Figures 3f-h), indicating that the positive NAM is associated with El Nifio in
December but with La Nifa in February. This intraseasonal reversal is also found based on the
NAO (Moron & Gouirand, 2003). In the warmer climate, in contrast, the polarity in December
changes, and the positive NAM is consistently associated with La Nifia throughout winter. These
results suggest that the EI Nifio-Southern Oscillation (ENSO) is an important driver for the NAM
regarding both seasonality and changes under global warming.

Table 1 also shows the correlation of the NAM index with the Nifio 3.4 index (the detrended SST
anomalies over the Nifio 3.4 region, common to HIST and +4K). In HIST, the NAM-ENSO
correlation is positive and marginally significant in December and then transitions to significant
negative values in January and February, consistent with ERAb. In +4K, the correlation becomes
more negative, with a December value comparable to the HIST late-winter values. Again, these
results are robust against the different definitions of the NAM index (Table S1).
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ERA5

HIST

+4K

-20 0 20
250hPa geopotential height [m]

Figure 4. Z250 anomalies (shading, m) regressed onto the normalized Nifio 3.4 index for (a)
DJF-mean, (b) December, (c) January, and (d) February based on ERAS. (e-h) and (i-I) are the
same as (a-d), but for d4PDF HIST and +4K, respectively. Arrows indicate the associated wave
activity flux (m? s%; Takaya & Nakamura, 2001). Solid lines indicate climatological zonal wind
(5 m s interval from 20 m s™). Dots indicate the statistical significance at the 95% level.

To understand the seasonality of the NAM-ENSO correlation and its changes under global
warming, we compare the ensemble-averaged 250 hPa geopotential height anomalies regressed
onto the Nifio 3.4 index among ERA5, HIST, and +4K (Figure 4). A wavetrain pattern
emanating from the climatological jet exit over the Northeastern Pacific and extending eastward
through North America into the North Atlantic is evident in HIST, reproducing the observational
counterpart. In December of HIST, its downstream extension projects onto the positive NAO
over the North Atlantic, yielding the same-sign anomalies between the AL and IL. This is
consistent with the significant in-phase relationship between the two lows in December (blue
solid line in Figure 2) and the marginally significant positive correlation between NAM and
ENSO (Table 1). In February of HIST, by contrast, a meridional pair of positive and negative
anomalies extending eastward from North America into the Atlantic projects onto the negative
NAO, reflecting the seasonality of ENSO-NAO teleconnection (Abid et al., 2021; Geng et al.,
2023). Consequently, the AL and IL anomalies have the opposite sign, and the NAM-ENSO
correlation becomes negative.

In +4K, the meridional pair of the ENSO-related December height anomalies over North
America is stronger and elongated farther eastward than its HIST counterpart, resembling the
mid-to-late-winter pattern in HIST over North America and the North Atlantic (Figures 4g and
4j). This negative NAO-like pattern results in the AIS appearance even in early winter. This also
means a disappearance of the intraseasonal ENSO-NAOQO teleconnection reversal under global
warming, which is consistent with Geng et al. (2024). Furthermore, the negative NAM-ENSO
correlation in mid- to late winter strengthens. Consequently, there is a significant enhancement
of the negative NAM-ENSO correlation in the DJF average (Table 1).

4 Discussions

One of the possible mechanisms for the strengthening of the NAM-ENSO correlation is the
change in convective activity anomalies associated with ENSO under global warming (Power et
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al., 2013; Yeh et al., 2018). In +4K, the ENSO convective anomalies are enhanced in the tropical
Pacific, especially in its eastern portion, compared to HIST (Figure S4). The latter change acts to
shift the ENSO-forced Rossby wavetrain eastward and better project onto the NAO in the
opposite polarity with ENSO. This interpretation is consistent with previous studies (Drouard &
Cassou, 2019; Kug et al., 2010). It should be noted that, since the structure and magnitude of
ENSO’s SST anomalies are the same between the HIST and +4K experiments, the change in
atmospheric response is attributable to the background changes associated with global warming.

Besides, changes in the background jet stream due to global warming may affect the
teleconnection of ENSO. Figure 4 suggests a Rossby wave propagation pathway from the Pacific
midlatitude jet and another pathway from the subtropical Northeastern Pacific through Central
America to the North Atlantic. The +4K experiment indicates that the westerly winds strengthen
over the Northeastern Pacific and better connect the jets of the two ocean basins (Figure S5).
This implies an enhanced propagation of Rossby waves from the Pacific to the Atlantic (Drouard
& Cassou, 2019). A detailed investigation to verify this hypothesis is left for future work.

The above hypotheses depend on the spatial pattern of SST warming. For each of the six
warming patterns imposed to +4K (Figure S1), we separately define the NAM index by the same
procedure and evaluate the NAM-ENSO correlation. We focus on the pattern of equatorial
Pacific warming, namely whether it is El Nifio-like or not. Figure S6 examines the relationship
between the climatological equatorial Pacific zonal SST gradient change and the correlation of
the ensemble-averaged NAM with ENSO in December. Although the sample size is small, a
negative inter-warming pattern correlation is clear, where the El Nifio-like warming pattern tends
to have a stronger NAM-ENSO correlation. The El Nifio-like background SST warming causes
the eastward shift of the ENSO convection anomalies (Bayr et al., 2014), letting the ENSO
teleconnection reach farther eastward. Besides, El Nifio-like SST warming leads to deepening the
climatological AL and accelerating the Pacific jet stream (Gan et al., 2017), which can enhance
the teleconnection toward the North Atlantic.

5 Conclusions

This study investigates the NAM seasonality and its modulations under global warming, using a
large ensemble AGCM simulation dataset d4PDF. The HIST experiment confirms that the AL
anomaly associated with NAM strengthens from early to late winter (Figures 1le-h). We show an
enhanced AL anomaly throughout winter in a warmer climate (Figures li-l1). This change is
related to the seasonally earlier emergence and strengthening of the AIS (Figure 2). Our results
demonstrate that the ENSO teleconnection reaches farther eastward with global warming and
changes the AIS seasonality and strength (Figure 4, Table 1). The linkage between NAM and
ENSO strengthens, leading to the increased proportion of NAM variance driven by SST and sea
ice variability (Figure 3, Table 1).

The modulation in the NAM under global warming is similar to the change from early to late
winter. In the historical climate, the NAM seasonality is affected by a contrasting ENSO-NAO
teleconnection between early and late winter. Global warming leads to a seasonally consistent
ENSO-NAO correlation, altering the NAM more like the late winter situation in the present
climate.
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It should be noted that this study benefits from the use of a single AGCM large ensemble. First,
the ensemble average represents the component driven by SST and sea ice variability. Evaluation
of the influence of sea surface condition variability on total NAM variance is thus
straightforward. Second, since SST variability is common between HIST and +4K, any change in
NAM variability is attributable to changes in the background condition. Yet, validation is
necessary to determine whether these results are robust in other models. In particular, it is worth
investigating whether the NAM changes identified in this study are common in other AGCMs
and whether they are robust against diverse changes in ENSO’s SST anomalies in coupled
models.
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