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Abstract ggg

Understanding how modes of climate variability will change in a warming world 031

is essential for improving regional climate projections. Using eight single model 032
initial-condition large ensembles (SMILEs), we examine projected changes in

the leading Northern Hemisphere modes of wintertime atmospheric circulation 033

variability: the Pacific North American (PNA) pattern, the North Pacific Oscilla- 034

tion (NPO), the East Pacific Pattern (EPP), and the North Atlantic Oscillation 035

(NAO), and their influence on precipitation. By applying a snapshot empirical 036

orthogonal function (SEOF) analysis to the 500hPa geopotential height field in 037

each SMILE, we are able to characterise how patterns, amplitudes, and impacts 038

of each mode are projected to evolve over the next century. While most of the 039

SMILESs generally capture the observed modes of variability, we find substantial 040

disagreement in their projections of the NPO and NAO. The PNA response is 041

more robust across models and is associated with a consistent intensification of 042

the Aleutian low variability, which has implications for the volatility of future 043
precipitation patterns over the United States. Both the PNA and NPO projec-

tions become more consistent between models when influences from the tropical 044

Pacific are removed, highlighting that inter-model differences in projections of the 045
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El Nifio Southern Oscillation can confound projections of extra-tropical modes
of variability. In contrast, NAO projections remain model-dependent even when
tropical Pacific influences are removed. The EPP emerges as an increasingly
important mode for Californian precipitation in the future, with its influence
obscured by the tropical Pacific. Overall, our results demonstrate that there is
still much research to be done to better understand projected changes in modes
of climate variability and their impacts, given the large inter-model spread.

Keywords: ENSO, modes of variability, atmospheric circulation teleconnections, large
ensemble, snapshot EOF

1 Introduction

Understanding our climate requires information about both the mean state and the
variability around it. A key expression of such variability in the climate system is
through preferred patterns or "modes” that fluctuate between negative and positive
phases such as the North Atlantic Oscillation (NAO) and the El Nino Southern Oscil-
lation (ENSO). It is important not just to characterise these modes in present day
climate, but also their potential future changes. Previous research suggests that these
modes of variability are likely to undergo changes in their characteristics in response
to increasing greenhouse gas concentrations and global warming (e.g. Branstator and
Selten, 2009; Shepherd, 2014; Deser et al, 2018). Specifically, NAO variability is pro-
jected to strengthen under warming scenarios (Visbeck et al, 2001; Gillett et al, 2003;
Deser et al, 2017; Huang et al, 2018; McKenna and Maycock, 2021). This strengthen-
ing is expected to increase the frequency of extreme positive NAO winters and their
associated impacts in southern Europe (McKenna and Maycock, 2021). In contrast,
future changes in ENSO variability remain somewhat uncertain, although an increase
is suggested to be more likely than a decrease (Maher et al, 2018; Cai et al, 2021,
2022; Wengel et al, 2021; Planton et al, 2024). The spatial pattern of ENSO is also
expected to change under warming, although there is considerable uncertainty regard-
ing the nature of this change (e.g. Maher et al, 2018, 2023). Additionally, the Pacific
North American (PNA) pattern is projected to amplify (Chen et al, 2018; O’Brien and
Deser, 2023) and shift its center-of-action northeastward (Michel et al, 2020; O’Brien
and Deser, 2023). The linkage between the PNA and NAO may also strengthen in
the future by virtue of their mutual connection to ENSO (O’Brien and Deser, 2023;
Beverley et al, 2024).

Teleconnections from modes of variability whereby a local perturbation results in
a remote response (Wallace and Gutzler, 1981; Barnston and Livezey, 1987; Feldstein,
2000; Feldstein and Franzke, 2017), may also change in a warming climate. For exam-
ple, atmospheric teleconnections driven by ENSO may be modified in response to
changes in ENSO itself, and also to mean-state changes within the tropics and extrat-
ropics. For example, irrespective of changes in ENSO variance, precipitation variability
associated with ENSO in the tropical Pacific is expected to increase (e.g. Power et al,
2013) and shift eastward as the mean state warms (e.g. Drouard and Cassou, 2019;



Zhou et al, 2014). In addition, mean-state changes in the position and strength of
the midlatitude jet stream will alter ENSO-related teleconnections by modifying the
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sources and propagation characteristics of Rossby Waves. Indeed, ENSO teleconnec-095

tions themselves are projected to change across approximately 50% of the globe, with
most, but not all regions, experiencing an ampli cation of historical temperature and
precipitation impacts (McGregor et al, 2022).

Understanding teleconnections and their projected changes, as well as what they
mean for temperature and precipitation around the globe, is confounded by the lack
of independence between di erent modes and their compounded impacts (e.g. O'Brien
and Deser, 2023). For example, precipitation and temperature along the west coast of
the United States are in uenced by both the Paci ¢ Decadal Oscillation (PDO) and
ENSO (Maher et al, 2022), yet these modes are not independent of one another (New-
man et al, 2016). Similarly, precipitation over Australia is a ected by multiple modes
of variability (Risbey et al, 2009), illustrating that understanding a single mode in iso-
lation is not su cient to fully explain local temperature and precipitation patterns. To
further complicate matters, simply knowing the phase of each climate mode is often
not enough to determine impacts. Indeed, modes of climate variability typically shift
the likelihood of extreme events rather than serving as deterministic predictors (Maher
et al, 2022). Despite these complexities, projecting changes in multiple modes of vari-
ability and their combined impacts remains essential for understanding the potential
for extreme events and anticipating how local climate impacts are likely to evolve in
the future.

To truly understand changes in variability and their time evolution in climate mod-
els, single model initial-condition large ensembles (SMILEs) are an invaluable tool
(Deser et al, 2020; Kay et al, 2015; Maher et al, 2021a). These SMILEs are global
coupled climate models, run with identical external forcing, identical model con gu-
ration, but di erent initial conditions for each ensemble member. The large number of
ensemble members provides robust sampling of internal variability at any given time
in each SMILE. As such these are ideal tools to investigate climate variability and it's
response to external forcing.

A novel method to quantify evolving characteristics of modes of variability is the
Snapshot Empirical Orthogonal Function Analysis (or ensemble EOF; Haszpra et al,
2020; Herein et al, 2016; Maher et al, 2018; O'Brien and Deser, 2023). This method
permits the use of EOF's to quantify modes of variability at any given interval in time,
using samples from all members of a given SMILE. This approach thus enables the
identi cation of how the amplitude and spatial characteristics of a mode may change
in time due to external forcing. This method was applied assess forced changes in
the leading patterns of wintertime atmospheric circulation variability over the North-
ern Hemisphere (NH) in the 40-member Community Earth System Model version
1 (CESM1) SMILE (O'Brien and Deser, 2023). They found that internal modes of
circulation variability in the North Paci c and Atlantic amplify, expand their spa-
tial footprint and produce enhanced precipitation impacts as greenhouse gas forcing
increases. Notably, the third North Paci ¢ EOF (the "East Paci c Pattern") demon-
strated the largest forced changes in CESM1, which has important implications for
the climate along the United States (US) west coast, and in particular, California.
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139 These changes were driven by teleconnections from ampli ed ENSO activity in the far
140 eastern tropical Paci c and by intrinsic midlatitude atmospheric variability. Further-
141 more, the pattern of ampli cation of extratropical modes was found to resemble the
142 pattern of changes in the mean-state, highlighting the link between mean-state shifts
143 and variability.

144 One of the largest uncertainties in future projections of regional climate change
145 comes from model-to-model di erences (Maher et al, 2021b), particularly for vari-
146 ability (van der Wiel and Bintanja, 2021; Lee et al, 2021). In this study we extend
147 the work of O'Brien and Deser (2023) to eight SMILEs from the new Multi-Model
148 Large Ensemble Archive v2 (Maher et al, 2025) to investigate structural uncertainty
149 in forced changes in leading modes of wintertime atmospheric circulation variability
150 over the NH and their precipitation impacts.

151

152 2 Methods
153

154 Wwhile a traditional Empirical Orthogonal Function (EOF) analysis computes modes
155 of variability across the time dimension of a single data set (observations or a single
156 realisation of a climate model or SMILE), the Snapshot EOF (SEOF) methodology
157 computes modes of variability across the ensemble dimension of a SMILE at each time
158 step independently (Haszpra et al, 2020; Herein et al, 2016; Maher et al, 2018; O'Brien
159 and Deser, 2023). Because each member of a given SMILE contains a unique sequence
160 of internal variability (once memory of the initial conditions has been lost), the phases
161 and amplitudes of a given mode are randomly distributed across the members, thereby
162 providing the SEOF analysis a wide sampling at any given instant in time. For exam-
163 ple, ENSO may be in a neutral, positive or negative phase, and may be strong or
164 weak, in di erent members of a SMILE at a given time. To isolate internal variability
165 in each member, the forced component is removed by subtracting the ensemble-mean
166 at each timestep. To compute SEOFs at each timestep of a given SMILE we apply

167 the following steps to the 500hPa geopotential height eld in each member:

168
169 1. Compute the December - Feburary (DJF) seasonal mean for each year

170 of simulation
171 2- Remove the ensemble mean at each timestep to create anomalies (i.e.
172 departures from the forced response) due to internal variability.

173 3 Apply a cosine latitude weighting to account for variations in grid cell area
174 with latitude.
175 4. Pool data from ve consecutive DJF seasons to increase sample size

176 (assuming stationarity over the 5-year window).

177 5. Compute SEOFs of the pooled data using the anomalies from all ensemble
178 members in a given SMILE.

179 6. Assign the SEOF and its associated "Snapshot Principal Component"

180 (SPC) result to the central year of each pooled window.

181 7. Ensure consistent sign  of each SEOF mode across time using a pattern correla-
182 tion over the region of interest, correcting for potential 1 sign ips that can occur
183 in EOF analysis.

184



8. Create global regression maps by linearly regressing anomalies (departures 185
from the ensemble mean) of the relevant climate variable at each timestep on the 186
standardised SPCs. 187
This methodology replicates O'Brien and Deser (2023), with further details avail- 123

able in the original study. We apply this method to the eight SMILEs listed in Table 190

1 to investigate the following modes of variability: 191

- ofaM © o oEY- 192
North Pacic (20 °{90 °N, 110 °{260 °E): 193

" Mode 1: Pacic{North American pattern (PNA; Barnston and Livezey, 1987) 194

" Mode 2: North Paci ¢ Oscillation (NPO; Linkin and Nigam, 2008) 195

" Mode 3: East Paci ¢ Pattern (EPP; Barnston and Livezey, 1987; Yuan et al, 2015) 196
North Atlantic (20 °{90 °N, 80 “W{10 °E): 132

" Mode 1: North Atlantic Oscillation (NAO; Hurrell et al, 2003) 199
We also compute the two leading SEOFs of tropical Paci ¢ sea surface tempera- ;82

tures (35°S{35°N, 140°{295°E): 202

" Mode 1: First component of the El Nino Southern Oscillation (ENSO) (Takahashi 203
et al, 2011) 204

" Mode 2: Second component of ENSO (Takahashi et al, 2011) 205

206

207

208

Table 1 SMILEs used in this study. Note that qualitatively similar results are found for ACCESS- 209

ESM1.5 and CanESM5 in SSP585 as compared to the SSP370 results presented in this study (not shown). 210

Model CMIP  Future Scenario Members time period Reference fi;

MPI-GE 5 RCP8.5 100 1850-2099 (Maher et al, 2019) 513
MIROC6 6 SSP585 50 1850-2100 (Tatebe et al, 2019)

IPSL-CMBA 6 SSP370 10 1850-2100  (Boucher et al, 2020) 214

GFDL-SPEAR-MED 6 SSP585 30 1921-2100  (Delworth et al, 2020) 215

CanESM5 6 SSP370 25 1850-2100 (Swart et al, 2019) 216

ACCESS-ESM1.5 6 SSP370 40 1850-2100 (Ziehn et al, 2020) 575

CESM1 5 RCP8.5 40 1920-2100 (Kay et al, 2015)

CESM2 6 SSP370 100 1850-2100  (Rodgers et al, 2021) 218

219

220

221

3 Results 222

223

3.1 A multi-model perspective on projected forced changes in 224

circulation and precipitation variability g;g

Building on the results of O'Brien and Deser (2023), we take a multi-model approach 297

to investigate projected changes in circulation variability and their consequent impacts  2og

on precipitation. We rst consider projected changes in circulation variability from 229

230
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the early 20th century to the late 21st century across all 8 SMILEs before decom-
posing the changes into distinct modes and assessing model performance relative to
observations. Here, we de ne the early 20th century as the average of the SEOFs over
the period 1924-1934 and the late 21st century as the average of the SEOFs over the
period 2087-2097 (recall that the SEOFs are computed for each year separately using
pooled anomalies over a centred 5-year window). In the early 20th century all models
show hotspots of variability in the north Paci ¢ and north Atlantic oceans that extend
onto the nearby land surface (Figure 1; rst column). All models except MIROC6
project a robust strengthening of the Aleutian low variability with most models also
projecting a decrease in variability in the northern US and an increase in the south
(Figure 1; third column). These consistent signals across models appear in the multi-
ensemble mean (stippled regions in the bottom right panel of Figure 1). In contrast,
models show a lack of consistency in the Atlantic basin and European sector. Pro-
jected precipitation variability is largely consistent across models in both the Pacic
and Atlantic basins and over the entire North American Continent (Figure 2; agree-
ment shown in stippling) with an increase on both eastern and western US coastlines,
the North Paci ¢ and mid latitude Atlantic, and generally all NH land masses. Con-
versely precipitation variance decreases in all models in both the subtropical Atlantic
and east Paci c. Changes in precipitation variability are due to the combination of the
changes in circulation variability and the mean e ects of warming on the hydrological
cycle (e.g. enhanced water vapor content in regions of strengthened ascent in the extra-
tropics and deep tropics following the Clausius-Clapeyron relationship, and reduced
moisture in the subtropics due to enhanced subsidence). We suggest that the mean
e ects of warming on precipitation variability dominate circulation-induced changes

in precipitation variability, given the more consistent stippling in Figure 2 compared

to Figure 1.

3.2 Modes of Circulation Variability: Model evaluation

Before examining future changes, we compare the simulated modes of Z500 variability
with observations to assess their realism. For this comparison we use a traditional EOF
approach (i.e. EOFs in time averaged across ensemble members) based on the period
1950-2015 so as to treat the SMILEs and observations in the same manner. However,
we note that the traditional and SEOF approaches yield very similar results for the
SMILEs (see Figure S2). All modes of variability are presented following the phase
conventions in O'Brien and Deser (2023). The spatial pattern of the leading EOF
in the North Paci ¢ (PNA) and North Atlantic (NAO), obtained by regressing DJF
Z500 anomalies onto the correponsing standardised PC timeseries, compares well with
observations in all eight SMILEs (Figure 3). The high pattern correlations (ranging
from 0.79-0.92 for the PNA and 0.85-0.94 for the NAO) between observations and each
SMILE attests to the realism of the simulated PNA and NAO structures. The second
mode in the North Paci c (NPO) is also well represented at the large scale, although
some discrepancies appear along the western US coastline. The pattern correlations
for the NPO are somewhat lower than those for the PNA and NAO (ranging from
0.7 to 0.84 across the SMILES). Of the eight models, only MIROC6 captures both the
observed pattern and magnitude of the NPO, while ACCESS-ESM1.5 and CESM1 & 2



reproduce the correct pattern, but underestimate the magnitude. The third EOF inthe 277
North Paci c (EPP) is again captured at the large scale, but model results di er from 278
each other and from observations, with models generally displaying a westward shift 279
in the pattern relative to the observed one (pattern correlations range from 0.02-0.71). 280

While the large-scale patterns are generally well captured for all North Pacic and 281
North Atlantic modes considered, it is important to recognise that observations repre- 282
sent just one realisation of the climate system (Maher et al, 2025). Therefore, to make 283
a fair comparison with the SMILEs, we must assess whether any individual ensemble 284
member resembles observations rather than considering just the mean across mem- 285
bers. This comparison is shown in the Taylor diagrams in Figure 4. For the PNA, NPO 286
and NAO, all models have ensemble members that match observations well across 287
all metrics (correlation coe cient, standard deviation, and RMSD) highlighting that 288
all models well-represent these modes of variability. Speci cally, for both the PNA 289
and NPO, CESM2, MPI-GE, ACCESS-ESM1.5, CESM1, and GFDL-SPEAR have 290
members close to the observations (correlation coe cients greater than 0.9, similar 291
standard deviaiations to observations and RMSD below 5). For the NAO, all models 292
have ensemble members that are close to observations, except for CanESM5 in which 293
all members have RMSD larger than 7.5, too high standard deviations, and correla- 294
tions lower than 0.95, while all other models have members higher than 0.95. For the 295
EPP, there is a wide range of correlation values across the members of each SMILE 296
(ranging from negative to positive), suggesting that this mode is less well-constrained 297
(i.e. we may need a longer record to su ciently capture this mode in observations). 298
Even so, all models have members relatively close to observations (similar standard 299
deviations, correlation coe cients around 0.9, and RMSD less than 5) except CESM1 300
and ACCESS-ESML1.5. We note that observations are just one realisation and as such 301
if some members have low correlations with observations it does not mean they do 302
not well represent observations. If other members of a SMILE show high correlations, 303
then this model can be considered to have a realistic representation of the mode in 304
guestion, subject to uncertainties due to limited sampling. 305

Overall for all models considered, while biases exist, nearly all models have 306
ensemble members that compare well with observations, and no single model clearly 307
outperforms or underperforms compared to the others. Therefore, we include all eight 308
SMILESs in our subsequent analysis to capture a robust range of future projections 309

and identify areas of model agreement. 310
311
3.3 Modes of Circulation Variability: Projected changes 312

To understand what drives the projected changes in circulation and precipitation gﬁ
variability shown in Figures 1 and 2, we apply the SEOF method to identify dominant 345
modes of NH Z500 variability and investigate their projected changes (Figure 5). For 316
each mode, the positive phase in the early period (1924-1934) is shown as contours, 317
and the dierence between the positive phase in the late period (2087-2097) and 31g
positive phase in the early period is shown as color shading. For example, for SEOF1,

dashed contours and blue shading over the North Pacic region indicate that the 35
positive phase of the PNA during the early period (characterised by a deeper-than- 351
normal Aleutian Low) is projected to intensify (become even deeper), and vice versa 355
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for the negative phase. The main center of action of the PNA is projected to intensify
in all models except CESM2 and MIROCS, although the amplitude of the projected
ampli cation varies considerably across models (smallest for ACCESS and largest for
IPSL-CM6A). Remote linkages over the North Atlantic and European sector are highly
model dependent. To summarize the robustness of the projected changes across the 8
SMILEs, we compute a signal-to-noise ratio (S/N) de ned as the multi-model mean
change divided by the standard deviation across models. A S/N value exceeding 1
highlights regions where there is high inter-model agreement on the projected change
relative to the spread across models. For the PNA the S/N exceeds 1 over the northern
portion of the North Paci c and exceeds 2 over the Gulf of Mexico and Florida. We
note that the MEM and S/N are qualitatively similar when MIROC6 and CESM2
are removed (not shown), highlighting that it is not just these outliers that drive the
model di erences. Large inter-model di erences are found in the Atlantic, where the
projected in uence of the PNA is inconsistent.

The NPO, shows substantial model disagreement in its projected circulation
impacts over the Paci ¢ and the continental US. For example there is a strong intensi-
cation of it's in uence over Alaska in CanESM5 and MPI-GE, but a small weakening
in MIROC6 and CESM1. Some models (e.g. CESM2, CESM1, GFDL-SPEAR and
MIROCS6) show an intensi cation of the circulation over the south-eastern US related
to the NPO while the other models show a weakening (e.g. MPI-GE and CanESM5).
The in uence of the NPO on the Atlantic, however, appears relatively consistent with
a strengthening in uence in the mid-latitudes and a weakening in both the tropics and
high-latitudes further demonstrated by the S/N exceeding 1 in this region. This mode
also has increasing links to the tropics again demonstrated by the S/N larger than 1.

For the EPP there is some agreement among models, particularly over the west
coast of the US associated with a projected eastward shift of the pattern, highlighted
by the zonal dipole of high S/N between the Pacic and western US. Finally, the
NAO exhibits high inter-model variability in its projected changes, especially over the
Atlantic, as indicated by a low S/N in this region. Speci cally, CanESM5 and IPSL-
CMB6A show similarities in the change with a strong weakening of the NAO circulation
(red region highlighting a decrease due to the sign of the historical circulation), how-
ever the other models show weaker and inconsistent changes in sign across the region.
This is likely the cause of the model dierences found in Figure 1 in the Atlantic.
Interestingly, projected changes in NAO variability are consistently linked to a pro-
jected intensi cation of Aleutian Low variability associated with the PNA and to the
enhanced variability in the tropics, with S/N values exceeding one in these areas. This
highlights the bi-directional link between the Atlantic and Pacic as shown by the
in uence of the changes in the North Pacic EOFs on the Atlantic and visa versa,
which are di erent in strength in each model.

Changes in atmospheric circulation variability lead to corresponding shifts in local
precipitation variability. To explore these impacts, we regress precipitation onto the
Z500 SPCs and plot the change in the regressed precipitation eld in the late compared
to early period (Figure 6). The projected intensi cation and eastward-shift of the
Aleutian Low center-of-action of the PNA pattern leads to enhanced precipitation
variability over the eastern North Pacic and along the west coast of the US and



diminished precipitation variability over the central North Paci ¢ in most models.
This signal is notably absent in MIROC6, where the Aleutian Low variability does not
increase. The magnitude of the projected precipitation variability increase has high
S/N showing the MEM change is larger than the model di erences. The Paci ¢ sector
of the Arctic is another region of high S/N (values greater than 2), indicative of a
robust reduction in precipitation variability associated with the PNA in the future.

In line with the lack of model agreement in the projected behaviour of the NPO over
the eastern North Paci ¢ and North America, NPO-related precipitation changes in
these regions also vary substantially between models, re ected in low S/N. However,
the consistent NPO projections over the far western Paci ¢ centered near Japan and
over the North Atlantic produce robust (S/N greater than 1) signals in precipitation
variability along the Kuroshio Extension and in a meridional dipole pattern over the
North Atlantic. The high degree of model consistency in projected EPP variability is
evident in the associated precipitation impacts, with most models projecting a banded
structure of increased precipitation variability along the US West Coast, extending
southwestward to Hawaii, decreased precipitation variability from British Columbia
to the central north Paci c,, and enhanced variability in the far northwestern Paci c.
These changes likely stem from shifts in the jet stream position, supported by the shift
in precipitation across the Paci ¢ seen in both individual models and the MEM. We
note that the details of the location of this change are shifted somewhat in each model,
resulting in the S/N being lower than expected in this region. While there is a lack
of model consensus on the projected changes in NAO-related precipitation variability
over the central and northern North Atlantic, consistent with the 2500 eld itself,
the southwestern North Atlantic and the Paci c near Hawaii are regions of strongly
robust (S/N greater than 2) changes.

One of the advantages of the SEOF method is that projected changes in the
characteristics of internal variability can be evaluated continuously through time. In
Figure 7 (left and right columns), we present the total and explained variance of each
Z500 mode as a function of time from the beginning of each simulation until the
end of the century. In the North Paci ¢, total Z500 variance increases continuously
in all models except ACCESS-ESM1-5 and MIROCS6, where it initially increases but
subsequently declines (red curves Figure 7, left column). The proportion of variance
explained by each of the three North Paci ¢ Z500 modes remains relatively stable over
time, although the PNA shows an increase in most models (excluding ACCESS, IPSL-
CM6A and MIROCG6 where it stays relatively stable). In contrast, the NAO exhibits
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less agreement across models, with some showing increasing total variance (CESM1404

with a 15% increase, MIROC6 with 10%), others a decreasing (CESM2 with a 10%
decrease, ACCESS with 15%, CanESM5 with 20%), and some showing little change
(GFDL-SPEAR, IPSL-CM6A and MPI-GE). Despite these di erences, the percentage
of the variance explained by the NAO remains fairly stable across all models over time.

3.4 Role of the Tropical Pacic

Models show substantial di erences in their projections of ENSO (Maher et al, 2023),
which could contribute to the di erences in their future circulation changes, as ENSO
teleconnections can project onto the NH modes of variability (O'Brien and Deser,
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2023). These model di erences in ENSO projections are highlighted in Supplementary
Figure S9 (left hand side). In particular, the di erent models show contrasts in sign
in their projected surface temperature changes in the tropical Paci c as well as low
signal to noise in the region. We note that the precipitation related changes to these
modes in the tropical Paci c are much more consistent (Supplementary Figure S9;
right hand side), as noted in previous work (Power et al, 2013). The total variance
(Figure 7) of tropical Pacic SST EOFs broadly agrees with (Maher et al, 2023)
who found that most models exhibit a time-dependent increase in tropical Pacic
SST variability. While most models show a projected increase in tropical Paci ¢ SST
variability, notable exceptions include MPI-GE, which shows no change, and CESM2
and GFDL-SPEAR, which increase and then decrease, with CESM2 returning to it's
1850 amplitude by the end of the century from a high in the 2020s. Interestingly,
several models show a plateau in variance at the end of the record, suggesting a
possible future decline if simulations were extended. The variance explained by each
EOF tends to follow the trajectory of total variance.

To investigate how changes in the tropical Paci c modes impact the extratropical
Z500 modes, we linearly regress the Z500 anomalies over the NH onto the two leading
standardised SPCs of tropical Pacic SSTs at each timestep. and then remove this
contribution from the 2500 eld following O'Brien and Deser (2023). We then recom-
pute the Z500 SEOFs using this residual eld from which the tropical Paci ¢ in uence
has been removed. We nd that for all models, the total variance of the "tropical
Paci c removed" Z500 anomalies over the North Paci ¢ is substantially reduced com-
pared to the full Z500 anomalies, while the percent variance explained by each SEOF
mode remains similar (Figure 7, dashed curves in the left column). In the Atlantic, the
total variance during the historical portion of the simulations decreases only slightly
without the in uence of the tropical Paci ¢, while the future variance is signi cantly
reduced (in all models except IPSL-CM6A and MIROCG6), suggesting that the tropical
Paci c's in uence on the Atlantic intensi es in future projections across all models.
Similar to the Paci ¢ modes, the percent variance explained by the NAO is relatively
insensitive to the removal of tropical Pacic in uence in all models (Figure 7, right
column).

Figure 8 shows the spatial patterns of Z500 and precipitation regressed onto the two
leading standardized SPCs of tropical Paci ¢ SSTs (TPac) in the early period (con-
tours) and their future change (late minus early periods; shading) in each SMILE and
the MEM. While the early period Z500 teleconnection associated with TPac SEOF1 is
robust across models and resembles the PNA pattern, the projected change in the tele-
connection shows substantial model disagreement in both pattern and sign (Figure 8,
left column). Notably, CESM2, GFDL-SPEAR and MIROC6 show a future weakening
of the teleconnection variability (denoted by positive Z500 variability values; red shad-
ing) over the central North Paci ¢ while CanESM5, IPSL-CM6A and MPI-GE show
the opposite behaviour. This does not appear to be linked to the change in variance in
the TPac (Figure 7). Model di erences in the sign of the future changes in Z500 vari-
ability are also found over the North Atlantic. As highlighted in the S/N maps, model
di erences in future Z500 variability changes associated with TPac SEOF1 are largest
over the western and central North Paci ¢ (low S/N) and smallest in the eastern North
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Paci c, southeastern US and across the Atlantic along around 30N and approximately
60N (high S/N). Corresponding di erences are found in the precipitation responses
(Figure 8; third column), which show large model di erences in the same regions as
the model di erences in circulation. In contrast, TPac SST SEOF2 shows more con-

461
462
463
464

sistent behaviour in projected changes in its Z500 teleconnections across models with 465

enhanced Z500 variability in the Aleutian Low region (Figure 8; second column) with
high S/N. This in turn corresponds to increased precipitation variability along the
southwestern US coast (Figure 8; far right column), which also has a high S/N ratio.

Given the lack of independence between tropical Paci ¢ SST SEOFs and NH Z500
SEOFs, and the large model di erences in tropical Paci ¢ projections outlined above,
we test whether these tropical di erences drive the spread in projections of leading
modes of Z500 variability over the NH. To do so, we compare the projected changes in
the SEOFs based on the full Z500 eld with those obtained from the residual Z500 eld
after removing the in uence of the tropical Paci ¢ SST SEOFs via linear regression.
Results from the individual SMILEs are shown in Figures S10 & S11. Here we focus
on the MEM results (Figure 9). The projected ampli cation of the MEM PNA is
considerably reduced when the in uence of the tropical Paci c is removed (Figure 9,
upper two panels in the left column). The multi-ensemble standard deviation (ME-
STD), which reveals where models di er most in their projections also decreases when
the tropical Paci ¢ is removed, not only over the North Paci c and North America,
but also over the North Atlantic (Figure 9, middle two panels in left column). Given
that both the signal and noise reduce for the PNA, the S/N over the North Paci c is
largely unchanged; however, the S/N increases across the eastern US, tropical North
Atlantic and northern Europe due mainly to a reduction in the noise rather than an
augmentation of the signal (Figure 9, lower two panels in the left column). We nd
a similar story for the PNA driven precipitation (Figure 10), although in this case
the S/N increases over the North Pacic and western Arctic and decreases over the
western US when the tropical Paci ¢ in uence is removed.

For the NPO, removing the in uence of the tropical Paci ¢ decreases the S/N in
the Atlantic region and throughout the tropical belt due to a stronger reduction in the
MEM signal compared to the ME-STD noise (Figure 9, second column). While the
NPO driven precipitation also shows a decrease in the S/N over the Atlantic sector
when the tropical Paci ¢ in uence is removed, due to a larger decrease in the signal
than the noise, there are also slight increases in S/N over the Gulf of Alaska and the
eastern US seaboard (Figure 10, second column).

For the EPP, removing the tropical Paci c in uence reduces the S/N over western
North America as a result of the larger increase in noise than signal, while it increases
the S/N over the eastern US and tropical North Atlantic as a result of reduced noise
and larger signal, for both circulation and precipitation (Figure 9 & 10, third column).

For the NAO, removing the tropical Paci c in uence slightly augments the S/N
in the circulation centres-of-action over the western North Atlantic and European
continent due mainly to the enhanced signal, while it greatly reduces the S/N over
the North Pacic and the tropical belt due to the decreased signal (Figure 9, far
right column). Analogous results are found for NAO-related precipitation, although
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the increase in S/N over the Atlantic/European sector is not as apparent (Figure 10,
far right column).

We summarize the magnitude of the future change in each Z500 SEOF mode, with
and without the in uence of the Tropical Paci c, based on the MEM (Figure 11). The
magnitude of future change is quanti ed by computing the spatial root mean square
(RMS) of the future change in Z500 regressions (shaded elds in the upper two rows
of Figure 9 for the MEM) over the domain used to de ne the SEOF (North Pacic
or North Atlantic). For the MEM PNA the magnitude of the circulation variability
is projected to increase, with approximately half of the increase due to the in uence
of the tropical Paci c. In contrast, the MEM NAO is projected to weaken, and the
tropical Paci ¢ in uence approximately doubles the amplitude of the weakening. The
projected increase in the magnitude of the MEM NPO, although smaller than that of
the PNA, is more than doubled when the in uence of the tropical Paci c is removed.
Finally, while the EPP RMS is projected to decrease this is found to be entirely due to
the tropical Paci ¢ with no changes remaining after it's removal. Thus, future changes
in tropical Pacic SST variability exert a large in uence on future changes in the
amplitude of the MEM Z500 SEOF modes, augmenting the PNA, o setting the NPO
and NAO, and dominating the EPP.

3.5 Impacts on Californian and South-Eastern US
precipitation variability

We additionally consider the impacts of each Z500 mode of variability on Califor-
nian precipitation variability to assess whether the projected changes in precipitation
variability are consistent across models. We nd a projected increase in Californian
precipitation variability associated with the PNA and NAO (Figure 12; left), about
two-thirds which is directly attributable to changes in tropical Paci ¢ SST variability
for both modes. In contrast, projected changes in the NPO exert only a minor in u-
ence on Californian precipitation variability, regardless of whether the tropical Paci c
in uence is removed or not. Projections of precipitation variability driven by the EPP
are as large as those due to the PNA when the in uence of the tropical Pacic is
included. When the confounding in uence of this region is removed, an even larger
increase in Californian precipitation variability emerges due to the EPP alone. This
suggests that the projected increases in Californian precipitation variability attributed
to the PNA and NAO are in fact driven in large part by non-independent changes
in tropical Paci ¢ SST variability whose associated Z500 teleconnections project onto
these modes. Conversely, the tropical Paci c masks approximately one-third of the
signal from the EPP, highlighting that the EPP itself is projected to drive increased
volatility of Californian precipitation variability in the future. We also consider the
south-east US (Figure 12; right) which shows contrasting results to Californian pre-
cipitation variability. An increase in precipitation variability in this region due to the
PNA, EPP and NAO and a decrease due to the NPO are all found to be related to
tropical Paci c changes. When the tropical Pacic is removed, the PNA and NAO
changes switch to a decrease of the same magnitude, the NPO change results in an
increase of two-thirds the magnitude of it's original decrease, and the EPP in uence
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is reduced to one-third of it's original magnitude. These results highlight the key role
of the tropical Paci ¢ in masking the in uence of the other modes in this region.

4 Discussion

While our results show that the SMILEs considered in this study generally perform well
in simulating the leading modes of wintertime circulation variability in the NH during
the period 1950-2015, we nd that this alone is not su cient to ensure consistent
projections of these modes and their associated impacts over the 21st Century. Where
model disagreement is evident (in particular in the NPO and NAO), it re ects our
ongoing inability to fully understand and simulate the processes that will change
under warming. This highlights the continued need for a diversity of climate models
to adequately capture the range of possible futures, especially in areas where our
understanding is currently limited. Longer observational records will help improve
model evaluation and allow for better quanti cation of internal variability and updated
evaluation methods (Suarez-Gutierrez et al, 2021; Simpson et al, 2025), while higher-
resolution simulations may better capture key processes (Wengel et al, 2021; Chang
et al, 2026). However, our understanding remains incomplete regarding the precise
sources of model di erences. In this paper, we identify the large dierences in the
projected changes in SST variability in the tropical Paci c (e.g. ENSO) as a key driver
of model di erences in projected changes in Z500 variability over the NH, but also
show that they are not the only source of discrepancy.

The SEOF approach applied to SMILEs provides a direct and concise way to
assess forced changes in modes of circulation variability as highlighted by O'Brien and
Deser (2023). While informative O'Brien and Deser (2023) was limited to one par-
ticular SMILE (CESML1), leaving open the possibility that di erent SMILEs might
behave di erently. We address this gap in our study and and also evaluate model real-
ism in simulating modes of variability over the historical record using the traditional
time-EOF approach. Similar to previous studies (Michel et al, 2020; Chen et al, 2018;
O'Brien and Deser, 2023), we nd a projected future strengthening and north-easterly
shift of the variability of the Aleutian low associated with the PNA pattern in all
models except MIROCG6 (see Figure 5), highlighting a broad consistency across mod-
els. When the in uence of the tropical Pacic is removed, the spread in projections
decreases, indicating that some of the inter-model di erences, particularly in the Aleu-
tian low region, are driven by inconsistencies in how the tropical Paci ¢ is changing.
Notably, the increasing in uence of the PNA on Californian precipitation variability
is found to be driven in large part by the tropical Pacic in the MEM (Figure 12).
When isolated, the intrinsic atmospheric PNA changes themselves have limited impact
on Californian precipitation, reinforcing the importance of accounting for interactions
between modes of variability in future projections to truly understand what drives
what.

Our results showing model disagreement in the projections of the NPO are
consistent with previous work using CMIP5 models, further highlighting persistent
uncertainty in this mode (e.g. Chen et al, 2018, 2021). Removing the in uence of
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the tropical Pacic leads to greater consistency in both circulation and precipita-
tion projections across models, particularly over the western US coastline, Alaska,
and the continental US. However, even with the tropical Pacic in uence removed,
notable model di erences remain. This suggests that uncertainties in the NPQO's future
behaviour stem from factors beyond tropical Paci ¢ variability and that further work

is needed to better understand the processes driving the NPO and how they may
change under warming.

Similar to the ndings of O'Brien and Deser (2023), we diagnose an important role
for the EPP in in uencing precipitation along the western US coastline. Markedly, this
mode drives precipitation variability changes that are not solely driven by the tropical
Paci c. In particular, for the EPP, we nd a consistent increase in its in uence on
Californian precipitation in the future across all models, a response that is clouded by
the tropical Paci ¢ in uence. This result, again in line with O'Brien and Deser (2023),
points to a growing importance of the EPP for US regional hydroclimate under future
climate change.

The NAO also exhibits substantial discrepancies in future projections across mod-
els, consistent with previous work (e.g. Smith et al, 2025). These discrepancies cannot
be attributed to tropical Paci c in uences, indicating that the di erences arise from
the NAO projections themselves. All models suggest that the tropical Paci ¢ will exert
a stronger in uence on the Atlantic variability in the future (i.e. a larger reduction
in total variance in the NAO region when the tropical Paci ¢ is removed), with three
potential mechanisms for this change are presented in Drouard and Cassou (2019). Fur-
thermore, models do not agree on future changes in variance for the NAQO, reinforcing
the idea that this mode remains a key source of uncertainty.

Finally, our projections for the tropical Paci ¢ are in agreement with earlier nd-
ings (Maher et al, 2023), showing model-dependent changes over time. These include
known biases in tropical Paci c variability, consistent with those identi ed by Planton
et al (2021) and Bellenger et al (2014), and contribute to the broader uncertainty in
teleconnection patterns under climate change.

5 Conclusions

In summary, we nd the following:

1. Climate models generally capture the key modes of atmospheric circulation vari-
ability in the North Paci ¢ and North Atlantic, with well-known biases remaining
in the modes of tropical Paci ¢ SST variability (Figures 3, 4 & S1).

2. There is limited model agreement on projections of the NPO and NAO. While some
of the model disagreement in the NPO can be attributed to di erences in tropical
Paci c variability, this does not fully account for the spread (Figures 5, 9 & 11).

3. Most models agree on projected changes in the PNA, which are largely associated
with an intensi cation of the Aleutian low variability. Where this intensi cation
does not occur (e.g. in MIROCS), it can be linked to di erent behaviour in tropical
Paci c variability (Figures 5, 9, 11 & S10).
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4. The EPP is found to contribute to a consistent increase in precipitation variability
over California in future projections, suggesting that its in uence on this region
will strengthen in a warming climate (Figure 12).

5. The eect of all four circulation modes of variability on the south-east US
precipitation is masked by the tropical Paci ¢ (Figure 12).

6. Strong links between modes and across basins underscore the di culty of isolating
the e ects of individual modes. This highlights the interconnected nature of the
climate system (Figures 5, 6, 9, 10).

7. The percentage of variance explained by each mode remains relatively stable in
the future, although the total variance may increase or decrease depending on the
region and model (Figure 7).

8. Projected precipitation changes are strongly linked to changes in the behaviour and
in uence of circulation modes, re ecting both direct thermodynamic responses to
warming and dynamically mediated impacts (Figures 1, 2).
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Fig. 1 Projected change in 500hPa geopotential height (Z500) variability across
SMILEs. Z500 variability is calculated as a standard deviation across the ensemble for (left) the
early period (1924-1934), (middle) the late period (2087-2097), and (right) their difference (late minus
early) for each SMILE and the multi-ensemble mean (MEM). Stippling in the right column shows
where at least 7 SMILEs agree on the sign of the projected change. The variability in each decade is
based on individual DJF seasons, not decadal averages, and the MEM results are based on comput-
ing the mean standard deviation by taking the square-root of the mean variance across models.
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