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Abstract
We investigate the uncertainty (i.e., inter-model spread) in future projections of the boreal winter climate, based on the forced 
response of ten models from the CMIP5 following the RCP8.5 scenario. The uncertainty in the forced response of sea level 
pressure (SLP) is large in the North Pacific, the North Atlantic, and the Arctic. A major part of these uncertainties (31%) is 
marked by a pattern with a center in the northeastern Pacific and a dipole over the northeastern Atlantic that we label as the 
Pacific–Atlantic SLP uncertainty pattern  (PA∆SLP). The  PA∆SLP is associated with distinct global sea surface temperature 
(SST) and Arctic sea ice cover (SIC) perturbation patterns. To better understand the nature of the  PA∆SLP, these SST and SIC 
perturbation patterns are prescribed in experiments with two atmospheric models (AGCMs): CAM4 and IFS. The AGCM 
responses suggest that the SST uncertainty contributes to the North Pacific SLP uncertainty in CMIP5 models, through 
tropical–midlatitude interactions and a forced Rossby wavetrain. The North Atlantic SLP uncertainty in CMIP5 models is 
better explained by the combined effect of SST and SIC uncertainties, partly related to a Rossby wavetrain from the Pacific 
and air-sea interaction over the North Atlantic. Major discrepancies between the CMIP5 and AGCM forced responses over 
northern high-latitudes and continental regions are indicative of uncertainties arising from the AGCMs. We analyze the 
possible dynamic mechanisms of these responses, and discuss the limitations of this work.
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1 Introduction

There is great concern on if and how the intensity and loca-
tion of large-scale near-surface circulation features (e.g., sea 
level pressure, SLP, near the Aleutian low and the Icelandic 
low) and their associated high-impact weather will change 
with global warming. Climate models consistently simulate 
a significant and systematic increase in surface air tempera-
ture in the high emission scenarios. Still, they show a large 
discrepancy in the magnitude of global warming because 
of their different climate sensitivity (Andrew et al. 2012; 
Vial et al. 2013; Hu et al. 2017, 2020). The magnitude of 
warming also shows discrepancies with latitude and altitude 
associated with differences in the hemispheric temperature 
gradient and the large-scale atmospheric circulation fea-
tures. In particular, there is a large disagreement in terms 
of the magnitude and sign in future projections of midlat-
itude atmospheric circulation for the end of this century, 
even when considering only the dominant external forcing 
(Shepherd 2014; Cheung et al. 2018). To better interpret and 
constraint future climate projections, we need to understand 
the dynamics underlying the uncertainty in future projec-
tions of large-scale atmospheric circulation.

Tropical upper-tropospheric warming and Arctic lower 
tropospheric warming (also called Arctic amplification) are 
two prominent temperature responses to global warming. 
Specifically, tropical upper-tropospheric warming accom-
panies an increase in the upper-tropospheric equator-to-
pole temperature gradient, which would cause an increase 
in the midlatitude zonal wind speed, and a poleward shift 
in the jet stream and storm tracks (Yin 2005; Chang et al., 
2012; Barnes and Polvani 2013). On the other hand, Arctic 
lower tropospheric warming accompanies a decrease in the 
equator-to-pole temperature gradient. This would cause a 
reduction in the midlatitude zonal wind speed, and an equa-
torward shift in the jet stream due to the thermal wind bal-
ance (Harvey et al. 2015). In CMIP3 and CMIP5 models, 
the uncertainty in future projections of jet stream and storm 
tracks is partly related to these competing effects (Barnes 
and Screen 2015; Shaw et al. 2016; Screen et al. 2018). 
While the model-mean global warming response tends to 
be a poleward shift of the jet stream, the inter-model spread 
in the projected change in zonal wind speed is linked to the 
spread in Arctic amplification, tropical warming, and the 
strength of stratospheric polar vortex (Manzini et al. 2014; 
Barnes and Screen 2015; Zappa and Shepherd 2017; Cheung 
et al. 2018; Oudar et al. 2020). In particular, a stronger Arc-
tic amplification tends to be associated with a weaker and 
southward shift of the jet stream; this is opposite in sign to 
the mean change (Deser et al. 2015; Yim et al. 2016).

Previous studies have related the uncertainty in future 
projections of regional atmospheric circulation to the 

uncertainty in future projections of sea surface tempera-
ture (SST) and Arctic sea ice cover (SIC). Over the North 
Pacific, climate models tend to project a deeper and a 
northward expansion of the Aleutian low in the future 
(Gan et al. 2017; see also Fig. 1a). However, future pro-
jections of the southeastern and northwestern parts of 
the Aleutian low have a large uncertainty that is strongly 
linked to the zonal SST gradient in the equatorial Pacific 
(an El Niño-like mean state; Gan et al. 2017). Besides the 
El Niño-like signal, the uncertainty in future projections 
of the Aleutian low is related to the land-sea thermal con-
trast between the Asian continent and the Pacific Ocean, 
and the associated zonal pressure gradient between the 
Siberian high and the Aleutian low (Gan et al. 2017). Choi 
et al. (2016) found that the uncertainty in future projec-
tions of SLP over the eastern North Pacific is related to a 
Pacific Decadal Oscillation (PDO)-like SST signal, where 
the SST anomalies are strongest in the midlatitudes.

Over the North Atlantic, the multi-model mean (MME) 
of future climate projections indicates a slight positive trend 
of the wintertime North Atlantic Oscillation (NAO) and a 
northeastward extension of the storm tracks (Bader et al. 
2011; Woollings et al. 2012; Lau and Ploshay 2013), but 
these projections have a large uncertainty. Some studies sug-
gest that this uncertainty is driven by remote forcing (Harvey 
et al. 2015; Ciasto et al. 2016), with relatively little impact 
from local SST in these models (Hand et al. 2019), whereas 
some studies suggest local SST contribute to the uncertainty 
(Gervais et al. 2019). On one hand, the uncertainty in the 
future projections of Arctic SIC causes uncertainty in the 
lower tropospheric equator-to-pole temperature gradient 
and the North Atlantic storm tracks (Harvey et al. 2015). 
The decline in Arctic SIC also favors a negative NAO-like 
response and a higher SLP response over the northern Eura-
sia (Peings and Magnsdottir 2014; Deser et al. 2016; Black-
port and Kushner 2017; Zappa et al. 2018). On the other 
hand, the uncertainty in future projections of tropical Pacific 
SST may affect the midlatitude teleconnections, through 
exciting the Pacific–North America pattern. This influence 
is strongly linked to the uncertainty in future projections of 
the jet streams over the North Pacific and the North Atlantic 
(Delcambre et al. 2013), the North Atlantic storm tracks 
(Ciasto et al. 2016), and the northern annual mode (Cattiaux 
and Cassou 2013).

Based on the aforementioned studies, we hypothesize that 
the uncertainty in future projections of SST and SIC could 
cause significant uncertainty in the response of the North-
ern Hemisphere atmospheric circulation. Although previous 
studies have analyzed the relative contribution of SST and 
SIC to this uncertainty, few studies have used more than one 
model to assess the robustness of the linkages between future 
projections of SST/SIC and atmospheric circulation across 
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climate models and to understand the underlying mecha-
nisms. To address this issue, we perform experiments with 
two atmosphere-only general circulation models (AGCMs) 
using the monthly-varying SST and SIC patterns that are 
related to the uncertainty in future projections of the SLP. 
From these experiments we will deduce if future climate 
projections of the SLP could be constrained by improving 
the simulations of specific SST and SIC patterns. Specifi-
cally, we address the following questions:

1) What are the large-scale spatial patterns representing the 
uncertainty in future projections of the Northern Hemi-
sphere SLP? What are the corresponding SST and SIC 
patterns?

2) To what extent do AGCMs reproduce these SLP pat-
terns when forced by these corresponding SST and SIC 
patterns? Do the mechanisms simulated by the AGCMs 
correspond to those of the CMIP5 inter-model differ-
ences, estimated from ten models with at least three 
ensemble members?

We focus on the winter (DJF) climate projections from 
the CMIP5 RCP8.5 scenario, which is the highest emission 
scenario and thus produces the strongest externally forced 
responses. The projected climate change is considered for 
the late twenty-first century (2069–2098) relative to the 

late twentieth century (1971–2000), which is referred to as 
“response” hereafter. For example, the projected change of 
SLP is called the SLP response.

To identify uncertainties that are inherent to individual 
models requires large-ensemble simulations (Deser et al. 
2020). The requirement is especially true for the winter 
extratropical circulation where large internal climate vari-
ability can even mask the signals from strong external forc-
ing (Deser et al. 2012). Thus, we analyze simulations from 
ten CMIP5 coupled models that have at least three ensemble 
members in the historical and RCP8.5 runs (Table 1); this is 
to try to minimally limit noise from internal variability. This 
selection was limited by the availability of model simula-
tions at the time this study was started (CSIRO-Mk-3.6.0 
was also available, but is not included because its SST and 
SIC biases were too large). We average across ensemble 
members of each model to increase the signal-to-noise ratio 
for the external forcing, where the response averaged across 
the ensemble members is called the “forced response”. The 
MME forced response is the unweighted average of the 
forced response from the ten CMIP5 models.

In the following, Sect. 2 analyzes the uncertainty in the 
forced response of DJF SLP from the ten CMIP5 models. 
Section 3 summarizes our modelling approach and describes 
the design of sensitivity experiments and diagnostics. Sec-
tion 4 compares simulated responses from the sensitivity 

Fig. 1  Multi-model mean (MME) of the DJF sea level pressure (SLP) 
in 1971/72–2000/01 of the historical run (thick contours: solid lines 
indicate 1023 hPa and dashed lines indicate 1002 and 1006 hPa), and 
the forced response (shading) based on ten CMIP5 models listed in 
Table  1: (a) the MME forced response, where cross-hatch indicates 
the regions that less than eight models agree on the sign of MME 
change, (b) the uncertainty in the forced response (inter-model stand-

ard deviation of the projection), where cross-hatch indicates the 
regions that the uncertainty is not significantly larger than the internal 
climate variability (intra-model standard deviation of the projection) 
at the 90% confidence level of F-test. Unit: hPa. The outermost lati-
tude circle is 20°N, and other latitude circles represent 30°N to 75°N 
with a spacing of 15°
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experiments to the uncertainty in forced responses of the ten 
CMIP5 models, and analyzes the possible dynamics. Sec-
tion 5 provides a discussion and conclusion.

2  Uncertainty in the forced response of DJF 
SLP

The ten CMIP5 models consistently indicate that global 
warming will cause SLP to decrease in the high-latitudes 
over the Arctic, Northeast America, and North Pacific 
(Fig. 1a). Concomitantly, SLP increases over the midlati-
tude North Atlantic near the Icelandic low and the Mediter-
ranean (Fig. 1a). These results are generally consistent with 
Collins et al. (2013; their Fig. 12.18), except that weakening 
of the Icelandic low is more substantial in the ten CMIP5 
models. In contrast, these models do not agree well on the 
forced SLP response in the subtropical region (~ 30°–40°N), 
including the Azores high, the eastern North Pacific, the 
Middle East and the East Asian continent (i.e., as there is 
little agreement on sign of the response, as indicated by stip-
pling). The agreement is also small in the northeastern flank 
of the Icelandic low and Scandinavia, as well as the southern 
part of the Aleutian low.

The uncertainty in the forced SLP response is quantified 
by the inter-model standard deviation (computed from the 
individual model ensemble means; Fig. 1b). The uncertainty 
is largest near the center of Aleutian low, and is large over 
the Canadian Archipelago and the northeastern Atlantic 
(east of the Icelandic low). Compared to the uncertainty 
in the forced SLP response (Fig. 1b), the internal climate 
variability in the SLP response is significantly higher over 
the Eurasian side of the Arctic, and it is comparable over 
the northeastern Atlantic and the high-latitude Eurasia 
(Fig. S1a). This highlights the importance of, where pos-
sible, using more than three ensemble members to reduce 
the internal climate variability.

The internal climate variability in the ensemble mean is 
reduced by one over the square root of the ensemble size, 
and for the three members is ~ 0.6. Thus, the selected ten 
CMIP5 models appear to largely capture the uncertainty and 
internal variability in the response across the 34 available 
CMIP5 models: the uncertainty pattern computed from all 
ensemble members of the ten CMIP5 models is very simi-
lar to that computed from single ensemble members of the 
34 available CMIP5 models (pattern correlation of + 0.94), 
with only slightly lower amplitude (Fig. S1b, c). However, 
as the 34 models have mostly only one ensemble member, 
they may not provide a good estimate of the forced response 
uncertainty, which can be smaller than the internal varia-
bility over the high latitudes (i.e., Fig. S1a vs. Figure 1b). 
Hence, in the following our analysis is confined to the ten 
CMIP5 models.

The dominant modes of the uncertainty in the forced 
SLP response are identified by performing an inter-model 
empirical orthogonal function (EOF) analysis on the forced 
response in DJF SLP from the ten CMIP5 models over the 
domain 20°–90°N (Fig. 2). In the EOF analysis, the MME 
forced response is removed prior to computing the covari-
ance matrix, which is weighted by the square root of the 
cosine of latitude to account for the change in grid size. As 
shown in Fig. 2a, the first mode (EOF1) has the strongest 
positive loading over the North Pacific and mainly character-
izes weakening or strengthening of the Aleutian low, a posi-
tive loading over the northeastern Atlantic and a negative 
loading near the Mediterranean. The second mode (EOF2) 
has a strong positive loading over the southeastern flank of 
the Icelandic low and a strong negative loading over the 
Hudson Bay (60°N, 90°W; Fig. 2b). The spatial pattern of 
EOF2 over the North Pacific represents a shift in the Aleu-
tian low, with a positive loading in its eastern flank and a 
negative loading in its northwestern flank. Overall, EOF1 
and EOF2 separately capture the two major centers in the 
uncertainty in the forced SLP response (Fig. 1b).

Table 1  List of CMIP5 coupled 
models

Number Model Ensemble mem-
bers (r{n}i1p1)

Horizontal resolution of 
atmospheric model (lat × lon)

Horizontal resolu-
tion of ocean model 
(lat × lon)

1 CanESM2 1–5 2.8° × 2.8° 0.9° × 1.4°
2 CCSM4 1–6 0.9° × 1.3° 0.6° × 0.9°
3 CESM1-CAM5 1–3 0.9° × 1.3° 0.6° × 0.9°
4 CNRM-CM5 1, 2, 4, 6, 10 1.4° × 1.4° 0.6° × 1.0°
5 FIO-ESM 1–3 2.8° × 2.8° 0.5° × 1.1°
6 HadGEM2-CC 1–3 1.3° × 1.9° 0.8° × 1.0°
7 HadGEM2-ES 1–4 1.3° × 1.9° 0.8° × 1.0°
8 IPSL-CM5A-LR 1–4 1.9° × 3.8° 1.2° × 2.0°
9 MIROC5 1–3 1.4° × 1.4° 0.8° × 1.4°
10 MPI-ESM-LR 1–3 1.9° × 1.9° 0.8° × 1.4°
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Previous studies have investigated the uncertainty in cir-
culation responses over the North Pacific (e.g., Gan et al. 
2017) and the North Atlantic (e.g., Harvey et al. 2015) 
separately. However, the uncertainty in the forced SLP 
response over the northeastern Pacific (40°–65°N and 
160°–135°W) and over the northeastern Atlantic (60°–85°N 
and 20°W–10°E) is strongly correlated (+ 0.770, p < 0.05, 
Fig. 2d). These uncertainties are partly captured by EOF1 
and EOF2, which are not well separated according to the 
North’s rule of thumb (North et al. 1982). In other words, the 
EOF analysis is not able to isolate the coherence of the SLP 
response over the Pacific and the Atlantic in the ten CMIP5 

models. Thus, we adopt a simple approach to adequately 
represent this coherence: we add EOF1 and EOF2 to form 
a Pacific–Atlantic SLP uncertainty pattern  (PA∆SLP)1 that 
captures both uncertainties (Fig. 2c) and accounts for 31% 
of the total variance. The forced SLP response in the ten 
CMIP5 models is projected onto the  PA∆SLP pattern to get an 

Fig. 2  a–b First two eigenvectors (EOF1 and EOF2; shading) and the 
uncertainty (inter-model standard deviation; contour) in the forced 
DJF SLP response of the ten CMIP5 models, (c) As in (a)–(b), but 
for the sum of EOF1 and EOF2, which is called the Pacific–Atlan-
tic SLP uncertainty pattern  (PA∆SLP), (d) the inter-model relationship 

between the forced SLP response over the northeastern Atlantic (60°–
85°N and 20°W–10°E) and over the northeastern Pacific (40°–65°N 
and 160°–135°W), where these regions are represented by the blue 
boxes in (a)–(c). Unit: hPa. The outermost latitude circle is 20°N, and 
other latitude circles represent 30°N to 75°N with a spacing of 15°

1 This operation describes a 45-degree rotation in EOF1-EOF2 
space. We add EOF1 and EOF2 because (i) the SLP uncertainty over 
the northeastern Pacific and over the northeastern Atlantic is signifi-
cantly positively correlated, and (ii) in both EOF1 and EOF2 these 
two regions are of the same sign.
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index  (PAI∆SLP = PC1 + PC2) for the SLP uncertainty among 
the models.

3  Methods

3.1  Approach

We use two AGCMs in order to understand the impact of 
SST and Arctic sea ice on the uncertainty in the forced 
SLP response. The approach of this study is outlined in 
Fig. 3, and terminologies referring to CMIP5 models and 
AGCM simulations are listed in Table 2. The approach 
assumes that AGCM experiments with prescribed SST/SIC 
can be used to understand uncertainties in atmospheric cir-
culation identified from CMIP5. This approach has been 
proven useful for understanding the impact of SST/SIC on 

atmospheric circulation when the atmospheric component 
of a coupled model is driven with surface boundary con-
ditions from the same coupled model (Chen et al. 2013; 
Colfescu et al. 2013; Omrani et al. 2016; Colfescu and 
Schneider, 2017). A similar study to ours has used a sin-
gle AGCM to understand uncertainties in MME (Harvey 
et al. 2015).

If the experiments in both AGCMs reproduce the forced 
uncertainty from the ten CMIP5 models, our results would 
indicate that improving the simulation of SST/SIC could 
reduce the uncertainties in climate change. However, the two 
AGCMs may not fully reproduce the uncertainty pattern, or 
the AGCMs may even disagree with each other. Then, the 
uncertainties could be related to the atmospheric compo-
nent, but also potentially to the misrepresentation of air-sea 
interactions in AGCM experiments. We expect the actual 
outcomes will vary with location.

Fig. 3  Flow chart summarizing 
the three-tiered approach in this 
study

Table 2  Terminology in this study

Term Meaning

Winter December–January–Febraury (DJF). For example, the winter 2000 refers to the period between December 2000 and 
February 2001

Internal climate variability Intra-model standard deviation, where the standard deviation computed from the individual ensemble members 
removing the ensemble mean of each CMIP5 model

Response For CMIP5 models: climate projection based on the difference between the winter 2069 to 2098 in the RCP8.5 run 
and the winter 1971 to 2000 in the historical run

For AGCMs: Difference between one set of two perturbation runs listed in Table 3
Forced response Average of response across all ensemble members of individual CMIP5 models
Uncertainty The inter-model spread across CMIP5 models
PAΔSLP The Pacific–Atlantic SLP uncertainty pattern, which is the sum of EOF1 and EOF2 derived from the inter-model 

EOF analysis of the DJF SLP response in ten CMIP5 models
PAIΔSLP The principal component of  PAΔSLP in the ten CMIP5 models
[] ΔSLP The variable linearly regressed against  PAIΔSLP
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3.2  Models

The first AGCM is version 4.0 of the Community Atmos-
phere Model (CAM4) developed by the National Center for 
Atmospheric Research (NCAR) with a horizontal resolution 
of 0.9° × 1.25° (~ 100 km) and 26 vertical levels up to 3 hPa 
(Neale et al. 2013). The second AGCM is the atmospheric 
component of the EC-Earth 3.1 model (Döscher et al. 2021), 
which is based on the Integrated Forecast System (IFS) cycle 
36r4 developed by the European Centre for Medium-Range 
Weather Forecasts (ECMWF). Here, IFS is used in T255 
horizontal resolution (~ 80 km) with 91 vertical levels up to 
0.01 hPa (Balsamo et al. 2009).

3.3  Design of experiments

3.3.1  Prescribed SST and SIC patterns

In the experiments, we prescribe SST and SIC patterns 
 (SST∆SLP and  SIC∆SLP) that are computed by linear regres-
sion of the forced response in SST and SIC against  PAI∆SLP 
across the ten CMIP5 models. The patterns are computed for 
each calendar month and have an amplitude corresponding 
to one unit of the standardized index. To attribute a physical 
meaning of SST and SIC patterns, we illustrate the inter-
model regression patterns of DJF SST and SIC, which are 
referred to as the DJF  SST∆SLP and  SIC∆SLP (Fig. 4a–b). 
Note that  SST∆SLP is global and  SIC∆SLP is restricted to the 
Northern Hemisphere, but SST changes consistently with 
SIC (see the last paragraph in Sect. 3.3.2 and Table 3 for 
details).

The uncertainty in the forced SST response is generally 
larger at high latitudes (Fig. 4a). In the Northern Hemi-
sphere, it is especially large over the Barents-Kara Sea and 
the midlatitude North Atlantic. The DJF  SST∆SLP (associ-
ated with positive  PAI∆SLP) captures these SST uncertain-
ties, representing a substantial weakening in the SST gra-
dient between the tropics and the northern high-latitudes 
compared to the MME forced response (Fig. 4c).  SST∆SLP 
also represents a warmer Northern Hemisphere and a cooler 
Southern Hemisphere than the MME forced response, sug-
gesting that  PA∆SLP also co-varies with a reduced inter-hem-
ispheric SST gradient. Moreover,  SST∆SLP is associated with 
weakening in the zonal SST gradient between the equatorial 
western and eastern Pacific, where the climatological mean 
SST is higher in the western Pacific (warm-pool region).

The uncertainty in the forced response of the Arctic SIC 
is largest in the Kara Sea (~ 60°–90°E) and has a secondary 
maximum north of the Laptev Sea (~ 120°E) (Fig. 4b). The 
DJF  SIC∆SLP represents a decline in the entire Arctic with a 
larger decline in these two seas. Therefore,  PA∆SLP co-varies 

with the total Arctic sea ice extent (Fig. 4f) in a consistent 
manner with the high-latitude SST (Fig. 4a).

3.3.2  “Time‑slice” sensitivity experiments

We conducted three sets of AGCM “time-slice” sensitiv-
ity experiments forced by monthly-varying SST and SIC 
repeated for 60 annual cycles in CAM4 and 50 annual cycles 
in IFS (Table 3), such that the mean response in each model 
increases the signal-to-noise ratio. The prescribed SST and 
SIC are based on the 2069–2098 monthly climatology in 
the CMIP5 RCP8.5 scenario  (SSTMME and  SICMME) and 
the monthly-varying  SST∆SLP and  SIC∆SLP (Figs. S2 and 
S3). Consistently, the prescribed radiative forcing (green-
house gas concentrations and aerosol concentrations) are the 
2069–2098 monthly climatology from the CMIP5 RCP8.5 
scenario.

The boundary conditions of SST and SIC in any set of 
sensitivity experiments were prepared by adding or subtract-
ing half the monthly-varying  SST∆SLP and  SIC∆SLP. The 
difference between the boundary conditions of two runs in 
one set of experiments is equivalent to one unit of the inter-
model regression patterns of SST and SIC. Thus, the mag-
nitude of atmospheric response can be directly compared 
to that of the inter-model regression pattern from the ten 
CMIP5 models.

In the first set of experiments (run1 and run2), both SST 
and SIC were modified and they are called SST + SIC pertur-
bation runs. In run1, half the monthly-varying  SST∆SLP and 
 SIC∆SLP were added to the 2069–2098 monthly climatology of 
SST and SIC respectively  (SSTMME and  SICMME) to form the 
boundary conditions. Conversely, in run2, half the monthly-
varying  SST∆SLP and  SIC∆SLP were subtracted from  SSTMME 
and  SICMME to form the boundary conditions. It is assumed 
that SST and SIC change coherently as the inter-model 
regression analysis (Figs. S2 and S3), so we did not perform 
experiments with the boundary conditions  SSTMME +  SST∆SLP 
with  SICMME −  SIC∆SLP, and  SSTMME −  SST∆SLP with 
 SICMME +  SIC∆SLP. In the second set of experiments (run3 and 
run4), SST was changed as in run1 and run2 while SIC was the 
 SICMME; they are called SST perturbation runs. Finally, in the 
third set of experiments (run5 and run6), SIC was changed as 
in run1 and run2 while SST was the  SSTMME; they are called 
SIC perturbation runs.

We follow Screen et al. (2013)’s approach to ensure that SST 
and SIC are consistent with each other. In the Northern Hemi-
sphere, for grid cells with sizeable SIC perturbation (|SIC∆SLP| 
≥ + 0.1 (fraction)), the boundary condition of SST was modi-
fied to  SSTMME in the SST perturbation runs (run3 and run4) 
and to  SSTMME ± 0.5 ×  SST∆SLP in the SIC perturbation runs 
(run5 and run6). In the Southern Hemisphere (where  SIC∆SLP 
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is zero), for grid cells with SIC ≥ 0.1 (fraction), the boundary 
condition of SST was modified to  SSTMME in all runs. Other-
wise the boundary condition of SST was set as in Table 3. The 
monthly-varying SIC boundary condition of run 1 and run 5 
(larger SIC and SST response) and the monthly-varying SIC 
boundary condition of run 2 and run 6 (smaller SIC and SST 
response) are shown in Fig. S4 and Fig. S5, respectively.

3.4  Diagnostics

Given that the SST perturbation represents a weaker meridi-
onal SST gradient between the low and high latitudes and 
the SIC perturbation represents a stronger decline of pan-
Arctic SIC, the perturbations may trigger responses in the 
zonal-mean mass-stream function. Moreover, tropical SST 

Fig. 4  a–b Inter-model regression of the forced response against 
 PAI∆SLP (shading) and the uncertainty in the forced response (i.e., 
inter-model standard deviation; contour) of the ten CMIP5 models: 
(a) SST (contour interval: 0.4  °C), (b) SIC (contour interval: 0.1 
fraction), where the outermost circle in the polar stereographic map 

is 45°N. c–e Scatterplot of the inter-model relationship between 
 PAI∆SLP (abscissa) and the future projection (ordinate): (c) the equa-
tor-to-pole SST gradient, (d) the inter-hemispheric SST gradient, (e) 
the zonal SST gradient between the equatorial western and eastern 
Pacific (°C), and (f) the total Arctic sea ice extent  (106  km2)
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perturbations may excite circulation through a midlatitude 
Rossby wavetrain (teleconnection) (Horel and Wallace 1981; 
Ding et al. 2014; England et al. 2020). To link the tropical 
circulation to the midlatitude atmospheric circulation, we 
will present responses in the divergent wind Vχ, the velocity 
potential (χ = ∇−2 (∇∙V)) and the Rossby wave source (S), 
where the Rossby wave source is defined as in Sardeshmukh 
and Hoskins (1988):

where ζ is the absolute vorticity. The overbar denotes the 
basic state and the prime denotes the inter-model regres-
sion of the forced response against  PAI∆SLP across the ten 
CMIP5 models or the response in the AGCM sensitivity 
experiments. On the R.H.S. of (1), the first two terms are 
the contribution from the vortex stretching, where in the 
first (second) term a stronger convergence of the wind 
response (climatology) would enhance the cyclonic Rossby 
wave source. In contrast, stronger divergence would enhance 
the anticyclonic Rossby wave source. The third and fourth 
terms are the contribution from the vorticity advection by 
the divergent wind, where the region with a strong vorti-
city gradient would enhance or reduce the Rossby wave 
source. When the response of the Rossby wave source is 
compared to the pressure response, we could deduce if the 
tropical–midlatitude interaction is crucial for the pressure 
response.

To further demonstrate if the midlatitude atmospheric 
response is a Rossby wave train, we will present the hori-
zontal component of stationary wave activity fluxes at the 
250-hPa (Takaya and Nakamura 2001):
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where U and V are the zonal and meridional component 
of the basic flow V, p is the pressure level, ѱ′ is the inter-
model regression of the forced response against  PAI∆SLP 
across the ten CMIP5 models or the streamfunction response 
in the AGCM sensitivity experiments. Because the direc-
tion of wave activity fluxes is parallel to the group veloc-
ity, this diagnostic identifies the response in Rossby wave 
propagation.

4  Results

4.1  Mechanisms underlying the CMIP5 SLP 
uncertainty pattern

We now identify the potential mechanisms explaining the rela-
tion between the SLP uncertainty pattern  (PA∆SLP) and the 
SST and SIC uncertainty patterns in the ten CMIP5 models 
(analysis shown in Figs. 5a–b, 6a and 7a–c; other panels in 
Figs. 5 and 6 will be discussed in subsequent sections in order 
to compare the results from sensitivity experiments to the 
CMIP5 models). The regression of  PAI∆SLP against the forced 
DJF SLP response reveals increasing SLP in the northeastern 
Pacific and the northeastern Atlantic (Fig. 5a). These positive 
SLP regions coincide with positive 250-hPa height regions 
(Fig. 5b), suggesting an equivalent barotropic structure. More-
over, positive  PAI∆SLP is associated with increasing SLP over 
the tropical Indo–Pacific and decreasing SLP in most of the 
polar region, including the Arctic and Northeast America with 
a maximum around the Canadian Archipelago (Fig. 5a). It is 
also associated with a dipole pattern centered over Europe, 
with increasing SLP near the latitude of the Icelandic low and 
decreasing SLP in the Mediterranean and the Middle East 
(Fig. 5a). We will investigate how these SLP uncertainties are 

Table 3  List of AGCM 
sensitivity experiments, where 
the subscript MME and ∆SLP 
denotes the MME in 2069–2098 
and the inter-model regression 
pattern

*For grids in the Northern Hemisphere with |SIC∆SLP| ≥ 0.1 (fraction),  SST∆SLP changes consistently with 
SIC (see text for details). Note that  SST∆SLP also changes consistently with SIC in the Southern Hemi-
sphere, where SST is set as  SSTMME for the grids with  SICMME ≥ 0.1 (fraction)

Type Run Prescribed monthly-varying SST Prescribed monthly-varying SIC

SST + SIC perturbation runs 1 SSTMME + 0.5 ×  SST∆SLP SICMME + 0.5 ×  SIC∆SLP

2 SSTMME − 0.5 ×  SST∆SLP SICMME − 0.5 ×  SIC∆SLP

SST perturbation runs 3 SSTMME + 0.5 ×  SST∆SLP* SICMME

4 SSTMME − 0.5 ×  SST∆SLP* SICMME

SIC perturbation runs 5 SSTMME* SICMME + 0.5 ×  SIC∆SLP

6 SSTMME* SICMME − 0.5 ×  SIC∆SLP
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related to the zonal-mean meridional cells, the air-sea interac-
tion, and the midlatitude Rossby wavetrain.

From the zonal-mean perspective,  SST∆SLP represents 
anomalous warming in the Northern Hemisphere and anom-
alous cooling in the Southern Hemisphere (Fig. 4a, d). This 
SST pattern is associated with more zonal-mean precipita-
tion in the northern tropics and less zonal-mean precipitation 
in the southern tropics, i.e., strengthening and weakening 
of the inter-tropical convergence zone (ITCZ) in the North-
ern Hemisphere and Southern Hemisphere, respectively 
(Fig. 6a). The change in ITCZ is associated with 10–20% 
weakening of the Hadley circulation except in the upper 
troposphere (Fig. 6a), where the DJF climatological Hadley 
cell represents a circulation from the Southern Hemisphere 
to the Northern Hemisphere. The northern hemisphere Fer-
rel and polar cells also slightly weaken (Fig. 6a).

As mentioned in introduction, previous studies have 
shown a large inter-model spread in the global warming due 
to different climate sensitivities of climate models that have 

been related to tropical upper-tropospheric warming driven 
by moist convective processes. A simple check indicates that 
the circulation uncertainty described above is weakly related 
to climate sensitivity:  PA∆SLP is weakly related to the forced 
response in the zonal-mean upper-tropospheric temperature 
(< 0.2 °C; Fig. S6a) and the global-mean surface tempera-
ture. In other words, the circulation uncertainties described 
by  PA∆SLP are unlikely driven by the forcing related to global 
warming.

Regionally,  SST∆SLP over the tropical region is strong-
est in the eastern Pacific (Fig. 4a). The stronger warm-
ing over the tropical eastern Pacific accompanies stronger 
local convection and precipitation (~ 10°–15°N and 
150°‒130°W; Fig. 7a). These accompany lower veloc-
ity potential and stronger divergent wind at the 250 hPa 
directing from the tropical region to the midlatitudes in 
the eastern North Pacific (Fig. 7b). The convergent wind 
is associated with a cyclonic (i.e., positive sign) Rossby 
wave source (~ 40°N, 135°W; Fig. 7c). Meanwhile, the 

Fig. 5  Assessing the uncertainty in the DJF forced response of (left) 
SLP (contour interval: 0.5  hPa) and (right) 250-hPa geopotential 
height (contour interval: 10  m) associated with  PA∆SLP. a–b Inter-
model regression of the forced response against  PAI∆SLP across the 
ten CMIP5 models. c–f the AGCM response in the SST + SIC per-

turbation runs (run1 minus run2): (c)–(d) CAM4, (e)–(f) IFS. Unit: 
hPa. Stippling indicates the 90% confidence level in the CMIP5 inter-
model regression, and the 95% confidence level in AGCM experi-
ments based on the two-tailed Student’s t-test
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region with a large gradient in the velocity potential is 
associated with an anticyclonic (i.e., negative sign) Rossby 
wave source over the central North Pacific (~ 30°N and 
160‒150°W; Fig. 7b, c). The anticyclonic Rossby wave 
source accompanies the emanation of a Rossby wavetrain 
from the anomalous anticyclone (Fig. 7c). This wavetrain 
propagates eastward to an anomalous cyclone over the 
North American west coast and then propagates south-
eastward to the Gulf of Mexico (~ 20°N, 90°W; Fig. 7c). 
It appears that the northeastern Pacific SLP uncertainty 
involves tropical–midlatitude interaction over the Pacific. 
Moreover, because the wavetrain does not propagate fur-
ther from North America to the northeastern Atlantic, the 
local air-sea interaction appears to be important in the 
northeastern Atlantic SLP uncertainty.

4.2  Atmospheric impact of the SST + SIC uncertainty 
patterns

Next, we use AGCM experiments to assess the extent to 
which the SST and SIC drive  PA∆SLP and whether the 
mechanisms identified in Sect. 4.1 (e.g., weakening of 
the Hadley cell, the tropical–midlatitude interaction, and 
the Rossby wave propagation) hold. The SLP response of 
CAM4 in the SST + SIC perturbation runs has a positive 
center over the midlatitude North Pacific (~ 40°N, 180°) 
and a dipole pattern over the North Atlantic (Fig. 5c). The 
pattern has features similar to the CMIP5 inter-model 
regression although the positive and negative centers shift 
westward (Fig. 5c vs. Fig. 5a); the possible reason caus-
ing the westward shift will be studied later in this section. 

Fig. 6  Assessing the uncertainty in the DJF forced response of the 
zonal-mean mass streamfunction  (109  kg   s−1) and the zonal-mean 
precipitation (mm  day−1) associated with  PA∆SLP. a Inter-model 
regression of the forced response against  PAI∆SLP across the ten 
CMIP5 models, b–c the AGCM response in the SST + SIC perturba-
tion runs (run1 minus run2): b CAM4, and c IFS. For figures show-
ing the zonal-mean mass streamfunction, the contour lines indicate 
the 2069/70–2098/99 DJF climatology in the RCP8.5 scenario, where 

the thick lines indicate 0, the solid and dashed lines indicate the con-
tours ± 5 ×  109 kg   s−1 and the multiples of ± 25 ×  109 kg   s−1. For fig-
ures showing the zonal-mean precipitation, blue line indicates the 
CMIP5 inter-model regression or the AGCM response, and red line 
indicates the 2069/70–2098/99 DJF climatology. Stippling and blue 
dots denotes the grid points exceeding the 95% confidence interval of 
the zonal-mean mass streamfunction and the zonal-mean precipita-
tion, respectively
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The pattern correlation between the CAM4 SLP response 
and the SLP inter-model regression pattern from the ten 
CMIP5 models increases from + 0.381 to + 0.731 when 
the CAM4 SLP response is shifted zonally by 35°. The 
positive pressure responses over the North Pacific and the 
North Atlantic also have an equivalent barotropic struc-
ture (Fig. 5c, d). On the other hand, the SLP and 250-hPa 
height response of IFS is generally weaker than CAM4, 
with a positive response centered at the central North 
Pacific (~ 40°N, 180°) and a dipole-like structure over the 
North Atlantic (Fig. 5e, f). In short, CAM4 and IFS tend to 

simulate coherent atmospheric responses over the oceans. 
Comparatively, the CAM4 response is closer to the inter-
model regression from the ten CMIP5 models, and the 
IFS response is weaker, especially over the North Pacific. 
We will show that the CAM4 response has mechanisms 
closer to the CMIP5 inter-model difference than the IFS 
response.

The zonal-mean response of the two AGCMs shows sup-
pressed precipitation in the southern tropics and enhanced 
precipitation in the northern tropics, representing an 
enhanced ITCZ over the Northern Hemisphere (Fig. 6b, 
c). These precipitation responses are unlikely driven by the 
moist convective processes because the response in upper-
tropospheric warming is weak (Fig. S6b,c). Moreover, the 
two AGCMs simulate substantial weakening in the Hadley 
cell between 10°S and 10°N (Fig. 6b, c), implying weaker 
atmospheric poleward heat transport in the Northern Hemi-
sphere (Kang et al. 2009; Schneider et al. 2014; Chen et al. 
2021). The tropical zonal-mean circulation responses of the 
two AGCMs are generally consistent with the inter-model 
regression from the ten CMIP5 models. In mid- and high-lat-
itudes, CAM4 simulates a weak response in Ferrel and Polar 
cells, where the southern (northern) edge of the Ferrel cell 
is enhanced (weakened) (Fig. 6b). On the other hand, IFS 
simulates more substantial weakening in Ferrel and polar 
cells (Fig. 6c). The center of these responses is located at 
45°N and 65°N, respectively (Fig. 6c), which coincides with 
the two centers of the dipole-like response in the Atlantic 
(Fig. 5e, f). Therefore, IFS has a stronger response in the 
zonal-mean circulation than CAM4 and the CMIP5 inter-
model difference.

Regionally, in CAM4, the Rossby wavetrain response 
from the North Pacific to the North Atlantic (Fig. 8e) is 
associated with strong tropical–midlatitude interaction 
at 180°–135°W over the North Pacific (Fig. 8c), which is 
related to the enhanced tropical rainfall over the tropical 
eastern Pacific (0°–15°N and 180°–90°W; Fig. 8a). The 
wave activity fluxes propagate northeastward from the 
North Pacific to North America, and then the propagation 
turns eastward to the high-latitude North Atlantic (Fig. 8e). 
The Rossby wavetrain response emanates from the regions 
with an anticyclonic Rossby wave source at 30°–40°N and 
150°E–165°W over the western–central North Pacific and 
at ~ 15°N and 150°–135°W over the northeastern Pacific; 
these sources are due to a larger gradient in the velocity 
potential (Fig. 8c; the third and fourth terms in Eq. 1). Com-
pared to the inter-model regression from the ten CMIP5 
models, the Rossby wavetrain response in CAM4 shifts west-
ward (Figs. 8e vs. 7c). Although the significant tropical rain-
fall response in CAM4 is extended westward from ~ 155°W 
to 180° (Figs. 8a vs. 7a), the associated divergent wind 
response over the tropical Pacific is not shifted westward 
(Figs. 8c vs. 7b). Therefore, the westward extension of the 

Fig. 7  Inter-model regression of the forced response against  PAI∆SLP 
across the ten CMIP5 models. a Precipitation (shading; mm  day−1). 
b 250-hPa velocity potential (contour;  105  m2   s−1), divergent wind 
(vector; m  s−1), and Rossby wave source (shading;  10−11  s−2). c 250-
hPa eddy geopotential height (contour interval: 10 m) and horizontal 
component of wave activity fluxes (vector;  m2  s−2), and Rossby wave 
source (shading;  10−11   s−2) Stippling in (a) indicates the 95% confi-
dence level
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precipitation response in CAM4 cannot explain the west-
ward shift of the Rossby wavetrain response in CAM4 rela-
tive to the CMIP5 inter-model difference.

Indeed, the midlatitude Northwestern Pacific (~ 30°–40°N 
and 150°–165°E, where the Rossby wavetrain emanates) 
has an easterly wind response, which can be explained by 
the non-linear forcing by transient eddies that is not con-
sidered in Eq. (1). Specifically, convergence of the low-
frequency (8-day low-pass filtered) E vector propagating 
westward from the northeastern Pacific (~ 30°–45°N and 
160°–150°W) corresponds to the easterly wind response at 
northwestern Pacific (Hoskins et al. 1983; Fig. S7a). The 
high-frequency eddy forcing is much weaker than the low-
frequency eddy forcing (Fig. S7a,b). The westward pointing 
low-frequency E vector over the midlatitude North Pacific 
may explain the westward shift of the geopotential height 
response and the associated Rossby wavetrain response. In 

short, the Rossby wavetrain response in CAM4 is related to 
the tropical–midlatitude interaction and the low-frequency 
transient eddy forcing. Note that the local air-sea interac-
tion may also be important in the North Atlantic circulation 
response, because there is limited wave propagation from 
the North Pacific to the North Atlantic (Fig. 8e). Apart from 
the low-frequency transient eddy forcing, the mechanisms 
of CAM4 are similar to the CMIP5 inter-model difference.

In IFS, the Rossby wavetrain response over the North 
Atlantic is separated from the response over the North 
Pacific. The Rossby wavetrain response over the North 
Pacific in IFS is much weaker than that in CAM4 (Figs. 8f 
vs. 8e); this is related to weaker responses of tropical pre-
cipitation and tropical–midlatitude interaction (Figs. 8b, d 
vs. 8a, c). The wave activity fluxes over the North Atlantic 
are emanated from the region with anticyclonic Rossby wave 
source (~ 40°–45°N and 45°–20°W; Fig. 8f). The emanation 

Fig. 8  As in Fig. 7, but for the (left) CAM4 and (right) IFS responses in the SST + SIC perturbation runs



446 H.-N. Cheung et al.

1 3

is associated with enhanced precipitation and stronger 
divergent wind at 250-hPa. This appears to be related to 
strengthening of the local air-sea interaction at the mid-
latitude North Atlantic. The role of transient eddies is not 
investigated due to the lack of data availability. The above 
results suggest that the responses of CAM4 and IFS to the 
SST + SIC perturbation have different dynamical mecha-
nisms, where the response of CAM4 is closer to the CMIP5 
inter-model difference.

4.3  Separate impact of the SST and SIC uncertainty 
patterns

The SLP response in the SST + SIC perturbation runs of 
the AGCMs is not fully consistent with the forced SLP 
response from ten CMIP5 models. The CAM4 response has 
a spatial pattern similar to the CMIP5 inter-model differ-
ence albeit with a zonal shift, whereas the IFS response is 
generally weaker than CAM4 and is associated with dif-
ferent dynamic mechanisms. The SST perturbation and/or 

the SIC perturbation could contribute to the difference in 
the SLP response between the AGCMs and CMIP5 models, 
as well as the difference between the two AGCMs. Hence, 
it is instructive to know the influence of the SST and SIC 
perturbation runs separately on the SLP response in the 
SST + SIC perturbation runs (Figs. 8a–d and 9a–d), and to 
know whether the responses to these perturbations are linear 
(Figs. 8e, f and 9e, f). The impact is predominantly linear 
when the SST + SIC response is equal to the sum of the 
individual responses of SST and SIC.

For CAM4, the linear sum of pressure responses in the 
SST perturbation runs and the SIC perturbation runs (shad-
ing in Fig. 9e, f) is broadly similar to the pressure responses 
in the SST + SIC perturbation runs (contour in Fig. 9e, 
f). The similarity suggests that the pressure responses of 
CAM4 in the SST + SIC perturbations can be mainly linearly 
explained by their SST and SIC components. Specifically, 
the pressure responses of CAM4 in the SST + SIC perturba-
tions are explained primarily by the SST perturbation, except 
for the region with sea ice (Figs. 9a vs. 9e). The positive 

Fig. 9  DJF response of (left) SLP (contour intevrval: 0.5  hPa) and 
(right) 250-hPa geopotential height (contour interval: 10  m) in 
CAM4. a–b the SST perturbation runs, and c–d the SIC perturbation 
runs, e–f the response in the SST + SIC perturbation runs (contour) 

and the sum of responses in the SST perturbation runs and the SIC 
perturbation runs (shading). In a–d, stippling indicates the 95% confi-
dence level based on the two-tailed Student’s t-test
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pressure response over the high-latitude Euro–Atlantic 
region (~ 60°–80°N and 90°W–45°E) in the SST + SIC per-
turbation runs (contour in Fig. 9e, f) is split into two centers 
over the Baffin Bay (~ 75°N, 70°W) and the Barents–Kara 
Sea (~ 60°N, 50°E) in the SST perturbation runs (Fig. 9a, b). 
Both SST and SIC perturbations contribute to the positive 
pressure response near Greenland (part of the dipole-like 
response) (Fig. 9a, c). The SIC perturbation is the domi-
nant factor of the Arctic SLP response, and it contributes 
to the negative SLP response over the Canadian Archipel-
ago (Fig. 9c). Note that the pressure responses to the SIC 
perturbation have smaller signal-to-noise ratios than those 
responses to the SST perturbation (as indicated by a less 
statistically significant response).

For IFS, the pressure response pattern in the SST pertur-
bation runs is closer to that in the SST + SIC perturbation 
runs than the SIC perturbation runs, but the patterns dif-
fer (top panel in Fig. 10 vs. contour in the bottom panel in 
Fig. 10). The weak pressure responses over the Arctic (north 
of 75°N) and the midlatitude North Pacific (~ 30°–60°N) 
in the SST + SIC perturbation runs (contour in Fig. 10e, f) 
are the result of the opposite effect of the SST perturba-
tion (Fig. 10a, b) and the SIC perturbation (Fig. 10c, d). 

However, the linear sum of these pressure responses (shad-
ing in Fig. 10e, f) does not resemble the circulation response 
in the SST + SIC perturbation runs, indicating non-linearity 
in the response (contour in Fig. 10e, f). Neither SST pertur-
bation nor SIC perturbation can reproduce the dipole-like 
pressure response over the North Atlantic (Fig. 10a–d). The 
non-linear effect of the pressure responses to the SST and 
SIC perturbations is also strong in the high-latitude Eurasia 
(~ 60°–80°N and 45°–120°E). The above results suggest that 
the pressure response in the SST + SIC perturbation runs 
of IFS is due to the non-linear effect of the SST and SIC 
perturbations.

The SLP responses of CAM4 and IFS in the SST per-
turbation runs are consistent in the North Pacific (Figs. 9a 
and 10a), and match the sign of the inter-model regression 
pattern from the ten CMIP5 models albeit with a westward 
shift (Fig. 5a). This matching is expected because the North 
Pacific SLP response of the two AGCMs is consistent in 
the SST + SIC perturbation runs, which is associated with 
the tropical–midlatitude interaction. Here, the SST pertur-
bation causes substantial weakening in the Hadley cell and 
a stronger ITCZ in the northern tropics (Fig. 11). Region-
ally, the rainfall is enhanced in the northern tropical Pacific 

Fig. 10  As in Fig. 9, but for the response in IFS
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(~ 180°–90°W, 0°–15°N; Fig. 12a, b). This accompanies 
stronger divergence over the tropics and stronger con-
vergence over the midlatitudes near 180°–135°W at the 
250 hPa, representing stronger tropical–midlatitude inter-
action over the North Pacific (Fig. 12c, d). The anticyclonic 
Rossby wave source is enhanced at the region with a larger 
gradient in the velocity potential at 15°N (Fig. 12c, d; the 
third and fourth terms in Eq. 1), and is associated with ema-
nation of the wave activity fluxes from the Pacific to North 
America (Fig. 12e, f).

Indeed, the wave activity fluxes also emanate from the 
mid-latitude region with positive eddy height response 
(Fig.  12e, f). The increase in the eddy height is partly 
related to the tropical midlatitude interaction near the cen-
tral North Pacific, where stronger convergent wind corre-
sponds to a cyclonic Rossby wave source (Fig. 12c, d). In 
CAM4, part of the increase in the eddy height is related to 
the low-frequency (8-day low-pass filtered) transient eddy 
forcing, where the convergence of E vector near 30°N, 180° 

corresponds to an easterly wind anomaly associated with 
the positive height anomaly (Fig. S7c). In IFS, the Rossby 
wavetrain propagates equatorward from the northwestern 
Pacific (Fig. 12f), and this is different from the results in its 
SST + SIC perturbation runs (Fig. 8f) and the CAM4 runs 
(Fig. 12e). The difference again suggests that the dynamics 
for the responses of CAM4 and IFS are different. Despite 
this, the above results suggest that the SST perturbation from 
the North Pacific contributes to the high-pressure response 
over the North Pacific and the Rossby wave propagation 
from the North Pacific to North America. Thus, it appears 
that the North Pacific SLP uncertainty in the CMIP5 models 
is related to the SST uncertainty involving tropical–midlati-
tude interaction.

In addition to the positive SLP response over the North 
Pacific, the two AGCMs simulate consistently a negative 
SLP response over the mid-latitude North Atlantic in the 
SST perturbation runs (Figs. 9a and 10a). However, their 
responses in the SST perturbation runs are different over the 
continents and the Arctic. On one hand, IFS has a stronger 
response of the zonal-mean mass streamfunction to the SST 
perturbation than CAM4, where the Ferrel and polar cells 
weaken and shift northward albeit not statistically significant 
(Fig. 11b). The associated weakening of the rising motion 
in the subpolar latitudes around 70°N is accompanied by 
an increase in pressure over the subpolar region across the 
Canadian Archipelago and the North Atlantic (Fig. 10a, b). 
On the other hand, CAM4 does not have responses in the 
Ferrel and polar cells to the SST perturbation (Fig. 11a); its 
midlatitude circulation response is mainly explained by the 
wavetrain response (Fig. 12e).

Neither the SST perturbation nor the SIC perturbation 
explains the entire dipole-like SLP response over the North 
Atlantic in the SST + SIC perturbation runs. In response to 
the SIC perturbation, the two AGCMs simulate consistently 
a negative SLP response over the Arctic (Fig. 9e and 10e). 
However, their response outside the Arctic diverges, includ-
ing over the North Pacific, Scandinavia and the Mediterra-
nean. That is, the difference in these SLP responses between 
the two AGCMs is statistically significant. There is also no 
consistent response in the meridional circulations (figures 
not shown). Although previous studies suggested that the 
midlatitude circulation response to SIC could be amplified 
by the stratosphere (Zhang et al. 2018; De and Wu 2019), the 
stratospheric circulation response to SIC in the two AGCMs 
is weak (Fig. S8). Because SIC does not consistently influ-
ence the midlatitude circulation in the sensitivity experi-
ments, we do not analyze in-depth the regional circulation 
features over the mid-latitudes and the associated dynamics. 
In short, the North Atlantic dipole-like SLP uncertainty in 
CMIP5 models is related to the combined influence of SST 
and SIC perturbations. The direct impact of the SIC uncer-
tainty on the midlatitude circulation could be investigated 

Fig. 11  As in Fig.  6, but for the response of CAM4 and IFS in the 
SST perturbation runs
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by more high-top models with large ensembles in future 
(Charlton-Perez et al. 2013; Peings et al. 2021).

5  Summary and conclusions

5.1  Summary

To understand how much SST and SIC contribute to uncer-
tainties in the future projections of boreal winter atmos-
pheric circulation we have implemented a three-tiered 
approach (Fig. 3). We have identified a pattern that charac-
terizes the dominant uncertainty in the forced SLP response 
of ten CMIP5 models  (PAΔSLP). The centers of action of 
the SLP uncertainty are located at the northeastern Pacific 

and the northeastern Atlantic. The positive sign of  PAΔSLP 
is associated with (i) increasing SLP over the northeastern 
Pacific and decreasing SLP over the North American conti-
nent, (ii) increasing SLP over the northeastern Atlantic and 
Scandinavia and decreasing SLP near the Mediterranean, 
(iii) decreasing SLP over the Arctic. This pattern also cova-
ries with the uncertainty in the forced response of the inter-
hemispheric SST gradient, the zonal SST gradient over the 
equatorial Pacific and the total Arctic sea ice extent. We have 
analyzed the dynamics underlying  PAΔSLP and performed 
sensitivity experiments with two AGCMs to identify forc-
ing from corresponding global SST and Arctic SIC patterns. 
Agreement between CMIP5 and AGCM results indicates a 
potential to narrow uncertainties through better simulating 
future SST and SIC patterns, while disagreement indicates 

Fig. 12  As in Fig. 7, but for the response in the SST perturbation runs: (left) CAM4 and (right) IFS
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uncertainties from the atmospheric models not represented 
by the ten CMIP5 models (Sec. 3.1).

In general, the SLP uncertainties over the North Pacific 
and the North Atlantic in the ten CMIP5 models can be 
broadly reproduced by the AGCM experiments with pre-
scribed SST and SST/SIC. However, the simulated responses 
in the two AGCMs differ substantially over continental 
regions and in response to SIC. The main results are sum-
marized as follows:

5.1.1  Ocean–atmosphere interaction associated 
with the North Pacific SLP response

In the ten CMIP5 models the North Pacific SLP response is 
associated with the tropical–midlatitude interaction. Such 
a SLP response can be better explained by the SST pertur-
bation, except that the response in two AGCMs is shifted 
westward. In these AGCM simulations and the ten CMIP5 
models, the SLP response is associated with weakening in 
the Hadley cell and an enhancement of ITCZ in the North-
ern Hemisphere, where rainfall is enhanced over the tropi-
cal northeastern Pacific with anomalous SST warming. The 
rainfall response accompanies stronger divergent flow in the 
tropical northeastern Pacific and stronger convergent flow in 
the midlatitude North Pacific. The stronger convergent flow 
is partly related to the positive SLP response over the North 
Pacific. The anticyclonic Rossby wave source is enhanced 
in the region with a stronger gradient in velocity potential, 
which is associated with a Rossby wavetrain propagating 
eastward towards North America. The westward shift of 
the SLP response in CAM4 relative to the CMIP5 forced 
response is found to be related to the low-frequency transient 
eddy forcing.

The total SLP response of IFS in the SST + SIC perturba-
tion runs is not the linear sum of the pressure responses in 
the SST perturbation runs and the SIC perturbation runs. 
In contrast, in CAM4 both the SST and SIC perturbation 
causes positive SLP responses over the midlatitude North 
Pacific, which is stronger in the SST perturbation runs. 
Therefore, the North Pacific SLP responses of the two 
AGCMs in the SST + SIC perturbation runs have different 
dynamic mechanisms. Whereas the responses of CAM4 
are related to the tropical–midlatitude interaction and the 
low-frequency transient eddy forcing driven by the SST per-
turbation, the responses of IFS are affected by non-linear 
dynamics in response to the SST and SIC perturbations. The 
CAM4 response and its associated dynamics are closer to the 
CMIP5 inter-model regression, suggesting that the forced 
SLP uncertainty over the northeastern Pacific from the ten 
CMIP5 models is associated with the tropical–midlatitude 
interaction related to the SST uncertainty over the Pacific.

5.1.2  Dipole‑like pressure response over the Euro‑Atlantic 
region

In the ten CMIP5 models, the dipole-like SLP response 
in the North Atlantic appears to result from both local 
response to SST and remote influences from the Pacific. 
In CAM4, the SLP responses in the SST perturbation runs 
and the SST + SIC perturbation runs are similar and again 
show some correspondence to the ten CMIP5 SLP uncer-
tainty pattern. In these CAM4 simulations, the Rossby 
wavetrain simulated in the SST perturbation runs is trig-
gered by SST over the Pacific. The triggering is consistent 
with the results of Delcambre et al. (2013), Ciasto et al. 
(2016) and Gan et al. (2017). The Atlantic response of 
CAM4 is located westward relative to the CMIP5 inter-
model difference, which is probably related to the west-
ward shift in its Pacific response. On the other hand, IFS 
also simulates a dipole-like SLP response in the SST + SIC 
perturbation runs, but such a response is not associated 
with the Rossby wavetrain propagating from the North 
Pacific. Rather, the response is associated with local air-
sea interaction over the midlatitude North Atlantic. The 
North Atlantic SLP response of IFS in the SST + SIC per-
turbation runs is not a linear sum of the responses in the 
SST perturbation runs and the SIC perturbation runs. The 
non-linear dynamics are crucial in the IFS responses.

Although the dynamics of the North Atlantic SLP 
response in the two AGCMs are different, both AGCMs 
simulate the positive SLP response near Greenland and 
the entire dipole-like response in the SST + SIC perturba-
tion runs only. Thus, the forced SLP uncertainty over the 
northeastern Atlantic from the ten CMIP5 models appears 
to be affected by the combined influence of the uncertainty 
in SST and SIC.

5.1.3  Diverging midlatitude response to Arctic sea ice

The SLP responses of the two AGCMs to the SIC pertur-
bation are consistent in the Arctic and show lower SLP 
associated with less sea ice, as in the ten CMIP5 models. 
However, the midlatitude SLP response of the two AGCMs 
diverges. Because the difference in the midlatitude SLP 
response between the two AGCMs is statistically signifi-
cant (Fig. S9), we do not expect their midlatitude response 
to SIC would become consistent even if the simulation is 
extended to 100 years or longer. Thus, the above results 
suggest a limited direct impact of SIC on the midlatitudes, 
consistent with Ogawa et al. (2018). Indeed, the midlat-
itude circulation could affect the SIC. For example, an 
extra-tropical anticyclone (e.g., blocking) could enhance 
the advection of warm air towards the polar region and 
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reduces the SIC (Gong and Luo 2017; Svendsen et al. 
2018). This linkage could explain the relation in the ten 
CMIP5 models, but this cannot be verified in an AGCM 
framework in this study.

5.2  Conclusions

The future projection of the winter SLP in the northeastern 
Pacific and the northeastern Atlantic has a large inter-model 
spread, which covaries with the large-scale SST gradients 
and the total Arctic sea ice extent. In this study, sensitivity 
experiments using CAM4 and IFS have revealed that atmos-
pheric responses to the same SST and SIC perturbation pat-
terns (related to the SLP uncertainties) are generally large, 
with more coherent responses over the oceans (in terms of 
the sign of response) than remote regions (especially the 
continental regions). Specifically, we have learnt the fol-
lowing points:

(1) Possible dynamics responsible for the SLP uncertainty 
in the ten CMIP5 models:

● The uncertainty in the forced SLP response over 
the northeastern Pacific is significantly larger 
than the uncertainty related to internal climate 
variability. Uncertainties in the SST response to 
global warming (i.e., SST perturbation) can bet-
ter explain this uncertainty in SLP, through tropi-
cal–midlatitude interaction and the propagation of 
a Rossby wavetrain towards North America. The 
relative contribution from the tropical and extrat-
ropical Pacific should be investigated in future;

● The uncertainty in the forced SLP response over 
the northeastern Atlantic is of similar strength as 
internal climate variability and is even weaker 
than it at high latitudes. This uncertainty is better 
explained by the combined effect of SST and SIC 
perturbations. It appears to be related to a Rossby 
wavetrain from the North Pacific and with local 
air-sea interaction, with the first more important in 
CAM4 and the second more important in IFS. The 
relative contribution from the inter-basin telecon-
nection between the North Pacific and the North 
Atlantic and the local air-sea interaction deserves 
future work.

(2) The spatial pattern of AGCM simulations is not the 
same as the CMIP5 inter-model difference. The dis-
crepancy suggests that future projections of the win-
ter SLP might only have slight improvements by con-
straining only the SST and SIC projections. We should 
investigate other factors contributing to the inter-model 
spread in the winter SLP (e.g., differences among 

AGCMs and in representing coupled dynamics) in 
order to provide more accurate climate projections.

(3) The uncertainties over the northern hemisphere conti-
nents and at high latitudes appear to depend sensitively 
on the atmospheric model. Furthermore, the response 
to SST and SIC perturbations can be non-linear in 
some models (e.g., IFS), while quite linear in others 
(e.g., CAM4). Further work is required to understand 
the uncertainties arising from atmospheric model dif-
ferences. We should be cautious when using a single 
climate model to understand the physical mechanism 
responsible for the uncertainty in future climate projec-
tions from multiple models.

One limitation of our study is that the uncertainty in 
future climate projections is computed from only ten CMIP5 
models with only three ensemble members, where these 
models have more substantial weakening in the Icelandic 
low than the whole CMIP5 models. The SLP pattern from 
the inter-model EOF analysis, as well as the corresponding 
SST and SIC patterns, might also be sensitive to the num-
ber of models. Ideally, more models with more ensemble 
members are required to separate the forced response from 
the internal climate variability, especially for the northeast-
ern Atlantic and the Arctic. Nevertheless, we believe the 
results here should motivate further studies to understand 
the inter-model spread of the future climate projections, e.g. 
using large ensembles as mentioned in Deser et al. (2020) 
and Peings et al. 2021. Our results suggest it is important to 
better assess the relative contribution of tropical and extra-
tropical SST to the spread in future climate projections, as 
well as the role of the eddy forcing. It is also important to 
study the role of ocean dynamics (Woollings et al. 2012; 
Omrani et al. 2016), the troposphere–stratosphere interaction 
using more high-top models (three out of ten in this study) 
(Charlton-Perez et al. 2013; Manzini et al. 2014; Omrani 
et al. 2014; De and Wu 2019), internal climate variability 
(Deser et al. 2012, 2020) and forced variability to the future 
climate projections, especially over the North Atlantic and 
high latitudes.
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