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Abstract 1 

We investigate the uncertainty (i.e., inter-model spread) in future projections of the northern 2 

winter climate, based on the forced response in the CMIP5 RCP8.5 scenario. The uncertainty 3 

in the forced response of sea level pressure (SLP) is large in the North Pacific, the North 4 

Atlantic, and the Arctic. A major part of these uncertainties (31%) is marked by a pattern with 5 

a center in the northeastern Pacific and a dipole over the northeastern Atlantic that we label as 6 

the Pacific–Atlantic SLP uncertainty pattern (PASLP). To better understand the nature of 7 

PASLP, the associated sea surface temperature (SST) and Arctic sea ice cover (SIC) 8 

perturbation patterns are prescribed in experiments with two atmospheric models (AGCMs): 9 

CAM4 and IFS.  10 

The AGCM experiments indicate more robust SLP response over the North Pacific driven 11 

by the SST perturbation, which is associated with the tropical-midlatitude interaction and the 12 

Rossby wavetrain. The North Atlantic SLP response is better explained by the joint effect of 13 

SST and SIC perturbations, which is partly related to the Rossby wavetrain from the Pacific 14 

and the air–sea interactions over the North Atlantic. However, these responses shift westward 15 

relative to PASLP, where in CAM4 it is related to the low-frequency transient eddy forcing. 16 

The magnitude of these responses in the two AGCMs is largely different. Thus, constraining 17 

only the SST and SIC projections might not alone help constrain future climate projections. We 18 

should investigate the role of other factors in these uncertainties, such as the atmosphere–SST–19 

SIC coupled dynamics. 20 

Keywords: climate change, uncertainty in climate projections, winter climate, Aleutian low, 21 

Icelandic low  22 
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1. Introduction 23 

There is great concern on if and how the intensity and location of large-scale near-surface 24 

circulation features (e.g., sea level pressure, SLP, near the Aleutian low and the Icelandic low) 25 

and their associated high-impact weather will change with global warming. Climate models 26 

consistently simulate a significant and systematic increase in surface air temperature in the high 27 

emission scenarios. Still, they show a large discrepancy in the magnitude of global warming 28 

because of their different climate sensitivity (Andrew et al. 2012; Vial et al. 2013; Hu et al. 29 

2017, 2020). The magnitude of warming also shows discrepancies with latitude and altitude 30 

that are associated with differences in the hemispheric temperature gradient and the large-scale 31 

atmospheric circulation features. In particular, there is a large disagreement in terms of the 32 

magnitude and sign in future projections of midlatitude atmospheric circulation for the end of 33 

this century, even when considering only the dominant external forcing (Shepherd 2014; 34 

Cheung et al. 2018). To better interpret and constraint future climate projections, we need to 35 

better understand the dynamics underlying the uncertainty in future projections of large-scale 36 

atmospheric circulation.  37 

Tropical upper-tropospheric warming and Arctic lower tropospheric warming (also called 38 

Arctic amplification) are two prominent temperature responses to global warming. Specifically, 39 

climate models consistently simulate stronger tropical warming in the upper troposphere. This 40 

accompanies an increase in the upper-tropospheric equator-to-pole temperature gradient. This 41 

would cause an increase in the midlatitude zonal wind speed, and a poleward shift in the jet 42 

stream and storm tracks (Yin 2005; Chang et al., 2012; Barnes and Polvani 2013). On the other 43 

hand, the models robustly simulate stronger Arctic warming in the lower troposphere. This 44 

accompanies a decrease in the equator-to-pole temperature gradient. This would cause a 45 

reduction in the midlatitude zonal wind speed, and an equatorward shift in the jet stream due to 46 
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the thermal wind balance (Harvey et al. 2015). In CMIP3 and CMIP5 models, the uncertainty 47 

in future projections of jet stream and storm tracks is partly related to these competing effects 48 

(Barnes and Screen 2015; Shaw et al. 2016). While the model-mean global warming response 49 

tends to be a poleward shift of the jet stream, the inter-model spread in the projected change in 50 

zonal wind speed is linked to the spread in Arctic amplification, tropical warming, and the 51 

strength of stratospheric polar vortex (Manzini et al. 2014; Barnes and Screen 2015; Zappa and 52 

Shepherd 2017; Cheung et al. 2018; Oudar et al. 2020). In particular, a stronger Arctic 53 

amplification tends to be associated with a weaker and southward shift of the jet stream; this is 54 

opposite in sign to the mean change (Deser et al. 2015; Yim et al. 2016).  55 

Previous studies have related the uncertainty in future projections of regional atmospheric 56 

circulation to the uncertainty in future projections of sea surface temperature (SST) and Arctic 57 

sea ice cover (SIC). Over the North Pacific, climate models tend to project a deeper and a 58 

northward expansion of the Aleutian low in the future (Gan et al. 2017; see also Fig. 1a). 59 

However, future projections of the southeastern and northwestern parts of the Aleutian low have 60 

a large uncertainty that is strongly linked to the zonal SST gradient in the equatorial Pacific (an 61 

El Niño-like mean state; Gan et al. 2017). Besides the El Niño-like signal, the uncertainty in 62 

future projections of the Aleutian low is related to the land-sea thermal contrast between the 63 

Asian continent and the Pacific Ocean, and the associated zonal pressure gradient between the 64 

Siberian high and the Aleutian low (Gan et al. 2017). Choi et al. (2016) found that the 65 

uncertainty in future projections of SLP over the eastern North Pacific is related to a Pacific 66 

Decadal Oscillation (PDO)-like SST signal, where the SST anomalies are strongest in the 67 

midlatitudes.  68 

Over the North Atlantic, the multi-model mean (MME) of future climate projections 69 

indicates a slight positive trend of the wintertime North Atlantic Oscillation (NAO) and a 70 



 

4 

 

northeastward extension of the storm tracks (Bader et al. 2011; Woollings et al. 2012; Lau and 71 

Ploshay 2013), but these projections have a large uncertainty. Some studies suggest that this 72 

uncertainty is driven by remote forcing (Harvey et al. 2015; Ciasto et al. 2016), with relatively 73 

little impact from local SST in these models (Hand et al. (2019), whereas some studies suggest 74 

local SST contribute to the uncertainty (Gervais et al. 2019). On one hand, the uncertainty in 75 

the future projections of Arctic SIC causes that of lower tropospheric equator-to-pole 76 

temperature gradient and the North Atlantic storm tracks (Harvey et al. 2015). The decline in 77 

Arctic SIC also favors a negative NAO-like response and a higher SLP response over the 78 

northern Eurasia (Peings and Magnsdottir 2014; Deser et al. 2016; Blackport and Kushner 2017; 79 

Zappa et al. 2018). On the other hand, the uncertainty in future projections of tropical Pacific 80 

SST may affect the midlatitude teleconnections, through exciting the Pacific–North America 81 

pattern. This is strongly linked to the uncertainty in future projections of the jet streams over 82 

the North Pacific and the North Atlantic (Delcambre et al. 2013), the North Atlantic storm 83 

tracks (Ciasto et al. 2016), and the northern annual mode (Cattiaux and Cassou 2013). 84 

Based on aforementioned studies, we hypothesize that the uncertainty in future projections 85 

of SST and SIC could cause that of the Northern Hemisphere atmospheric circulation. Although 86 

previous studies have analyzed the relative contribution of SST and SIC to this uncertainty, few 87 

studies have used more than one model to assess the robustness of these linkages and to 88 

understand the underlying mechanisms. To address this issue, we perform experiments with 89 

two atmosphere-only general circulation models (AGCMs) using the monthly-varying SST and 90 

SIC patterns that are related to the uncertainty in future projections of the SLP. We will deduce 91 

if future climate projections of the SLP could be constrained by improving the simulations of 92 

specific SST and SIC patterns. Specifically, we address the following questions: 93 
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1) What are the large-scale spatial patterns representing the uncertainty in future projections 94 

of the Northern Hemisphere SLP? What are the corresponding SST and SIC patterns? 95 

2) To what extent do AGCMs reproduce these SLP patterns when forced by these 96 

corresponding SST and SIC patterns? Do the mechanisms simulated by the AGCMs 97 

correspond to those of the CMIP5 inter-model differences, estimated from ten models 98 

with at least three ensemble members? 99 

We focus on the winter (DJF) climate projections from the CMIP5 RCP8.5 scenario, which 100 

is the highest emission scenario and thus produces the strongest externally forced responses. 101 

The projected climate change is considered for the late twenty-first century (2069/70–2098/99) 102 

relative to the late twentieth century (1971/72–2000/01), which is referred to as “response” 103 

hereafter. For example, the projected change of SLP is called the SLP response.  104 

To identify uncertainties that are inherent to individual models requires large-ensemble 105 

simulations (Deser et al. 2020). This is especially true for the extratropical circulation where 106 

large internal climate variability can even mask the signals from strong external forcing (Deser 107 

et al. 2012). Thus, we analyze simulations from ten CMIP5 coupled models that have at least 108 

three ensemble members in the historical and RCP8.5 runs (Table 1); this is to try to minimally 109 

limit noise from internal variability. This selection was limited by the availability of model 110 

simulations at the time this study was started. (CSIRO-Mk-3.6.0 was also available, but is not 111 

included because its SST and SIC biases were too large).  We average across ensemble members 112 

of each model to increase the signal-to-noise ratio for the external forcing, where the response 113 

averaged across the ensemble members is called the “forced response”. The MME forced 114 

response is the unweighted average of the forced response from the ten CMIP5 models.  115 

Section 2 presents analysis of the uncertainty in the forced response of DJF SLP from the 116 

ten CMIP5 models. Section 3 describes the design of sensitivity experiments. Section 4 117 
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compares simulated responses from the sensitivity experiments to the uncertainty in forced 118 

responses of the ten CMIP5 models, and analyzes the possible dynamics. Section 5 provides a 119 

discussion and conclusion. 120 

2. Uncertainty in the forced response of DJF SLP 121 

The ten CMIP5 models consistently indicate that global warming will cause SLP to decrease 122 

in the high-latitudes over the Arctic, Northeast America, and North Pacific (Fig. 1a). 123 

Concomitantly, SLP increases over the midlatitude North Atlantic near the Icelandic low and 124 

the Mediterranean (Fig. 1a). These results are generally consistent with Collins et al. (2013; 125 

their Fig. 12.18), except that weakening of the Icelandic low is substantial in the ten CMIP5 126 

models. In contrast, these models do not agree well on the forced SLP response in the 127 

subtropical region (~30°–40ºN), including the Azores high, the eastern North Pacific, the 128 

Middle East and the East Asian continent (i.e., as there is little agreement on sign of the response, 129 

as indicated by the absences of dots). The agreement is also small in the northeastern flank of 130 

the Icelandic low and Scandinavia, as well as the southeastern part of the Aleutian low. 131 

The uncertainty in the forced SLP response is quantified by the inter-model standard 132 

deviation (computed from the individual model ensemble means; Fig. 1b). The uncertainty is 133 

largest near the center of Aleutian low, and is large over the Canadian Archipelago and the 134 

northeastern Atlantic (east of the Icelandic low). Compared to the uncertainty in the forced SLP 135 

response (Fig. 1b), the internal climate variability1 in the SLP response is significantly higher 136 

over the Eurasian side of the Arctic and it is comparable over the northeastern Atlantic and the 137 

high-latitude Eurasia (Fig. 1c). This highlights the importance of using more than three 138 

ensemble members to reduce the internal climate variability. The internal climate variability in 139 

                                                 
1 Internal climate variability is estimated by the intra-model standard deviation, where the standard deviation 
computed from the individual ensemble members removing the ensemble mean of each model. 
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the ensemble mean is reduced by one over the square root of the ensemble size, and for the 140 

three members is ~0.6. The selected ten CMIP5 models appear to largely capture the uncertainty  141 

and internal variability in the response across the 34 available CMIP5 models: the uncertainty 142 

pattern computed from all ensemble members of the ten CMIP5 models is very similar to that 143 

computed from single ensemble members of the 34 available CMIP5 models (pattern 144 

correlation of +0.94), with only slightly lower amplitude (Fig. S1). It should be stressed that the 145 

inter-model spread of the 34 CMIP5 models does not provide a good estimate of the uncertainty 146 

in the forced response over the northeastern Atlantic and high latitudes, where the internal 147 

variability is large.  148 

The dominant modes of the uncertainty in the forced SLP response are identified by 149 

performing an inter-model empirical orthogonal function (EOF) analysis on the forced response 150 

in DJF SLP from the ten CMIP5 models over the domain 20°–90°N (Fig. 2). In the EOF analysis, 151 

the MME forced response is removed prior to computing the covariance matrix, which is 152 

weighted by the square root of the cosine of latitude to account for the change in grid size. As 153 

shown in Fig. 2a, the first mode (EOF1) has the strongest positive loading over the North Pacific 154 

and mainly characterizes weakening or strengthening of the Aleutian low, but also has a positive 155 

loading over the northeastern Atlantic and a negative loading near the Mediterranean. The 156 

second mode (EOF2) has a strong positive loading over the southeastern flank of the Icelandic 157 

low and a strong negative loading over the Hudson Bay (60ºN, 90ºW; Fig. 2b). The spatial 158 

pattern of EOF2 over the North Pacific represents a shift in the Aleutian low, with a positive 159 

loading in its eastern flank and a negative loading in its northwestern flank. Overall, EOF1 and 160 

EOF2 separately capture the two major centers in the uncertainty in the forced SLP response 161 

(Fig. 1b). 162 
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Previous studies have investigated the uncertainty in circulation responses over the North 163 

Pacific (e.g., Gan et al. 2017) and the North Atlantic (e.g., Harvey et al. 2015) separately. 164 

However, the uncertainty in the forced SLP response over the northeastern Pacific (40°–65°N 165 

and 160°–135°W) and over the northeastern Atlantic (60°–85°N and 20°W–10°E) is strongly 166 

correlated (+0.770, p < 0.05, Fig. 2d). These uncertainties are partly captured by EOF1 and 167 

EOF2, which are not well separated according to the North’s rule of thumb (North et al. 1982). 168 

In other words, the EOF analysis is not able to isolate the coherence of the SLP response over 169 

the Pacific and the Atlantic in the ten CMIP5 models. Thus, we adopt a simple approach to 170 

adequately represent this coherence: we add EOF1 and EOF2 to form a Pacific–Atlantic SLP 171 

uncertainty pattern (PASLP)2 that captures both uncertainties (Fig. 2c) and accounts for 31% of 172 

the total variance. The forced SLP response in the ten CMIP5 models is projected onto the 173 

PASLP  pattern to get an index (PAISLP = PC1+PC2) for the SLP uncertainty among the models.  174 

3. Methods 175 

3.1 Models  176 

We use two atmosphere general circulation models (AGCMs) in order to understand the 177 

impact of SST and Arctic sea ice on the uncertainty in the forced SLP response. The first AGCM 178 

is version 4.0 of the Community Atmosphere Model (CAM4) developed by the National Center 179 

for Atmospheric Research (NCAR) with a horizontal resolution of 0.9°×1.25° (~100 km) and 180 

26 vertical levels up to 3 hPa (Neale et al. 2013). The second AGCM is the atmospheric 181 

component of the EC-Earth 3.1 model (Hazeleger et al. 2010), which is based on the Integrated 182 

Forecast System (IFS) cycle 36r4 developed by the European Centre for Medium-Range 183 

                                                 
2 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 significantly positively 
correlated, and (ii) in both EOF1 and EOF2 these two regions are of the same sign. 
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Weather Forecasts (ECMWF). Here, IFS is used in T255 horizontal resolution (~80 km) with 184 

91 vertical levels up to 0.01 hPa (Balsamo et al. 2009).  185 

3.2 Design of experiments 186 

3.2.1 Prescribed SST and SIC patterns 187 

In the experiments, we prescribe SST and SIC patterns (SSTSLP and SICSLP) that are 188 

computed by linear regression of the forced response in SST and SIC against PAISLP across 189 

the ten CMIP5 models; the patterns are computed for each calendar month and have an 190 

amplitude that corresponds to one unit of the standardized index. To attribute a physical 191 

meaning of SST and SIC patterns, we illustrate the inter-model regression patterns of DJF SST 192 

and SIC; these are referred to as the DJF SSTSLP and SICSLP (Fig. 3a–b). Note that SSTSLP 193 

is global and SICSLP is restricted to the Northern Hemisphere.  194 

The uncertainty in the forced SST response is generally larger at high latitudes (Fig. 3a). In 195 

the Northern Hemisphere, it is especially large over the Barents-Kara Sea and the midlatitude 196 

North Atlantic. The DJF SSTSLP (associated with positive PAISLP) captures these SST 197 

uncertainties, representing a substantial weakening in the MME forced response of the SST 198 

gradient between the tropics and the northern high-latitudes (Fig. 3c). SSTSLP also represents 199 

a warmer Northern Hemisphere and a cooler Southern Hemisphere than the MME climate 200 

response, suggesting that PASLP also co-varies with a reduced inter-hemispheric SST gradient 201 

(Fig. 3d). Moreover, SSTSLP is associated with weakening in the zonal SST gradient between 202 

the equatorial western and eastern Pacific, where the climatological mean SST is higher in the 203 

western Pacific (warm-pool region). 204 

The uncertainty in the forced response of the Arctic SIC is largest in the Kara Sea (~60°–205 

90°E) and has a secondary maximum north of the Laptev Sea (~120°E) (Fig. 3b). The DJF 206 
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SICSLP represents a decline in the entire Arctic with a larger decline in these two seas. 207 

Therefore, PASLP co-varies with the total Arctic sea ice extent (Fig. 3e) in a consistent manner 208 

with the high-latitude SST (Fig. 3a).  209 

3.2.2 “Time-slice” sensitivity experiments 210 

We conducted three sets of AGCM “time-slice” sensitivity experiments forced by monthly-211 

varying SST and SIC repeated for 60 annual cycles in CAM4 and 50 annual cycles in IFS (Table 212 

2), such that the mean response in each model largely increases the signal-to-noise ratio. The 213 

prescribed SST and SIC are based on the 2069–2098 monthly climatology in the CMIP5 214 

RCP8.5 scenario (SSTMME and SICMME) and the monthly-varying SSTSLP and SICSLP (Section 215 

3a; Fig. S2 and Fig. S3). Consistently, the prescribed radiative forcing (greenhouse gas 216 

concentrations and aerosol concentrations) are the 2069–2098 monthly climatology from the 217 

CMIP5 RCP8.5 scenario.  218 

When the boundary conditions of SST and SIC in any set of sensitivity experiments were 219 

modified, half the monthly-varying SSTSLP and SICSLP was added or subtracted. The 220 

difference between the boundary conditions of two runs in one set of experiments is equivalent 221 

to one unit of the inter-model regression patterns of SST and SIC. Thus, the magnitude of 222 

atmospheric response can be directly compared to that of the inter-model regression pattern 223 

from the ten CMIP5 models. 224 

In the first set of experiments (run1 and run2), both SST and SIC were modified and they 225 

are called SST+SIC perturbation runs. In run1, half the monthly-varying SSTSLP and SICSLP 226 

was added to the 2069–2098 monthly climatology of SST and SIC respectively (SSTMME and 227 

SICMME) to form the boundary conditions. Conversely, in run2, half the monthly-varying 228 

SSTSLP and SICSLP was subtracted from SSTMME and SICMME to form the boundary conditions. 229 

It is assumed that SST and SIC change coherently as the inter-model regression analysis (Fig. 230 
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S2 and Fig. S3), so we did not perform experiments with the boundary conditions 231 

SSTMME+SSTSLP with SICMME−SICSLP, and SSTMME−SSTSLP with SICMME+SICSLP. In the 232 

second set of experiments (run3 and run4), SST was changed as in run1 and run2 while SIC 233 

was the SICMME; they are called SST perturbation runs. In the third set of experiments (run5 234 

and run6), SIC was changed as in run1 and run2 while SST was the SSTMME; they are called 235 

SIC perturbation runs.  236 

We follow Screen et al. (2013)’s approach to ensure that SST and SIC are consistent with 237 

each other in the second and third sets of experiments (runs 3–6). In particular, for grid cells 238 

with sizeable SIC perturbation (|SICSLP|  +0.1 (fraction)), the boundary condition of SST was 239 

modified to SSTMME in the SST perturbation runs (run3 and run4) and to SSTMME±0.5×SSTSLP 240 

in the SIC perturbation runs (run5 and run6). Otherwise the boundary condition of SST was set 241 

as in Table 2. The monthly-varying SIC boundary condition of run 1 and run 5 (larger SIC and 242 

SST response) and the monthly-varying SIC boundary condition of run 2 and run 6 (smaller 243 

SIC and SST response) are shown in Fig. S4 and Fig. S5, respectively. 244 

3.3 Diagnostics 245 

Because the SST perturbation represents a weaker meridional SST gradient between the 246 

low and high latitudes and the SIC perturbation represents a stronger decline of pan-Arctic SIC, 247 

we investigate if the response in the zonal-mean streamfunction is related to the SST and SIC 248 

perturbations. Moreover, circulation anomalies are often linked with a midlatitude Rossby 249 

wavetrain (teleconnection) excited by tropical SST forcing (Horel and Wallace 1981; Ding et 250 

al. 2014). To link the tropical circulation to the midlatitude atmospheric circulation, we will 251 

present responses in the divergent wind V, the velocity potential ( = −2 (∙V)) and the 252 

Rossby wave source (S), where the Rossby wave source is defined as in Sardeshmukh and 253 

Hoskins (1988):   254 
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𝑆′ = −𝜁𝛻 ⋅ 𝑉′𝜒 − 𝜁′𝛻 ⋅ 𝑉𝜒⏟            stretching −𝑉𝜒 ⋅ 𝛻𝜁′ − 𝑉′𝜒 ⋅ 𝛻𝜁⏟            advection  (1) 255 

where ζ is the absolute vorticity. The overbar denotes the basic state and the prime denotes the 256 

inter-model regression of the forced response against PAI∆SLP across the ten CMIP5 models or 257 

the response in the AGCM sensitivity experiments. On the R.H.S. of (1), the first two terms are 258 

the contribution from the vortex stretching, where in the first (second) term a stronger 259 

convergence of the wind response (climatology) would enhance the cyclonic Rossby wave 260 

source, while stronger divergence would enhance the anticyclonic Rossby wave source. The 261 

third and fourth terms are the contribution from the vorticity advection by the divergent wind, 262 

where the region with a strong vorticity gradient would enhance or reduce the Rossby wave 263 

source. When the response of Rossby wave source is compared to the pressure response, we 264 

could deduce if the tropical–midlatitude interaction is crucial for the pressure response. 265 

To further demonstrate if the midlatitude atmospheric response is a Rossby wave train, we 266 

will present the horizontal component of stationary wave activity fluxes at the 250-hPa (Takaya 267 

and Nakamura 2001): 268 

𝑾 = 𝑝cos𝜙2|𝑉| { 𝑈𝑎2cos2𝜙 [(𝜕𝜓′𝜕𝜆 )2 −𝜓′ 𝜕2𝜓′𝜕𝜆2 ] + 𝑉𝑎2cos𝜙 (𝜕𝜓′𝜕𝜆 𝜕𝜓′𝜕𝜙 − 𝜓′ 𝜕2𝜓′𝜕𝜆𝜕𝜙)𝑈𝑎2cos2𝜙 (𝜕𝜓′𝜕𝜆 𝜕𝜓′𝜕𝜙 − 𝜓′ 𝜕2𝜓′𝜕𝜆𝜕𝜙) + 𝑉𝑎2 [(𝜕𝜓′𝜕𝜙)2 − 𝜓′ 𝜕2𝜓′𝜕𝜙2 ] } (2) 269 

where U and V are the zonal and meridional component of the basic flow V, p is the pressure 270 

level, ѱ’ is the inter-model regression of the forced response against ISLP across the ten CMIP5 271 

models or the streamfunction response in the AGCM sensitivity experiments. Because the 272 

direction of wave activity fluxes is parallel to the group velocity, this diagnostic identifies the 273 

response in Rossby wave propagation. 274 
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4. Results 275 

4.1 Mechanisms underlying the CMIP5 SLP uncertainty pattern 276 

We now identify the potential mechanisms explaining the relation between the SLP 277 

uncertainty pattern (PASLP) and the SST and SIC uncertainty patterns in the ten CMIP5 models. 278 

The regression of PAISLP against the forced DJF SLP response reveals increasing SLP in the 279 

northeastern Pacific and the northeastern Atlantic (Fig. 4a). These positive SLP regions 280 

coincide with positive 250-hPa height regions (Fig. 4b), suggesting an equivalent barotropic 281 

high structure. Moreover, positive PAISLP is associated with increasing SLP over the tropical 282 

Indo–Pacific and decreasing SLP in the sea ice region, including the Arctic and Northeast 283 

America with a maximum around the Canadian Archipelago (Fig. 4a). It is also associated with 284 

a dipole pattern over Eurasia, with increasing SLP near the latitude of the Icelandic low and 285 

decreasing SLP in the Mediterranean and the Middle East (Fig. 4a). We will investigate how 286 

these SLP uncertainties are related to the zonal-mean meridional cells, the air-sea interactions 287 

and the midlatitude Rossby wavetrain. 288 

From the zonal-mean perspective, SSTSLP represents anomalous warming in the Northern 289 

Hemisphere and anomalous cooling in the Southern Hemisphere (Fig. 3d). This SST pattern is 290 

associated with more zonal-mean precipitation in the northern tropics and less zonal-mean 291 

precipitation in the southern tropics, i.e., northward shift of the inter-tropical convergence zone 292 

(ITCZ; Fig. 5a). The northward shift of the ITCZ is associated with 10–20% weakening of the 293 

Hadley circulation except in the upper troposphere (Fig. 5a), where the DJF climatological 294 

Hadley cell represents a circulation from the Southern Hemisphere to the Northern Hemisphere. 295 

The northern hemisphere Ferrel and polar cells also slightly weaken (Fig. 5a). These changes 296 

are consistent with an expected weakened poleward heat transport in the Northern Hemisphere 297 

(Kang et al. 2009; Schneider et al. 2014). Note that PAISLP is weakly correlated to the forced 298 
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responses in the zonal-mean upper-tropospheric temperature (<0.2°C; Fig. S6a) and the global-299 

mean surface temperature. In other words, the tropical precipitation changes associated with 300 

PASLP are not driven by the moist convective processes related to global warming. Consistently, 301 

the circulation uncertainties described by PASLP are not strongly related to the climate 302 

sensitivity. Hence, it is important to investigate the factors other than the climate sensitivity 303 

contributing to the SLP uncertainties. 304 

Regionally, SSTSLP over the tropical region is strongest in the eastern Pacific (Fig. 3a). The 305 

stronger warming over the tropical eastern Pacific accompanies stronger local convection and 306 

precipitation (~10°–15°N and 150°‒130°W; Fig. 6a). These accompany lower velocity 307 

potential and stronger divergent wind at the 250 hPa blowing northeastwards from the tropical 308 

region to the midlatitudes in the eastern North Pacific (Fig. 6b). The convergent wind is 309 

associated with a cyclonic (i.e., positive sign) Rossby wave source (Fig. 6c). Meanwhile, the 310 

region with a large gradient in the velocity potential is associated with an anticyclonic (i.e., 311 

negative sign) Rossby wave source and an anomalous anticyclone over the central North Pacific. 312 

The anticyclonic Rossby wave source accompanies the emanation of a Rossby wavetrain from 313 

the anomalous anticyclone. This wavetrain propagates eastward to an anomalous cyclone over 314 

the North American west coast and then propagates southeastward to the Gulf of Mexico (Fig. 315 

6c). It appears that the tropical–midlatitude interactions over the Pacific is essential for the 316 

northeastern Pacific SLP uncertainty. Moreover, because the wavetrain does not propagate 317 

further from North America to the northeastern Atlantic, the local air-sea interaction appears to 318 

be important in the northeastern Atlantic SLP uncertainty. 319 

4.2 Atmospheric impact of the SST+SIC uncertainty patterns  320 

Next we use AGCM experiments to assess the extent to which the SST and SIC drive PASLP 321 

and whether the mechanisms identified above hold. The SLP response of CAM4 in the 322 
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SST+SIC perturbation runs has a positive center over the midlatitude North Pacific and a dipole 323 

pattern over the North Atlantic (Fig. 4c). The pattern has features similar to the CMIP5 inter-324 

model regression although the positive and negative centers shift westward (Fig. 4c vs. Fig. 4a); 325 

the possible reason causing the westward shift will be studied later in this section. The pattern 326 

correlation between the CAM4 SLP response and the SLP inter-model regression pattern from 327 

the ten CMIP5 models increases from +0.381 to +0.731 when the CAM4 SLP response is 328 

shifted zonally by 35°. The CAM4 simulations also shows good correspondence between the 329 

SLP pattern and the 250-hPa height pattern (Fig. 4c,d). On the other hand, the SLP and 250-330 

hPa height response of IFS is generally weaker than CAM4, with a positive response over the 331 

North Pacific and a dipole-like structure over the North Atlantic (Fig. 4e,f). In short, CAM4 332 

and IFS tend to simulate coherent atmospheric responses over the oceans. Comparatively, the 333 

CAM4 response is closer to the inter-model regression from the ten CMIP5 models, and the 334 

IFS response is weaker, especially over the North Pacific 335 

The zonal-mean response of the two AGCMs shows suppressed precipitation in the southern 336 

tropics and enhanced precipitation in the northern tropics, and the ITCZ shifts towards the 337 

northern tropics (Fig. 5b,c). These precipitation responses are unlikely driven by the moist 338 

convective processes because the response in upper-tropospheric warming is weak (Fig. S6b,c). 339 

Moreover, the two AGCMs robustly simulate substantial weakening in the Hadley cell between 340 

10ºS and 10ºN (Fig. 5b,c), which accompanies weaker poleward heat transport in the Northern 341 

Hemisphere (Kang et al. 2009; Schneider et al. 2014). The tropical zonal-mean circulation 342 

responses of the two AGCMs are generally consistent with the inter-model regression from the 343 

ten CMIP5 models. In mid- and high-latitudes, CAM4 simulates a weak response in Ferrel and 344 

Polar cells, where the southern (northern) edge of the Ferrel cell is enhanced (weakened) (Fig. 345 

5b). On the other hand, IFS simulates more substantial weakening in Ferrel and polar cells (Fig. 346 
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5c). The center of these responses is located at 45ºN and 65ºN respectively (Fig. 5c), which 347 

coincides with the two centers of the dipole-like response in the Atlantic (Fig. 4e,f). Therefore, 348 

IFS has a stronger response in the zonal-mean circulation than CAM4 and what is found in the 349 

CMIP5 inter-model difference. 350 

Regionally, in CAM4, the Rossby wavetrain response from the North Pacific to the North 351 

Atlantic (Fig. 7e) is associated with strong tropical–midlatitude interaction over the North 352 

Pacific (Fig. 7c), which is related to the enhanced tropical rainfall over the tropical eastern 353 

Pacific (Fig. 7a). The wave activity fluxes propagate northeastward from the North Pacific to 354 

North America and then the propagation turns eastward to the high-latitude North Atlantic (Fig. 355 

7e). The Rossby wavetrain response emanates from the regions with an anticyclonic Rossby 356 

wave source at 30°–40°N over the northwestern Pacific and at 15°N over the northeastern 357 

Pacific, which are due to a larger gradient in the velocity potential (Fig. 7c). Compared to the 358 

inter-model regression from the ten CMIP5 models, the Rossby wavetrain response in CAM4 359 

shifts westward (Fig. 7e vs. Fig. 6c). Although the significant rainfall response in CAM4 is 360 

extended westward from ~155°W to 180° (Fig. 7a vs. Fig. 6a), the associated divergent wind 361 

response over the tropical Pacific is not shifted westward (Fig. 7c vs. Fig. 6b). The westward 362 

extension of the precipitation response cannot explain the westward shift of the Rossby 363 

wavetrain response. Indeed, the midlatitude Northwestern Pacific (where the Rossby wavetrain 364 

emanates) has an easterly wind response, which can be explained by the non-linear forcing by 365 

transient eddies that is not considered in Eq. (1). Specifically, convergence of the low-frequency 366 

(8-day low-pass filtered) E vector propagating westward from the northeastern Pacific 367 

corresponds to the easterly wind response (Hoskins et al. 1983; Fig. S7a). The high-frequency 368 

eddy forcing is much weaker than the low-frequency eddy forcing (Fig. S7a,b). The westward 369 

propagating low-frequency E vector over the midlatitude North Pacific may explain the 370 
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westward shift of the geopotential height response and the associated Rossby wavetrain 371 

response. In short, the Rossby wavetrain response in CAM4 is related to the tropical-midlatitude 372 

interactions and the low-frequency transient eddy forcing. Note that the local air-sea interaction 373 

may also be important in the North Atlantic circulation response, because there is limited wave 374 

propagation from the North Pacific to the North Atlantic (Fig. 7e). 375 

In IFS, the Rossby wavetrain response over the North Atlantic is separated from the 376 

response over the North Pacific. The Rossby wavetrain response over the North Pacific in IFS 377 

is much weaker than that in CAM4 (Fig. 7f vs. Fig. 7e), which is related to weaker responses 378 

of tropical precipitation and tropical–midlatitude interaction (Fig. 7b,d vs. Fig. 7a,c). The wave 379 

activities fluxes over the North Atlantic are emanated from the region with anticyclonic Rossby 380 

wave source (Fig. 7f). This is associated with enhanced precipitation and stronger divergent 381 

wind at 250-hPa. This appears to be related to strengthening of the local air-sea interactions at 382 

the mid-latitude North Atlantic. The role of transient eddies is not investigated due to the lack 383 

of data availability. The above results suggest that the responses of CAM4 and IFS to the 384 

SST+SIC perturbation have different dynamical mechanisms, where the response of CAM4 is 385 

closer to the CMIP5 inter-model difference. 386 

4.3 Separate impact of the SST and SIC uncertainty patterns  387 

The SLP response in the SST+SIC perturbation runs of the AGCMs is not fully consistent 388 

with the forced SLP response from ten CMIP5 models. The CAM4 response has a spatial 389 

pattern similar to the CMIP5 inter-model difference albeit with a zonal shift, whereas the IFS 390 

response is generally weaker than CAM4 and is associated with different dynamic mechanisms. 391 

The difference in the SLP response between the AGCMs and CMIP5 models, as well as the 392 

difference between the two AGCMs, could be contributed by the SST perturbation and/or the 393 

SIC perturbation. Hence, it is instructive to know the influence of the SST and SIC perturbations 394 
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on the SLP response in the SST+SIC perturbation runs (Figs. 8a–d and 9a–d), and to know 395 

whether the responses to these perturbations are linear (Figs. 8e,f and 9e,f). The impact is 396 

predominantly linear when the SST+SIC response is equal to the sum of the separate responses 397 

of SST and SIC. 398 

For CAM4, the linear sum of pressure responses in the SST perturbation runs and the SIC 399 

perturbation runs (shading in Fig. 8e,f) is broadly similar to the pressure responses in the 400 

SST+SIC perturbation runs except those over the Eurasian continent (contour in Fig. 8e,f), 401 

suggesting that the pressure responses of CAM4 in the SST+SIC perturbations can be mainly 402 

linearly explained by their SST and SIC components. Specifically, the pressure responses of 403 

CAM4 in the SST+SIC perturbations are largely explained by the SST perturbation, except for 404 

the region with sea ice (Fig. 8a vs. Fig. 8e). The positive pressure response over the high-latitude 405 

Euro–Atlantic region in the SST+SIC perturbation runs (contour in Fig. 8e,f) is split into two 406 

centers over the Baffin Bay (~75°N, 70°W) and the Barents–Kara Sea  in the SST perturbation 407 

runs (Fig. 8a,b). The positive pressure response near Greenland (part of the dipole-like response) 408 

is contributed by both SST and SIC perturbations (Fig. 8a,c). The SIC perturbation is the 409 

dominant factor of the Arctic SLP response, and it contributes to the negative SLP response 410 

over the Canadian Archipelago (Fig. 8c). Note that the pressure responses to the SIC 411 

perturbation have smaller signal-to-noise ratios than those responses to the SST perturbation.  412 

For IFS, the pressure response pattern in the SST perturbation runs is closer to that in the 413 

SST+SIC perturbation runs than the SIC perturbation runs, but the patterns differ (top panel in 414 

Fig. 9 vs. contour in the bottom panel in Fig. 9). The weak pressure responses over the Arctic 415 

and the North Pacific in the SST+SIC perturbation runs (contour in Fig. 9e,f) are the result of 416 

the opposing effect of the SST perturbation (Fig. 9a,b) and the SIC perturbation (Fig. 9c,d). 417 

However, the linear sum of these pressure responses (shading in Fig. 9e,f) does not resemble 418 
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the circulation response in the SST+SIC perturbation runs (contour in Fig. 9e,f). Neither SST 419 

perturbation nor SIC perturbation can reproduce the dipole-like pressure response over the 420 

North Atlantic and the pressure response over the high-latitude Eurasia (Fig. 9a–d). The non-421 

linear effect of the pressure responses to the SST and SIC perturbations is also strong in the 422 

high-latitude Eurasia, East Asia and the Arctic upper troposphere. The above results suggest 423 

that the pressure response in the SST+SIC perturbation runs of IFS is due to the non-linear 424 

effect of the SST and SIC perturbations. 425 

The SLP responses of CAM4 and IFS in the SST perturbation runs are consistent in the 426 

North Pacific (Fig. 8a and Fig. 9a), and match the sign of the inter-model regression pattern 427 

from the ten CMIP5 models albeit with a westward shift (Fig. 4a). The SST perturbation causes 428 

substantial weakening in the Hadley cell and a stronger ITCZ in the northern tropics (Fig. 10). 429 

Regionally, the rainfall is enhanced in the northern tropical Pacific (Fig. 11a,b). This 430 

accompanies stronger divergence over the tropics and stronger convergence over the 431 

midlatitudes at the 250 hPa, representing stronger tropical–midlatitude interaction over the 432 

North Pacific (Fig. 11c,d). The anticyclonic Rossby wave source is enhanced at the region with 433 

a larger gradient in the velocity potential at 15°N (Fig. 11c,d), which is associated with 434 

emanation of the wave activity fluxes from the Pacific to North America (Fig. 11e,f). 435 

Indeed, the wave activity fluxes are also emanated from the mid-latitude region with 436 

positive eddy height response (Fig. 11e,f). The increase in the eddy height is partly related to 437 

the tropical midlatitude interactions near the central North Pacific, where stronger convergent 438 

wind corresponds to a cyclonic Rossby wave source (Fig. 11c,d). In CAM4, part of the increase 439 

in the eddy height is related the low-frequency transient eddy forcing, where the convergence 440 

of E vector near 30°N,180° corresponds to an easterly wind anomaly associated with the 441 

positive height anomaly (Fig. S6c). In IFS, the Rossby wavetrain propagates equatorward from 442 
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the northwestern Pacific (Fig. 11f), which is different from the results in its SST+SIC 443 

perturbation runs (Fig. 7f) and the CAM4 runs (Fig. 11e). This again suggests that the dynamics 444 

for the responses of CAM4 and IFS are different. Despite that, the above results suggest that 445 

the SST perturbation from the North Pacific contributes to the high-pressure response over the 446 

North Pacific and the response of Rossby wave propagation from the North Pacific to North 447 

America. 448 

In addition to the positive SLP response over the North Pacific, the two AGCMs simulate 449 

consistently a negative SLP response over the mid-latitude North Atlantic in the SST 450 

perturbation runs (Fig. 8a and Fig. 9a). However, their responses in the SST perturbation runs 451 

are different over the continents and the Arctic. On one hand, IFS has a stronger response of 452 

the zonal-mean mass streamfunction to the SST perturbation than CAM4, where the Ferrel and 453 

polar cells weaken and shift northward albeit not statistically significant (Fig. 10b). The 454 

associated weakening of the rising motion in the subpolar latitudes around 70°N is accompanied 455 

by an increase in pressure over the subpolar region across the Canadian Archipelago and the 456 

North Atlantic (Fig. 9a,b). On the other hand, CAM4 does not have responses in the Ferrel and 457 

polar cells to the SST perturbation (Fig. 10a); its midlatitude circulation response is mainly 458 

explained by the wavetrain response (Fig. 11e).  459 

In response to the SIC perturbation, the two AGCMs simulate consistently a negative SLP 460 

response over the Arctic (Fig. 8e and Fig. 9e). However, their response outside the Arctic 461 

diverges, including over the North Pacific, Scandinavia and the Mediterranean. That is, the 462 

difference in these SLP responses between the two AGCMs is statistically significant. There is 463 

no consistent response in the meridional circulations (figures not shown). Because SIC does not 464 

robustly influence the midlatitude circulation, we do not analyze in-depth the regional 465 

circulation features over the mid-latitudes and the associated dynamics. 466 
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5. Summary and conclusions 467 

5.1 Summary 468 

We have identified a pattern that characterizes the uncertainty in the forced SLP response 469 

of ten CMIP5 models (PAΔSLP). The centers of action of the SLP uncertainty are located at the 470 

northeastern Pacific and the northeastern Atlantic. The positive sign of PAΔSLP is associated 471 

with (i) increasing SLP over the northeastern Pacific and decreasing SLP over the North 472 

American continent, (ii) increasing SLP over the northeastern Atlantic and Scandinavia and 473 

decreasing SLP near the Mediterranean, (iii) decreasing SLP over the Arctic. This pattern also 474 

covaries with uncertainty in forced response of the inter-hemispheric SST gradient, the zonal 475 

SST gradient over the equatorial Pacific and the total Arctic sea ice extent. We have analyzed 476 

the dynamics underlying PAΔSLP and performed sensitivity experiments with two AGCMs to 477 

identify forcing from corresponding global SST and Arctic SIC patterns. The main results are 478 

summarized as follows: 479 

5.1.1 Ocean–atmosphere interaction associated with the North Pacific SLP response 480 

In the ten CMIP5 models the North Pacific SLP response is associated with the tropical–481 

midlatitude interactions. Such a SLP response can be better explained by the SST perturbation, 482 

except that the response in two AGCMs is shifted westward. In these AGCM simulations and 483 

the ten CMIP5 models, the SLP response is associated with weakening in the Hadley cell and 484 

the northward shift of ITCZ, where rainfall is enhanced over the tropical northeastern Pacific 485 

with anomalous SST warming. The rainfall response accompanies stronger divergent flow in 486 

the tropical northeastern Pacific and stronger convergent flow in the midlatitude North Pacific. 487 

The stronger convergent flow is partly related to the positive SLP response over the North 488 

Pacific. The anticyclonic Rossby wave source is enhanced in the region with a stronger gradient 489 

in velocity potential. This is associated with a Rossby wavetrain propagating eastward towards 490 
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North America. The westward shift of the SLP response in CAM4 relative to the CMIP5 forced 491 

response is found to be related to the low-frequency transient eddy forcing.  492 

The total SLP response of IFS in the SST+SIC perturbation runs is not the linear sum of the 493 

pressure responses in the SST perturbation runs and the SIC perturbation runs. In contrast, in 494 

CAM4 both the SST and SIC perturbation causes positive SLP responses over the midlatitude 495 

North Pacific, which is stronger in the SST perturbation runs. Therefore, the North Pacific SLP 496 

responses of the two AGCMs in the SST+SIC perturbation runs have different dynamic 497 

mechanisms. Whereas the responses of CAM4 are related to the tropical–midlatitude 498 

interactions and the low-frequency transient eddy forcing driven by the SST perturbation, the 499 

responses of IFS are affected by non-linear dynamics in response to the SST and SIC 500 

perturbations. The CAM4 response and its associated dynamics are closer to the CMIP5 inter-501 

model regression, suggesting that the forced SLP uncertainty over the northeastern Pacific from 502 

the ten CMIP5 models is associated with the tropical–midlatitude interaction related to the SST 503 

uncertainty over the Pacific. 504 

5.1.2 Dipole-like pressure response over the Euro-Atlantic region 505 

In the ten CMIP5 models the dipole-like SLP response in the North Atlantic appears to result 506 

from both local response to SST and remote influences from the Pacific. In CAM4, the SLP 507 

responses in the SST perturbation runs and the SST+SIC perturbation runs are similar and again 508 

show some correspondence to the ten CMIP5 SLP uncertainty pattern. In these CAM4 509 

simulations, the Rossby wavetrain simulated in the SST perturbation runs is triggered by SST 510 

over the Pacific. This is consistent with the results of Delcambre et al. (2013), Ciasto et al. 511 

(2016) and Gan et al. (2017). The Atlantic response of CAM4 shifts westward relative to the 512 

CMIP5 inter-model difference, which is probably related to the westward shift in its Pacific 513 

response. On the other hand, IFS also simulates a dipole-like SLP response in the SST+SIC 514 
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perturbation runs, but such a response is not associated with the Rossby wavetrain propagating 515 

from the North Pacific. Rather, the response is associated with local air-sea interactions over 516 

the midlatitude North Atlantic. The North Atlantic SLP response of IFS in the SST+SIC 517 

perturbation runs is not a linear sum of the responses in the SST perturbation runs and the SIC 518 

perturbation runs. The non-linear dynamics are crucial in the IFS responses. 519 

Although the dynamics of the North Atlantic SLP response in the two AGCMs are different, 520 

both AGCMs simulate the positive SLP response near Greenland and the entire dipole-like 521 

response in the SST+SIC perturbation runs only. The forced SLP uncertainty over the 522 

northeastern Atlantic from the ten CMIP5 models appears to be affected by the combined 523 

influence of the uncertainty in SST and SIC. 524 

5.1.3 Diverging midlatitude response to Arctic sea ice 525 

The SLP responses of the two AGCMs to the SIC perturbation are consistent in the Arctic 526 

and show lower SLP associated with less sea ice, as in the ten CMIP5 models. However, the 527 

midlatitude SLP response of the two AGCMs diverges. Because the difference in the 528 

midlatitude SLP response between the two AGCMs is statistically significant (Fig. S8), we do 529 

not expect their midlatitude response to SIC would become consistent even if the simulation is 530 

extended to 100 years or longer. The above results in turn suggest a limited direct impact of 531 

SIC on the midlatitudes, consistent with Ogawa et al. (2018). Indeed, the midlatitude circulation 532 

could affect the SIC. For example, an extra-tropical anticyclone (e.g., blocking) could enhance 533 

the advection of warm air towards the polar region and reduces the SIC (Gong and Luo 2017; 534 

Svendsen et al. 2018). This linkage could explain the relation in the ten CMIP5 models, but this 535 

cannot be verified in the AGCM experiments and this is beyond the scope of this study. 536 

Previous studies have shown that the midlatitude circulation response to SIC could be 537 

amplified by the stratosphere (Zhang et al. 2018; De and Wu 2019). However, the regression 538 
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of PAISLP against the forced response in the DJF 10-hPa height is not statistically significant 539 

(Fig. 12a). That means the uncertainty in the forced response of the stratospheric polar vortex 540 

is not considerably correlated to PASLP. Consistently, the stratospheric response to the SIC 541 

perturbation in the two AGCMs has small signal-to-noise ratios (Fig. 12f,g). Compared to 542 

CAM4, IFS has a much higher model top and its stratospheric dynamics might be better 543 

resolved, but the stratospheric responses of IFS to the SST perturbation and the SST+SIC 544 

perturbation are weaker than CAM4 (Fig. 12b–e). Therefore, the impact of stratosphere on the 545 

tropospheric circulation is not apparent in this study. Note that the results in this study are 546 

related to the uncertainty in the forced SLP responses over the northeastern Pacific and the 547 

northeastern Atlantic (i.e., PASLP). The weak linkage between PASLP and the stratospheric 548 

circulation does not imply the uncertainty in the forced response of the tropospheric circulation 549 

being unrelated to the stratospheric circulation in other models. Our results could also be 550 

affected by the small number of high-top models (three out of ten models) (Charlton-Perez et 551 

al. 2013) and the perturbation pattern of the Arctic SIC in this study.   552 

5.2 Conclusions 553 

The future projection of the winter SLP in the northeastern Pacific and the northeastern 554 

Atlantic has a large inter-model spread, which covaries with the large-scale SST gradients and 555 

the total Arctic sea ice extent. In this study, the sensitivity experiments of CAM4 and IFS 556 

revealed that atmospheric responses to the same SST and SIC boundary conditions are generally 557 

large, with more coherent responses over the oceans (in terms of the sign of response) and less 558 

coherent remote responses to these boundary conditions. Specifically, we have learnt the 559 

following points: 560 
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• The uncertainty in the forced SLP response over the northeastern Pacific is about twice as 561 

large as the uncertainty related to internal climate variability. This uncertainty is better 562 

explained by the SST perturbation, and it is associated with tropical-midlatitude 563 

interactions and the propagation of a Rossby wavetrain towards North America. The 564 

relative contribution from the tropical and extratropical Pacific should be investigated in 565 

future; 566 

• The uncertainty in the forced SLP response over the northeastern Atlantic is of similar 567 

strength as internal climate variability and is even weaker than it at high latitudes. This 568 

uncertainty is better explained by the joint effect of SST and SIC perturbations. It appears 569 

to be related to a Rossby wavetrain from the North Pacific and with local air-sea 570 

interactions, with the first more important in CAM4 and the second more important in IFS; 571 

• The uncertainties over the northern hemisphere continents and at high latitudes appear to 572 

depend sensitively on the atmospheric model. Furthermore, the response to SST and SIC 573 

perturbations can be non-linear in some models (e.g., IFS), while quite linear in others (e.g., 574 

CAM4). Thus, we should be cautious when using single climate model to understand the 575 

physical mechanism responsible for the uncertainty in future climate projections from 576 

multiple models; 577 

• Future projections of the winter SLP might not be improved by constraining only the SST 578 

and SIC projections. We should investigate other factors contributing to the inter-model 579 

spread in the winter SLP (e.g., the atmosphere–SST–SIC coupled dynamics) in order to 580 

provide more accurate climate projections. 581 

One limitation of our study is that the uncertainty in future climate projections is computed 582 

from only ten CMIP5 models with only three ensemble members, where these models have 583 

more substantial weakening in the Icelandic low than the whole CMIP5 models. The SLP 584 
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pattern from the inter-model EOF analysis, as well as the corresponding SST and SIC patterns, 585 

might also be sensitive to the number of models. To reduce uncertainties related to internal 586 

variability and to make the analysis more representative, more models with more ensemble 587 

members are required to separate the forced response from the internal climate variability, 588 

especially for the northeastern Atlantic and the Arctic. Nevertheless, we believe the results here 589 

should motivate further studies to understand the inter-model spread of the future climate 590 

projections. Our results suggest it is important to better assess the relative contribution of 591 

tropical and extratropical SST to the spread in future climate projections, as well as the role of 592 

the eddy forcing. It is also important to study the role of ocean dynamics (Woollings et al. 2012; 593 

Omrani et al. 2016), the troposphere–stratosphere interaction (Manzini et al. 2014; Omrani et 594 

al. 2014; De and Wu 2019), internal climate variability (Deser et al. 2012, 2020) and forced 595 

variability to the future climate projections, especially over the North Atlantic and high latitudes. 596 
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the inter-model relationship between PAISLP (abscissa) and the future projection 798 
(ordinate): (c) the equator-to-pole SST gradient, (d) the inter-hemispheric SST gradient, (e) 799 
the zonal SST gradient between the equatorial western and eastern Pacific (°C), and (f) the 800 
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Fig. 4. Assessing the uncertainty in the DJF forced response of (left) SLP (contour interval: 0.5 802 
hPa) and (right) 250-hPa geopotential height (contour interval: 10 m) associated with 803 
PASLP. (a)–(b) Inter-model regression of the forced response against PAISLP across the 804 
ten CMIP5 models. (c)–(f) the AGCM response in the SST+SIC perturbation runs (run1 805 
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Fig. 6. Inter-model regression of the forced response against PAISLP across the ten CMIP5 821 
models. (a) Precipitation (shading; mm day−1). (b) 250-hPa velocity potential (contour; 105 822 
m2 s−1), divergent wind (vector; m s−1), and Rossby wave source (shading; 10−11 s−2). (c) 823 
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wave activity fluxes (vector; m2 s−2), and Rossby wave source (shading; 10−11 s−2) Stippling 825 
in (a) indicates the 95% confidence level. 826 

Fig. 7. As in Fig. 6, but for the (left) CAM4 and (right) IFS responses in the SST+SIC 827 
perturbation runs. 828 

Fig. 8. DJF response of (left) SLP (contour intevrval: 0.5 hPa) and (right) 250-hPa geopotential 829 
height (contour interval: 10 m) in CAM4. (a)–(b) the SST perturbation runs, and (c)–(d) 830 
the SIC perturbation runs, (e)–(f) the response in the SST+SIC perturbation runs (contour) 831 
and the sum of responses in the SST perturbation runs and the SIC perturbation runs 832 
(shading). In (a)–(d), stippling indicates the 95% confidence level based on the two-tailed 833 
Student’s t-test. 834 

Fig. 9. As in Fig. 8, but for the response in IFS. 835 

Fig. 10. As in Fig. 5, but for the response of CAM4 and IFS in the SST perturbation runs. 836 

Fig. 11. As in Fig. 6, but for the response in the SST perturbation runs: (left) CAM4 and (right) 837 
IFS. 838 

Fig. 12. Assessing the uncertainty in the DJF response of the 10-hPa geopotential height 839 
(contour interval: 30 m) associated with PASLP. (a) Inter-model regression of the forced 840 
response against PASLP across the ten CMIP5 models. The response of (middle) CAM4 841 
and (right) IFS in (b)–(c) the SST+SIC perturbation runs (run1 minus run2), (d)–(e) the 842 
SST perturbation runs (run3 minus run4), and (f)–(g) the SIC perturbation runs (run 5 843 
minus run6). Unit: hPa. Shading indicates the 90% confidence level in the CMIP5 inter-844 
model regression, and the 95% confidence level in AGCM experiments based on the two-845 
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Table 1. List of CMIP5 coupled models. 847 

Number Model 
Ensemble 
members 
(r{n}i1p1) 

Horizontal 
resolution of 
atmospheric model 
(lat×lon) 

Horizontal 
resolution 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° 

  848 
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Table 2. List of AGCM sensitivity experiments. *For grids in the Northern Hemisphere with 849 
|SICSLP|  0.1 (fraction), SSTSLP changes consistently with SIC (see text for details). 850 

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

SST+SIC 
perturbation 

runs 

1 

2069-2098 MME (SSTMME) 

+ 0.5×regressed SST pattern 
(SSTSLP) 

2069-2098 MME (SICMME) 

+ 0.5×regressed SIC pattern 
(SICSLP) 

2 SSTMME−0.5×SSTSLP SICMME−0.5×SICSLP 

SST 
perturbation 

runs 

3 SSTMME+0.5×SSTSLP
*
 SICMME 

4 SSTMME−0.5×SSTSLP
*
 SICMME 

SIC 
perturbation 

runs 

5 SSTMME

*
 SICMME+0.5×SICSLP 

6 SSTMME

*
 SICMME−0.5×SICSLP 

  851 
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  852 

Fig. 1. Multi-model mean (MME) of the DJF sea level pressure (SLP) in 1971/72–2000/01 of 853 
the historical run (contour), and the forced response (shading) based on ten CMIP5 models 854 
listed in Table 1: (a) the MME forced response, where gray dots and black dots indicate the 855 
regions that at least seven and nine out of ten models agree on the sign of MME change, (b) the 856 
uncertainty in the forced response (inter-model standard deviation of the projection), where dots 857 
indicate the regions that the uncertainty is significantly larger than the internal climate 858 
variability at the 90% confidence level of F-test, (c) the internal climate variability (intra-model 859 
standard deviation of the projection), where dots indicate the regions where the internal climate 860 
variability is significantly larger than the uncertainty at the 90% confidence level of F-test. Unit: 861 
hPa.  862 
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 863 

 864 

Fig. 2. (a)–(b) First two eigenvectors (EOF1 and EOF2; shading) and the uncertainty (inter-865 
model standard deviation; contour) in the forced DJF SLP response of the ten CMIP5 models, 866 
(c) As in (a)–(b), but for the sum of EOF1 and EOF2, which is called the Pacific–Atlantic SLP 867 
uncertainty pattern (PASLP), (d) the inter-model relationship between the forced SLP response 868 
over the northeastern Atlantic (60°–85°N and 20°W–10°E) and over the northeastern Pacific 869 
(40°–65°N and 160°–135°W), where these regions are represented by the black boxes in (a)–870 
(c). Unit: hPa.  871 
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 872 

Fig. 3. (a)–(b) Inter-model regression of the forced response against PAISLP (shading) and the 873 
uncertainty in the forced response (i.e., inter-model standard deviation; contour) of the ten 874 
CMIP5 models: (a) SST (contour interval: 0.4°C), (b) SIC (contour interval: 0.1 fraction), where 875 
the outermost circle in the polar stereographic map is 45°N. (c)–(e) Scatterplot of the inter-876 

model relationship between PAISLP (abscissa) and the future projection (ordinate): (c) the 877 
equator-to-pole SST gradient, (d) the inter-hemispheric SST gradient, (e) the zonal SST gradient 878 
between the equatorial western and eastern Pacific (°C), and (f) the total Arctic sea ice extent 879 
(106 km2).  880 
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 881 

Fig. 4. Assessing the uncertainty in the DJF forced response of (left) SLP (contour interval: 0.5 882 
hPa) and (right) 250-hPa geopotential height (contour interval: 10 m) associated with PASLP. 883 
(a)–(b) Inter-model regression of the forced response against PAISLP across the ten CMIP5 884 
models. (c)–(f) the AGCM response in the SST+SIC perturbation runs (run1 minus run2): (c)–885 
(d) CAM4, (e)–(f) IFS. Unit: hPa. Stippling indicates the 90% confidence level in the CMIP5 886 
inter-model regression, and the 95% confidence level in AGCM experiments based on the two-887 
tailed Student’s t-test.  888 
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 889 

Fig. 5. Assessing the uncertainty in the DJF forced response of the zonal-mean mass 890 
streamfunction (109 kg s−1) and the zonal-mean precipitation (mm day−1) associated with PASLP. 891 
(a) Inter-model regression of the forced response against PAISLP across the ten CMIP5 models, 892 
(b)–(c) the AGCM response in the SST+SIC perturbation runs (run1 minus run2): (b) CAM4, 893 
and (c) IFS. For figures showing the zonal-mean mass streamfunction, the contour lines indicate 894 
the 2069/70–2098/99 DJF climatology in the RCP8.5 scenario, where the thick lines indicate 895 
0, the solid and dashed lines indicate the contours ±5×109 kg s−1 and the multiples of ±25×109 896 
kg s−1. For figures showing the zonal-mean precipitation, blue line indicates the CMIP5 inter-897 
model regression or the AGCM response, and red line indicates the 2069/70–2098/99 DJF 898 
climatology. Stippling and blue dots denotes the grid points exceeding the 95% confidence 899 
interval of the zonal-mean mass streamfunction and the zonal-mean precipitation, respectively. 900 
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 901 

Fig. 6. Inter-model regression of the forced response against PAISLP across the ten CMIP5 902 
models. (a) Precipitation (shading; mm day−1). (b) 250-hPa velocity potential (contour; 105 m2 903 
s−1), divergent wind (vector; m s−1), and Rossby wave source (shading; 10−11 s−2). (c) 250-hPa 904 
eddy geopotential height (contour interval: 10 m) and horizontal component of wave activity 905 
fluxes (vector; m2 s−2), and Rossby wave source (shading; 10−11 s−2) Stippling in (a) indicates 906 
the 95% confidence level.  907 
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 908 

Fig. 7. As in Fig. 6, but for the (left) CAM4 and (right) IFS responses in the SST+SIC 909 
perturbation runs. 910 

911 
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 912 

Fig. 8. DJF response of (left) SLP (contour intevrval: 0.5 hPa) and (right) 250-hPa geopotential 913 
height (contour interval: 10 m) in CAM4. (a)–(b) the SST perturbation runs, and (c)–(d) the 914 
SIC perturbation runs, (e)–(f) the response in the SST+SIC perturbation runs (contour) and the 915 
sum of responses in the SST perturbation runs and the SIC perturbation runs (shading). In (a)–916 
(d), stippling indicates the 95% confidence level based on the two-tailed Student’s t-test. 917 
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 918 

Fig. 9. As in Fig. 8, but for the response in IFS. 919 
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 920 

Fig. 10. As in Fig. 5, but for the response of CAM4 and IFS in the SST perturbation runs.  921 
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 922 

Fig. 11. As in Fig. 6, but for the response in the SST perturbation runs: (left) CAM4 and (right) 923 
IFS.  924 
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  926 

Fig. 12. Assessing the uncertainty in the DJF response of the 10-hPa geopotential height 927 
(contour interval: 30 m) associated with PASLP. (a) Inter-model regression of the forced 928 
response against PASLP across the ten CMIP5 models. The response of (middle) CAM4 and 929 
(right) IFS in (b)–(c) the SST+SIC perturbation runs (run1 minus run2), (d)–(e) the SST 930 
perturbation runs (run3 minus run4), and (f)–(g) the SIC perturbation runs (run 5 minus run6). 931 
Unit: hPa. Shading indicates the 90% confidence level in the CMIP5 inter-model regression, 932 
and the 95% confidence level in AGCM experiments based on the two-tailted Student’s t-test. 933 



Figures

Figure 1

Multi-model mean (MME) of the DJF sea level pressure (SLP) in 1971/72–2000/01 of the historical run
(contour), and the forced response (shading) based on ten CMIP5 models listed in Table 1: (a) the MME
forced response, where gray dots and black dots indicate the regions that at least seven and nine out of



ten models agree on the sign of MME change, (b) the uncertainty in the forced response (inter-model
standard deviation of the projection), where dots indicate the regions that the uncertainty is signi�cantly
larger than the internal climate variability at the 90% con�dence level of F-test, (c) the internal climate
variability (intra-model standard deviation of the projection), where dots indicate the regions where the
internal climate variability is signi�cantly larger than the uncertainty at the 90% con�dence level of F-test.
Unit: hPa. Note: The designations employed and the presentation of the material on this map do not
imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.

Figure 2

(a)–(b) First two eigenvectors (EOF1 and EOF2; shading) and the uncertainty (inter-865 model standard
deviation; contour) in the forced DJF SLP response of the ten CMIP5 models, 866 (c) As in (a)–(b), but for
the sum of EOF1 and EOF2, which is called the Paci�c–Atlantic SLP 867 uncertainty pattern (PAΔSLP),
(d) the inter-model relationship between the forced SLP response 868 over the northeastern Atlantic (60°–
85°N and 20°W–10°E) and over the northeastern Paci�c 869 (40°–65°N and 160°–135°W), where these
regions are represented by the black boxes in (a)–870 (c). Unit: hPa. Note: The designations employed
and the presentation of the material on this map do not imply the expression of any opinion whatsoever



on the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 3

(a)–(b) Inter-model regression of the forced response against PAIΔSLP (shading) and the 873 uncertainty
in the forced response (i.e., inter-model standard deviation; contour) of the ten 874 CMIP5 models: (a)



SST (contour interval: 0.4°C), (b) SIC (contour interval: 0.1 fraction), where 875 the outermost circle in the
polar stereographic map is 45°N. (c)–(e) Scatterplot of the inter-876 model relationship between PAIΔSLP
(abscissa) and the future projection (ordinate): (c) the 877 equator-to-pole SST gradient, (d) the inter-
hemispheric SST gradient, (e) the zonal SST gradient 878 between the equatorial western and eastern
Paci�c (°C), and (f) the total Arctic sea ice extent 879 (106 km2). Note: The designations employed and
the presentation of the material on this map do not imply the expression of any opinion whatsoever on
the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 4

Assessing the uncertainty in the DJF forced response of (left) SLP (contour interval: 0.5 882 hPa) and
(right) 250-hPa geopotential height (contour interval: 10 m) associated with PAΔSLP. 883 (a)–(b) Inter-
model regression of the forced response against PAIΔSLP across the ten CMIP5 884 models. (c)–(f) the



AGCM response in the SST+SIC perturbation runs (run1 minus run2): (c)–885 (d) CAM4, (e)–(f) IFS. Unit:
hPa. Stippling indicates the 90% con�dence level in the CMIP5 886 inter-model regression, and the 95%
con�dence level in AGCM experiments based on the two-887 tailed Student’s t-test. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.

Figure 5

Assessing the uncertainty in the DJF forced response of the zonal-mean mass 890 streamfunction (109
kg s−1) and the zonal-mean precipitation (mm day−1) associated with PAΔSLP. 891 (a) Inter-model
regression of the forced response against PAIΔSLP across the ten CMIP5 models, 892 (b)–(c) the AGCM



response in the SST+SIC perturbation runs (run1 minus run2): (b) CAM4, 893 and (c) IFS. For �gures
showing the zonal-mean mass streamfunction, the contour lines indicate 894 the 2069/70–2098/99 DJF
climatology in the RCP8.5 scenario, where the thick lines indicate 895 0, the solid and dashed lines
indicate the contours ±5×109 kg s−1 and the multiples of ±25×109 896 kg s−1. For �gures showing the
zonal-mean precipitation, blue line indicates the CMIP5 inter-897 model regression or the AGCM response,
and red line indicates the 2069/70–2098/99 DJF 898 climatology. Stippling and blue dots denotes the
grid points exceeding the 95% con�dence 899 interval of the zonal-mean mass streamfunction and the
zonal-mean precipitation, respectively. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 6

Inter-model regression of the forced response against PAIΔSLP across the ten CMIP5 902 models. (a)
Precipitation (shading; mm day−1). (b) 250-hPa velocity potential (contour; 105 m2 903 s−1), divergent
wind (vector; m s−1), and Rossby wave source (shading; 10−11 s−2). (c) 250-hPa 904 eddy geopotential
height (contour interval: 10 m) and horizontal component of wave activity 905 �uxes (vector; m2 s−2),
and Rossby wave source (shading; 10−11 s−2) Stippling in (a) indicates 906 the 95% con�dence level.
Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.



Figure 7

As in Fig. 6, but for the (left) CAM4 and (right) IFS responses in the SST+SIC perturbation runs. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.

Figure 8

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%
con�dence level based on the two-tailed Student’s t-test. Note: The designations employed and the



presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 9

As in Fig. 8, but for the response in IFS. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 10

As in Fig. 5, but for the response of CAM4 and IFS in the SST perturbation runs. Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.



Figure 11

As in Fig. 6, but for the response in the SST perturbation runs: (left) CAM4 and (right) IFS. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 12

Assessing the uncertainty in the DJF response of the 10-hPa geopotential height 927 (contour interval: 30
m) associated with PAΔSLP. (a) Inter-model regression of the forced 928 response against PAΔSLP
across the ten CMIP5 models. The response of (middle) CAM4 and 929 (right) IFS in (b)–(c) the SST+SIC
perturbation runs (run1 minus run2), (d)–(e) the SST 930 perturbation runs (run3 minus run4), and (f)–(g)
the SIC perturbation runs (run 5 minus run6). 931 Unit: hPa. Shading indicates the 90% con�dence level in
the CMIP5 inter-model regression, 932 and the 95% con�dence level in AGCM experiments based on the
two-tailted Student’s t-test. Note: The designations employed and the presentation of the material on this
map do not imply the expression of any opinion whatsoever on the part of Research Square concerning



the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of
its frontiers or boundaries. This map has been provided by the authors.
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