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Abstract Future changes in the frequency of Northern Hemisphere blocking are investigated via large
ensemble simulations using a 60 km mesh atmospheric general circulation model prescribed with six
future sea surface temperature patterns derived from state-of-the-art climate models under a 4 K warmer
climate. Our simulations depict the frequency of wintertime blocking decreasing from 16.6% ± 0.7% to
13.1% ± 2.1% in the Euro-Atlantic sector and from 17.4% ± 0.7% to 14.8% ± 2.4% in the Pacific sector. This
decline in frequency is seen to affect Euro-Atlantic blocking of all durations and Pacific blocking of more than
15 days’ duration. During summer, our simulations not only exhibit a robust decrease (from 10.7% ± 0.4% to
7.6% ± 0.7%) in the Euro-Atlantic blocking frequency but also show that the magnitude of this decrease is
smaller for longer-lived blocking. In contrast, the Pacific blocking frequency either does not change or
increases slightly, particularly for events of 15–29 days’ duration.

1. Introduction

Atmospheric blocking (an anticyclonic quasi-stationary flow pattern) is a fundamental characteristic of mid-
latitude weather and climate, and persistent blocking events can induce extreme temperature and precipita-
tion anomalies over a large geographic area [e.g., Black et al., 2004; Matsueda, 2011]. Although general
circulation models (GCMs) typically underestimate the frequency of blocking in climate simulations [e.g.,
D’Andrea et al., 1998; Palmer et al., 2008, Anstey et al., 2013; Masato et al., 2013], a number of more recent
GCMs, including those of the intercomparison projects, e.g., the first Atmospheric Model Intercomparison
Project (AMIP1, 1992), phase 3 of the Coupled Model Intercomparison Project (CMIP3 [Meehl et al., 2007]),
and phase 5 of the CoupledModel Intercomparison Project (CMIP5 [Taylor et al., 2012]), havemade significant
improvements in simulating blocking frequency, particularly over the Pacific sector [Intergovernmental Panel
on Climate Change (IPCC), 2013; Davini and D’Andrea, 2016].

State-of-the-art high-resolution atmospheric GCMs (AGCMs) are showing improved simulations of the fre-
quency of blocking, especially over the Euro-Atlantic sector, attributed to an increase in the horizontal and
vertical resolutions of models [e.g., Matsueda et al., 2009, 2010; Jung et al., 2012; Anstey et al., 2013;
Schiemann et al., 2017]. These AGCMs can provide more reliable projections of blocking events and
blocking-related regional climate change, such as heatwaves, cold snaps, and large-scale extreme rainfall,
than do the more typical, coarser-resolution climate models. For example, using initial-value ensemble simu-
lations of the Japan Meteorological Agency Meteorological Research Institute’s high-resolution Atmospheric
GCM (MRI-AGCM3.1),Matsueda et al. [2009] projected that the frequency of Northern Hemisphere wintertime
blocking will decrease significantly by the end of the 21st Century. In that study, the MRI-AGCM3.1 was per-
turbed with CMIP3 multimodel ensemble mean sea surface temperature (SST), in keeping with other studies
using the coarser-resolution CMIP models [e.g., Masato et al., 2013].

Although the CMIP5 models are demonstrably better at simulating blocking events than the AMIP and CMIP3
models, CMIP5 simulations nonetheless underperform relative to the MRI-AGCM regarding the frequency of
blocking [Davini and D’Andrea, 2016; Matsueda et al., 2009] and considerable disparity exists in projected
SSTs, particularly at the equator. Furthermore, the atmospheric response (i.e., teleconnection) to SST is
thought to be strongly model-dependent. Tropical SSTs, particularly in the Pacific Ocean, can have a signifi-
cant impact on midlatitude climate, with this effect being most pronounced during winter [e.g., Palmer and
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Mansfield, 1984; Trenberth et al., 2014]. Consequently, large uncertainties in the projected distribution and
amplitude of tropical Pacific SSTs, coupled with the model-dependent atmospheric response to these
projections, may produce sizable uncertainties in the frequency of simulated blocking events and related
atmospheric phenomena in a warming climate [IPCC, 2013, chapter 14].

In this study, we describe ensemble simulations made using a high-resolution MRI-AGCM to investigate the
robustness of future changes in Northern Hemisphere blocking under various sea surface conditions. Our
model is forced with SST projections from CMIP5, assuming a climate warming of 4 K relative to
preindustrial conditions.

2. Methodology

The large ensemble data sets from the experiments described here are available on the Database for Policy
Decision Making for Future Climate Change (d4PDF [Mizuta et al., 2017]).

2.1. Model, Model Experiments, and Observations

The AGCM used here (hereafter, MRI-AGCM3.2) was developed by MRI in Japan [Mizuta et al., 2012]. The hor-
izontal resolution of the MRI-AGCM3.2 is 0.56° × 0.56° (TL 319, 40 km at 50°N) in latitude and longitude, with
64 vertical levels (top at 0.01 hPa).

We conducted model integrations for a 60 year historical climate (1951–2010) and a 60 year future climate
(2051–2110), in which global-mean surface air temperature becomes 4 K (3.6 K) warmer than the preindus-
trial (historical) climate. The SST, sea ice concentration, and sea ice thickness (SIT) were each prescribed as
lower boundary conditions. For the historical climate, we applied different arbitrary initial conditions and
small SST perturbations (δSSTs, their amplitude is set to be 30% of the standard deviation of the interannual
SST variability) to 100-member ensemble simulations prescribed with observed monthly mean SST and SIC
(COBE-SST2 [Hirahara et al., 2014]) and climatological monthly SIT [Bourke and Garrett, 1987] as lower
boundary conditions.

In the +4 K climate simulations, we kept the amplitude of warming constant throughout the 60 year integra-
tion to obtain a large sample size under a specific stage of global warming. This stage corresponds to the end
of the 21st Century under the CMIP5 Representative Concentration Pathway 8.5 (RCP8.5) scenario. Using six
CMIP5 models (CCSM4, GFDL-CM3, HadGEM2-AO, MIROC5, MPI-ESM-MR, and MRI-CGCM3), we calculated cli-
matological SST warming patterns (ΔSSTs) as differences between the periods 2080–2099 and 1991–2010 in
both the historical and RCP8.5 experiments (Figure 1). These models were selected through cluster analysis of

Figure 1. Prescribed changes in annual-mean SST for the period 2051–2110 relative to 1951–2010: (a) CCSM4, (b) GFDL-
CM3, (c) HadGEM2-AO, (d) MIROC5, (e) MPI-ESM-MR, and (f) MRI-CGCM3.
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geographical patterns in SST change, which indicated that these patterns account for most of the SST uncer-
tainty in all CMIP5 models [Mizuta et al., 2014]. All the SST warming patterns, except the MRI-CGCM3 SST pat-
tern, include the canonical eastern Pacific El Niño signal (the MIROC5 (CCSM4) SST pattern shows the
strongest (weakest) signal), whereas the MRI-CGCM3 SST pattern does the central Pacific (CP) El Niño signal
rather than the canonical Pacific El Niño signal. Warming patterns (ΔSSTs) were then applied to the observed
SST record, from which the long-term trend had been removed. Finally, we conducted 15-member ensemble
simulations for each of the six future SST patterns using different arbitrary initial conditions and δSSTs under
the 2090 levels of greenhouse gas concentrations anticipated in the RCP8.5 scenario.

To assess the model’s performance in simulating the frequency and duration of blocking events for the per-
iod 1951–2010, we used 500 hPa geopotential height (Z500) data from the 55 year Japanese reanalysis
[JRA55; Kobayashi et al., 2015].

2.2. Blocking Index and Duration

Following Matsueda et al. [2009], we employed the objective blocking index proposed by D’Andrea et al.
[1998]. Specifically, the Z500 meridional gradients, GHGS and GHGN, are computed for each longitude
as follows:

GHGS ¼ Z φ0ð Þ � Z φsð Þ
φ0 � φs

;

GHGN ¼ Z φnð Þ � Z φ0ð Þ
φn � φ0

;

8>>><
>>>:

where

φn ¼ 77:5°N±Δ

φ0 ¼ 60:0°N±Δ ; Δ ¼ 0°; 1:25°; 2:5°; 3:75°; 5:0°:

φs ¼ 40:0°N±Δ

8><
>:

A specific longitude on a given day is locally defined as being blocked (“local blocking”) if both of the follow-
ing conditions are satisfied (for at least one value of Δ):

GHGS > 0;

GHGN < �5 m= deglatð Þ:

�

To calculate the duration of blocking, “sector blocking” is also defined. The Euro-Atlantic and Pacific sectors
are defined using the longitudinal limits of 60°W–40°E and 100°E–120°W, respectively. Sector blocking is then
defined as the simultaneous blocking of three or more adjacent longitudes within the sector limits relative to
the previous local index definition.

The duration is calculated for sector blocking using a loose time-continuity constraint. For instance, in the
case that two consecutively blocked days in a sector are followed by a nonblocked day and then two more
consecutively blocked days, the entire 5 day period is considered as a single blocking event. An analogous
criterion is applied to the case that a single nonblocked day is preceded (followed) by three blocked days
and is followed (preceded) by a single blocked day.

The Student’s t test for difference of means is used to determine whether future change in the blocking fre-
quency and duration is significant.

3. Results

Although the MRI-AGCM3.2 (1951–2010) exhibits several biases in simulations of DJF (December–February)
and JJA (June–August) blocking frequency against JRA55 (1958–2010), we note that theMRI-AGCM3.2 in gen-
eral simulates the locations of the local maxima and minima of the blocking frequency well (Figure 2). Our
simulations project that the frequencies of Euro-Atlantic and Pacific blocking in DJF will decrease significantly
over the western tail of both sectors, a pattern that is evident in most of the ΔSST ensemble simulations
(Figures 2a and 2b). We also observed a significant and robust increase in frequency over the eastern tail of

Geophysical Research Letters 10.1002/2017GL073336

MATSUEDA AND ENDO ROBUSTNESS OF FUTURE CHANGES IN BLOCKING 3



each peak, suggesting a slight eastward shift in the frequency of blocking, although we note that the change
in absolute value is considerably smaller here than over each peak and respective western tail.

There are some important differences in the wintertime frequency changes among the ΔSST simulations
(Figure S1 in the supporting information). For example, the MRI-CGCM3 (CCSM4) SST-forced simulation exhi-
bits significant changes in blocking frequency over less-extensive Euro-Atlantic (Pacific) sectors compared
with the other simulations, and the pattern of Z500 change in these runs is also markedly different
(Figure S2). Specifically, the MRI-CGCM3 SST distribution shows a distinct southwestward shift in the Euro-
Atlantic Z500minimum that resembles the response of 1000 hPa geopotential height to the CP El Niño, a link-
age that is facilitated by the “stratospheric bridge” (Figure 3 in Graf and Zanchettin [2012]). Indeed, the El Niño
signal in the prescribed MRI-CGCM3 SST (Figure 1f) is closer to the CP El Niño than to the canonical eastern
Pacific El Niño. We also note that the peaks in rainfall and strong tropical convection, measured as 200 hPa
velocity potential, also shift westward in this run compared with the other simulations (Figure S3).

Concurrently, the CCSM4 SST-forced simulation exhibits the weakest meridional Z500 gradient over the
Pacific sector (Figure S2a), which we attribute to the weak El Niño signal. In contrast, the MIROC5 SST-forced
simulation, for which the El Niño signal is the strongest of all prescribed SSTs, displays the largest frequency
reductions over both the Euro-Atlantic and Pacific sectors (Figure S1), due to the largest meridional Z500 gra-
dients of all our experiments (Figure S2).

Under canonical El Niño SST conditions, the frequency of blocking averaged over the Euro-Atlantic sector
(hereafter areal-mean frequency) in DJF (column 2 in Table 1) declines considerably by between 2.6%
(HadGEM2-AO SST) and 5.8% (MIROC5 SST). In contrast, under CP El Niño-type SST conditions, these values
increase slightly (0.4%, MRI-CGCM3 SST). For each ensemble simulation the standard deviation of the
frequencies is <1.0. The reduced frequency of Euro-Atlantic blocking is possible even under the CP El

Figure 2. Ensemble-mean frequency of blocking in (a) winter and (c) summer in the Northern Hemisphere as a function of
longitude for JRA55 (black, 1958–2010) and the ensemble simulations perturbed with COBE-SST2 (blue, 1951–2010) and six
ΔSSTs (red, 2051–2110). The red and blue shading represent the ±1 standard deviation of the blocking frequency for
the periods 1951–2010 and 2051–2110, measured from 100- and 90-ensemble members, respectively. The orange bars
indicate the longitudes for which the future change in the blocking frequency is significant at the 99% confidence level.
Also shown is the number of ΔSST ensemble simulations in (b) winter and (d) summer for which the 15-member mean
blocking frequency for 2051–2110 shows a significant (at the 99% confidence level) increase (red) or decrease (blue)
relative to the corresponding 100-member mean frequency for the period 1951–2010.
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Niño-type SST warming. Reduction rates for DJF in the Pacific sector (column 3) vary considerably from 1.7%
(MRI-CGCM3 SST) to 7.1% (MIROC5 SST) on average. We observed that although the frequency of Pacific
blocking increases by 0.7% during weak El Niño-type SST warming (i.e., CCSM4 SST), most of the
simulations show this frequency declining.

In the Euro-Atlantic sector during DJF, the number of blocking events in each 5 day category is projected to
decrease significantly regardless of the overall duration of blocking (Figure 3a). One exception is the MRI-
CGCM3 SST-forced simulation, which exhibits no significant decrease in the number of blocking events but
shows a significant increase in the number of events of 20–24 days’ duration (not shown). Our simulations
also project significant and robust reductions in the number of blocking events over the Pacific, but only
for events of >15 days’ duration (Figure 3b). For those lasting 5–9 days, we observed a significant but non-
robust increase, whereas events of 10–14 days’ duration decreased in number. None of the simulations pro-
jected a decrease in the number of 5–9 day blocking events.

For the JJA period, all ensemble runs depict significant and robust decreases in the frequency of Euro-Atlantic
blocking events west of 40°E, whereas only the MPI-ESM-MR SST-forced simulation projects a significant
increase in Ural blocking (40°–80°E, Figures 2c and 2d and S4). The greatest reduction in Euro-Atlantic block-
ing frequency occurs in theMIROC5 SST-forced simulation (Figure S4), which also depicts the largest decrease
in wintertime blocking. In contrast, the smallest frequency reductions are projected by the HadGEM2-AO-
forced simulation. On average, the areal-mean frequency of Euro-Atlantic blocking events is shown to decline
by between 2.4% (HadGEM2-AO SST) and 4.1% (MIROC5 SST), with standard deviations being uniformly<0.5
(Table 1). Taken together, these results suggest that the frequency of summer blocking events in the Euro-
Atlantic sector is unlikely to increase. Indeed, the number of JJA events lasting up to 24 days exhibits a sig-
nificant and robust decrease, while events of >25 days’ duration show a significant but less robust decrease
(Figure 3c). In summary, the longer the blocking duration, the less robust the projected decrease in the num-
ber of events.

In the Pacific sector, the frequency of summertime blocking remained unchanged or increased slightly, indi-
cating the weaker robustness of the projected response compared with other sectors (Figures 2c and 2d). In
addition, the absolute values of any changes are significantly smaller than those in the Euro-Atlantic sector.
The largest reduction in Pacific frequency, in particular east of 140°E, is exhibited by the MIROC5 SST-forced
simulation (Figure S4). In contrast, both the CCSM4 SST- and GFDL-CM3 SST-forced simulations show
increased frequencies of Pacific blocking. Enhanced blocking is also evident around 120°E in the MIROC5
SST- and MPI-ESM-MR SST-forced runs and around 160°W in the runs forced with HadGEM2-AO, MPI-ESP-
MR, and MRI-CGCM3 SSTs.

Taken together, these results suggest that the areal-mean frequency of Pacific blocking may either increase
on average by between 0.4% (MPI-ESM-MR SST) and 1.0% (GFDL-CM3 SST) or decrease by as much as 1.4%
(MIROC5 SST) (Table 1). The other simulations in our experiment do not project any significant change in the
areal-mean blocking frequency for this sector. Therefore, our findings suggest that simulated changes in

Table 1. Areal-Mean Frequencies (%) of Simulated Blocking Events and Their Standard Deviations Measured by
Ensemble Spread for the Euro-Atlantic (60°W–40°E, Columns 2 and 4) and Pacific Sectors (100°E–120°W, Columns 3 and
5) in DJF and JJA for Each ΔSST Ensemble Simulationa

DJF JJA

Euro-Atlantic Pacific Euro-Atlantic Pacific

1951–2010 (100) 16.6 ± 0.7 17.4 ± 0.7 10.7 ± 0.4 10.1 ± 0.4
2051–2110 (90, all SSTs) 13.1 ± 2.1▼ 14.8 ± 2.4▼ 7.6 ± 0.7▼ 10.2 ± 0.9
(15, CCSM4 SST) 12.5 ± 0.7▼ 18.1 ± 0.7● 7.4 ± 0.5▼ 10.7 ± 0.3●
(15, GFDL-CM3 SST) 12.3 ± 1.0▼ 15.3 ± 0.5▼ 7.8 ± 0.4▼ 11.1 ± 0.5●
(15, HadGEM2-AO SST) 14.0 ± 0.5▼ 14.5 ± 0.5▼ 8.3 ± 0.4▼ 10.2 ± 0.5
(15, MIROC5 SST) 10.8 ± 0.7▼ 10.3 ± 0.5▼ 6.6 ± 0.4▼ 8.7 ± 0.4▼
(15, MPI-ESM-MR SST) 11.7 ± 0.8▼ 14.8 ± 0.4▼ 7.8 ± 0.5▼ 10.5 ± 0.4●
(15, MRI-CGCM3 SST) 17.0 ± 0.5 15.7 ± 0.7▼ 7.9 ± 0.5▼ 10.2 ± 0.5

aThe numbers in parentheses (column 1) denote the ensemble size in each ΔSST simulation. The triangles (▼) and
circles (●) denote significantly (at the 99% confidence level) decreased and increased blocking frequencies, respectively,
for the period 2051–2110 relative to 1951–2010.
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frequency are largely uncertain. In a warming climate, Pacific blocking events lasting 15–29 days are projected
to occur more frequently and those lasting 5–9 days less frequently (Figure 3d). Most of these projected
changes are moderately robust (i.e., three to four of six ensemble simulations show a significant change).

In summary, we emphasize that the response of blocking activity to global warming in the Pacific sector dif-
fers markedly among sectors and seasons, suggesting the influence of additional mechanisms. For example,
Arai and Kimoto [2008] suggested that global warming will enhance the land-sea thermal contrast, resulting
in increased blocking events over eastern Siberia.

Finally, more detailed future changes in the blocking frequency are shownwith Hovmöller diagram (Figure 4).
In the Euro-Atlantic sector, the ensemble simulations show significant decreases in the frequency of blocking
throughout the year. Furthermore, with the exception of the prime meridian region during late winter-
midspring, each ΔSST ensemble simulation indicates that the most pronounced decreases reflect robust
changes. The largest reduction in blocking frequency occurs on the prime meridian in February. Only the
MRI-CGCM3 SST-forced simulation shows no significant change in blocking frequency in that region at the
99% confidence level (Figure S5), resulting in a weaker robustness.

Over the Ural sector, pronounced increases in frequency are projected east of 60°E from March to June and
over most of the sector from October to January, although the latter are only significantly robust west of 60°E
from October to December. The 2010 summer heatwave that affected Western Europe and Russia was due to
the long-term (>1 month) persistence of Ural blocking [Barriopedro et al., 2011;Matsueda, 2011]. All the ΔSST

Figure 3. Histogram of the durations of observed (plus symbols) and simulated (solid lines with multiplication symbols)
blocking events over the Euro-Atlantic and Pacific sectors in (a and b) winter and (c and d) summer for the periods
1958–2010 (JRA55, black), 1951–2010 (100 members, blue), and 2051–2110 (15 × 6 members, red). The number of events
for JRA55 (53 year data) is rescaled by 60/53 to enable comparison with the 60 year simulations. The red circles and
blue triangles indicate significant changes in the number of blocking events for each 5 day duration bin at the 95%
confidence level. The red and blue bars indicate the number of the ΔSST ensemble simulations for which the 15-member
mean number of blocking events shows a significant increase or decrease, respectively, at the 95% confidence level.
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ensemble simulations (except the
MRI-CGC3 SST-forced simulations)
show an increased frequency of Ural
blocking in June only (Figure S5).

In the Pacific sector, our simulations
depict significant and robust declines
in blocking frequency, mainly in late
summer and early spring. However,
the largest reduction (January–
February) exhibits a weaker robust-
ness owing to the relatively weak
signals in the CCSM4 SST-forced
simulations, for which the El Niño sig-
nal is also the weakest (Figure 1).

Projected wintertime reductions over
the Euro-Atlantic and Pacific sectors
are consistent with previous studies
[e.g., Matsueda et al., 2009; Masato
et al., 2013]. We also observed signifi-
cant and robust increases in blocking
frequency around 120°E in July,
140°W in late winter-early spring,
and 160°W in June, along with a sig-
nificant but less robust increase
between 100°E and 180°E. We specu-
late that the July increase around
120°E may serve to enhance the
development of the surface Okhotsk
High, which brings northeasterly

surface winds and anomalously cold and cloudy summers to northeast Japan [Nakamura and
Fukamachi, 2004].

4. Summary and Conclusions

We used the high-resolution MRI-AGCM3.2 model, prescribed with six CMIP5-derived future SST patterns to
conduct large-ensemble simulations of Northern Hemisphere blocking events in a climate 4 K warmer than
preindustrial time. As summarized below, intrinsic differences in the prescribed future SST warming resulted
in either consistent or inconsistent responses of blocking activity to global warming among the simulations.

During the Pacific winter, all model runs projected significant and robust decreases in the frequency of block-
ing events, with the areal-mean frequency declining from 17.4% ± 0.7% to 14.8% ± 2.4%. The stronger the
canonical El Niño-like SST warming, the larger the decrease in frequency over the peak’s western tail. The
CP El Niño-like SST warming also leads to a similar reduced frequency of blocking. In addition, the number
of Pacific blocking events exceeding 15 days’ duration is significantly and robustly reduced, whereas events
lasting 5–9 and 10–14 days exhibit a significant but nonrobust increase and decrease, respectively. No simu-
lation projected a decrease in the number of blocking events lasting between 5 and 9 days.

In the Euro-Atlantic sector, the projected frequency of wintertime blocking events also exhibits a significant
and robust decline, with the areal-mean frequency dropping from 16.6% ± 0.7% to 13.1% ± 2.1%. In contrast
to the Pacific sector, significant and robust reductions occurred regardless of event duration. The reduction in
blocking frequency is relatively insensitive to the strength of the canonical El Niño signal. In contrast, the CP El
Niño-like SST warming results in a similar or increased frequency of Euro-Atlantic blocking events compared
with the historical climate, especially over continental Europe. Given that CP El Niño events could become
more frequent in a warming climate [Yeh et al., 2009], we cannot exclude the possibility of slightly increased
frequencies of Euro-Atlantic blocking.

Figure 4. Hovmöller diagram of the simulated blocking frequency over the
Northern Hemisphere for the period 1951–2010 (100-member mean, con-
tours) and significant change (at the 99% confidence level) for 2051–2110
relative to 1951–2010 (shading). Significance values are based on 100- and
90-member ensembles for the periods 1951–2010 and 2051–2110, respec-
tively. The stippled areas indicate that all ΔSST ensemble simulations show
significant changes in blocking frequency at the 99% confidence level,
compared with the corresponding 100-member mean frequency for the
period 1951–2010.
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During the Euro-Atlantic summer months, all ΔSST ensemble simulations show a significant reduction in
blocking frequency east of 50°E, consistent with previous studies [e.g., Masato et al., 2013]. The areal-mean
frequency declines from 10.7% ± 0.4% to 7.6% ± 0.7%. We also observed a significant and robust
decrease in the number of events lasting up to 24 days. However, the longer the blocking duration,
the less robust the decrease in the number of events. In the Ural sector, the majority of simulations pro-
jected a frequency similar to current climate conditions. Considering the anticipated rise in future surface
temperature, Europe and east Russia may potentially experience more severe heatwaves due to long-
lasting blocking events.

Summertime blocking frequency in the Pacific sector is projected either to remain unchanged or to increase
slightly. For example, while several models project a higher frequency of blocking events lasting between 15
and 29 days, the scale of these changes is minor. We suggest that this unique response of Pacific summertime
blocking to global warming indicates the influence of mechanisms other than season and region, such as
intensified land-sea thermal contrast [Arai and Kimoto, 2008; Kamae et al., 2014]. This problem deserves
further study.
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 Projected frequency of blocking in winter for all the models (Fig. S1); 

 Projected future changes of geopotential height at 500hPa in winter for all the 
models (Fig. S2); 

 Projected future changes of precipitation and velocity potential at 200hPa in 
winter for all the models (Fig. S3); 

 Projected frequency of blocking in summer for all the models (Fig. S4); 

 Hovmöller diagram of projected frequency of blocking over the Northern 
Hemisphere (Fig. S5). 
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Figure S1. As for Figure 2a, but for each ∆SST ensemble simulation with SSTs from (a) 
CCSM4, (a) CCSM4, (b) GFDL-CM3, (c) HadGEM2-AO, (d) MIROC5, (e) MPI-ESM-MR, 
and (f) MRI-CGCM3. 
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Figure S2. Ensemble-mean DJF climate-change signals of Z500 for the ∆SST 
simulations prescribed with SSTs from (a) CCSM4, (b) GFDL-CM3, (c) HadGEM2-AO, 
(d) MIROC5, (e) MPI-ESM-MR, and (f) MRI-CGCM3. The hemispheric mean has been 
removed. 
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Figure S3. Projected future changes in (top, a–f) precipitation and (bottom, a–f) velocity 
potential at 200 hPa in DJF for each ∆SST ensemble simulation prescribed with SSTs 
from (a) CCSM4, (b) GFDL-CM3, (c) HadGEM2-AO, (d) MIROC5, (e) MPI-ESM-MR, 
and (f) MRI-CGCM3. 
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Figure S4. As for Figure S1, but for summer (JJA). 
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Figure S5. Hovmöller diagram of (contours) the simulated blocking frequency over the 
Northern Hemisphere for the period 1951–2010, and (shading) its significant change (at 
the 99% confidence level) in 2051–2110 relative to 1951–2010, for each ∆SST 
ensemble simulation prescribed with SSTs from (a) CCSM4, (b) GFDL-CM3, (c) 
HadGEM2-AO, (d) MIROC5, (e) MPI-ESM-MR, and (f) MRI-CGCM3. Significance values 
are based on 100- and 15-member ensembles for the periods 1951–2010 and 2051–
2110, respectively. 
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