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Abstract The wintertime midlatitude atmospheric circulation is evaluated in CMIP6 models. The
biases have been reduced since CMIP5 although the low-level flow is still too zonal. CMIP5 and CMIP6
projections of 850 hPa zonal wind are then analyzed and are consistent under the RCP8.5 and the SSP5–8.5
scenarios, respectively. A poleward shift is identified in the Pacific, while a tripole structure is found in the
North Atlantic: The zonal wind strengthens over Western Europe and decreases north and south. A
multiple linear regression allows us to quantify the contribution of different drivers to the intermodel
spread in zonal wind projections. It supports the importance of projected tropical warming and changes
in the stratospheric vortex but also suggests a contribution of the asymmetry in the projected surface
warming of the equatorial Pacific and of the present-day biases in the eddy-driven jet position. The North
Atlantic warming hole plays a weaker role.

Plain Language Summary The projection of the midlatitude atmospheric circulation is
highly uncertain. Climate models exhibit a significant ensemble dispersion although some robust signals
seem to emerge at the end of the 21st century: a poleward shift of the 850 hPa zonal wind in the
Pacific and a strengthening over Northern Europe. This response is consistent between the former and
current-generation global climate models. Several drivers have been proposed to explain this response.
Here, it is confirmed that the amplified warming of the tropical high troposphere and variation of the
stratospheric vortex play a more important role than the amplified warming over the Arctic. In addition, it
is suggested that the West-East temperature gradient in the tropical Pacific and the biases of the jet position
have a significant contribution, as opposed to the minimum warming in the North Atlantic.

1. Introduction
Projections of the wintertime Northern Hemisphere eddy-driven jet are highly uncertain (Gao et al., 2016;
Woollings, 2010). CMIP5 multimodel mean projections exhibit a poleward shift of the zonal wind in the
Pacific and a tripole structure in the Atlantic characterized by increased storminess over Western Europe
(Pachauri et al., 2014; Peings et al., 2018; Ulbrich et al., 2008), yet with a substantial intermodel spread.
Understanding such model discrepancies is crucial in order to better constrain climate projections of mid-
latitude weather characteristics. Uncertainties can be explained by several factors including the opposite
influence of Arctic amplification and upper-tropospheric tropical warming (McCusker et al., 2017; Oudar
et al., 2017; Screen et al., 2018). Several studies have indeed found that the upper-troposphere tropical warm-
ing is associated with a poleward shift of the zonal wind (Barnes & Polvani, 2013; Harvey et al., 2014; Yin,
2005) while the surface Arctic amplification could cause an equatorward shift (Barnes & Polvani, 2015;
Screen et al., 2018). Other potential drivers include the response of the stratospheric vortex (Manzini et al.,
2018; Zappa & Shepherd, 2017); in particular, Zappa and Shepherd (2017) (hereinafter ZS17) have suggested
that it may have a greater effect on the midlatitude zonal wind response than the Arctic amplification. It has
also been shown that the North Atlantic warming hole (i.e., the minimum warming observed in the subpo-
lar gyre) could significantly modify the baroclinicity, hence the zonal wind, over the Euro-Atlantic region
(Gervais et al., 2019). Future changes in the tropical Pacific can also affect the midlatitude circulation
through teleconnections and Rossby wave propagation (Brönnimann, 2007; Ciasto et al., 2016; Toniazzo &
Scaife, 2006). Finally, most coupled models tend to have the eddy-driven jet position too equatorward com-
pared to the observed position (see Figures S1 and S2), a systematic bias which is likely to explain the spread
of the projected circulation response to climate change (Gao et al., 2016).
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In order to quantify individual contributions of these potential factors to the intermodel dispersion in the
midlatitude circulation response, ZS17 have proposed a multiple linear regression framework. They have
fitted a regression model between the zonal wind response and three potential drivers: the Arctic amplifica-
tion (AA), the tropical amplification (TA), and the polar vortex strength (PVS). They found that the AA has
a relatively weak impact while a strong vortex induces a poleward shift of the eddy-driven jet and a strong
warming in the tropical high troposphere is associated with the tripolar structure over the North Atlantic
mentioned in the previous paragraph. It is of main interest to test whether these results are reproducible
when using the new generation climate models, that is, whether the fit of the linear regression model is
robust across CMIP5 and CMIP6 ensembles. It is also interesting to assess the role of the other potential
drivers mentioned above in such a multiple regression framework.

In this paper, we evaluate the representation of the Northern Hemisphere eddy-driven jet in the new gen-
eration of coupled models from the sixth phase Coupled Model Intercomparison Project (CMIP6). We
document the future changes in the CMIP6 climate projections at the end of the 21st century which we com-
pare with the previous generation models (CMIP5). Projected changes are illustrated with the wintertime
850 hPa zonal wind and a diagnostic characterizing the latitudinal position of the eddy-driven jet in various
sectors. Model response uncertainties are interpreted as the result of several drivers, and the mechanisms
are briefly discussed. Our questions can be summarized as follows:

1. Has the wintertime Northern Hemisphere midlatitude atmospheric circulation been improved between
CMIP5 and CMIP6 models?

2. What are the future projections in CMIP6? Are they comparable to CMIP5 projections?
3. What are the main drivers at play?

Section 2 describes the model outputs used in this study, the different metrics and diagnostics, and the
multiple linear regression analysis. Results are presented in section 3. Finally, we discuss the results and
conclude in section 4.

2. Methods
2.1. CMIP5 and CMIP6 Models
In this study we use monthly outputs from 29 CMIP5 and 22 CMIP6 models (listed in supporting information
Tables S1 and S2). One ensemble member for each model has been used, and all models have been interpo-
lated on a common grid (T127). The projected wind anomalies are calculated as the difference between the
end of the 21st century (2080–2099) and the pre-industrial period (1861–1900), and we focus on an extended
winter season from October to March (ONDJFM). For the projections, the parallel RCP8.5 and the SSP5–8.5
are used for CMIP5 and CMIP6, respectively. Even if the CO2 and CH4 emissions are respectively higher
and lower in the SSP5–8.5 compared to the RCP8.5 (Gidden et al., 2019), the evolution of global mean tem-
perature is comparable between the two scenarios (not shown). We thus consider that the two families of
scenarios are relatively close to each other (O'Neill et al., 2016) and that mixing them in the present study is
not an issue. Assessing projected changes from differences between the pre-industrial period and the high-
est concentration pathway allows to maximize the signal, hence the model dispersion. We also use the ERA5
reanalysis for the model evaluation (C3S, 2017).

2.2. Metrics
We first use a set of three metrics defined following Peings et al. (2018). These metrics are similar to the
metrics used by ZS17, albeit with slightly different definitions (e.g., selected levels and longitude-latitude
boxes):

• Arctic amplification (AA): temperature change averaged between 1,000–700 hPa and 60–90◦N;
• tropical amplification (TA): temperature change averaged between 400–150 hPa and 20◦S to 20◦N; and
• polar vortex strength (PVS): zonal mean zonal wind change averaged between 250–30 hPa and 70–90◦N.

In addition, we define three other metrics that characterize other potential drivers of changes in the
midlatitude dynamics and/or the North Atlantic jet stream:

• surface temperature difference between the NINO4 region (5◦S to 5◦N/160◦E to 150◦W) and the NINO3
region (5◦S to 5◦N/150–90◦W). This driver is noted “NINO4-NINO3”;

• surface temperature in the North Atlantic warming hole region (35–60◦N/40–10◦W, NAWH); and
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Table 1
Correlation Between Each Drivers' Responses Before (Top) and After (Bottom)
Scaling by Global Warming

AA TA PVS NINO NAWH Jet bias
AA 1
TA 0.7 1
PVS −0.1 0 1
NINO −0.1 0.2 0 1
NAWH 0.8 0.5 0 −0.2 1
Jet bias 0.2 0.1 −0.2 −0.1 0.2 1
AA 1
TA −0.1 1
PVS −0.1 0 1
NINO −0.3 0.3 0 1
NAWH 0.4 −0.3 −0.1 −0.2 1
Jet bias 0 −0.3 −0.2 0 0.1 1

Note. Bold font indicates significant correlation at the 95% confidence level.
Significance is assessed through the calculation of t = r ∗ N−2

1−r2 , with r the
correlation coefficient and N the number of models, which follow a Student t
distribution.

• jet position bias against ERA5 in the Central Atlantic region. Note that the bias is estimated by subtracting
the ONDJFM mean eddy-driven jet position over the period 1979–2018 in ERA5 to each model mean
eddy-driven jet position over the same period.

The position of the eddy-driven jet is defined as in Woollings et al. (2010) and Oudar et al. (2020). Here,
we use monthly outputs in order to increase the number of available models. In Oudar et al. (2020), we
have checked that using monthly outputs instead of daily outputs in the calculation of the eddy-driven jet
position does not affect the result. First, the zonal wind is averaged over the levels 850 and 700 hPa and
then zonally averaged over the region of interest (North Pacific, Central Atlantic, and Western Europe).
The maximum wind position is identified as the latitude at which the wind speed is maximum. Finally, a
parabola is fitted on the zonal wind speed taken over a 11-gridpoint window centered on the first guess, and
the maximum wind position corresponds to the maximum of the parabola. It is defined over three differ-
ent regions: the North Pacific (20–90◦N/120–240◦E), the North Atlantic (20–90◦N/60◦W to 0) and western
Europe (20–90◦N/0–30◦E).

2.3. Multiple Linear Regression
We follow the method applied in ZS17, but with the CMIP5 and CMIP6 models mixed together. The winter-
time 850 hPa zonal wind response can be expressed as a function of the different drivers defined in section
2.2. For a location x and a model m:

ΔU850xm = ax + bx(ΔTAA)m + cx(ΔTTA)m + dx(ΔUPVS)m

+ ex(ΔTNAWH)m + 𝑓x(ΔTNINO4−NINO3)m + gx(Bias)m

+ hxm,

(1)

where bx, cx, dx, ex, fx, and gx correspond to the regression coefficients associated with each driver, ax is the
intercept, and hxm is the residual term. Note that the multiple linear regression does not imply the causality
between the so-called drivers and the projected response of the low-level zonal wind. Yet this framework
allows us to diagnose the percentage of intermodel spread in the wind response which is associated with
those large-scale climate indices.

As in ZS17, all drivers are scaled by the global near-surface warming in each model and standardized relative
to the multimodel mean and standard deviation. This scaling strongly reduces the potential dependencies
between the predictors used in the regression (equation (1)), as illustrated by the cross correlations shown
in Table 1. For instance, the significantly positive correlation between the AA and TA is lost after scaling,
suggesting that models with the highest AA and TA also have the highest global warming. A few significant

OUDAR ET AL. 3 of 9



Geophysical Research Letters 10.1029/2019GL086695

Figure 1. (a, b) Probability distribution function of the maximum wind position in ERA5 (black line), the CMIP5
(CMIP6) historical ensemble mean averaged over the period 1861–1900 in solid blue line (solid red line), the CMIP5
RCP85 (CMIP6 SSP5–8.5) ensemble mean averaged over the period 2080–2099 in dashed blue line (dashed red line) for
the Central Atlantic region (20–90◦N/60◦W to 0) and the western Europe region (20–90◦N/0–30◦E), respectively; (c, d)
850 hPa zonal wind response, scaled by global warming, between the end of the 21st century (2080–2099) and the
pre-industrial period (1861–1900) for the CMIP5 and CMIP6 ensemble mean, respectively. Stippling indicate
significance at the 95% confidence level according to a t test, computed following Wilks (2006). The correlation
between the two patterns is shown on the top right corner of panel (d). (e, f) Standard deviation across CMIP5 and
CMIP6 models, respectively. Green contours in panels (c–f) correspond to the 850 hPa zonal wind climatological mean
of the historical simulations (contours from 0 to 12 by 3 m/s).
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correlations remain after scaling, for example, between AA and NAWH in agreement with the possible role
of ocean heat advection on both North Atlantic SST and Arctic sea-ice extent. However, these correlations
remain small and do not exclude additive effects of the different drivers on the zonal wind response.

3. Results
3.1. Consistency Between CMIP5 and CMIP6 Projections
We first evaluate the representation of the midlatitude atmospheric circulation in CMIP5 and CMIP6 mod-
els. The 850 hPa zonal wind bias has been reduced between CMIP5 and CMIP6, although the midlatitude
flow is still too zonal as compared to ERA5 reanalysis (see Figures S1 and S2 which shows the 850 hPa zonal
wind biases for each model and the ensemble mean). Besides, the tripole structure in the low-troposhere
eddy-driven jet position observed in ERA5 over the Central Atlantic (Figure 1a) is not captured by either
CMIP5 or CMIP6 historical ensemble mean. Over Western Europe (Figure 1b), CMIP5 and CMIP6 ensem-
ble mean are relatively close to the ERA5 distribution, except in the northern latitudes (above 60◦N). Both
CMIP6 and CMIP5 projections (dashed red and blue lines) show a slight squeezing of the eddy-driven jet
position, more pronounced over Western Europe, in good agreement with the results of Peings et al. (2018)
based on CMIP5 models. This squeezing is also well identified over Western Europe when looking at maps
of the 850 hPa zonal wind projections in CMIP5 (Figure 1c) and CMIP6 (Figure 1d). Note that responses
shown in panels (c) and (d) have been scaled by global warming. In the North Pacific, the 850 hPa zonal
wind significantly shifts poleward in both CMIP5 and CMIP6 projections which are very consistent. The
spatial anomaly pattern correlation is of about 0.94, and the midlatitude changes are robust between the
two ensembles. We thus decide to mix CMIP5 and CMIP6 models in the analysis presented in the rest of
the paper. However, we are aware that the statistical independence of models is not always a valid assump-
tion (Knutti et al., 2013) and that caution is needed in multimodel analysis. We have verified that our results
remain similar (although less statistically significant) when performing the regression analysis on subsets
of CMIP5 and CMIP6 models separately (see Figure S3 for the case with only CMIP6 models), and when
selecting only one model per modeling center (not shown). Lastly, panels (e) and (f) in Figure 1 show the
standard deviation of the response for CMIP5 and CMIP6 ensembles, respectively. Maximum are localized
in the Central Atlantic, Northern Europe, and in the Pacific south of the maximum 850 hPa zonal wind cli-
matology. The spread is reduced in CMIP6 compared to CMIP5, but it is still significant. In the following we
thus investigate the source of the uncertainties in this response.

Figure 2. Multiple linear regression between the 850 hPa zonal wind response in CMIP5 and CMIP6 models and the three remote drivers used in Zappa and
Shepherd (2017) for ONDJFM; (a) 850 hPa zonal wind response scaled by global warming (m/s/K) associated with one sigma positive anomaly in the polar
amplification in the CMIP5 + CMIP6 intermodel spread. Green contours correspond to the climatological mean estimated as the multimodel mean of the
historical simulations. Stippling indicate regression coefficients that are significant at the 95% confidence level. (b, c) Same as (a) but for the tropical
amplification and the polar vortex strength, respectively. The fraction of variance explained by these three predictors is shown on panel (d) (in %).
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3.2. Expanding ZS17 Regression to CMIP6 Models
Following ZS17, we first apply a point-wise multiple linear regression between CMIP5 + CMIP6 zonal
wind projections and three drivers: the Arctic amplification, the tropical amplification, and the polar vor-
tex strength. Thus, the patterns shown in Figure 1 can be expressed as a function of the three drivers (in a
similar way as in equation (1)).

Figure 2 shows the regression coefficient for each of the three drivers. Overall, this figure agrees well with
Figure 3 of ZS17 who only used CMIP5 models. In particular, we confirm that the effect of the Arctic ampli-
fication is rather weak, although a high AA is characterized by weaker zonal winds over Europe and Siberia.
We find a weaker signal in the North Pacific associated to AA compared to ZS17. The effect of the tropical
amplification is stronger and characterized by a poleward shift of the zonal wind in the North Pacific, and a
tripole structure in the North Atlantic: The zonal wind increases over Northern Europe and decreases over
North Africa and the Greenland sea. This pattern is in line with previous studies (e.g., Peings et al., 2018).
Finally, the effect of the polar vortex strength results in a dipole pattern with positive anomalies northward
and negative anomalies southward in both Atlantic and Pacific regions. This is also in agreement with ZS17
although they found a stronger signal in the Atlantic than in the Pacific. The fraction of variance explained by
these three drivers (i.e., the R2 coefficient) is shown in Figure 2d. It is maximum over Western and Northern
Europe and Western Pacific. Again, it is in agreement with the Figure 4 of ZS17.

We therefore consider that the regression analysis presented in ZS17 remains valid when aggregating the
CMIP6 models to the CMIP5 ensemble, even with slightly different definitions of the predictors. Also
note that—contrarily to ZS17—we have kept all models in the analysis, even models that could have been
considered as outliers given their limited performance in present-day climate.

Figure 3. Same as Figure 4 but with more predictors added to the regression: (a) polar amplification, (b) tropical amplification, (c) polar vortex strength,
(d) surface temperature difference between the NINO4 box and the NINO3 box, (e) surface temperature in the North Atlantic warming hole, and (f) the jet
position bias in the North Atlantic against ERA5. The fraction of variance explained by these six predictors is shown on panel (g) (in %).
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3.3. Additional Potential Drivers
Adding CMIP6 models to the regression analysis supports the main results found by ZS17. Thus, we now
take advantage of the increased number of models to add new potential predictors that can further explain
the intermodel spread. Here we propose to investigate the role of three scaled drivers: the West-East surface
temperature gradient in the tropical Pacific, the averaged surface temperature in the North Atlantic warming
hole region (note that this driver is multiplied by −1 so that the regression coefficient found is associated
with a deep warming hole), and the eddy-driven jet position bias over the North Atlantic.

Figure 3 shows the regressions coefficients for the six drivers and the fraction of variance explained asso-
ciated with these six drivers (panel g). When adding the three other predictors, the regression coefficients
associated with the first three drivers are not significantly changed, suggesting the relative independence of
all six drivers (Figures 2a–2c and 3a–3c). However, some changes are identified, especially over the Atlantic
sector. An important change is the absence of tripole pattern in response to TA. This tripole pattern seems
to be a combination between the latter, the temperature gradient in the tropical Pacific, and the NAWH. A
pronounced NAWH has an influence in the Atlantic but also in the Pacific: The zonal wind strengthens over
Western Europe and most of the Pacific (Figure 3e). In the Atlantic, a possible mechanism is that the warm-
ing hole causes a local increase of the meridional temperature gradient and thus an increase of the zonal
wind. This result is in line with Gervais et al. (2019) who investigated the North Atlantic jet response to the
Warming hole in the CESM climate model.

A strengthened West-East temperature gradient in the tropical Pacific is associated with a poleward shift
of the zonal wind in the Atlantic and a southward shift in the Eastern Pacific (Figure 3d). The pattern in
the Pacific resembles the one found in Cattiaux and Cassou (2013) who investigated the CMIP3/CMIP5
differences in the Northern Annular Mode (NAM) projections. They found that a stronger relative warming
of the western tropical Pacific in CMIP5 than in CMIP3 is associated with a negative NAM response due to
a Rossby wave train. Similarly, Ciasto et al. (2016) found that the eastward extension of the North Atlantic
storm tracks could be related to the SST in the western Pacific that trigger a Rossby wave. Figures 3d and 3e
suggest that the squeezing of the variability over Western Europe could be a result of both the North Atlantic
warming hole and the asymmetry in the tropical Pacific warming (Ciasto et al., 2016). This result suggests
that the northern midlatitude circulation response can show zonal asymmetries due to the interplay between
the multiple potential drivers of the North Atlantic eddy-driven jet.

The position of the eddy-driven jet in the Atlantic also exhibits significant responses: It corresponds to a
dipole with negative anomalies northward the maximum climatology and positive anomalies southward

Figure 4. Response of the remote drivers defined in section 2 (2080–2099 minus 1861–1900), in red for CMIP6 models and in blue for CMIP5 models: (a) global
near-surface warming (GW), tropical amplification (TA), Arctic amplification (AA), and surface temperature in the North Atlantic warming hole (NAWH);
(b) Polar Vortex Strength (PVS); and (c) West-East temperature gradient in the tropical Pacific (NINO4-NINO3). The present-day bias in the North-Atlantic jet
position is also indicated in panel (d). Boxplots show the multimodel median (central segment), the first and third quartile range (box), and the minimum and
maximum (whiskers).
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(Figure 3f). It means that models that have a stronger negative bias in the present-day eddy-driven jet posi-
tion tend to project a more pronounced poleward shift in a warmer world and are more sensitive to the
tropical amplification. In other words, if a model has a positive bias it can be less sensitive since it is less
likely to project on a potential poleward shift.

Figure 3g shows the fraction of variance explained by these six drivers. Adding the three new drivers
increases the R2 almost everywhere, especially over eastern Pacific and western Atlantic. It is not surprising
since the R2 necessarily increases when adding predictors to a linear regression model, but the fact that it
reaches 0.6 to 0.7 in some regions nevertheless suggests that the new predictors are informative. The use of
more sophisticated statistical tools to select the best combination of predictors is considered to be beyond
the scope of this study and will need further investigations. However, the individual impact of the three
additional drivers is shown in Figure S4. The NAWH has little impact on the R2, except in the Pacific, surpris-
ingly (see Figure S4a). More investigations will be undertaken in the future to understand the response to
the warming hole. The bias in the eddy-driven jet position in the North Atlantic is associated with increased
explained variance over the subtropical regions at a latitude band around 45◦N (Figure S4b). The temper-
ature gradient in the tropical Pacific increases the explained variance at around 60◦N in the Atlantic and
North America, over Southern Europe and eastern Pacific (Figure S4c).

4. Discussion and Conclusion
We haveinvestigated the wintertime 850 hPa zonal wind and eddy-driven jet position in historical simula-
tions and low-mitigation scenarios with both CMIP5 and CMIP6 models. The present-day zonal wind biases
have been reduced between CMIP5 and CMIP6, even if the CMIP6 multimodel ensemble mean is still char-
acterized by a too zonal flow. The two ensembles exhibit very similar responses at the end of the 21st century:
The zonal wind shifts poleward in the Pacific while it is squeezed and strengthened over Northern Europe,
yet with a substantial intermodel spread. These results suggest that no major change has occurred from one
model generation to the next and that a more accurate and quantitative assessment is still hampered by large
model uncertainties, including over continental regions such as Western Europe for example.

To explain the intermodel spread in climate projections, several drivers have been proposed in the literature:
the Arctic amplification, the upper-troposphere tropical amplification, and the stratospheric vortex. In addi-
tion, we have also tested the role of the West-East surface temperature gradient in the tropical Pacific, the
average surface temperature in the North Atlantic warming hole region, and the bias in the eddy-driven jet
position in the North Atlantic. By design, adding more predictors helps to increase the explained variance
and the effective added value of the additional predictors will need further investigation. The tropical surface
temperature gradient and the position bias significantly increase the variance explained in some regions,
whereas the North Atlantic warming hole plays a weaker role. Our analysis suggests the importance to add
more predictors in the linear regression model.

Once the main contributors to the intermodel spread in the midlatitude circulation have been identified, a
legitimate question is whether the uncertainty in the response of each individual driver can be reduced. As
shown in Figure 4, the projections of the different drivers exhibit a significant spread across both CMIP5
and CMIPmodels. The two ensembles exhibit a comparable warming ranged between 5 and 12 ◦C over the
Arctic and in the tropical high troposphere (Figure 4a). CMIP6 models still show a minimum warming
over the North Atlantic warming hole region, although it is less pronounced than in CMIP5 models. The
stratospheric vortex weakens in most models and the uncertainty is slightly reduced in CMIP6 compared
to CMIP5 (Figure 4b). The spread of the West-East temperature gradient is reduced in CMIP6 compared
to CMIP5, because of a stronger warming over the NINO3 region in CMIP6 (Figure 4c). Most models in
CMIP5 and CMIP6 tend to have a negative bias of the eddy-driven jet position in the Central Atlantic region
(Figure 4d, see also Figures S1 and S2). Overall, we find that the uncertainties associated with the response
of each individual driver have not been significantly reduced between CMIP5 and CMIP6. Future work may
involve searching for observational constraints (Hall et al., 2019), that is, testing whether future responses
of the remote drivers may be correlated to their present-day behaviors. Using an as-large-as-possible mul-
timodel ensemble is helpful to build such statistical relationships, and this study shows that CMIP5 and
CMIP6 models can be mixed for this purpose.
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