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[1] Future climate predictions by global circulation models
in the Coupled Model Intercomparison Project Phase 3
(CMIP3) archive indicate that the recent poleward shift
of the eddy‐driven jet streams will continue throughout
the 21st century. Here it is shown that differences in the
projected magnitude of the trend in the Southern Hemisphere
are well correlated with biases in the latitude of the jet in
the simulation of 20th century climate. Furthermore, the
latitude of the jet in the models’ 20th century climatology is
correlated with biases in the internal variability of the jet
stream, as quantified by the time scale of the annular mode.
Thus an equatorward bias in the position of the jet is
associated with both enhanced persistence of the annular
mode, and an increased poleward shift of the jet. These
relationships appear to be robust throughout the year except
in the austral summer, when differences in forcing,
particularly stratospheric ozone, make it impossible to
compare the response of one model with another. These
results suggest that the fidelity of a model’s simulation
of the 20th century climate may be related to its fitness
for climate prediction. The cause of this relationship is
discussed, as well as the implications for climate change
projections. Citation: Kidston, J., and E. P. Gerber (2010), Inter-
model variability of the poleward shift of the austral jet stream in the
CMIP3 integrations linked to biases in 20th century climatology,
Geophys. Res. Lett., 37, L09708, doi:10.1029/2010GL042873.

1. Introduction

[2] It is well established that there has been a poleward
shift of the eddy‐driven jet streams and embedded storm
tracks during the last three decades [Intergovernmental
Panel on Climate Change, 2007, and references therein].
Almost all of the global climate models (GCMs) contributed
to the Coupled Model Intercomparison Project Phase 3
(CMIP3) predict that increasing greenhouse gas concentra-
tions will cause the trend to continue throughout the 21st
century, particularly in the Southern Hemisphere [Meehl et
al., 2007, and references therein]. There is, however, sub-
stantial disagreement between the models on the strength of
the trend [e.g., Yin, 2005].
[3] The poleward shift of the eddy‐driven jet stream pro-

jects onto the positive phase of the annular mode [Thompson

and Wallace, 2000], the leading mode of midlatitude climate
variability. The annular mode characterizes the meridional
vacillation of the jet stream on intraseasonal time scales.
While models capture the gross features of internal variability,
there is also considerable spread in the quality of its simulation
by the CMIP3 models [Gerber et al., 2008a]. In this paper, we
connect the ability of a model to reproduce the observedmean
state of the 20th century climate with its fitness in simulating
both internal variability and the response to climate forcings.
[4] The location and variability of the storm tracks have

profound impacts on the hydrological cycle and regional
climate of the midlatitudes. The position of the midlatitude
barotropic jets, particularly in the Southern Hemisphere,
may also play a critical role in regulating global climate on
long time scales. The eddy‐driven surface westerlies drive
the Antarctic Circumpolar Current, and so influence the
ocean’s meridional overturning and the uptake of carbon in
the southern ocean [Toggweiler et al., 2006; Anderson et al.,
2009; Toggweiler and Lea, 2010]. The link between jet
position and climate through carbon uptake has also been
observed on intraseasonal timescales in connection with the
Southern Annular Mode (SAM) [Lovenduski et al., 2007].
As such, quantifying the magnitude of the poleward shift of
the westerlies is important for accurate regional and long
term global climate change forecasts, particularly for future
generation models that attempt to model the carbon cycle.

2. Data and Methods

[5] Output from the GCMs used in the World Climate
Research Programme’s (WCRP’s) CMIP3 multi‐model
dataset [Intergovernmental Panel on Climate Change, 2007]
is used. We analysed output from the pre‐industrial control,
20C3M, and A2 scenario integrations for all models which
archived both daily zonal winds as a function of height, and
monthly zonal winds near the surface. This permitted use of
11 separate models, as listed in Figure 1a. The A2 (‘business
as usual’) scenario was chosen for analysis of future climate
as the large carbon dioxide forcing has the potential to
overwhelm intermodel differences in other forcings, such
as ozone recovery, and so differences in forcing should be
smaller than in other scenarios. Only data for the Southern
Hemisphere (SH) are analyzed. Data from the NCEP/NCAR
reanalysis project [Kalnay et al., 1996] from 1979–2007 is
also utilized. The slight difference in the analysis period for
the models and the reanalyses was allowed to improve sta-
tistical confidence and avoid pre‐satellite era reanalyses. All
of our key results are equivalent (but with less statistical
confidence) if we restrict analysis to 1979–2000.
[6] The latitude of the eddy‐driven jet stream,F, is taken as

the latitude of the maximum near‐surface (10 m elevation)
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SH Jet Shift and Relation to SAM
time‐mean zonal‐mean zonal wind, !u. The surface winds
reflect the convergence of westerly momentum aloft due to
the meridional propagation of eddies away from the bar-
oclinic source region, which is damped by friction near the
surface [Held, 1975], and so serve as a good indicator of the

position of the barotropic jet streams. F was calculated by
first linearly interpolating !u onto the 2.5° NCEP/NCAR grid,
and then fitting a quadratic to !u between the two latitudes
either side of the maximum.
[7] The annular mode definition is the same as in the work

by Gerber et al. [2008a], i.e., the first empirical orthogonal
function (EOF) of the zonal‐mean geopotential height
anomalies poleward of 20°S, latitude weighted to account
for converging meridians toward the pole. Because daily
geopotential height was not archived in the CMIP3 output, it
was calculated from the zonal‐mean zonal wind by assuming
geostrophic balance. The climatology from which the anom-
alies were defined was the mean for each calendar day, after
smoothing the daily data with a 31 day running mean. The
principle component of the leading EOF (PC1) is the time
series of the annular mode, and this was computed on each
pressure level. The e‐folding time scales, t, were then com-
puted at each level as in the work by Baldwin et al. [2003]. In
addition to the seasonally dependent time scale, we computed
an annual mean time scale without any seasonal decompo-
sition. The time scales were then averaged from 850 hPa to
200 hPa to obtain one value characteristic of the entire tro-
posphere. The e‐folding period for any given model is the
average from both the pre‐industrial control and the simula-
tion of 20th century climate (20C3M), and all ensemble
members were included to improve statistical confidence.

3. Results

[8] We first consider the relationship between a model’s
20th century climatology and its sensitivity to climate
forcing in the A2 scenario. In Figure 1a we show the shift in
the position of the annual mean SH surface westerlies over
the 21st century, DF, as a function of the model’s control
climatology, measured by the latitude of the jet in 20C3M
integration, F20C. The plot reveals a strong relationship
between F20C and DF: models that place the jet toward the
equator in the 203CM simulation tend to shift the jet further
poleward under global warming. We note that the dashed
line at 52 degrees marks the location of the observed 20th
century wind maximum, indicating that the surface wester-
lies are too far equatorward in all of the models. The linear
correlation coefficient betweenDF andF20C is −0.77 ± 0.33,
where error corresponds to the 90% confidence limit.
[9] The relationship between jet position and response on

a seasonal basis is explored in the first row of Table 1,
where we repeat the correlation analysis of Figure 1a on

Figure 1. (a) The latitude of the Southern Hemisphere
eddy‐driven jet stream in the CMIP3 global circulation
models 20C3M control simulations from 1960–2000, F20C,
versus the difference between F20C and the latitude of the
jet in the future A2 simulation during 2060–2100, DF. The
shift in jet position DF quantifies the respond of the circu-
lation to climate forcing. The model name is to the right of
each datum. (b) F20C versus the e‐folding time scale of the
Southern Annular Mode, t, which quantifies the persis-
tence of the models internal variability. The NCEP/NCAR
reanalysis datum was not included in the computation of
the correlation coefficient. (c) t versus DF. The uncertainty
associated with the correlation coefficient in each figure cor-
responds to the 90% confidence interval.
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equator in the 203CM simulation tend to shift the jet further
poleward under global warming. We note that the dashed
line at 52 degrees marks the location of the observed 20th
century wind maximum, indicating that the surface wester-
lies are too far equatorward in all of the models. The linear
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where error corresponds to the 90% confidence limit.
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the 21st century, DF, as a function of the model’s control
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between F20C and DF: models that place the jet toward the
equator in the 203CM simulation tend to shift the jet further
poleward under global warming. We note that the dashed
line at 52 degrees marks the location of the observed 20th
century wind maximum, indicating that the surface wester-
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shift in jet position DF quantifies the respond of the circu-
lation to climate forcing. The model name is to the right of
each datum. (b) F20C versus the e‐folding time scale of the
Southern Annular Mode, t, which quantifies the persis-
tence of the models internal variability. The NCEP/NCAR
reanalysis datum was not included in the computation of
the correlation coefficient. (c) t versus DF. The uncertainty
associated with the correlation coefficient in each figure cor-
responds to the 90% confidence interval.
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eddy‐driven jet stream in the CMIP3 global circulation
models 20C3M control simulations from 1960–2000, F20C,
versus the difference between F20C and the latitude of the
jet in the future A2 simulation during 2060–2100, DF. The
shift in jet position DF quantifies the respond of the circu-
lation to climate forcing. The model name is to the right of
each datum. (b) F20C versus the e‐folding time scale of the
Southern Annular Mode, t, which quantifies the persis-
tence of the models internal variability. The NCEP/NCAR
reanalysis datum was not included in the computation of
the correlation coefficient. (c) t versus DF. The uncertainty
associated with the correlation coefficient in each figure cor-
responds to the 90% confidence interval.

KIDSTON AND GERBER: MODELING THE SHIFT OF THE AUSTRAL JET STREAM L09708L09708

2 of 5

time‐mean zonal‐mean zonal wind, !u. The surface winds
reflect the convergence of westerly momentum aloft due to
the meridional propagation of eddies away from the bar-
oclinic source region, which is damped by friction near the
surface [Held, 1975], and so serve as a good indicator of the

position of the barotropic jet streams. F was calculated by
first linearly interpolating !u onto the 2.5° NCEP/NCAR grid,
and then fitting a quadratic to !u between the two latitudes
either side of the maximum.
[7] The annular mode definition is the same as in the work

by Gerber et al. [2008a], i.e., the first empirical orthogonal
function (EOF) of the zonal‐mean geopotential height
anomalies poleward of 20°S, latitude weighted to account
for converging meridians toward the pole. Because daily
geopotential height was not archived in the CMIP3 output, it
was calculated from the zonal‐mean zonal wind by assuming
geostrophic balance. The climatology from which the anom-
alies were defined was the mean for each calendar day, after
smoothing the daily data with a 31 day running mean. The
principle component of the leading EOF (PC1) is the time
series of the annular mode, and this was computed on each
pressure level. The e‐folding time scales, t, were then com-
puted at each level as in the work by Baldwin et al. [2003]. In
addition to the seasonally dependent time scale, we computed
an annual mean time scale without any seasonal decompo-
sition. The time scales were then averaged from 850 hPa to
200 hPa to obtain one value characteristic of the entire tro-
posphere. The e‐folding period for any given model is the
average from both the pre‐industrial control and the simula-
tion of 20th century climate (20C3M), and all ensemble
members were included to improve statistical confidence.

3. Results

[8] We first consider the relationship between a model’s
20th century climatology and its sensitivity to climate
forcing in the A2 scenario. In Figure 1a we show the shift in
the position of the annual mean SH surface westerlies over
the 21st century, DF, as a function of the model’s control
climatology, measured by the latitude of the jet in 20C3M
integration, F20C. The plot reveals a strong relationship
between F20C and DF: models that place the jet toward the
equator in the 203CM simulation tend to shift the jet further
poleward under global warming. We note that the dashed
line at 52 degrees marks the location of the observed 20th
century wind maximum, indicating that the surface wester-
lies are too far equatorward in all of the models. The linear
correlation coefficient betweenDF andF20C is −0.77 ± 0.33,
where error corresponds to the 90% confidence limit.
[9] The relationship between jet position and response on

a seasonal basis is explored in the first row of Table 1,
where we repeat the correlation analysis of Figure 1a on

Figure 1. (a) The latitude of the Southern Hemisphere
eddy‐driven jet stream in the CMIP3 global circulation
models 20C3M control simulations from 1960–2000, F20C,
versus the difference between F20C and the latitude of the
jet in the future A2 simulation during 2060–2100, DF. The
shift in jet position DF quantifies the respond of the circu-
lation to climate forcing. The model name is to the right of
each datum. (b) F20C versus the e‐folding time scale of the
Southern Annular Mode, t, which quantifies the persis-
tence of the models internal variability. The NCEP/NCAR
reanalysis datum was not included in the computation of
the correlation coefficient. (c) t versus DF. The uncertainty
associated with the correlation coefficient in each figure cor-
responds to the 90% confidence interval.
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eddy‐driven jet stream in the CMIP3 global circulation
models 20C3M control simulations from 1960–2000, F20C,
versus the difference between F20C and the latitude of the
jet in the future A2 simulation during 2060–2100, DF. The
shift in jet position DF quantifies the respond of the circu-
lation to climate forcing. The model name is to the right of
each datum. (b) F20C versus the e‐folding time scale of the
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reanalysis datum was not included in the computation of
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equator in the 203CM simulation tend to shift the jet further
poleward under global warming. We note that the dashed
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century wind maximum, indicating that the surface wester-
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associated with the correlation coefficient in each figure cor-
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seasonal mean values of the jet position and shift. The
negative correlation between position and shift in all seasons
suggests that the equatorward bias in the climatology increases
the sensitivity to climate forcing throughout the year. The
correlation, however, effectively disappears in austral sum-
mer. The breakdown of the relationship in summer is likely
related to differences in model representation of the strato-
sphere, as the tropospheric jet stream is most sensitive to
stratospheric conditions in this season. Son et al. [2008b]
document that differences in ozone forcing can change the
sign of the jet shift in the 21st century: the jet shifts equa-
torward in CMIP3 models where recovery of the ozone hole
is simulated, but continues to shift poleward in models where
ozone is kept constant at present day levels.
[10] The relationship between the model’s 20th century

climatology and the simulation of internal variability is
shown in Figure 1a. There is a strong relationship between
F20C and the e‐folding time scale of the annular mode, t,
with a correlation coefficient of 0.82 ± 0.21. The positive
correlation implies that the natural variations of the jet tend
to be more persistent in models where the jet is located more
equatorward. A similar relationship between jet position and
time scales of internal variability has been noted in studies
of highly idealized GCMs [e.g., Gerber and Vallis, 2007;
Son et al., 2008a]. However, the fact that such a relationship
is robust across a number of fully coupled GCMs has not
previously been reported. The jet latitude and time scale
based on NCEP‐NCAR reanalysis is consistent with the
model curve: the jet in the reanalysis is both poleward and
less persistent than all of the models. The dynamics that give
rise to the connection between the jet latitude and the time
scale of internal variability are the subject of interest and
ongoing investigation (e.g., E. A. Barnes et al., The effect of
latitude on the persistence of eddy‐driven jets, submitted to
Geophysical Research Letters, 2010). Some speculations are
offered in the discussion below.
[11] Taken together, Figures 1a and 1b suggest a rela-

tionship between DF and t. Figure 1c confirms this rela-
tionship; the jet position tends to shift more in response to
greenhouse gas forcing in models that have a longer annular
mode decorrelation time scale. As discussed by Gerber et al.
[2008b] and Ring and Plumb [2008], correlation between
the poleward shift of the jet (the response of the annular
mode to external forcing) and the e‐folding period of the
annular mode (a measure of its unforced variability) is sug-
gestive of fluctuation‐dissipation behavior. Proper applica-
tion of fluctuation‐dissipation theory, however, requires
knowledge of the correlation structure between a subset of
modes sufficient to capture the dynamics [Gritsun and
Branstator, 2007; Majda et al., 2009]. Such an analysis is
beyond the scope of this study. As discussed by Leith
[1975], the simple fluctuation‐dissipation relationship sug-

gested in Figure 1c applies only if the annular mode is
uncorrelated with all other modes, and in the SH it has
been shown that PC1 is not entirely independent of higher
modes [Monahan et al., 2009].
[12] The weak correlation between t and DF may also

reflect uncertainty in the model time scales and differences
in the forcing, ozone in particular. The seasonal breakdown
of the relationship linking t to F20C and DF shown in
Table 1 suggests that both factors play a role. The correlation
between time scale and jet position on a seasonal basis is
robustly positive throughout the year, though notably weaker
in austral summer. The correlation for any season, how-
ever, is weaker than in the annual mean, reflecting increased
uncertainty in t computed from shorter periods. Gerber et al.
[2008b] document that t is extremely slow to converge, and
so more sensitive to sampling noise when averaged over
shorter periods. The relationship between t and DF is con-
sistently negative, but weaker at all times due to sampling
errors, and effectively nonexistent in austral summer, when
DF is most affected by differences in stratospheric forcing.
[13] Gerber et al. [2008a] found no clear relationship

between t and DF during NDJ across all A1B scenario
integrations, finding a connection only when restricting the
analysis to model pairs with identical forcing. In selecting
NDJ to maximize differences in time scales, however, they
inadvertently focused on the season when differences in the
treatment of ozone forcing dominate the model response.
Even when using the A2 scenario to amplify the signal to
noise ratio, however, the correlations between t and DF in
Table 1 are not statistically significant for any given season.
Only by extending the analysis to the annual mean response
does a statistically significant relationship between internal
variability and the response to external forcing appear across
multiple models, as shown in Figure 1c.

4. Discussion and Conclusions

[14] We have shown that biases in the latitude of the
Southern Hemisphere eddy‐driven jet stream in the CMIP3
simulations of the 20th century are well correlated with the
response of the jet stream to enhanced greenhouse gas
forcing predicted for the 21st century, as quantified by the
magnitude of the poleward shift of the jet in the A2 scenario.
There is also a robust correlation between biases in the lati-
tude of the jet and a model’s internal variability, as measured
by the annular mode time scale. Although somewhat weaker,
there is a statistically significant correlation between the
annular mode time scale and the poleward shift of the jet.
[15] Analysis of these relationships on a seasonal basis

suggests that the correlation between biases in the clima-
tology, variability, and response of the jet to external forcing
exist in all seasons except the austral summer. The break-
down in this season most likely reflects differences in the
treatment of the stratosphere. As documented by Son et al.
[2008b], the response of the jet stream in these months is
particularly sensitive to the trends in ozone forcing. Recovery
of the ozone hole over the course of the 21st century has
the potential to reverse the poleward trend in the jet stream
in this season. Ozone trends, however, were not specified
for CMIP3 integrations and so handled differently by each
modeling group. These differences likely overwhelmed the
analysis of Gerber et al. [2008a], explaining why they were

Table 1. Correlation Between Jet Position F20C, Shift DF, and
Time Scale t as a Function of Season

SON DJF MAM JJA Annuala

corr(F20C, DF) −0.61 −0.08 −0.76 −0.81 −0.77
corr(F20C, t) 0.80 0.39 0.48 0.60 0.82
corr(t, DF) −0.31 −0.03 −0.21 −0.31 −0.56

aThe annual mean correlations shown in Figure 1 are listed for reference.
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[1] The effect of latitude on the persistence of north–south
shifts in the position of the jet is investigated in 37 CMIP3
integrations over four forcing scenarios. The persistence of
the Southern Annular Mode (SAM) decreases when the
mean jet is located closer to the pole. An asymmetry is
shown whereby the equatorward‐shifted jet is more
persistent than the poleward‐shifted jet. The sphericity of
the earth inhibits wave breaking on the poleward flank of
the jet which decreases the feedback between the eddies
and the mean‐flow and yields a wider, less self‐sustaining
jet. The results suggest a decrease in e‐folding time of the
SAM of 3 days per degree of poleward shift of the jet.
The mechanism described explains why models with jets
too far equatorward relative to observations over‐predict
the timescale of the SAM and suggests that these models
will also exaggerate poleward shifts of jets associated with
global warming. Citation: Barnes, E. A., and D. L. Hartmann
(2010), Testing a theory for the effect of latitude on the persistence
of eddy‐driven jets using CMIP3 simulations, Geophys. Res. Lett.,
37, L15801, doi:10.1029/2010GL044144.

1. Introduction

[2] The Southern Annular Mode (SAM) represents a
meridional shift of the eddy‐driven jet in the Southern
Hemisphere, and current General Circulation Models
(GCMs) overestimate its persistence [Gerber et al., 2008].
Kidston and Gerber [2010] showed that the persistence of
the SAM in the 20C3M World Climate Research Pro-
gramme’s (WCRP’s) Coupled Model Intercomparison
Project Phase 3 (CMIP3) GCMs decreases as the mean jet is
found closer to the pole, and Son et al. [2010] found a
similar relationship in 17 chemistry‐climate GCMs.
[3] Barnes et al. [2010] used a non‐divergent barotropic

vorticity field on the sphere to show that the presence of a
turning latitude near the pole inhibits wave breaking on the
poleward flank of the jet and increases equatorward wave
propagation. This in‐turn reduces the positive feedback
between the eddies and the mean flow, causing the persis-
tence of the annular mode to decrease as the midlatitude jet
moves poleward. Similarly, they showed that equatorward‐
shifted annular mode events are more persistent than pole-
ward‐shifted annular mode events in their barotropic simu-
lations, similar to the asymmetry in the phases of the North
Atlantic Oscillation (NAO) as shown by Barnes and
Hartmann [2010a] and Woollings et al. [2010].

[4] In this work, we demonstrate the mechanism of
Barnes et al. [2010] for 37 CMIP3 GCM integrations. We
find that the effect of latitude on the persistence of the
annular mode is strongly linked to the suppression of wave
breaking on the poleward flank of the jet. Similarly, we
show an asymmetry between the phases of the SAM for the
reanalysis as well as for all 37 GCM integrations and
demonstrate how it is consistent with the results for the
mean state.

2. Data

[5] This work uses model output from the WCRP’s
CMIP3 dataset [Meehl et al., 2007]. We present four
scenarios (five time periods) over 12 models when available:
pre‐industrial control (40 years), 20C3M (1961–2000;
40 years), A2 (2046–2065; 20 years), A2 (2081–2100;
20 years) and 2xCO2 (20 years). The reanalysis data set
spans 1958–2001 (44 years) and was obtained from the
European Centre for Medium‐Range Weather Forecasts
Reanalysis (ERA‐40) [Uppala et al., 2005]. To analyze
the variability of the atmosphere in each integration, we
define daily anomalies by removing a smoothed seasonal
cycle computed as the annual mean plus the first four
Fourier harmonics of the daily climatology.
[6] The latitude of the eddy‐driven, midlatitude jet is

defined as the latitude of the maximum zonal‐mean zonal
winds at the surface (10 m) [Kidston and Gerber, 2010]. For
each integration, the SAM is defined as the leading empirical
orthogonal function (EOF) of the anomalous monthly‐mean
sea‐level pressure field poleward of 20°S, however, results
are similar if the vertically‐averaged zonal wind is used
instead. The SAM index Z is defined by projecting daily
sea‐level pressure anomalies onto the SAM pattern. Z is
normalized to have a standard deviation of one and a mean
of zero by construction. We represent the persistence of the
SAM as the e‐folding time of Z, denoted as tZ, which is
calculated by interpolating the autocorrelation function to
find at what temporal lag it equals exactly 1/e. 14 models
were analyzed, and two were found to have tZ ≥ 30 days.
The analysis of these two outliers shows very different
behavior from the other 12 models, and since the other
12 models and the reanalysis show tZ ≤ 23 days, these two
outliers are not included in the analysis.
[7] In 7 of the 12 models analyzed there are regions of

missing data in the Southern Hemisphere in the lower tro-
posphere (500–1000 mb) and we exclude these points from
the averaging calculation. To ensure that this approximation
is appropriate, we performed the analysis on the 5 models
without missing data and found quantitatively similar results.
[8] Much of this analysis relies on demonstrating re-

lationships in the data among different integrations. To
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quantify the strength of the linear relationship between two
variables, we standardize the variables to unit variance and
mean of zero and perform orthogonal least squares (OLS).
The reanalysis data are not included in the OLS fit, and the
percentage of total variance explained by the OLS fit (R2)
and its slope are displayed.

3. Results

[9] The main results of this study demonstrate the
mechanism of Barnes et al. [2010] in the CMIP3 GCM
integrations, whereby the persistence of a shifted eddy‐
driven jet decreases as the jet moves closer to the pole due to
the decline of poleward wave‐breaking and associated
broadening of the jet. We present the results in two different
contexts: (1) the relationship between the annular mode
persistence and the mean jet latitude among different in-
tegrations, and (2) the asymmetry between the persistence of
the phases of the annular mode in a single integration.

3.1. Mean State
[10] Figure 1a shows the e‐folding time of Z versus the

latitude of the mean jet. As demonstrated by Kidston and
Gerber [2010] for the 20C3M integrations, we find that
the relationship between the annular mode’s persistence and
the latitude of the jet holds over the 37 integrations for
various forcing scenarios and models. Figure 1a demon-
strates that the majority of the models place the midlatitude
jet too close to the equator, and consistent with the mech-
anism of Barnes et al. [2010], these models also have
annular modes that are too persistent when compared to the
observed SAM (black star). Models that have the midlatitude
jet at the latitude of the reanalysis also have similar e‐folding
times. This suggests that the discrepancy in SAM e‐folding
times between GCMs and observations found by Gerber et
al. [2008] can be explained by the location of the mean jet.
Although we use e‐folding time here to quantify the per-
sistence of the SAM, the conclusion is similar if we define
the persistence of Z as the value of its autocorrelation
function at a variety of lags.
[11] It remains to be seen whether the effect of latitude on

tZ is large enough to be seen when the jet shifts within a
single model. Figure 1b displays the intramodel change in
e‐folding time of the annular mode (DtZ) against the shift of
the jet (D jet latitude) between different forcing scenarios.

The integrations show a consistent decrease in tZ with a
poleward shift of the midlatitude jet associated with climate
change. Excluding the outlier that exhibits an increase of tZ,
the OLS fit explains 81% of the variance and suggests that tZ
decreases about 3 days for each degree of poleward shift of
the jet.
[12] Barnes et al. [2010] show in a barotropic model that

as the mean jet moves nearer to the pole, poleward wave
breaking is suppressed as the waves more readily find a
turning latitude. The waves propagate preferentially equa-
torward and the easterlies on the poleward flank of the jet are
reduced due to the lack of wave breaking there. To demon-
strate this property in the GCMs, we plot the profiles of the
vertically‐averaged, zonally averaged zonal winds com-
posited for integrations with tZ ≤ 13 (13 integrations), 13 <
tZ < 17 (14 integrations) and t ≥ 17 (10 integrations) in
Figure 2a, and similarly the profiles of the meridional
propagation of the waves (−u0v0 ) at 300 mb times cos2! in
Figure 2b. Since the tZ is linearly related to the latitude of
the jet, one can also interpret these composites as averages
over integrations with varying jet latitudes. For runs with
tZ ≤ 13, the mean‐jet profile is significantly broader, with
stronger westerlies on the poleward flank compared to the
profile for runs with tZ ≥ 17. Similarly, the plots of the
meridional propagation of the waves at 300 mb (Figure 2b)
show more equatorward propagation and less poleward
propagation for integrations that are less persistent. Scatter
plots over all integrations show similar relationships (not
shown).
[13] The width of the mean jet is a function of jet latitude

due to the reduction in poleward wave breaking. We define
the wavenumber K*:

K* ¼
qy cos2 !
u" c

! "1=2

; ð1Þ

where qy is the meridional gradient of absolute vorticity and
c is the phase speed of the wave. Wave number k turns when
it reaches the latitude where K* = k and propagates toward
larger values of K*, breaking near its critical latitude (K* is
large) [Hoskins and Karoly, 1981; Held, 1983].
[14] While K* is derived for barotropic waves and those in

the atmosphere are inherently baroclinic, K* gives insight
into wave propagation near the pole. K* is calculated at
300 mb for a phase speed of 11 m/s, a common phase speed

Figure 1. (a) The e‐folding time of Z versus the latitude of the mean jet across scenarios and models. (b) The difference
between scenarios of the e‐folding time of Z (DtZ) versus the poleward shift of the latitude of the mean jet (D jet latitude).
(c) D jet latitude between global warming and baseline scenarios versus the latitude of the jet in the baseline scenario.
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quantify the strength of the linear relationship between two
variables, we standardize the variables to unit variance and
mean of zero and perform orthogonal least squares (OLS).
The reanalysis data are not included in the OLS fit, and the
percentage of total variance explained by the OLS fit (R2)
and its slope are displayed.

3. Results

[9] The main results of this study demonstrate the
mechanism of Barnes et al. [2010] in the CMIP3 GCM
integrations, whereby the persistence of a shifted eddy‐
driven jet decreases as the jet moves closer to the pole due to
the decline of poleward wave‐breaking and associated
broadening of the jet. We present the results in two different
contexts: (1) the relationship between the annular mode
persistence and the mean jet latitude among different in-
tegrations, and (2) the asymmetry between the persistence of
the phases of the annular mode in a single integration.

3.1. Mean State
[10] Figure 1a shows the e‐folding time of Z versus the

latitude of the mean jet. As demonstrated by Kidston and
Gerber [2010] for the 20C3M integrations, we find that
the relationship between the annular mode’s persistence and
the latitude of the jet holds over the 37 integrations for
various forcing scenarios and models. Figure 1a demon-
strates that the majority of the models place the midlatitude
jet too close to the equator, and consistent with the mech-
anism of Barnes et al. [2010], these models also have
annular modes that are too persistent when compared to the
observed SAM (black star). Models that have the midlatitude
jet at the latitude of the reanalysis also have similar e‐folding
times. This suggests that the discrepancy in SAM e‐folding
times between GCMs and observations found by Gerber et
al. [2008] can be explained by the location of the mean jet.
Although we use e‐folding time here to quantify the per-
sistence of the SAM, the conclusion is similar if we define
the persistence of Z as the value of its autocorrelation
function at a variety of lags.
[11] It remains to be seen whether the effect of latitude on

tZ is large enough to be seen when the jet shifts within a
single model. Figure 1b displays the intramodel change in
e‐folding time of the annular mode (DtZ) against the shift of
the jet (D jet latitude) between different forcing scenarios.

The integrations show a consistent decrease in tZ with a
poleward shift of the midlatitude jet associated with climate
change. Excluding the outlier that exhibits an increase of tZ,
the OLS fit explains 81% of the variance and suggests that tZ
decreases about 3 days for each degree of poleward shift of
the jet.
[12] Barnes et al. [2010] show in a barotropic model that

as the mean jet moves nearer to the pole, poleward wave
breaking is suppressed as the waves more readily find a
turning latitude. The waves propagate preferentially equa-
torward and the easterlies on the poleward flank of the jet are
reduced due to the lack of wave breaking there. To demon-
strate this property in the GCMs, we plot the profiles of the
vertically‐averaged, zonally averaged zonal winds com-
posited for integrations with tZ ≤ 13 (13 integrations), 13 <
tZ < 17 (14 integrations) and t ≥ 17 (10 integrations) in
Figure 2a, and similarly the profiles of the meridional
propagation of the waves (−u0v0 ) at 300 mb times cos2! in
Figure 2b. Since the tZ is linearly related to the latitude of
the jet, one can also interpret these composites as averages
over integrations with varying jet latitudes. For runs with
tZ ≤ 13, the mean‐jet profile is significantly broader, with
stronger westerlies on the poleward flank compared to the
profile for runs with tZ ≥ 17. Similarly, the plots of the
meridional propagation of the waves at 300 mb (Figure 2b)
show more equatorward propagation and less poleward
propagation for integrations that are less persistent. Scatter
plots over all integrations show similar relationships (not
shown).
[13] The width of the mean jet is a function of jet latitude

due to the reduction in poleward wave breaking. We define
the wavenumber K*:

K* ¼
qy cos2 !
u" c

! "1=2

; ð1Þ

where qy is the meridional gradient of absolute vorticity and
c is the phase speed of the wave. Wave number k turns when
it reaches the latitude where K* = k and propagates toward
larger values of K*, breaking near its critical latitude (K* is
large) [Hoskins and Karoly, 1981; Held, 1983].
[14] While K* is derived for barotropic waves and those in

the atmosphere are inherently baroclinic, K* gives insight
into wave propagation near the pole. K* is calculated at
300 mb for a phase speed of 11 m/s, a common phase speed

Figure 1. (a) The e‐folding time of Z versus the latitude of the mean jet across scenarios and models. (b) The difference
between scenarios of the e‐folding time of Z (DtZ) versus the poleward shift of the latitude of the mean jet (D jet latitude).
(c) D jet latitude between global warming and baseline scenarios versus the latitude of the jet in the baseline scenario.
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quantify the strength of the linear relationship between two
variables, we standardize the variables to unit variance and
mean of zero and perform orthogonal least squares (OLS).
The reanalysis data are not included in the OLS fit, and the
percentage of total variance explained by the OLS fit (R2)
and its slope are displayed.

3. Results

[9] The main results of this study demonstrate the
mechanism of Barnes et al. [2010] in the CMIP3 GCM
integrations, whereby the persistence of a shifted eddy‐
driven jet decreases as the jet moves closer to the pole due to
the decline of poleward wave‐breaking and associated
broadening of the jet. We present the results in two different
contexts: (1) the relationship between the annular mode
persistence and the mean jet latitude among different in-
tegrations, and (2) the asymmetry between the persistence of
the phases of the annular mode in a single integration.

3.1. Mean State
[10] Figure 1a shows the e‐folding time of Z versus the

latitude of the mean jet. As demonstrated by Kidston and
Gerber [2010] for the 20C3M integrations, we find that
the relationship between the annular mode’s persistence and
the latitude of the jet holds over the 37 integrations for
various forcing scenarios and models. Figure 1a demon-
strates that the majority of the models place the midlatitude
jet too close to the equator, and consistent with the mech-
anism of Barnes et al. [2010], these models also have
annular modes that are too persistent when compared to the
observed SAM (black star). Models that have the midlatitude
jet at the latitude of the reanalysis also have similar e‐folding
times. This suggests that the discrepancy in SAM e‐folding
times between GCMs and observations found by Gerber et
al. [2008] can be explained by the location of the mean jet.
Although we use e‐folding time here to quantify the per-
sistence of the SAM, the conclusion is similar if we define
the persistence of Z as the value of its autocorrelation
function at a variety of lags.
[11] It remains to be seen whether the effect of latitude on

tZ is large enough to be seen when the jet shifts within a
single model. Figure 1b displays the intramodel change in
e‐folding time of the annular mode (DtZ) against the shift of
the jet (D jet latitude) between different forcing scenarios.

The integrations show a consistent decrease in tZ with a
poleward shift of the midlatitude jet associated with climate
change. Excluding the outlier that exhibits an increase of tZ,
the OLS fit explains 81% of the variance and suggests that tZ
decreases about 3 days for each degree of poleward shift of
the jet.
[12] Barnes et al. [2010] show in a barotropic model that

as the mean jet moves nearer to the pole, poleward wave
breaking is suppressed as the waves more readily find a
turning latitude. The waves propagate preferentially equa-
torward and the easterlies on the poleward flank of the jet are
reduced due to the lack of wave breaking there. To demon-
strate this property in the GCMs, we plot the profiles of the
vertically‐averaged, zonally averaged zonal winds com-
posited for integrations with tZ ≤ 13 (13 integrations), 13 <
tZ < 17 (14 integrations) and t ≥ 17 (10 integrations) in
Figure 2a, and similarly the profiles of the meridional
propagation of the waves (−u0v0 ) at 300 mb times cos2! in
Figure 2b. Since the tZ is linearly related to the latitude of
the jet, one can also interpret these composites as averages
over integrations with varying jet latitudes. For runs with
tZ ≤ 13, the mean‐jet profile is significantly broader, with
stronger westerlies on the poleward flank compared to the
profile for runs with tZ ≥ 17. Similarly, the plots of the
meridional propagation of the waves at 300 mb (Figure 2b)
show more equatorward propagation and less poleward
propagation for integrations that are less persistent. Scatter
plots over all integrations show similar relationships (not
shown).
[13] The width of the mean jet is a function of jet latitude

due to the reduction in poleward wave breaking. We define
the wavenumber K*:

K* ¼
qy cos2 !
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where qy is the meridional gradient of absolute vorticity and
c is the phase speed of the wave. Wave number k turns when
it reaches the latitude where K* = k and propagates toward
larger values of K*, breaking near its critical latitude (K* is
large) [Hoskins and Karoly, 1981; Held, 1983].
[14] While K* is derived for barotropic waves and those in

the atmosphere are inherently baroclinic, K* gives insight
into wave propagation near the pole. K* is calculated at
300 mb for a phase speed of 11 m/s, a common phase speed

Figure 1. (a) The e‐folding time of Z versus the latitude of the mean jet across scenarios and models. (b) The difference
between scenarios of the e‐folding time of Z (DtZ) versus the poleward shift of the latitude of the mean jet (D jet latitude).
(c) D jet latitude between global warming and baseline scenarios versus the latitude of the jet in the baseline scenario.
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of Southern Hemisphere synoptic waves [Lee and Held,
1993; Berbery and Vera, 1996]. The real part of K* is
plotted in Figure 2c for a single GCM, with integrations
chosen such that their e‐folding times coincide with the
legends of Figures 2a and 2b. We choose to plot only a
single model because averaging K* over many integrations
smooths out the critical latitudes of interest. The K* profiles
show that waves see a poleward critical latitude (u = c) when
the mean jet is closer to the equator (jet position denoted in
the legend). When the mean jet is at 51°S, waves reach a
turning latitude before a critical latitude because qy cos2!
decreases faster than u here. These waves turn and propagate
equatorward, consistent with decreased poleward wave
breaking.
[15] We have demonstrated that the increased jet width

with latitude is due to a decrease in poleward wave propa-
gation and decrease in wave breaking on the poleward flank
of the jet due to the effect of latitude on K* near the pole. A
self‐maintaining jet requires the export of eddy activity to
the jet wings, such that the zonal winds at the latitude of
eddy generation are locally enhanced, keeping the jet in

place [Robinson, 2006]. The key to the self‐maintenance is
that the eddy momentum flux convergence be large and
concentrated in the jet core. If waves see a turning latitude
poleward of the jet, wave breaking decreases there, which
broadens the convergence of momentum flux. If the eddy
forcing region is broad it is less effective at reinforcing the
jet at the jet core compared to nearby latitudes, and the jet is
less likely to persist in its current position [Hartmann,
2007].
[16] To demonstrate the reduction in feedback between

the eddies and the mean flow, we use time series analysis to
quantify the feedback as done by Lorenz and Hartmann
[2001]. The eddy‐forcing time series M is defined as the
projection of the upper‐level eddy‐forcing field onto the
upper‐level (200–400 mb) zonally‐averaged zonal wind
SAM pattern. Lorenz and Hartmann [2001] and Barnes
and Hartmann [2010b] argue that the large correlations
at positive lags (Z leads its forcing M) gives a measure of
the feedback between the eddy forcing and the large‐scale
annular mode (correlation plots not shown). We average the
cross‐correlations between Z and M over lags 0 to +20 days
for each integration and plot the results in Figure 2d. As the
jet is located nearer to the pole, we confirm that the positive
feedback between the eddies and the shifted‐jet decreases
with the decrease in annular mode persistence. The reanal-
ysis shows a stronger feedback than integrations with similar
jet latitudes, but the reasons for this are not examined here.
[17] This dependence of feedback strength on jet latitude

can also give insight into the magnitude of future jet shifts.
We plot the jet shift between global warming and baseline
scenarios versus the latitude of the jet in the baseline sce-
nario in Figure 1c. We consistently find that the jet shifts
less under global warming when the initial jet is closer to the
pole. Our mechanism suggests that jets nearer the pole are
unable to shift further poleward since the poleward wave
breaking is already suppressed and much of the sensitivity
derives from suppression of poleward wave breaking. This
also suggests that GCMs that place the jet too far equatorward
may over‐estimate the shift of the jet in future climates.

3.2. Asymmetry Between Phases
[18] We define high‐ (low‐) phase annular mode events as

days when Z is in its top (bottom) 5%, and these events are
associated with a poleward (equatorward) shift of the jet.
Barnes and Hartmann [2010a] and Woollings et al. [2010]
demonstrated that high‐phase NAO events are less persis-
tent and exhibit a reduced feedback compared to low‐phase
events, and Barnes et al. [2010] demonstrated that this is
true for the annular modes of a barotropic model. Figure 3a
shows that for the GCM integrations, the fraction of low‐
phase events that persist for at least 8 days always exceeds
the fraction of high‐phase events that persist for at least
8 days in each integration and in the reanalysis. In addition,
the decrease in persistence of the high‐phase events appears
to be strongly linked to the latitude of the mean jet.
[19] Figure 3b plots the meridional wave propagation at

300 mb for the two‐phases averaged over all integrations
(results are similar for individual integrations). Consistent
with the results of the mean‐state analysis (Figure 2b), the
poleward‐shifted jet (high‐phase) exhibits less poleward
wave propagation and more equatorward propagation. As in
the mean state, less poleward wave breaking implies a wider
jet, and we find that the width of the jet during high‐phase

Figure 2. Profiles averaged over integrations with varying
Z e‐folding times (tZ) of the (a) vertically averaged zonal‐
mean zonal winds and (b) meridional wave propagation
defined as the zonally averaged meridional flux of zonal
momentum at 300 mb. (c) K* times the radius of the earth
at 300 mb for phase speed 11 m/s from 3 integrations of a
single GCM. Only real values are plotted and latitudes of
the mean jet are denoted in the legend. (d) The average
cross‐correlation over lags 0 to +20 days between Z and
the eddy‐forcing time series M vs the latitude of the mean
jet.
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[1] Substantial biases in shortwave cloud forcing (SWCF) of
up to !30 W m"2 are found in the midlatitudes of the
Southern Hemisphere in the historical simulations of 34
CMIP5 coupled general circulation models. The SWCF
biases are shown to induce surface temperature anomalies
localized in the midlatitudes, and are significantly correlated
with the mean latitude of the eddy-driven jet, with a negative
SWCF bias corresponding to an equatorward jet latitude bias.
Aquaplanet model experiments are performed to demonstrate
that the jet latitude biases are primarily induced by the
midlatitude SWCF anomalies, such that the jet moves toward
(away from) regions of enhanced (reduced) temperature
gradients. The results underline the necessity of accurately
representing cloud radiative forcings in state-of-the-art
coupled models. Citation: Ceppi, P., Y.-T. Hwang, D. M. W.
Frierson, and D. L. Hartmann (2012), Southern Hemisphere jet lat-
itude biases in CMIP5 models linked to shortwave cloud forcing,
Geophys. Res. Lett., 39, L19708, doi:10.1029/2012GL053115.

1. Introduction

[2] The weather in midlatitudes is characterized by the
existence of belts of westerly jet streams in each hemisphere,
which are strongly related to the distribution of precipitation,
cloudiness, and midlatitude storms [e.g.,Wallace and Hobbs,
2006]. Near the jet streams are sharp local maxima of pre-
cipitation and surface wind stress, implying that small model
errors in the latitudinal position of these features can lead to
large local biases on either side of the maxima. In addition to
directly affecting midlatitude climate, the jet streams are also
linked to the large-scale circulation in the subtropics, as
strong relationships exist between jet latitude and meridional
extent of the Hadley cells and of the subtropical dry zones
[Kang et al., 2011; Kang and Polvani, 2011]. Hence, accu-
rate representation of the location and strength of the mid-
latitude jets is of crucial importance in climate modeling.
[3] Despite consistent improvements in resolution and

increasing complexity of the represented processes, current
state-of-the-art coupled global circulation models (CGCMs)
are known to exhibit significant biases in mean jet latitude,
with most models having the jet too far equatorward [e.g.,
Gerber et al., 2010; Barnes and Hartmann, 2010]. Such
biases are known to affect a number of phenomena, includ-

ing the frequency of blocking anticyclones [Scaife et al.,
2010], the distribution of surface wind stress and its
impacts on ocean currents [Fyfe and Saenko, 2006], and the
persistence of the annular modes [Barnes and Hartmann,
2010]. Moreover, jet latitude biases are of importance in
the context of climate change, as the magnitude of the pro-
jected jet shift due to increasing greenhouse gases is directly
related to the mean latitude of the jet in CGCMs [Kidston
and Gerber, 2010].
[4] In this paper, we analyze Southern Hemispheric (SH)

jet latitude biases in 34 CGCMs from the archive of the
Coupled Model Intercomparison Project phase 5 (CMIP5)
[Taylor et al., 2012]. We show that a substantial fraction of
the biases in jet latitude can be explained by anomalies in
midlatitude (40#–60#S) shortwave forcing due to clouds. In
particular, models with anomalously negative cloud short-
wave forcing tend to exhibit an equatorward bias in jet lati-
tude. We demonstrate that this bias is consistent with the
results of aquaplanet model experiments where a radiative
forcing is applied in midlatitudes. The response of the jet to
the forcing can be explained mainly by changes in meridi-
onal surface temperature gradients and baroclinicity.

2. Data and Methods

[5] We examine the zonal mean climatology of historical
integrations from 34 CMIP5 models, listed in Table 1. For
comparison with reanalysis data sets, the data are averaged
over the time period 1979 to 2005. The variables considered
are zonal wind, surface air temperature, and the top of
atmosphere (TOA) shortwave cloud forcing (SWCF), which
is calculated as clear-sky minus all-sky outgoing TOA
shortwave radiation. All results shown in this paper are for
annual-mean values.
[6] The SWCF in CGCMs is compared with satellite-based

TOA SWCF estimates from the Clouds and the Earth’s
Radiant Energy System Energy Balanced and Filled (CERES
EBAF) data set, covering the time period 2000–2010
[Wielicki et al., 1996]. Although the CERES and the CGCM
SWCF data are based on different time periods, we verified
that the mean SWCF values are only weakly dependent on
the exact time frame of consideration, making a comparison
of the different data sets possible. In addition, we utilize
zonally-averaged zonal wind and surface temperature data
from the ERA-Interim [Dee et al., 2011] and NCEP [Kalnay
et al., 1996] reanalyses, averaged over 1979–2005.
[7] We use the GFDL AM2.1 model [Delworth et al.,

2006] in aquaplanet configuration with a slab ocean lower
boundary and perpetual equinox conditions. In all experi-
ments, the model is run for six years, after discarding the
first two years of spin-up. To assess the effect of anomalies
in midlatitude shortwave radiation, we impose an anomalous
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radiative flux at the ocean surface, calculated as

F ¼ A
cos f

exp " fj j" fm

s

! "2
" #

; ð1Þ

corresponding to a Gaussian function where s = 10% and
A = &30 W m"2. fm is varied from 40% to 70%S in 10-degree
increments to investigate the effect of the latitude of the
imposed radiative forcing, and division by cos f ensures that
the total energy input remains constant for forcings centered
at different latitudes for a given value of A. To increase the
sample size, the forcings are applied in both hemispheres,
symmetrically about the Equator, and the results are aver-
aged over both hemispheres.
[8] We define the location of the midlatitude (or eddy-

driven) jet as the latitude of the maximum zonally-averaged
zonal wind in the lower troposphere (850 hPa in the
CGCMs, surface level in the aquaplanet model). The zonal
wind distribution is cubically interpolated (using the four
nearest neighbor gridpoints) at a latitudinal resolution of
0.1% prior to calculating the jet latitude.

3. Biases in CMIP5 CGCMs

[9] Observed SWCF (black line in Figure 1) has its mini-
mum near the SH storm track where clouds in different sec-
tors of extratropical cyclones reflect substantial shortwave
radiation back to space. Differences in simulated SWCF are

considerable among CGCMs (Figure 1, top), with particu-
larly large spread found in the SH midlatitudes and in the
deep tropics, even though the multi-model mean is quite
close to the CERES values. The intensity of the SH midlati-
tude minimum varies by up to &30 W m"2 in the SH.
[10] Given the magnitude of the SWCF variations, it is not

surprising to find large differences in mean surface temper-
ature between CGCMs (Figure 1, bottom). To emphasize the
relationship between anomalies in midlatitude SWCF and
temperatures, we color-coded the models in Figure 1 by the
magnitude of their SWCF peak between 40% and 60%S. This
reveals that midlatitude surface temperature anomalies are
dominated by the biases in SWCF (r = 0.63).
[11] It is worth noting that although the sign of the SWCF

anomalies tends to be the same in the midlatitudes of both
hemispheres for each CGCM, the relationships between
SWCF, midlatitude surface temperature, and jet latitude are
much weaker in the Northern Hemisphere (NH). The fact
that both the mean SWCF and the SWCF biases are smaller
is one possible reason, since it implies a smaller SW radia-
tive effect due to clouds. We will focus on the SH in the
remainder of this study.
[12] Numerous studies based on idealized model experi-

ments have shown that the mean circulation, and particularly
the eddy-driven jets, respond to thermal forcings [see, e.g.,

Table 1. List of CMIP5 CGCMs Used in the Analysisa

Model Name Institute

1 ACCESS1.0 CSIRO-BOM
2 ACCESS1.3 CSIRO-BOM
3 BCC-CSM1.1 BCC
4 BNU-ESM GCESS
5 CanESM2 CCCMA
6 CCSM4 NCAR
7 CESM1-FASTCHEM NSF-DOE-NCAR
8 CNRM-CM5 CNRM-CERFACS
9 CSIRO-Mk3.6.0 CSIRO-QCCCE
10 FGOALS-s2 LASG-IAP
11 FIO-ESM FIO
12 GFDL-CM3 NOAA GFDL
13 GFDL-ESM2G NOAA GFDL
14 GFDL-ESM2M NOAA GFDL
15 GISS-E2-H NASA GISS
16 GISS-E2-R NASA GISS
17 HadCM3 MOHC
18 HadGEM2-AO MOHC
19 HadGEM2-CC MOHC
20 HadGEM2-ES MOHC
21 INMCM4 INM
22 IPSL-CM5A-LR IPSL
23 IPSL-CM5B-LR IPSL
24 IPSL-CM5A-MR IPSL
25 MIROC-ESM MIROC
26 MIROC-ESM-CHEM MIROC
27 MIROC4h MIROC
28 MIROC5 MIROC
29 MPI-ESM-LR MPI-M
30 MPI-ESM-MR MPI-M
31 MPI-ESM-P MPI-M
32 MRI-CGCM3 MRI
33 NorESM1-M NCC
34 NorESM1-ME NCC

aFor all models, the first ensemble member of the historical experiment
(“r1i1p1”) was analyzed over the period 1979–2005.

Figure 1. Mean shortwave cloud forcing (SWCF) and sur-
face temperature anomaly as a function of latitude for each
of the CGCMs. Each line is colored according to the magni-
tude of the respective peak SWCF between 40% and 60%S
(see text), and the solid black line represents CERES data.
The dashed lines correspond to the multi-model mean
SWCF and temperature anomaly. The surface temperature
anomalies are computed relative to NCEP values.
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Kushner et al., 2001; Polvani and Kushner, 2002; Brayshaw
et al., 2008; Chen et al., 2010; Allen et al., 2012]. Such
responses may arise from several types of forcings. One
example are global- or hemispheric-scale forcings, such as
the effect of increasing greenhouse gas concentrations,
where warming the troposphere induces a poleward shift of
the eddy-driven jet [Kushner et al., 2001]. However, more
localized forcings may also alter the distribution of eddy
activity, inducing a shift of the jet toward (away from) the
increased (decreased) meridional surface temperature gradi-
ent [Brayshaw et al., 2008; Chen et al., 2010]. Such a
response can be understood from the perspective of changes
in baroclinicity, since Eady growth rates are proportional to
the meridional temperature gradients.
[13] Given that the biases in SWCF induce thermal

anomalies, it is legitimate to ask whether they also induce
shifts in jet latitude in the considered CGCMs. Figure 2
shows the latitude of the eddy-driven jet versus the magni-
tude of the peak SWCF in SH midlatitudes, as defined
above. We find a highly significant negative correlation
(r = !0.70; p = 4.0 " 10!6), such that the CGCMs with an
anomalously strong midlatitude SWCF – and therefore
anomalously cold midlatitudes – have an equatorward bias
in jet position. The opposite tends to be true of models with
anomalously weak SWCF in midlatitudes, although the
relationship is somewhat less clear. Overall, SWCF biases
explain about half of the variance in jet latitude (r2 = 49%).

Note that this relationship remains essentially unchanged if
the mean midlatitude (40#–60# S) SWCF is used instead of
the peak value. In addition, the strength of the relationship is
similar if individual seasons are considered instead of
annual-mean values (not shown).
[14] A careful examination of Figure 2 also reveals that the

negative SWCF biases are dominated by the IPSL models
(numbers 22–24) and the MIROC-ESM models (27–28).
Omitting these, the correlation between jet latitude and
SWCF drops to !0.37, but remains significant at the 5%
level ( p = 0.03).
[15] From the structure and magnitude of the SWCF bia-

ses in Figure 1, we infer that the biases in jet latitude are
likely a result of the SWCF biases and not vice versa. We
verified that interannual variations in jet latitude within each
model induce changes in SWCF of the order of a few
W m!2, considerably smaller than the observed differences
in SWCF between models. Thus, the large magnitude of the
SWCF anomalies in some of the CGCMs makes it unlikely
that they could merely result from changes in jet latitude
caused by other forcings. We therefore expect that the
SWCF biases result from errors in cloud fraction or optical
depth over the entire midlatitudes, ultimately due to the
cloud parameterization schemes, and that these in turn cause
the jet latitude biases.
[16] It should also be noted that while the multi-model

mean jet latitude (49#S) is equatorward of the reanalyses, the
mean peak SWCF in SH midlatitudes is close to the CERES
values (!71 W m!2 vs. !74 W m!2), suggesting that there
may be other mechanisms, in addition to SWCF biases, that
cause the biases in jet latitude. Nevertheless, the strong
correlation found between SWCF and jet latitude biases
supports the idea that the thermal forcings induced by SWCF
anomalies explain at least part of the observed spread in jet
latitude.

4. Mechanisms for Cloud Influences
on Jet Latitude

[17] The negative correlation between SWCF and jet lati-
tude suggests two possible mechanisms: a positive SWCF
anomaly causes a net warming of the hemisphere, and also
induces a change in meridional surface temperature gra-
dients such that the strongest gradients are shifted poleward,
with both mechanisms potentially leading to a poleward shift

Figure 2. Mean jet latitude as a function of peak SWCF in
SH midlatitudes (see Figure 1 and text). The numbers refer
to the CGCMs in Table 1.

Figure 3. Shape of the applied radiative forcings as a func-
tion of fm (see equation (1)) for A = 30 W m!2.

Figure 4. Response of the SH jet in the aquaplanet model
experiments as a function of the latitude fm of the imposed
radiative forcing, with A = $30 W m!2. Positive values cor-
respond to an equatorward shift. The control jet latitude is
44#S.
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radiative flux at the ocean surface, calculated as
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corresponding to a Gaussian function where s = 10% and
A = &30 W m"2. fm is varied from 40% to 70%S in 10-degree
increments to investigate the effect of the latitude of the
imposed radiative forcing, and division by cos f ensures that
the total energy input remains constant for forcings centered
at different latitudes for a given value of A. To increase the
sample size, the forcings are applied in both hemispheres,
symmetrically about the Equator, and the results are aver-
aged over both hemispheres.
[8] We define the location of the midlatitude (or eddy-

driven) jet as the latitude of the maximum zonally-averaged
zonal wind in the lower troposphere (850 hPa in the
CGCMs, surface level in the aquaplanet model). The zonal
wind distribution is cubically interpolated (using the four
nearest neighbor gridpoints) at a latitudinal resolution of
0.1% prior to calculating the jet latitude.

3. Biases in CMIP5 CGCMs

[9] Observed SWCF (black line in Figure 1) has its mini-
mum near the SH storm track where clouds in different sec-
tors of extratropical cyclones reflect substantial shortwave
radiation back to space. Differences in simulated SWCF are

considerable among CGCMs (Figure 1, top), with particu-
larly large spread found in the SH midlatitudes and in the
deep tropics, even though the multi-model mean is quite
close to the CERES values. The intensity of the SH midlati-
tude minimum varies by up to &30 W m"2 in the SH.
[10] Given the magnitude of the SWCF variations, it is not

surprising to find large differences in mean surface temper-
ature between CGCMs (Figure 1, bottom). To emphasize the
relationship between anomalies in midlatitude SWCF and
temperatures, we color-coded the models in Figure 1 by the
magnitude of their SWCF peak between 40% and 60%S. This
reveals that midlatitude surface temperature anomalies are
dominated by the biases in SWCF (r = 0.63).
[11] It is worth noting that although the sign of the SWCF

anomalies tends to be the same in the midlatitudes of both
hemispheres for each CGCM, the relationships between
SWCF, midlatitude surface temperature, and jet latitude are
much weaker in the Northern Hemisphere (NH). The fact
that both the mean SWCF and the SWCF biases are smaller
is one possible reason, since it implies a smaller SW radia-
tive effect due to clouds. We will focus on the SH in the
remainder of this study.
[12] Numerous studies based on idealized model experi-

ments have shown that the mean circulation, and particularly
the eddy-driven jets, respond to thermal forcings [see, e.g.,

Table 1. List of CMIP5 CGCMs Used in the Analysisa

Model Name Institute

1 ACCESS1.0 CSIRO-BOM
2 ACCESS1.3 CSIRO-BOM
3 BCC-CSM1.1 BCC
4 BNU-ESM GCESS
5 CanESM2 CCCMA
6 CCSM4 NCAR
7 CESM1-FASTCHEM NSF-DOE-NCAR
8 CNRM-CM5 CNRM-CERFACS
9 CSIRO-Mk3.6.0 CSIRO-QCCCE
10 FGOALS-s2 LASG-IAP
11 FIO-ESM FIO
12 GFDL-CM3 NOAA GFDL
13 GFDL-ESM2G NOAA GFDL
14 GFDL-ESM2M NOAA GFDL
15 GISS-E2-H NASA GISS
16 GISS-E2-R NASA GISS
17 HadCM3 MOHC
18 HadGEM2-AO MOHC
19 HadGEM2-CC MOHC
20 HadGEM2-ES MOHC
21 INMCM4 INM
22 IPSL-CM5A-LR IPSL
23 IPSL-CM5B-LR IPSL
24 IPSL-CM5A-MR IPSL
25 MIROC-ESM MIROC
26 MIROC-ESM-CHEM MIROC
27 MIROC4h MIROC
28 MIROC5 MIROC
29 MPI-ESM-LR MPI-M
30 MPI-ESM-MR MPI-M
31 MPI-ESM-P MPI-M
32 MRI-CGCM3 MRI
33 NorESM1-M NCC
34 NorESM1-ME NCC

aFor all models, the first ensemble member of the historical experiment
(“r1i1p1”) was analyzed over the period 1979–2005.

Figure 1. Mean shortwave cloud forcing (SWCF) and sur-
face temperature anomaly as a function of latitude for each
of the CGCMs. Each line is colored according to the magni-
tude of the respective peak SWCF between 40% and 60%S
(see text), and the solid black line represents CERES data.
The dashed lines correspond to the multi-model mean
SWCF and temperature anomaly. The surface temperature
anomalies are computed relative to NCEP values.
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Kushner et al., 2001; Polvani and Kushner, 2002; Brayshaw
et al., 2008; Chen et al., 2010; Allen et al., 2012]. Such
responses may arise from several types of forcings. One
example are global- or hemispheric-scale forcings, such as
the effect of increasing greenhouse gas concentrations,
where warming the troposphere induces a poleward shift of
the eddy-driven jet [Kushner et al., 2001]. However, more
localized forcings may also alter the distribution of eddy
activity, inducing a shift of the jet toward (away from) the
increased (decreased) meridional surface temperature gradi-
ent [Brayshaw et al., 2008; Chen et al., 2010]. Such a
response can be understood from the perspective of changes
in baroclinicity, since Eady growth rates are proportional to
the meridional temperature gradients.
[13] Given that the biases in SWCF induce thermal

anomalies, it is legitimate to ask whether they also induce
shifts in jet latitude in the considered CGCMs. Figure 2
shows the latitude of the eddy-driven jet versus the magni-
tude of the peak SWCF in SH midlatitudes, as defined
above. We find a highly significant negative correlation
(r = !0.70; p = 4.0 " 10!6), such that the CGCMs with an
anomalously strong midlatitude SWCF – and therefore
anomalously cold midlatitudes – have an equatorward bias
in jet position. The opposite tends to be true of models with
anomalously weak SWCF in midlatitudes, although the
relationship is somewhat less clear. Overall, SWCF biases
explain about half of the variance in jet latitude (r2 = 49%).

Note that this relationship remains essentially unchanged if
the mean midlatitude (40#–60# S) SWCF is used instead of
the peak value. In addition, the strength of the relationship is
similar if individual seasons are considered instead of
annual-mean values (not shown).
[14] A careful examination of Figure 2 also reveals that the

negative SWCF biases are dominated by the IPSL models
(numbers 22–24) and the MIROC-ESM models (27–28).
Omitting these, the correlation between jet latitude and
SWCF drops to !0.37, but remains significant at the 5%
level ( p = 0.03).
[15] From the structure and magnitude of the SWCF bia-

ses in Figure 1, we infer that the biases in jet latitude are
likely a result of the SWCF biases and not vice versa. We
verified that interannual variations in jet latitude within each
model induce changes in SWCF of the order of a few
W m!2, considerably smaller than the observed differences
in SWCF between models. Thus, the large magnitude of the
SWCF anomalies in some of the CGCMs makes it unlikely
that they could merely result from changes in jet latitude
caused by other forcings. We therefore expect that the
SWCF biases result from errors in cloud fraction or optical
depth over the entire midlatitudes, ultimately due to the
cloud parameterization schemes, and that these in turn cause
the jet latitude biases.
[16] It should also be noted that while the multi-model

mean jet latitude (49#S) is equatorward of the reanalyses, the
mean peak SWCF in SH midlatitudes is close to the CERES
values (!71 W m!2 vs. !74 W m!2), suggesting that there
may be other mechanisms, in addition to SWCF biases, that
cause the biases in jet latitude. Nevertheless, the strong
correlation found between SWCF and jet latitude biases
supports the idea that the thermal forcings induced by SWCF
anomalies explain at least part of the observed spread in jet
latitude.

4. Mechanisms for Cloud Influences
on Jet Latitude

[17] The negative correlation between SWCF and jet lati-
tude suggests two possible mechanisms: a positive SWCF
anomaly causes a net warming of the hemisphere, and also
induces a change in meridional surface temperature gra-
dients such that the strongest gradients are shifted poleward,
with both mechanisms potentially leading to a poleward shift

Figure 2. Mean jet latitude as a function of peak SWCF in
SH midlatitudes (see Figure 1 and text). The numbers refer
to the CGCMs in Table 1.

Figure 3. Shape of the applied radiative forcings as a func-
tion of fm (see equation (1)) for A = 30 W m!2.

Figure 4. Response of the SH jet in the aquaplanet model
experiments as a function of the latitude fm of the imposed
radiative forcing, with A = $30 W m!2. Positive values cor-
respond to an equatorward shift. The control jet latitude is
44#S.
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radiative flux at the ocean surface, calculated as

F ¼ A
cos f

exp " fj j" fm

s

! "2
" #

; ð1Þ

corresponding to a Gaussian function where s = 10% and
A = &30 W m"2. fm is varied from 40% to 70%S in 10-degree
increments to investigate the effect of the latitude of the
imposed radiative forcing, and division by cos f ensures that
the total energy input remains constant for forcings centered
at different latitudes for a given value of A. To increase the
sample size, the forcings are applied in both hemispheres,
symmetrically about the Equator, and the results are aver-
aged over both hemispheres.
[8] We define the location of the midlatitude (or eddy-

driven) jet as the latitude of the maximum zonally-averaged
zonal wind in the lower troposphere (850 hPa in the
CGCMs, surface level in the aquaplanet model). The zonal
wind distribution is cubically interpolated (using the four
nearest neighbor gridpoints) at a latitudinal resolution of
0.1% prior to calculating the jet latitude.

3. Biases in CMIP5 CGCMs

[9] Observed SWCF (black line in Figure 1) has its mini-
mum near the SH storm track where clouds in different sec-
tors of extratropical cyclones reflect substantial shortwave
radiation back to space. Differences in simulated SWCF are

considerable among CGCMs (Figure 1, top), with particu-
larly large spread found in the SH midlatitudes and in the
deep tropics, even though the multi-model mean is quite
close to the CERES values. The intensity of the SH midlati-
tude minimum varies by up to &30 W m"2 in the SH.
[10] Given the magnitude of the SWCF variations, it is not

surprising to find large differences in mean surface temper-
ature between CGCMs (Figure 1, bottom). To emphasize the
relationship between anomalies in midlatitude SWCF and
temperatures, we color-coded the models in Figure 1 by the
magnitude of their SWCF peak between 40% and 60%S. This
reveals that midlatitude surface temperature anomalies are
dominated by the biases in SWCF (r = 0.63).
[11] It is worth noting that although the sign of the SWCF

anomalies tends to be the same in the midlatitudes of both
hemispheres for each CGCM, the relationships between
SWCF, midlatitude surface temperature, and jet latitude are
much weaker in the Northern Hemisphere (NH). The fact
that both the mean SWCF and the SWCF biases are smaller
is one possible reason, since it implies a smaller SW radia-
tive effect due to clouds. We will focus on the SH in the
remainder of this study.
[12] Numerous studies based on idealized model experi-

ments have shown that the mean circulation, and particularly
the eddy-driven jets, respond to thermal forcings [see, e.g.,

Table 1. List of CMIP5 CGCMs Used in the Analysisa

Model Name Institute

1 ACCESS1.0 CSIRO-BOM
2 ACCESS1.3 CSIRO-BOM
3 BCC-CSM1.1 BCC
4 BNU-ESM GCESS
5 CanESM2 CCCMA
6 CCSM4 NCAR
7 CESM1-FASTCHEM NSF-DOE-NCAR
8 CNRM-CM5 CNRM-CERFACS
9 CSIRO-Mk3.6.0 CSIRO-QCCCE
10 FGOALS-s2 LASG-IAP
11 FIO-ESM FIO
12 GFDL-CM3 NOAA GFDL
13 GFDL-ESM2G NOAA GFDL
14 GFDL-ESM2M NOAA GFDL
15 GISS-E2-H NASA GISS
16 GISS-E2-R NASA GISS
17 HadCM3 MOHC
18 HadGEM2-AO MOHC
19 HadGEM2-CC MOHC
20 HadGEM2-ES MOHC
21 INMCM4 INM
22 IPSL-CM5A-LR IPSL
23 IPSL-CM5B-LR IPSL
24 IPSL-CM5A-MR IPSL
25 MIROC-ESM MIROC
26 MIROC-ESM-CHEM MIROC
27 MIROC4h MIROC
28 MIROC5 MIROC
29 MPI-ESM-LR MPI-M
30 MPI-ESM-MR MPI-M
31 MPI-ESM-P MPI-M
32 MRI-CGCM3 MRI
33 NorESM1-M NCC
34 NorESM1-ME NCC

aFor all models, the first ensemble member of the historical experiment
(“r1i1p1”) was analyzed over the period 1979–2005.

Figure 1. Mean shortwave cloud forcing (SWCF) and sur-
face temperature anomaly as a function of latitude for each
of the CGCMs. Each line is colored according to the magni-
tude of the respective peak SWCF between 40% and 60%S
(see text), and the solid black line represents CERES data.
The dashed lines correspond to the multi-model mean
SWCF and temperature anomaly. The surface temperature
anomalies are computed relative to NCEP values.
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Kushner et al., 2001; Polvani and Kushner, 2002; Brayshaw
et al., 2008; Chen et al., 2010; Allen et al., 2012]. Such
responses may arise from several types of forcings. One
example are global- or hemispheric-scale forcings, such as
the effect of increasing greenhouse gas concentrations,
where warming the troposphere induces a poleward shift of
the eddy-driven jet [Kushner et al., 2001]. However, more
localized forcings may also alter the distribution of eddy
activity, inducing a shift of the jet toward (away from) the
increased (decreased) meridional surface temperature gradi-
ent [Brayshaw et al., 2008; Chen et al., 2010]. Such a
response can be understood from the perspective of changes
in baroclinicity, since Eady growth rates are proportional to
the meridional temperature gradients.
[13] Given that the biases in SWCF induce thermal

anomalies, it is legitimate to ask whether they also induce
shifts in jet latitude in the considered CGCMs. Figure 2
shows the latitude of the eddy-driven jet versus the magni-
tude of the peak SWCF in SH midlatitudes, as defined
above. We find a highly significant negative correlation
(r = !0.70; p = 4.0 " 10!6), such that the CGCMs with an
anomalously strong midlatitude SWCF – and therefore
anomalously cold midlatitudes – have an equatorward bias
in jet position. The opposite tends to be true of models with
anomalously weak SWCF in midlatitudes, although the
relationship is somewhat less clear. Overall, SWCF biases
explain about half of the variance in jet latitude (r2 = 49%).

Note that this relationship remains essentially unchanged if
the mean midlatitude (40#–60# S) SWCF is used instead of
the peak value. In addition, the strength of the relationship is
similar if individual seasons are considered instead of
annual-mean values (not shown).
[14] A careful examination of Figure 2 also reveals that the

negative SWCF biases are dominated by the IPSL models
(numbers 22–24) and the MIROC-ESM models (27–28).
Omitting these, the correlation between jet latitude and
SWCF drops to !0.37, but remains significant at the 5%
level ( p = 0.03).
[15] From the structure and magnitude of the SWCF bia-

ses in Figure 1, we infer that the biases in jet latitude are
likely a result of the SWCF biases and not vice versa. We
verified that interannual variations in jet latitude within each
model induce changes in SWCF of the order of a few
W m!2, considerably smaller than the observed differences
in SWCF between models. Thus, the large magnitude of the
SWCF anomalies in some of the CGCMs makes it unlikely
that they could merely result from changes in jet latitude
caused by other forcings. We therefore expect that the
SWCF biases result from errors in cloud fraction or optical
depth over the entire midlatitudes, ultimately due to the
cloud parameterization schemes, and that these in turn cause
the jet latitude biases.
[16] It should also be noted that while the multi-model

mean jet latitude (49#S) is equatorward of the reanalyses, the
mean peak SWCF in SH midlatitudes is close to the CERES
values (!71 W m!2 vs. !74 W m!2), suggesting that there
may be other mechanisms, in addition to SWCF biases, that
cause the biases in jet latitude. Nevertheless, the strong
correlation found between SWCF and jet latitude biases
supports the idea that the thermal forcings induced by SWCF
anomalies explain at least part of the observed spread in jet
latitude.

4. Mechanisms for Cloud Influences
on Jet Latitude

[17] The negative correlation between SWCF and jet lati-
tude suggests two possible mechanisms: a positive SWCF
anomaly causes a net warming of the hemisphere, and also
induces a change in meridional surface temperature gra-
dients such that the strongest gradients are shifted poleward,
with both mechanisms potentially leading to a poleward shift

Figure 2. Mean jet latitude as a function of peak SWCF in
SH midlatitudes (see Figure 1 and text). The numbers refer
to the CGCMs in Table 1.

Figure 3. Shape of the applied radiative forcings as a func-
tion of fm (see equation (1)) for A = 30 W m!2.

Figure 4. Response of the SH jet in the aquaplanet model
experiments as a function of the latitude fm of the imposed
radiative forcing, with A = $30 W m!2. Positive values cor-
respond to an equatorward shift. The control jet latitude is
44#S.
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Kushner et al., 2001; Polvani and Kushner, 2002; Brayshaw
et al., 2008; Chen et al., 2010; Allen et al., 2012]. Such
responses may arise from several types of forcings. One
example are global- or hemispheric-scale forcings, such as
the effect of increasing greenhouse gas concentrations,
where warming the troposphere induces a poleward shift of
the eddy-driven jet [Kushner et al., 2001]. However, more
localized forcings may also alter the distribution of eddy
activity, inducing a shift of the jet toward (away from) the
increased (decreased) meridional surface temperature gradi-
ent [Brayshaw et al., 2008; Chen et al., 2010]. Such a
response can be understood from the perspective of changes
in baroclinicity, since Eady growth rates are proportional to
the meridional temperature gradients.
[13] Given that the biases in SWCF induce thermal

anomalies, it is legitimate to ask whether they also induce
shifts in jet latitude in the considered CGCMs. Figure 2
shows the latitude of the eddy-driven jet versus the magni-
tude of the peak SWCF in SH midlatitudes, as defined
above. We find a highly significant negative correlation
(r = !0.70; p = 4.0 " 10!6), such that the CGCMs with an
anomalously strong midlatitude SWCF – and therefore
anomalously cold midlatitudes – have an equatorward bias
in jet position. The opposite tends to be true of models with
anomalously weak SWCF in midlatitudes, although the
relationship is somewhat less clear. Overall, SWCF biases
explain about half of the variance in jet latitude (r2 = 49%).

Note that this relationship remains essentially unchanged if
the mean midlatitude (40#–60# S) SWCF is used instead of
the peak value. In addition, the strength of the relationship is
similar if individual seasons are considered instead of
annual-mean values (not shown).
[14] A careful examination of Figure 2 also reveals that the

negative SWCF biases are dominated by the IPSL models
(numbers 22–24) and the MIROC-ESM models (27–28).
Omitting these, the correlation between jet latitude and
SWCF drops to !0.37, but remains significant at the 5%
level ( p = 0.03).
[15] From the structure and magnitude of the SWCF bia-

ses in Figure 1, we infer that the biases in jet latitude are
likely a result of the SWCF biases and not vice versa. We
verified that interannual variations in jet latitude within each
model induce changes in SWCF of the order of a few
W m!2, considerably smaller than the observed differences
in SWCF between models. Thus, the large magnitude of the
SWCF anomalies in some of the CGCMs makes it unlikely
that they could merely result from changes in jet latitude
caused by other forcings. We therefore expect that the
SWCF biases result from errors in cloud fraction or optical
depth over the entire midlatitudes, ultimately due to the
cloud parameterization schemes, and that these in turn cause
the jet latitude biases.
[16] It should also be noted that while the multi-model

mean jet latitude (49#S) is equatorward of the reanalyses, the
mean peak SWCF in SH midlatitudes is close to the CERES
values (!71 W m!2 vs. !74 W m!2), suggesting that there
may be other mechanisms, in addition to SWCF biases, that
cause the biases in jet latitude. Nevertheless, the strong
correlation found between SWCF and jet latitude biases
supports the idea that the thermal forcings induced by SWCF
anomalies explain at least part of the observed spread in jet
latitude.

4. Mechanisms for Cloud Influences
on Jet Latitude

[17] The negative correlation between SWCF and jet lati-
tude suggests two possible mechanisms: a positive SWCF
anomaly causes a net warming of the hemisphere, and also
induces a change in meridional surface temperature gra-
dients such that the strongest gradients are shifted poleward,
with both mechanisms potentially leading to a poleward shift

Figure 2. Mean jet latitude as a function of peak SWCF in
SH midlatitudes (see Figure 1 and text). The numbers refer
to the CGCMs in Table 1.

Figure 3. Shape of the applied radiative forcings as a func-
tion of fm (see equation (1)) for A = 30 W m!2.

Figure 4. Response of the SH jet in the aquaplanet model
experiments as a function of the latitude fm of the imposed
radiative forcing, with A = $30 W m!2. Positive values cor-
respond to an equatorward shift. The control jet latitude is
44#S.
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Kushner et al., 2001; Polvani and Kushner, 2002; Brayshaw
et al., 2008; Chen et al., 2010; Allen et al., 2012]. Such
responses may arise from several types of forcings. One
example are global- or hemispheric-scale forcings, such as
the effect of increasing greenhouse gas concentrations,
where warming the troposphere induces a poleward shift of
the eddy-driven jet [Kushner et al., 2001]. However, more
localized forcings may also alter the distribution of eddy
activity, inducing a shift of the jet toward (away from) the
increased (decreased) meridional surface temperature gradi-
ent [Brayshaw et al., 2008; Chen et al., 2010]. Such a
response can be understood from the perspective of changes
in baroclinicity, since Eady growth rates are proportional to
the meridional temperature gradients.
[13] Given that the biases in SWCF induce thermal

anomalies, it is legitimate to ask whether they also induce
shifts in jet latitude in the considered CGCMs. Figure 2
shows the latitude of the eddy-driven jet versus the magni-
tude of the peak SWCF in SH midlatitudes, as defined
above. We find a highly significant negative correlation
(r = !0.70; p = 4.0 " 10!6), such that the CGCMs with an
anomalously strong midlatitude SWCF – and therefore
anomalously cold midlatitudes – have an equatorward bias
in jet position. The opposite tends to be true of models with
anomalously weak SWCF in midlatitudes, although the
relationship is somewhat less clear. Overall, SWCF biases
explain about half of the variance in jet latitude (r2 = 49%).

Note that this relationship remains essentially unchanged if
the mean midlatitude (40#–60# S) SWCF is used instead of
the peak value. In addition, the strength of the relationship is
similar if individual seasons are considered instead of
annual-mean values (not shown).
[14] A careful examination of Figure 2 also reveals that the

negative SWCF biases are dominated by the IPSL models
(numbers 22–24) and the MIROC-ESM models (27–28).
Omitting these, the correlation between jet latitude and
SWCF drops to !0.37, but remains significant at the 5%
level ( p = 0.03).
[15] From the structure and magnitude of the SWCF bia-

ses in Figure 1, we infer that the biases in jet latitude are
likely a result of the SWCF biases and not vice versa. We
verified that interannual variations in jet latitude within each
model induce changes in SWCF of the order of a few
W m!2, considerably smaller than the observed differences
in SWCF between models. Thus, the large magnitude of the
SWCF anomalies in some of the CGCMs makes it unlikely
that they could merely result from changes in jet latitude
caused by other forcings. We therefore expect that the
SWCF biases result from errors in cloud fraction or optical
depth over the entire midlatitudes, ultimately due to the
cloud parameterization schemes, and that these in turn cause
the jet latitude biases.
[16] It should also be noted that while the multi-model

mean jet latitude (49#S) is equatorward of the reanalyses, the
mean peak SWCF in SH midlatitudes is close to the CERES
values (!71 W m!2 vs. !74 W m!2), suggesting that there
may be other mechanisms, in addition to SWCF biases, that
cause the biases in jet latitude. Nevertheless, the strong
correlation found between SWCF and jet latitude biases
supports the idea that the thermal forcings induced by SWCF
anomalies explain at least part of the observed spread in jet
latitude.

4. Mechanisms for Cloud Influences
on Jet Latitude

[17] The negative correlation between SWCF and jet lati-
tude suggests two possible mechanisms: a positive SWCF
anomaly causes a net warming of the hemisphere, and also
induces a change in meridional surface temperature gra-
dients such that the strongest gradients are shifted poleward,
with both mechanisms potentially leading to a poleward shift

Figure 2. Mean jet latitude as a function of peak SWCF in
SH midlatitudes (see Figure 1 and text). The numbers refer
to the CGCMs in Table 1.

Figure 3. Shape of the applied radiative forcings as a func-
tion of fm (see equation (1)) for A = 30 W m!2.

Figure 4. Response of the SH jet in the aquaplanet model
experiments as a function of the latitude fm of the imposed
radiative forcing, with A = $30 W m!2. Positive values cor-
respond to an equatorward shift. The control jet latitude is
44#S.
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corresponding to a Gaussian function where s = 10% and
A = &30 W m"2. fm is varied from 40% to 70%S in 10-degree
increments to investigate the effect of the latitude of the
imposed radiative forcing, and division by cos f ensures that
the total energy input remains constant for forcings centered
at different latitudes for a given value of A. To increase the
sample size, the forcings are applied in both hemispheres,
symmetrically about the Equator, and the results are aver-
aged over both hemispheres.
[8] We define the location of the midlatitude (or eddy-

driven) jet as the latitude of the maximum zonally-averaged
zonal wind in the lower troposphere (850 hPa in the
CGCMs, surface level in the aquaplanet model). The zonal
wind distribution is cubically interpolated (using the four
nearest neighbor gridpoints) at a latitudinal resolution of
0.1% prior to calculating the jet latitude.

3. Biases in CMIP5 CGCMs

[9] Observed SWCF (black line in Figure 1) has its mini-
mum near the SH storm track where clouds in different sec-
tors of extratropical cyclones reflect substantial shortwave
radiation back to space. Differences in simulated SWCF are

considerable among CGCMs (Figure 1, top), with particu-
larly large spread found in the SH midlatitudes and in the
deep tropics, even though the multi-model mean is quite
close to the CERES values. The intensity of the SH midlati-
tude minimum varies by up to &30 W m"2 in the SH.
[10] Given the magnitude of the SWCF variations, it is not

surprising to find large differences in mean surface temper-
ature between CGCMs (Figure 1, bottom). To emphasize the
relationship between anomalies in midlatitude SWCF and
temperatures, we color-coded the models in Figure 1 by the
magnitude of their SWCF peak between 40% and 60%S. This
reveals that midlatitude surface temperature anomalies are
dominated by the biases in SWCF (r = 0.63).
[11] It is worth noting that although the sign of the SWCF

anomalies tends to be the same in the midlatitudes of both
hemispheres for each CGCM, the relationships between
SWCF, midlatitude surface temperature, and jet latitude are
much weaker in the Northern Hemisphere (NH). The fact
that both the mean SWCF and the SWCF biases are smaller
is one possible reason, since it implies a smaller SW radia-
tive effect due to clouds. We will focus on the SH in the
remainder of this study.
[12] Numerous studies based on idealized model experi-

ments have shown that the mean circulation, and particularly
the eddy-driven jets, respond to thermal forcings [see, e.g.,

Table 1. List of CMIP5 CGCMs Used in the Analysisa

Model Name Institute

1 ACCESS1.0 CSIRO-BOM
2 ACCESS1.3 CSIRO-BOM
3 BCC-CSM1.1 BCC
4 BNU-ESM GCESS
5 CanESM2 CCCMA
6 CCSM4 NCAR
7 CESM1-FASTCHEM NSF-DOE-NCAR
8 CNRM-CM5 CNRM-CERFACS
9 CSIRO-Mk3.6.0 CSIRO-QCCCE
10 FGOALS-s2 LASG-IAP
11 FIO-ESM FIO
12 GFDL-CM3 NOAA GFDL
13 GFDL-ESM2G NOAA GFDL
14 GFDL-ESM2M NOAA GFDL
15 GISS-E2-H NASA GISS
16 GISS-E2-R NASA GISS
17 HadCM3 MOHC
18 HadGEM2-AO MOHC
19 HadGEM2-CC MOHC
20 HadGEM2-ES MOHC
21 INMCM4 INM
22 IPSL-CM5A-LR IPSL
23 IPSL-CM5B-LR IPSL
24 IPSL-CM5A-MR IPSL
25 MIROC-ESM MIROC
26 MIROC-ESM-CHEM MIROC
27 MIROC4h MIROC
28 MIROC5 MIROC
29 MPI-ESM-LR MPI-M
30 MPI-ESM-MR MPI-M
31 MPI-ESM-P MPI-M
32 MRI-CGCM3 MRI
33 NorESM1-M NCC
34 NorESM1-ME NCC

aFor all models, the first ensemble member of the historical experiment
(“r1i1p1”) was analyzed over the period 1979–2005.

Figure 1. Mean shortwave cloud forcing (SWCF) and sur-
face temperature anomaly as a function of latitude for each
of the CGCMs. Each line is colored according to the magni-
tude of the respective peak SWCF between 40% and 60%S
(see text), and the solid black line represents CERES data.
The dashed lines correspond to the multi-model mean
SWCF and temperature anomaly. The surface temperature
anomalies are computed relative to NCEP values.
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of the SH storm track, while nearly half of CMIP3 models
did not impose changes in ozone forcing in their experiments.
Thus it is of interest to examine CMIP5 model storm track
projections and compare to projections based on CMIP3
models. In addition, Chang et al. [2012] compared CMIP3
model simulation of storm track statistics to those derived
from ERA-Interim data and found that CMIP3 models
exhibit biases in storm track climatology, and that these
biases are significantly correlated with the magnitude of
model projected storm track change. Thus another objective
of this study is to examine whether CMIP5 model simulated
storm tracks exhibit similar biases to those found in CMIP3
models.
[9] The layout of this paper is as follows. In Section 2, we

will discuss the data used and the methodology in quantita-
tively defining storm track activity. In Section 3, CMIP5
storm track climatology and projection of storm track
changes will be presented. In Section 4, we will present
discussions including the comparison between CMIP5 and
CMIP3 projections, as well as examining the relationship
between CMIP5 storm track biases and storm track projec-
tion. Section 5 will contain the summary and conclusions.

2. Data and Methodology

[10] In this paper, storm track activity is examined based
on both temporal variance and cyclone tracking statistics. For
variance statistics, daily or higher frequency data are needed,
while for cyclone tracking, 6-hourly or more frequent data
are required. Thus we used 6-hourly data retrieved from the
CMIP5 archives. CMIP5 provides 6-hourly pressure level
data on selected levels only: 850, 500, and 250 hPa (as well
as two dimensional fields such as sea level pressure), which
is too coarse for analyzing the vertical structure of storm
track changes. Furthermore, the only level in the upper tro-
posphere is 250 hPa, different from what is available from
CMIP3 (300 hPa), making it difficult to directly compare
results between CMIP5 and CMIP3 projections. Therefore
we used 6-hourly data at model levels instead, which are
provided by a subset of CMIP5 models. At the time we
performed the analyses, 6-hourly model level data were
available from 15 CMIP5 models (model numbers 1 to 15 in
Table 1). In addition to these model level data that provide
us with the most comprehensive three-dimensional picture,
we have also examined 6-hourly pressure level data from a
larger set of models, including 14 of the 15 models

mentioned above (except for GFDL-CM3 for which pressure
level data are not yet available) and 8 other models (model
numbers 16–23 in Table 1) that have not provided model
level data, for a total of 22 models.
[11] To highlight synoptic time-scale variability, monthly

variance statistics are computed using a 24-hour difference
filter [Wallace et al., 1988], as follows:

vv ¼ v t þ 24hrð Þ % v tð Þf g2 : ð1Þ

In equation (1), v is the meridional wind component, and vv
is the 24-hour difference filtered variance of v. The overbar
corresponds to time averaging over each month. As dis-
cussed in previous studies [e.g., Chang and Fu, 2002], this
filter has half power point at periods of 1.2 and 6 days, and
results obtained based on this filter are very similar to those
obtained using other commonly used band-pass filters.
[12] With model-level data, for each month, vv is first

computed at each grid point on each model level up to a
level that is entirely above 100 hPa, and a monthly clima-
tology is derived. These statistics are then interpolated onto
12 pressure levels (1000, 925, 850, 700, 600, 500, 400, 300,
250, 200, 150, and 100 hPa) using the surface pressure cli-
matology of the model for the appropriate month. To check
whether this methodology introduces any significant biases,
we have compared the variance statistics at 250 hPa to those
computed directly using the available pressure level data for
several models. The comparison shows that the results are
nearly identical: The pattern correlations for projected
changes are all above 0.999, and the amplitudes of the
changes are within 1% of each other.
[13] The pressure level variance statistics (vv) are then

interpolated from the model horizontal grid onto a common
2.5& ' 2.5& latitude-longitude grid. To facilitate compar-
isons with CMIP3 results for which only daily averaged data
are available, the 6-hourly data for each day are first aver-
aged to form the daily mean before the variance is computed
[see Chang et al., 2012]. Data from 1980 to 1999 from the
“historical” runs are used to generate the climatological
storm track analyses, while data from 2081 to 2100 from the
high-emission Representative Concentration Pathway
RCP8.5 experiments [Meinshausen et al., 2011] have been
used for the future projection. For this scenario, the total
radiative forcing is about 8.5 Wm%2 by 2100. For models
with multiple runs, only a single run (usually r1i1p1) is used
for the analyses, but note that only a few models provide

Table 2. CMIP3 Models Examined in This Study

Model Number CMIP3 Model I.D.a
Horizontal Resolution

(Degree Longitude ' Degree Latitude)
Number of

Model Layers

1 CGCM3.1(T47) 2.8 ' 2.8 31
2 CNRM-CM3 1.9 ' 1.9 45
3 CSIRO-Mk3.0 1.9 ' 1.9 18
4 CSIRO-Mk3.5 1.9 ' 1.9 18
5 GFDL-CM2.0 2.5 ' 2.0 24
6 GFDL-CM2.1 2,5 ' 2.0 24
7 GISS-ER 5.0 ' 4.0 20
8 INM-CM3.0 5.0 ' 4.0 21
9 IPSL-CM4 3.8 ' 2.5 19
10 ECHM5/MPI-OM 1.9 ' 1.9 31
11 MRI-CGCM2.3.2 2.8 ' 2.8 30

aModel details are given by Intergovernmental Panel on Climate Change [2007, Section 8.2].
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CMIP5 multimodel ensemble projection of storm track change
under global warming
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[1] CMIP5 multimodel ensemble projection of midlatitude storm track changes has been
examined. Storm track activity is quantified by temporal variance of meridional wind and
sea level pressure (psl), as well as cyclone track statistics. For the Southern Hemisphere
(SH), CMIP5 models project clear poleward migration, upward expansion, and
intensification of the storm track. For the Northern Hemisphere (NH), the models also
project some poleward shift and upward expansion of the storm track in the upper
troposphere/lower stratosphere, but mainly weakening of the storm track toward its
equatorward flank in the troposphere. Consistent with these, CMIP5 models project
significant increase in the frequency of extreme cyclones during the SH cool season,
but significant decrease in such events in the NH. Comparisons with CMIP3 projections
indicate high degrees of consistency for SH projections, but significant differences are
found in the NH. Overall, CMIP5 models project larger decrease in storm track activity in
the NH troposphere, especially over North America in winter, where psl variance as well as
cyclone frequency and amplitude are all projected to decrease significantly. In terms of
climatology, similar to CMIP3, most CMIP5 models simulate storm tracks that are too
weak and display equatorward biases in their latitude. These biases have also been related
to future projections. In the NH, the strength of a model’s climatological storm track is
negatively correlated with its projected amplitude change under global warming, while in
the SH, models with large equatorward biases in storm track latitude tend to project larger
poleward shifts.

Citation: Chang, E. K. M., Y. Guo, and X. Xia (2012), CMIP5 multimodel ensemble projection of storm track change under
global warming, J. Geophys. Res., 117, D23118, doi:10.1029/2012JD018578.

1. Introduction

[2] The midlatitude storm tracks form an important part of
the global circulation [e.g., Chang et al., 2002]. Cyclones
passing along the storm tracks dominate the day-to-day
weather variability, and changes in storm track activity or
location strongly impact regional climate variations. Baroclinic
waves that form the storm tracks are also responsible for
transporting much of the heat, moisture, and momentum
poleward in the midlatitudes. Thus how the storm tracks
may respond to changes in greenhouse gases under global
warming is of significant interest to many people.
[3] In the literature, there exist two quite distinct defini-

tions of storm track activity. Historically, storm tracks are
defined by an aggregate of cyclone tracks [e.g., Hinman,
1888; Klein, 1957, 1958]. This definition relates directly to

one’s daily weather experience – passages of cyclones and
anticyclones lead to changes in the weather. Such a defini-
tion requires Lagrangian tracking of cyclone centers to pro-
vide information about cyclone frequency and amplitude.
Historically, tracking was performed subjectively [e.g.,
Sanders, 1988], but to facilitate processing large number of
tracks, many automatic objective algorithms have been
developed to compute cyclone tracks from gridded atmo-
spheric analyses or numerical model simulations (e.g., Bell
and Bosart [1989], Murray and Simmonds [1991], and
Hodges [1999], among many others).
[4] Since the development of gridded atmospheric data

sets, a second way of defining storm tracks has become
popular. Blackmon [1976] suggested that band pass filtered
statistics computed using a filter highlighting time scales of
2 to 6 days applied to compute eddy statistics, such as
500 hPa geopotential height variance, results in geographi-
cal distributions that correspond closely to cyclone tracks,
and used the term storm tracks to describe the maxima of
these statistics. Subsequently, many other eddy quantities,
including temporal variance of meridional wind, eddy
kinetic energy, and poleward eddy flux of momentum and
heat, have been used to indicate storm track activity [Lau,
1978; Chang et al., 2002]. This alternative Eulerian defi-
nition of storm tracks has the advantage that it highlights
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Storm Track Climatology: vv

3.1.2. Projected Changes
[23] The projected changes of zonal mean vv from the

end of the 20th century (1980–1999) to the end of the 21st
century (2081–2100) based on the 15 CMIP5 model
ensemble are shown in Figure 1. Projected increase is in red
contours, and decrease in blue, with the shades indicating
grid boxes over which at least 80% (100% for darker shades)
of the 15 CMIP5 models agree on the sign of the projected
change.
[24] For the NH, in winter (DJF), spring (MAM) and fall

(SON), there is significant increase in storm track activity in
the upper troposphere and lower stratosphere above and
poleward of the storm track maximum, with some decrease
(most significant in SON) toward the equatorward flank of
the storm track, signifying an upward and poleward expan-
sion of the storm track. In NH summer (JJA), the increase in
the high-latitude lower stratosphere is weak, and the
decrease toward the equatorward flank is more significant.
Below 350 hPa, in all seasons there is mainly weak decrease
in the subtropics extending downward all the way to the
surface, as well as some decrease in the high-latitude mid-to-
upper troposphere.
[25] During SH summer (DJF) and fall (MAM), the

change of the storm track is exhibited as a dipole of increase

to the south and decrease to the north of the storm track
maximum, extending from the surface all the way to the
tropopause, with the increase being larger in amplitude than
the decrease. This signifies a clear poleward shift of the
storm track, as well as some strengthening. Above the tro-
popause, there is significant increase again poleward and
above the storm track maximum. For SH winter (JJA) and
spring (SON), significant increase is also found poleward
and upward of the storm track maximum, while the decrease
in the subtropical region is much smaller in magnitude. In
addition, the poleward shifting is less pronounced than in
DJF and MAM. Thus in these two seasons, the storm track
changes display primarily a strengthening and slight pole-
ward and upward expansion. Overall, the projected changes
of storm track activity are much more pronounced in the SH
than those in the NH, especially the projected strengthening
at the poleward and upward flank of the storm track maxi-
mum, which extends all the way down to the surface in
contrast to the NH where strengthening is limited to the
upper troposphere/lower stratosphere.
[26] These results are largely consistent with storm track

changes projected by the CMIP3 multimodel ensemble [Yin,
2005], except that the decrease in the upper troposphere in
the summer season appears to be more significant than that

Figure 1. Projected changes from 1980 to 1999 to 2081–2100 in zonal mean vv by CMIP5 multimodel
ensemble based on RCP8.5 scenario, as a function of latitude and pressure. (a) DJF; (b) JJA; (c) MAM;
(d) SON. Black contours indicate model climatology (contour interval 50 m2 s!2). Red and blue contours
indicate projected changes (contour interval 10 m2 s!2). Shadings indicate regions over which ≥80%
(light) or 100% (dark) of the models agree on the sign of the change.
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Climatology: Zonal Mean
DJF

found in CMIP3 projections, especially for the NH summer.
We will explore the differences between these two ensem-
bles in more detail in Section 4.1.
[27] In addition to the latitude-pressure cross sections, the

projected changes at 3 vertical levels (zonal mean vv at 300
and 700 hPa, and pp at sea level) are shown in the right
panels of Figures 2 and 3. For DJF (Figure 2), in the upper
troposphere (Figure 2b), both hemispheres show a dipole
with increase to the poleward flank of the storm track and
decrease to the equatorward flank, with the increase being
slightly stronger than the decrease. The gray lines show that
basically all models agree on the shape of the change, but
there is a large spread in the magnitude of the projected
change. Proceeding downward, in the SH the models project
that the dipole becomes more and more like a monopole of
increase toward the poleward flank of the storm track. In the
NH, the agreement between the 15 models becomes pro-
gressively worse. At 700 hPa (Figure 2d), most models still
project decrease in vv south of 40!N, but there is little
agreement to the north. At sea level (Figure 2f), the multi-
model mean suggests two regions of decrease centered
around 35 and 70!N with little consensus in the midlatitudes.
[28] Corresponding changes for JJA are shown in the

right panels of Figure 3. Most models project primarily an

increase in storm track activity close to or just poleward
of the SH storm track maximum. For the NH, most models
project a decrease in storm track activity, with largest
decrease in the upper troposphere. Again, there is large
spread among the models regarding the magnitude of the
projected change.
[29] The geographical distribution of the projected chan-

ges for these three levels is shown in Figures 4–6. In these
figures, the top panels show the changes for DJF and JJA
derived from CMIP5 models, while the bottom panels show
corresponding changes derived from CMIP3 models and
will be discussed later. Projected changes at 300 hPa are
shown in Figure 4. In DJF (Figure 4a), the models project a
nearly zonally symmetric band of increase south of the SH
storm track maximum and decrease to the north, suggesting
a poleward shift of the storm track at all longitudes. For the
NH, there is significant increase between 40 and 60!N
extending from the Atlantic across Eurasia. There is also
significant increase over Canada, with weak increase over
north Pacific. There are areas of significant decrease to the
south of the western Pacific and western Atlantic storm
tracks, suggesting a poleward shift of the storm tracks in the
upper troposphere. For JJA (Figure 4b), in the NH, CMIP5
models show a continuous band of decrease centered just

Figure 2. DJF zonal mean showing model mean and spread. (a, c, e) Climatological mean (1980–1999).
(b, d, f) Projected changes from 1980 to 1999 to 2081–2100. Figures 2a and 2b: vv at 300 hPa (unit m2 s"2).
Figures 2c and 2d: vv at 700 hPa (unit m2 s"2). Figures 2e and 2f: pp (unit hPa2). In all panels, gray lines are
for individual CMIP5 models, red line is for CMIP5 ensemble mean, blue dotted line for CMIP3 ensemble
mean. The black solid line in the left panels is for ERA-Interim.
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slightly south of the storm track peaks, with maximum
decrease over western Pacific and western Atlantic. In the
SH upper troposphere, the projected change is dominated by
a band of increase near 60!S, with some decrease over the
Pacific extending across South America into the Atlantic
around 30!S.
[30] Projected changes in vv at 700 hPa are shown in

Figure 5. In DJF in the SH (Figure 5a), CMIP5 models again
project a dipole of opposite signs across the storm track
peak, indicating a poleward shift of the SH storm track. In
the NH, the extensive band of projected increase found at
300 hPa is no longer present, and only a small region of
increase around 50!N extending from eastern Atlantic into
Europe can be seen. Significant decrease in vv can be found
south of the Pacific storm track. There is also some decrease
near the entrance to the Atlantic storm track, as well as south
of the subtropical jet extending from North Africa across
southern Asia. In JJA (Figure 5b), the projected change in
the SH is again dominated by the extensive band of increase
between 40 and 70!S, with a smaller band of decrease to the
north mainly over the Pacific. In the NH, the projected
change is dominated by decrease over the Pacific and
Atlantic centered just to the south of the storm track peaks.
[31] Projected changes in pp at sea level are shown in

Figure 6. For SH summer (Figure 6a), the CMIP5 model
consensus is a significant band of increase centered just

south of the climatological peak, with very little decrease to
the north, different from what is found at 700 and 300 hPa
levels. This suggests a poleward expansion and strength-
ening of the SH storm track at the surface. In the NH, Some
increase can still be seen extending from eastern Atlantic
toward Europe, but less than 80% of CMIP5 models project
such an increase. The only model consensus increase is
found over central Asia. Over the western Pacific, significant
decrease is again found to the south of the storm track
entrance region. However, the most significant region of
decrease is projected to be over North America, extending
from Alaska across continental U.S. and Canada into west-
ern North Atlantic. Over the region 30–60!N, 120–60!W,
the model ensemble mean projects nearly 11% decrease
in pp in DJF from 1980 to 1999 to 2081–2100, with all
14 models (recall that GFDL-CM3 does not provide 6-hourly
pressure level data and psl) projecting a decrease, ranging
from 2.5% to 20%. We have also examined the 8 other
CMIP5 models for which only pressure level data are avail-
able (model numbers 16–23 in Table 1), and all 8 models also
project decrease in pp of between 5.5 and 13.5%. As will be
discussed in Section 4.1, this represents one of the major
differences between CMIP5 and CMIP3 projections.
[32] For JJA, SH projected changes are again dominated

by a band of increase between 30 and 70!S. In the NH,
the models project decrease over most regions in the

Figure 3. Same as Figure 2 but for JJA.
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Projected Changes: RCP8.5

3.1.2. Projected Changes
[23] The projected changes of zonal mean vv from the

end of the 20th century (1980–1999) to the end of the 21st
century (2081–2100) based on the 15 CMIP5 model
ensemble are shown in Figure 1. Projected increase is in red
contours, and decrease in blue, with the shades indicating
grid boxes over which at least 80% (100% for darker shades)
of the 15 CMIP5 models agree on the sign of the projected
change.
[24] For the NH, in winter (DJF), spring (MAM) and fall

(SON), there is significant increase in storm track activity in
the upper troposphere and lower stratosphere above and
poleward of the storm track maximum, with some decrease
(most significant in SON) toward the equatorward flank of
the storm track, signifying an upward and poleward expan-
sion of the storm track. In NH summer (JJA), the increase in
the high-latitude lower stratosphere is weak, and the
decrease toward the equatorward flank is more significant.
Below 350 hPa, in all seasons there is mainly weak decrease
in the subtropics extending downward all the way to the
surface, as well as some decrease in the high-latitude mid-to-
upper troposphere.
[25] During SH summer (DJF) and fall (MAM), the

change of the storm track is exhibited as a dipole of increase

to the south and decrease to the north of the storm track
maximum, extending from the surface all the way to the
tropopause, with the increase being larger in amplitude than
the decrease. This signifies a clear poleward shift of the
storm track, as well as some strengthening. Above the tro-
popause, there is significant increase again poleward and
above the storm track maximum. For SH winter (JJA) and
spring (SON), significant increase is also found poleward
and upward of the storm track maximum, while the decrease
in the subtropical region is much smaller in magnitude. In
addition, the poleward shifting is less pronounced than in
DJF and MAM. Thus in these two seasons, the storm track
changes display primarily a strengthening and slight pole-
ward and upward expansion. Overall, the projected changes
of storm track activity are much more pronounced in the SH
than those in the NH, especially the projected strengthening
at the poleward and upward flank of the storm track maxi-
mum, which extends all the way down to the surface in
contrast to the NH where strengthening is limited to the
upper troposphere/lower stratosphere.
[26] These results are largely consistent with storm track

changes projected by the CMIP3 multimodel ensemble [Yin,
2005], except that the decrease in the upper troposphere in
the summer season appears to be more significant than that

Figure 1. Projected changes from 1980 to 1999 to 2081–2100 in zonal mean vv by CMIP5 multimodel
ensemble based on RCP8.5 scenario, as a function of latitude and pressure. (a) DJF; (b) JJA; (c) MAM;
(d) SON. Black contours indicate model climatology (contour interval 50 m2 s!2). Red and blue contours
indicate projected changes (contour interval 10 m2 s!2). Shadings indicate regions over which ≥80%
(light) or 100% (dark) of the models agree on the sign of the change.
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Projected Changes: RCP8.5

found in CMIP3 projections, especially for the NH summer.
We will explore the differences between these two ensem-
bles in more detail in Section 4.1.
[27] In addition to the latitude-pressure cross sections, the

projected changes at 3 vertical levels (zonal mean vv at 300
and 700 hPa, and pp at sea level) are shown in the right
panels of Figures 2 and 3. For DJF (Figure 2), in the upper
troposphere (Figure 2b), both hemispheres show a dipole
with increase to the poleward flank of the storm track and
decrease to the equatorward flank, with the increase being
slightly stronger than the decrease. The gray lines show that
basically all models agree on the shape of the change, but
there is a large spread in the magnitude of the projected
change. Proceeding downward, in the SH the models project
that the dipole becomes more and more like a monopole of
increase toward the poleward flank of the storm track. In the
NH, the agreement between the 15 models becomes pro-
gressively worse. At 700 hPa (Figure 2d), most models still
project decrease in vv south of 40!N, but there is little
agreement to the north. At sea level (Figure 2f), the multi-
model mean suggests two regions of decrease centered
around 35 and 70!N with little consensus in the midlatitudes.
[28] Corresponding changes for JJA are shown in the

right panels of Figure 3. Most models project primarily an

increase in storm track activity close to or just poleward
of the SH storm track maximum. For the NH, most models
project a decrease in storm track activity, with largest
decrease in the upper troposphere. Again, there is large
spread among the models regarding the magnitude of the
projected change.
[29] The geographical distribution of the projected chan-

ges for these three levels is shown in Figures 4–6. In these
figures, the top panels show the changes for DJF and JJA
derived from CMIP5 models, while the bottom panels show
corresponding changes derived from CMIP3 models and
will be discussed later. Projected changes at 300 hPa are
shown in Figure 4. In DJF (Figure 4a), the models project a
nearly zonally symmetric band of increase south of the SH
storm track maximum and decrease to the north, suggesting
a poleward shift of the storm track at all longitudes. For the
NH, there is significant increase between 40 and 60!N
extending from the Atlantic across Eurasia. There is also
significant increase over Canada, with weak increase over
north Pacific. There are areas of significant decrease to the
south of the western Pacific and western Atlantic storm
tracks, suggesting a poleward shift of the storm tracks in the
upper troposphere. For JJA (Figure 4b), in the NH, CMIP5
models show a continuous band of decrease centered just

Figure 2. DJF zonal mean showing model mean and spread. (a, c, e) Climatological mean (1980–1999).
(b, d, f) Projected changes from 1980 to 1999 to 2081–2100. Figures 2a and 2b: vv at 300 hPa (unit m2 s"2).
Figures 2c and 2d: vv at 700 hPa (unit m2 s"2). Figures 2e and 2f: pp (unit hPa2). In all panels, gray lines are
for individual CMIP5 models, red line is for CMIP5 ensemble mean, blue dotted line for CMIP3 ensemble
mean. The black solid line in the left panels is for ERA-Interim.
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slightly south of the storm track peaks, with maximum
decrease over western Pacific and western Atlantic. In the
SH upper troposphere, the projected change is dominated by
a band of increase near 60!S, with some decrease over the
Pacific extending across South America into the Atlantic
around 30!S.
[30] Projected changes in vv at 700 hPa are shown in

Figure 5. In DJF in the SH (Figure 5a), CMIP5 models again
project a dipole of opposite signs across the storm track
peak, indicating a poleward shift of the SH storm track. In
the NH, the extensive band of projected increase found at
300 hPa is no longer present, and only a small region of
increase around 50!N extending from eastern Atlantic into
Europe can be seen. Significant decrease in vv can be found
south of the Pacific storm track. There is also some decrease
near the entrance to the Atlantic storm track, as well as south
of the subtropical jet extending from North Africa across
southern Asia. In JJA (Figure 5b), the projected change in
the SH is again dominated by the extensive band of increase
between 40 and 70!S, with a smaller band of decrease to the
north mainly over the Pacific. In the NH, the projected
change is dominated by decrease over the Pacific and
Atlantic centered just to the south of the storm track peaks.
[31] Projected changes in pp at sea level are shown in

Figure 6. For SH summer (Figure 6a), the CMIP5 model
consensus is a significant band of increase centered just

south of the climatological peak, with very little decrease to
the north, different from what is found at 700 and 300 hPa
levels. This suggests a poleward expansion and strength-
ening of the SH storm track at the surface. In the NH, Some
increase can still be seen extending from eastern Atlantic
toward Europe, but less than 80% of CMIP5 models project
such an increase. The only model consensus increase is
found over central Asia. Over the western Pacific, significant
decrease is again found to the south of the storm track
entrance region. However, the most significant region of
decrease is projected to be over North America, extending
from Alaska across continental U.S. and Canada into west-
ern North Atlantic. Over the region 30–60!N, 120–60!W,
the model ensemble mean projects nearly 11% decrease
in pp in DJF from 1980 to 1999 to 2081–2100, with all
14 models (recall that GFDL-CM3 does not provide 6-hourly
pressure level data and psl) projecting a decrease, ranging
from 2.5% to 20%. We have also examined the 8 other
CMIP5 models for which only pressure level data are avail-
able (model numbers 16–23 in Table 1), and all 8 models also
project decrease in pp of between 5.5 and 13.5%. As will be
discussed in Section 4.1, this represents one of the major
differences between CMIP5 and CMIP3 projections.
[32] For JJA, SH projected changes are again dominated

by a band of increase between 30 and 70!S. In the NH,
the models project decrease over most regions in the

Figure 3. Same as Figure 2 but for JJA.
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Projected Changes: Geographical 
Distribution, 300 hPa

midlatitudes, similar to what is projected for vv at 700 hPa,
except that the projected decrease in pp is less extensive over
the Pacific.
[33] In summary, CMIP5 models project much more pro-

nounced changes of storm track activity in the SH than those
in the NH. According to the projections, the SH storm track
will undergo poleward and upward expansion and will also
intensify, while the NH storm track also shifts poleward and
upward in the upper troposphere/lower stratosphere, but
will undergo weakening throughout the troposphere at the
equatorward flank of the storm track.

3.2. Cyclone Track Statistics
[34] Cyclone tracking has been performed for 17 models

(see Table 1). The climatology (1980–1999) and pro-
jected changes (2081–2100 minus 1980–1999) of storm track
activity based on cyclone track statistics are investigated in
Section 3.2. Recall that for every 10! longitude, we identify
all cyclones (negative psl anomalies) crossing that longitude
circle between 20 and 70! latitude, and then examine their
mean and spread in latitude, frequency, and amplitude.
3.2.1. Climatology
[35] The climatology and changes in cyclone statistics for

DJF and JJA are shown in Figures 7 and 8, respectively. In
these figures, the climatology is shown on the left, while the
projected changes are shown on the right. In each panel,
results from each of the 17 models are indicated by one gray
line. In the left panels, the climatology based on ERA-
Interim data is shown by the unfilled square markers, with the

error bars for latitude and amplitude representing uncertain-
ties (at the 5% limit) in the mean based on all cyclones
passing each longitude circle between 20 and 70! latitude,
while the error bars for cyclone frequency represents
the uncertainties based on month-to-month variability. Note
that cyclone amplitude is defined as the absolute magnitude
of the psl perturbation and is thus positive.
[36] Results for DJF are shown in Figure 7. For NH winter

cyclone latitude (Figure 7a), ERA-Interim shows that the
cyclones are located at higher latitudes over the continents
and lower latitudes over the oceans, with the lowest latitude
occurring over the western Pacific storm track entrance
region. The CMIP5 models capture this variability quite
well. Nevertheless, there is a spread of around 5! among the
models, and a tendency of a southward (equatorward) bias in
the cyclone location in a majority of the models.
[37] For NH winter cyclone frequency (Figure 7c), ERA-

Interim suggests highest frequency over eastern North
America and western Pacific, with a sharp minimum over
western North America. Most CMIP5 models capture this
variation, but the spread among the models is quite large,
especially over Asia, and there is a tendency for many
models to underestimate the cyclone frequency over Asia.
For cyclone amplitude (Figure 7e), ERA-Interim indicates
lowest amplitude over the Pacific storm track entrance
region (near 130!E) and highest amplitude over eastern
Atlantic (near 10!W), and most models succeed to capture
these, but again there are large spreads among the models,

Figure 4. Projected changes from 1980 to 1999 to 2081–2100 in vv at 300 hPa. (a) DJF CMIP5 RCP8.5;
(b) JJA CMIP5 RCP8.5; (c) DJF CMIP3 SRES A2; (d) JJA CMIP3 SRES A2. Black contours indicate
model climatology (contour interval 50 m2 s"2). Red and blue contours indicate projected changes (con-
tour interval 10 m2 s"2). Shadings indicate regions over which ≥80% (light) or 100% (dark) of the models
agree on the sign of the change.
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and most models show a low bias over the Pacific and
Atlantic storm tracks.
[38] For SH summer, the variations in cyclone mean lati-

tude are less in the zonal direction, (Figure 7g), which is
attributable to the more zonal distribution of the storm track
in the SH compared to the NH. Most models capture such
longitudinal variations well, however, nearly all models
show a northward (equatorward) bias, with the bias as large
as 5! or more for some models, more pronounced than the
equatorward bias in the NH. For cyclone frequency
(Figure 7i), the climatology shows the clear impact of the
Andes, with a minimum in cyclone frequency around 70!W
and a maximum in the western South Atlantic. For cyclone
amplitudes (Figure 7k), while most models capture the lon-
gitudinal variations found in ERA-Interim data quite well,
all models have average amplitudes that are biased weak at
most longitudes. Again, there are large spreads among the
models.
[39] Results for JJA are shown in the left panels of

Figure 8. For the NH, most CMIP5 models show low biases
in both the cyclone frequency and cyclone amplitude
(Figures 8c and 8e). For the SH, most models again show an
equatorward bias in cyclone latitude (Figure 8g), and weaker
cyclone amplitude than the ERA-Interim (Figure 8k), similar
to the biases found in DJF (Figure 7k).
[40] In summary, the climatology of the storm track

activity in CMIP5 models indicated by cyclone track statis-
tics is consistent with what we found based on the variance
statistics, featuring overall weaker and equatorward biased
storm track activity compared to the ERA-Interim.

3.2.2. Projected Changes
[41] Projected changes in cyclone statistics by CMIP5

models are shown in the right panels of Figures 7 and 8. The
projected change by individual models are shown by the gray
lines, while the ensemble mean projected change is shown by
the filled markers, with the error bars corresponding to
uncertainties indicated by model-to-model variations.
[42] The projected changes in NH winter cyclone latitude

are shown in Figure 7b. The first impression is that there is
no systematic shift in cyclone latitude projected by CMIP5
models, with a lot of model-to-model spread. There are
indications of poleward (northward) shift over Europe near
20!E, over west Pacific near 130!E, and over North America
near 100!W, but there are also indications of equatorward
shift over eastern Pacific near 150!W, as well as over eastern
Atlantic near 20!W. The projected changes in cyclone fre-
quency (Figure 7d) show most significant decrease over
Europe and North America, with some slight decrease over
the west Pacific. For cyclone amplitudes (Figure 7f), CMIP5
models indicate significant decrease spreading from eastern
Pacific into North America. Note that the projected decrease
in cyclone frequency and amplitude over North America is
consistent with the significant decrease in pp projected in
that region (Figure 6a).
[43] Nearly all models project that SH cyclones will shift

poleward (Figure 7h), with the model ensemble mean shift-
ing between 1 and 2! poleward at most longitudes, and the
largest shift extending from eastern Pacific into the Atlantic.
The models project significant frequency increase over the
eastern South Pacific (Figure 7j), as well as increase in

Figure 5. Same as Figure 4, but for vv at 700 hPa. Contour intervals are 20 m2 s"2 for climatology
and 4 m2 s"2 for projected changes, respectively.
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cyclone amplitude over most longitudes (Figure 7l), with the
largest projected increase occurring over eastern South
Pacific. The general projected increase in SH summer
cyclone frequency and amplitude is consistent with pro-
jected increase in SH pp (Figure 6a), with the projected shift
in cyclone latitude consistent with the fact that the projected
increase in pp is located poleward of the climatological
storm track latitude, and also with the projected poleward
shift in vv at 700 and 300 hPa levels.
[44] Results from cyclone tracking for JJA are shown in

Figure 8. For NH summer, cyclone latitudes are projected
to increase over a band extending from eastern Pacific
across North America into the Atlantic (Figure 8b), with a
small region of equatorward shift projected over Europe.
For cyclone frequency, CMIP5 models project significant
decrease extending across Eurasia as well as over North
America (Figure 8d). However, note that there are 2 outlying
models projecting significantly larger decrease in cyclone
frequency over those regions than the other 15 models.
Despite the large decrease in frequency, these two models do
not show any peculiarities in their projections in their pro-
jected cyclone latitude and amplitude, and their climatolo-
gies in cyclone frequency are among the ones that agree best
with ERA-Interim. In addition, the projected large decrease
in cyclone frequency is consistent with their projected pp
decrease (more than 40% over these two regions in JJA).
Nevertheless, most of the decrease over Eurasia is still sig-
nificant even if these two models are removed. Most models
also project amplitude decrease except over the Pacific
(Figure 8f). These projected decreases in cyclone frequency

and amplitude are consistent with the projected decrease in
NH pp and vv in JJA presented above.
[45] For SH winter, most models project a poleward dis-

placement of the storm track (Figure 8h). For frequency,
CMIP5 models do not seem to have a consensus except
perhaps over the Atlantic, where cyclone frequency is pro-
jected to decrease slightly (Figure 8j). The models also
project a general increase in cyclone amplitude, which is
consistent with the projected increase in pp and vv. How-
ever, the projected increase in pp appears to occur close to its
climatological maximum (Figure 6b) and poleward shift is
not clear in that quantity. On the other hand, the increase in
vv in the mid-to-upper troposphere is maximized poleward
of the climatological maximum (Figure 1b) indicative of a
slight poleward shift on top of the intensification.
[46] These results are largely consistent with previous

studies that suggest poleward displacement of cyclone tracks
and decrease in cyclone number (especially in the NH) under
global warming.

4. Discussions

4.1. Comparisons With CMIP3 Projections
[47] In Section 3, we have presented projected storm track

changes based on CMIP5 simulations under the RCP8.5
scenario. Here, we will compare these projections to those
made by CMIP3 simulations under the A2 scenario. Note the
all such comparisons are necessarily qualitative, since even
though both scenarios are high-emission scenarios, the cli-
mate forcings are not the same. In addition, different
numbers of models from different modeling centers have

Figure 6. Same as Figure 4, but for pp at sea level. Contour intervals are 20 hPa2 for climatology and
4 hPa2 for projected changes, respectively.
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Biases and Their Implications

[67] In Section 4.6, we will further examine whether
CMIP5 model storm tracks exhibit similar behaviors as
those found by Chang et al. [2012] for CMIP3 models. For
the relationship between a model’s amplitude bias in the NH
storm track amplitude and projected changes in NH storm
track activity, Chang et al. [2012] already showed some
preliminary results based on analyses of CMIP5 model data
using vv at 250 hPa, and suggested that such a relationship is
also found in CMIP5 model simulations. Here, we make use
of the model-level data provided by the 15 CMIP5 models to
examine whether this relationship still holds for the verti-
cally averaged vv instead of just vv at either 300 or 250 hPa
level.
[68] For each model, vv at each level is averaged over the

20 years, and then vertically averaged between 1000 and
100 hPa, and horizontally averaged between 0 and 360!

longitude and 20–70! latitude (weighted by the cosine of the
latitude) for each hemisphere. This hemispherically aver-
aged value of vv is then plotted against the percentage
change in the same quantity projected by the model at the
end of the 21st century under the RCP8.5 scenario. The
results are shown in Figure 10a for the NH. The correlation
is "0.51, significant at the 95% level, suggesting that

models with weaker NH climatological storm track tend to
project more positive percentage change in NH storm track
amplitude. We have also examined the correlation for
hemispherically (but not vertically) averaged vv at 250 hPa
for all 22 models that we have pressure level data for, and
the correlation is "0.43, also significant at the 95% level.
[69] For the SH (Figure 10b), the correlation is "0.30 for

vertically averaged vv for the 15 models, and"0.22 for vv at
250 hPa level for the 22 models, both not statistically sig-
nificant at the 90% level. These results are consistent with
those presented by Chang et al. [2012] for vv at 300 hPa
level for CMIP3 models. Currently, it is not clear what
physical factors may be behind these correlations, and why
the relationship appears to be stronger for the NH than for
the SH.
[70] To investigate the relationship between a model’s

latitude bias in the climatological storm track and its pro-
jected shift, the 20 year (1980–1999 and 2081–2100) mean
pp is zonally integrated, and the latitude of the storm track
peak is estimated based on a cubic fit around the peak. Note
that estimations of the latitude of the storm track peak based
on equations (3) and (4) of Chang et al. [2012] give similar
results. The results are shown in Figure 11a for the SH. The

Figure 10. (a) CMIP5 NH storm track projected amplitude change (%) versus climatological amplitude
(vv hemispherically and vertically averaged); (b) same as Figure 10a but for the SH.

Figure 11. (a) SH storm track projected latitude shift versus latitude bias, based on pp; (b) same as
Figure 11a but based on psl cyclone track statistics.
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jected shift, the 20 year (1980–1999 and 2081–2100) mean
pp is zonally integrated, and the latitude of the storm track
peak is estimated based on a cubic fit around the peak. Note
that estimations of the latitude of the storm track peak based
on equations (3) and (4) of Chang et al. [2012] give similar
results. The results are shown in Figure 11a for the SH. The

Figure 10. (a) CMIP5 NH storm track projected amplitude change (%) versus climatological amplitude
(vv hemispherically and vertically averaged); (b) same as Figure 10a but for the SH.

Figure 11. (a) SH storm track projected latitude shift versus latitude bias, based on pp; (b) same as
Figure 11a but based on psl cyclone track statistics.
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[1] An assessment of the fifth Coupled Models Intercomparison Project (CMIP5) models’
simulation of the near-surface westerly wind jet position and strength over the Atlantic,
Indian and Pacific sectors of the Southern Ocean is presented. Compared with reanalysis
climatologies there is an equatorward bias of 3.3! (inter-model standard deviation
of" 1.9!) in the ensemble mean position of the zonal mean jet. The ensemble mean
strength is biased slightly too weak, with the largest biases over the Pacific sector
(#1.4" 1.2m/s, #19%). An analysis of atmosphere-only (AMIP) experiments indicates
that 28% of the zonal mean position bias comes from coupling of the ocean/ice models to
the atmosphere. The response to future emissions scenarios (RCP4.5 and RCP8.5) is
characterized by two phases: (i) the period of most rapid ozone recovery (2000–2049)
during which there is insignificant change in summer; and (ii) the period 2050–2098 during
which RCP4.5 simulations show no significant change but RCP8.5 simulations show
poleward shifts (0.33, 0.18 and 0.27!/decade over the Atlantic, Indian and Pacific sectors,
respectively), and increases in strength (0.07, 0.08 and 0.15m/s/decade, respectively). The
models with larger equatorward position biases generally show larger poleward shifts (i.e.
state dependence). This inter-model relationship is strongest over the Pacific sector
(r=#0.91) and weakest over the Atlantic sector (r=#0.39). An assessment of jet structure
shows that over the Atlantic sector jet shift is not clearly linked to indices of jet structure
whereas over the Pacific sector the distance between the sub-polar and sub-tropical
westerly jets appears to be important.
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1. Introduction

[2] In recent decades, the climatological maximum in
near-surface (10m) westerly winds over Southern
Hemisphere mid latitudes (referred to hereinafter as the ‘sur-
face jet’) has shifted polewards and strengthened. Current
modelling and observational evidence suggests that this is
largely in response to the depletion of stratospheric ozone
with an additional contribution from greenhouse gas
(GHG) concentration increases [Thompson and Solomon,
2002; Shindell and Schmidt, 2004; Arblaster and Meehl,
2006; Roscoe and Haigh, 2007; Yang et al., 2007]. In the
ocean, the influence of these atmospheric changes has been
linked to changes in sea ice, eddy kinetic energy, sea surface

temperature (SST), mixed-layer depth and circulation [Hall
and Visbeck, 2002; Meredith and Hogg, 2006; Sen Gupta
and England, 2006; Verdy et al., 2006; Ciasto and
Thompson, 2008; Sallee et al., 2008, 2010; Stammerjohn
et al., 2008; Thompson et al., 2011; Wang et al., 2011]. In
addition, changes in the upper ocean associated with wind
forcing may have had an impact on carbon uptake and
storage in the Southern Ocean, both directly, through
upwelling and outgassing [e.g. Le Quere et al., 2007] and in-
directly, by influencing nutrient cycles and phytoplankton
activity [Lovenduski and Gruber, 2005; Lovenduski et al.,
2007; Sallee et al., 2010]. An accurate representation of
the surface westerly winds at southern mid-latitudes is there-
fore critical to many aspects of the coupled climate system.
[3] In terms of future projections, most of the recent and

current generation of climate models exhibit a poleward shift
and strengthening of the Southern Hemisphere surface jet in
response to greenhouse gas (GHG) increases [Fyfe and
Saenko, 2006; Miller et al., 2006; Bracegirdle et al., 2008;
Wilcox et al., 2013]. However, model studies including pro-
jected future ozone recovery have indicated that in austral
summer (DJF) the response of the surface jet to GHG
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caused in part by asymmetries in tropical SSTs and conse-
quent forcing [Inatsu and Hoskins, 2004]. Local forcing is
also a major contributor to zonal asymmetries, for example
the maximum in time mean zonal wind over the Indian
sector (see Figure 1) is largely caused by a local maximum
in the pole-to-equator SST gradient [Inatsu and Hoskins,
2004; Hoskins and Hodges, 2005].
[5] In this study we assess present-day skill and projected

changes simulated by the CMIP5 models. As part of this as-
sessment we address the question of whether the skill and
projected changes in models with a good representation of
the stratosphere differs from those with a relatively poorly
resolved stratosphere. We also examine whether there is a
‘state dependence’ in the model responses, following a num-
ber of recent studies which have found that climate models
with a larger poleward shift in response to GHG increases
generally exhibit a larger equatorward bias in their present-
day mean state [Kidston and Gerber, 2010; Son et al.,
2010]. In particular the theoretical implications of differ-
ences in state dependence characteristics across different
ocean sectors are investigated.
[6] This paper is structured as follows. In the next section

(Section 2) the model and reanalysis datasets are described.
In Section 3 the results are presented followed by discussion
and conclusions in Section 4.

2. CMIP5 Model Data and Jet Diagnostics

[7] Data from the CMIP5 models were assessed in this
study. Throughout this study we quote the inter-model
spread of the results, however we note that some of the
models included in the study are very similar (e.g. the
IPSL-CM5A-LR and IPSL-CM5A-MR models differ pre-
dominantly only in their horizontal grid). The required
variables were downloaded from the CMIP5 data archive.
These are: westerly wind on pressure levels (“ua”), 10-metre
westerly wind (“uas”) and temperature on pressure levels
(“ta”). The CMIP5 simulations and forcing scenarios used

are shown in Table 1. In general more than one realization is
available for a given model and a given scenario (i.e. the same
model is run more than once with the same forcing). Where
more than one realization is available (indicated in Table 1),
the mean of those realizations is used. Before analysis the cli-
mate model and reanalysis data were bi-linearly interpolated
onto the HadGEM2-ES horizontal grid (1.875! longitude
1.25! latitude) to allow direct comparison.
[8] The jet strength is defined as the climatological maxi-

mum in the zonal mean 10m westerly wind component in
the Southern Hemisphere and the jet position is defined as
the latitude of this maximum. A cubic spline interpolation
is used to quantify the maximum and determine its latitude
from the gridded data. In addition to zonal mean diagnostics,
ocean sectors are assessed separately. The sectors are
defined by longitude ranges as follows: Atlantic sector
(290!–20!), Indian sector (20!–150!) and Pacific sector
(150!–290!), which are indicated in Figure 1.
[9] For comparisons to reanalysis datasets, data from the

“historical” forcing simulations were used. The historical
simulations are fully coupled experiments that are forced
by observed 20th century variations of important climate
drivers such as GHGs, ozone, aerosols and solar variability.
For assessments of future change, two scenarios were
assessed: Representative Concentration Pathway (RCP) 4.5
and RCP 8.5, for which the numbers refer to approximate
estimates of radiative forcing at the year 2100. RCP4.5 is a
medium mitigation scenario and RCP8.5 is a high emissions
scenario. A full range of anthropogenic climate drivers are
included in the RCP scenarios (GHGs, aerosols, chemically
active gases and land use) along with a repeating 11-year
solar cycle (repeating solar cycle 23), which are detailed in
Meinshausen et al. [2011]. Recommended pathways for
both concentration and emissions of GHGs are provided,
since both atmosphere-ocean general circulation models
and Earth system models (ESMs) are included in CMIP5.
[10] The CMIP5 models assessed here include representa-

tions of stratospheric ozone changes across both the histori-
cal and RCP scenarios. However, only seven follow the
recommended time series of Cionni et al. [2011] and the
others are based on a range of different methods and
datasets, which are listed in Table 1. Wilcox et al. [2013,
submitted to JGR-Atmospheres] show that the ozone
concentrations above Antarctica qualitatively follow the
changes seen in the Cionni et al. [2011] time series, but with
a relatively large spread in absolute concentrations and
differences in the rate of 21st century recovery.
[11] The observationally constrained European Centre for

Medium Range Weather Forecasts (ECMWF) ERA-Interim
reanalysis dataset [Dee et al., 2011] was used to assess the
skill of the models at reproducing present-day climate.
Recent studies have found ERA-Interim to be the most
reliable reanalysis over Antarctica [Bromwich et al., 2011;
Bracegirdle and Marshall, 2012]. Over the Southern Ocean
there are few observations and some uncertainty over the
comparative accuracy of near-surface wind datasets, but
with indications that ERA-Interim is the most reliable of
contemporary reanalyses [Kent et al., 2013; Swart and Fyfe,
2012]. We also compared the results with those derived from
other recent reanalyses, NCEP Climate Forecast System
Reanalysis (CFSR) [Saha et al., 2010] and the NASA
Modern Era Retrospective-Analysis for Research and

Figure 1. Climatological annual mean westerly 10m wind
from ERA-Interim for the period 1979–2010. The solid
straight lines indicate the divisions between the Atlantic,
Indian and Pacific sectors. The sectors are defined by longitude
ranges as follows: Atlantic sector (290!–20!), Indian sector
(20!–150!) and Pacific sector (150!–290!).
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Mean State Skill (1985-2004)

Applications (MERRA) [Rienecker et al., 2011]. This gives
a measure of the uncertainty in estimates of the actual wind
that is probably a slight underestimate of the true observa-
tional uncertainty [Kent et al., 2013].
[12] Assessment of the skill of the atmospheric compo-

nent of the CMIP5 models included a comparison between
ERA-Interim and the “AMIP” atmosphere-only CMIP5
simulations. In the AMIP simulations, SST and sea ice con-
centration are specified based on monthly observations
[Hurrell et al., 2008]. For use as boundary conditions the
monthly mean SST data are interpolated to daily values
[Taylor et al., 2000]. In all other respects (such as GHG
and ozone concentrations) the AMIP runs are the same as
the historical coupled runs.

3. Results

3.1. Mean State Skill
[13] The climatological zonal mean annual mean westerly

10m wind from historical CMIP5 model runs is shown in
Figure 2a. Compared with ERA-Interim, the ensemble mean
position of the surface jet in the CMIP5 models shows an
equatorward bias of 3.3! 1.9" in latitude (where the range
shown is the inter-model standard deviation). Every ensem-
ble member shows an equatorward bias, ranging from 0.4"

in NorESM1-M to 7.7" in IPSL-CM5A-LR. There is a large
spread in climatological jet strength in the models, with
values ranging from 5.0 to 9.7m s#1. The weak negative
ensemble mean strength bias of #0.4! 1.0m s#1 is small
compared with the inter-model standard deviation. The skill
of the models in reproducing observed position and strength

varies: for example, the NorESM1-M model is the most
accurate in terms of position but shows the second largest
positive strength bias.
[14] For ocean-atmosphere interactions it is important to

consider how wind biases are distributed across the different
ocean basins; this is also useful to help elucidate the
processes leading to the biases. From Figure 2b–d it is clear
that the characteristics of position and strength vary across dif-
ferent sectors of the Southern Ocean. The most notable feature
is the contrast between large equatorward biases in surface jet
position over the Indian (3.4! 1.6") and Pacific (3.3! 2.7")
sectors (Figures 2c and 2d, respectively) and a small bias over
the Atlantic sector (1.4! 1.5"). Despite the large position bias
over the Indian sector, the ensemble mean jet strength agrees
closely with ERA-Interim (bias of 0.1! 1.0m s#1). Agree-
ment in jet strength is also good over the Atlantic sector (bias
of 0.3! 1.0m s#1), however it is too weak over the Pacific
sector (bias of #1.4! 1.2m s#1). Other recently produced
reanalysis datasets (MERRA and CFSR) show results in very
good agreement with those based on ERA-Interim (Figure 2).
Even taking into account the fact that the observational uncer-
tainties are probably larger than the inter-reanalysis differences
shown here [Kent et al., 2013], it is clear that the inter-CMIP5
differences dominate the comparisons.

3.2. Relative Skill of Coupled and Atmosphere-Only
Simulations
[15] The surface jet is associated with the mid-latitude

storm track, which is driven by baroclinic eddies. Many fac-
tors, both local and remote, can exert an influence on the

Figure 2. (a) Zonalmean annualmean 10mwesterlywind climatology for the period 1985–2004 as a function
of latitude. (b), (c) and (d) show the same but for the Atlantic, Indian and Pacific sectors, respectively (note the
different scales on the y axes). The colored solid and dashed lines indicate the CMIP5 models with overlaid star
symbols indicating high-top models. The black solid, dotted and dashed lines show output from ERA-Interim,
CFSR and MERRA, respectively. The arrows indicate double maxima exhibited by model 28 (MRI-CGCM3).
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18 AMIP Runs

Table 2. Mean and Inter-model Standard Deviation of Biases in Jet Position and Strength for the Subset of 18 AMIP Models and the
Corresponding Coupled “Historical” Simulationsa

Zonal Mean Atlantic Sector Indian Sector Pacific Sector

Historical position bias (degrees) 3.4! 1.9 1.4! 1.6 3.3! 1.6 3.2! 2.3
[3.3! 1.9] [1.4! 1.5] [3.4! 1.6] [3.3! 2.7]

AMIP position bias (degrees) 2.4! 2.2 0.7! 2.3 2.6! 2.3 2.2! 1.8
Historical strength bias (m s"1) "0.5! 1.2 0.3! 1.1 0.0! 1.2 "1.5! 1.4

["0.4! 1.0] [0.3! 1.0] [0.1! 1.0] ["1.4! 1.2]
AMIP strength bias (m s"1) "0.3! 1.2 0.4! 1.1 0.1! 1.1 "1.2! 1.4

aHere differences are for annual mean climatologies over the period 1985–2004 defined relative to ERA-Interim. For reference the equivalent diagnostics
for all 29 coupled CMIP5 models are shown in square brackets.

Figure 5. Latitude/time plots of annual mean zonal mean 10m westerly wind between 1900 and 2099.
The historical simulations are used up to 2005 and the RCP8.5 simulations are used from 2006 to 2099.
For each model the mean of all available ensemble members is used. The solid line shows the latitude of
the maximum. The dashed lines show the latitudes where the values are half of the maximum. The lines
are smoothed using a 10-year moving average.
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climatological location and strength of the baroclinic eddies and
the associated jet. Thus determiningwhat aspects of the coupled
models might lead to the biases in the surface jet is not straight-
forward, particularly in a coupled modelling framework.
[16] To investigate the importance of lower boundary

effects in influencing surface jet biases we compared the
results from the atmosphere-only (AMIP) simulations of
the CMIP5 models with the coupled simulations for the “his-
torical” scenario. In general the AMIP simulations show
greater skill in reproducing the observed surface jet position
when compared with the coupled “historical” simulations
(Figure 3). For the subset of 18 AMIP simulations available
at time of writing, the ensemble mean equatorward bias of

the annual mean climatological surface jet is 28% smaller
than for the corresponding coupled historical simulations
(2.4! compared with 3.4!) (Figure 4a). The standard devia-
tion of the inter-model spread is also smaller, 1.9! compared
with 2.2!. However, the reduction in position bias in the
AMIP simulations is much greater in some models than
others (Figure 4a) and notably increases in model 22
(IPSL-CM5B-LR). As might be expected, the largest and
most significant differences between the AMIP and histori-
cal simulations occur over the Indian and Pacific sectors,
where the historical equatorward biases are large and signif-
icant (Table 2). Here, the ensemble mean AMIP biases are
21% and 31% smaller, respectively. In terms of the surface
jet strength, the differences between AMIP and historical
simulations are generally smaller (Figure 4b). The only
sector with a significant historical strength bias is the Pacific
sector and here the AMIP simulations also exhibit a smaller
difference (20% reduction in bias) compared to jet position
(Table 2). The most accurate of the AMIP simulations in
terms of jet strength is HadGEM2-A, with a root mean
squared bias of zonal mean westerly wind of 0.7m s"1 (for
grid-points between 80!S and 30!S).

3.3. Changes During the 20th and 21st Century in the
Zonal-Mean and in the Atlantic, Pacific and Indian
Ocean Sectors
[17] In most of the CMIP5 models the zonal mean annual

mean surface jet changes significantly over the period 1900
to 2100 (Figure 5, for which the historical and RCP8.5 simu-
lations were joined to create a continuous time series). Most
models show a poleward shift and all models show a
strengthening of the surface jet from the late 20th century
and through the 21st century following the RCP8.5 scenario.
However, in some models, the changes are small and insig-
nificant. There is no clear change in the width of the surface
jet in any of the models (dashed lines in Figure 5).

Figure 3. Data from atmosphere-only (AMIP) simulations
showing zonal mean annual mean 10m westerly wind cli-
matology for the period 1985–2004. Following Figure 2,
the colored solid and dashed lines indicate the AMIP models
with overlaid star symbols indicating high top models. The
black solid line shows output from ERA-Interim.

Figure 4. The surface jet position (a) and strength (b) in the subset of 18 AMIP simulations (triangles)
and in the fully coupled historical simulations of the same models (squares). High top models are shown in
blue and low top in red. The period 1985–2004 was used for calculations. The dashed line shows the mean
of the coupled simulations, the dotted line shows the mean of AMIP simulations and the solid line shows
the value derived from ERA-Interim.
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climatological location and strength of the baroclinic eddies and
the associated jet. Thus determiningwhat aspects of the coupled
models might lead to the biases in the surface jet is not straight-
forward, particularly in a coupled modelling framework.
[16] To investigate the importance of lower boundary

effects in influencing surface jet biases we compared the
results from the atmosphere-only (AMIP) simulations of
the CMIP5 models with the coupled simulations for the “his-
torical” scenario. In general the AMIP simulations show
greater skill in reproducing the observed surface jet position
when compared with the coupled “historical” simulations
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(2.4! compared with 3.4!) (Figure 4a). The standard devia-
tion of the inter-model spread is also smaller, 1.9! compared
with 2.2!. However, the reduction in position bias in the
AMIP simulations is much greater in some models than
others (Figure 4a) and notably increases in model 22
(IPSL-CM5B-LR). As might be expected, the largest and
most significant differences between the AMIP and histori-
cal simulations occur over the Indian and Pacific sectors,
where the historical equatorward biases are large and signif-
icant (Table 2). Here, the ensemble mean AMIP biases are
21% and 31% smaller, respectively. In terms of the surface
jet strength, the differences between AMIP and historical
simulations are generally smaller (Figure 4b). The only
sector with a significant historical strength bias is the Pacific
sector and here the AMIP simulations also exhibit a smaller
difference (20% reduction in bias) compared to jet position
(Table 2). The most accurate of the AMIP simulations in
terms of jet strength is HadGEM2-A, with a root mean
squared bias of zonal mean westerly wind of 0.7m s"1 (for
grid-points between 80!S and 30!S).

3.3. Changes During the 20th and 21st Century in the
Zonal-Mean and in the Atlantic, Pacific and Indian
Ocean Sectors
[17] In most of the CMIP5 models the zonal mean annual

mean surface jet changes significantly over the period 1900
to 2100 (Figure 5, for which the historical and RCP8.5 simu-
lations were joined to create a continuous time series). Most
models show a poleward shift and all models show a
strengthening of the surface jet from the late 20th century
and through the 21st century following the RCP8.5 scenario.
However, in some models, the changes are small and insig-
nificant. There is no clear change in the width of the surface
jet in any of the models (dashed lines in Figure 5).

Figure 3. Data from atmosphere-only (AMIP) simulations
showing zonal mean annual mean 10m westerly wind cli-
matology for the period 1985–2004. Following Figure 2,
the colored solid and dashed lines indicate the AMIP models
with overlaid star symbols indicating high top models. The
black solid line shows output from ERA-Interim.

Figure 4. The surface jet position (a) and strength (b) in the subset of 18 AMIP simulations (triangles)
and in the fully coupled historical simulations of the same models (squares). High top models are shown in
blue and low top in red. The period 1985–2004 was used for calculations. The dashed line shows the mean
of the coupled simulations, the dotted line shows the mean of AMIP simulations and the solid line shows
the value derived from ERA-Interim.
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Temporal Changes, 1900-2100

Table 2. Mean and Inter-model Standard Deviation of Biases in Jet Position and Strength for the Subset of 18 AMIP Models and the
Corresponding Coupled “Historical” Simulationsa

Zonal Mean Atlantic Sector Indian Sector Pacific Sector

Historical position bias (degrees) 3.4! 1.9 1.4! 1.6 3.3! 1.6 3.2! 2.3
[3.3! 1.9] [1.4! 1.5] [3.4! 1.6] [3.3! 2.7]

AMIP position bias (degrees) 2.4! 2.2 0.7! 2.3 2.6! 2.3 2.2! 1.8
Historical strength bias (m s"1) "0.5! 1.2 0.3! 1.1 0.0! 1.2 "1.5! 1.4

["0.4! 1.0] [0.3! 1.0] [0.1! 1.0] ["1.4! 1.2]
AMIP strength bias (m s"1) "0.3! 1.2 0.4! 1.1 0.1! 1.1 "1.2! 1.4

aHere differences are for annual mean climatologies over the period 1985–2004 defined relative to ERA-Interim. For reference the equivalent diagnostics
for all 29 coupled CMIP5 models are shown in square brackets.

Figure 5. Latitude/time plots of annual mean zonal mean 10m westerly wind between 1900 and 2099.
The historical simulations are used up to 2005 and the RCP8.5 simulations are used from 2006 to 2099.
For each model the mean of all available ensemble members is used. The solid line shows the latitude of
the maximum. The dashed lines show the latitudes where the values are half of the maximum. The lines
are smoothed using a 10-year moving average.
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Changes by Basin & Scenario

[18] The ensemble mean shifts in surface jet latitude are
shown in Figure 6 for RCP4.5 and RCP8.5. Three main
phases are seen in jet position shift. First, during the period
of ozone depletion from the 1960s to ~2000 [Cionni et al.,
2011] the annual mean jet position exhibits a poleward shift
across all three sectors (Figure 6a,d). The 1960–1999 linear
trends range from 0.18! decade"1 over the Indian sector to
0.27! decade"1 over the Atlantic sector, with a large but
not statistically significant trend of 0.30! decade"1 over the
Pacific sector (Figure 7a). Then, in the second phase, this
shift in annual mean jet latitude is reduced in the first half
of the 21st century in both RCP4.5 and RCP8.5 (Figures 6
and 7), during the period of most rapid simulated recovery
of stratospheric ozone. Finally in the third phase, after ap-
proximately 2050 there is a large divergence between the

jet shifts of the scenarios, with RCP4.5 still showing little
change and RCP8.5 showing large and significant poleward
shifts ranging from 0.18! decade"1 over the Indian sector to
0.33! decade"1 over the Atlantic sector (Figures 6 and 7). In
summer (DJF) (Figures 6b, e and 7) the jet shifts are qualita-
tively similar to the annual mean, with a halt in significant
poleward shift that coincides with the simulated period of
stratospheric ozone recovery in the future scenarios. A sim-
ilar summer cancellation between the effects of GHG
increases and ozone recovery is evident in previous studies
of other climate models and model inter-comparisons [Son
et al., 2010; Polvani et al., 2011; Arblaster et al., 2011]
and is seen in other jet position diagnostics of the CMIP5
models [Wilcox et al., 2013]. In winter (JJA) (Figure 6c,f)
the shifts broadly reflect changes in radiative forcing in the

Figure 6. Time series of the latitude of the Southern Hemisphere surface jet. The period 1900–2005 is taken
from historical simulations and the period 2006–2099 is taken from future scenarios RCP8.5 (a–c) and
RCP4.5 (d–f). Ensemble means are shown for the Atlantic sector (dotted lines), Indian sector (dashed lines)
and Pacific sector (dashed-dotted lines). Annual mean (a, d), summer (December–February) (b, e) and winter
(June–August) (c, f) values are shown. The lines are smoothed using a 10-year moving average.

Figure 7. Linear ensemble mean poleward trends in position with the model projections based on (a) the
RCP8.5 scenario and (b) the RCP4.5 scenario for annual mean (‘ANN’), summer (‘DJF’) and winter
(‘JJA’). For each time period and season the trends for each ocean sector are plotted with the specific time
period labelled below. Bold symbols indicate significant trends (significance indicates that the ensemble
mean trend is larger than the inter-model standard deviation). Before calculating trends, the period
1900–2005 (taken from historical simulations) and the period 2006–2099 (taken from the RCP projec-
tions) were joined into a continuous time series.
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increases and ozone recovery is evident in previous studies
of other climate models and model inter-comparisons [Son
et al., 2010; Polvani et al., 2011; Arblaster et al., 2011]
and is seen in other jet position diagnostics of the CMIP5
models [Wilcox et al., 2013]. In winter (JJA) (Figure 6c,f)
the shifts broadly reflect changes in radiative forcing in the

Figure 6. Time series of the latitude of the Southern Hemisphere surface jet. The period 1900–2005 is taken
from historical simulations and the period 2006–2099 is taken from future scenarios RCP8.5 (a–c) and
RCP4.5 (d–f). Ensemble means are shown for the Atlantic sector (dotted lines), Indian sector (dashed lines)
and Pacific sector (dashed-dotted lines). Annual mean (a, d), summer (December–February) (b, e) and winter
(June–August) (c, f) values are shown. The lines are smoothed using a 10-year moving average.

Figure 7. Linear ensemble mean poleward trends in position with the model projections based on (a) the
RCP8.5 scenario and (b) the RCP4.5 scenario for annual mean (‘ANN’), summer (‘DJF’) and winter
(‘JJA’). For each time period and season the trends for each ocean sector are plotted with the specific time
period labelled below. Bold symbols indicate significant trends (significance indicates that the ensemble
mean trend is larger than the inter-model standard deviation). Before calculating trends, the period
1900–2005 (taken from historical simulations) and the period 2006–2099 (taken from the RCP projec-
tions) were joined into a continuous time series.
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High and Low Top Models

increase in their upper-level equator-to-pole summer temper-
ature gradient also exhibit larger poleward shifts of the
summer tropospheric jet at 500 hPa. We therefore now
investigate whether there is a difference between the
high and low top models in their projections of both position
and strength of the surface jet across the Atlantic, Indian and
Pacific sectors.
[21] The results show that on average the high top models

exhibit a larger equatorward bias in present-day annual-

mean jet position and a larger 21st century poleward shift
(blue stars in Figure 11) compared to low top models (red
crosses in Figure 11). This difference is nominally statisti-
cally significant at the 5% level over the Pacific sector
(1.5!, p= 0.03). However, it should be noted that of the high
top models with large biases and shifts, two closely related
model groups, 20–21–22 and 23–24, could be considered
as single models. When taking this into consideration the dif-
ference is no longer statistically significant (0.7!, p=0.13).

Figure 10. As in Figure 7 but for jet strength.

Figure 11. (a) Scatter plot of historical annual mean surface jet position versus 21st century change in
the CMIP5 models. (b), (c) and (d) show the same but for the Atlantic, Indian and Pacific sectors, respec-
tively. For the CMIP5 model results the mean over period 1960–1999 is used for the historical time slice
and the mean over the period 2059–2098 is used for the future time slice, which is taken from the RCP8.5
scenario. The blue stars indicate high top models and the red plus signs indicate low top models. The solid
vertical line shows the jet position calculated from ERA-Interim over the period 1979–1999. The vertical
dashed line shows the CMIP5 historical ensemble mean and the horizontal dashed line shows the ensem-
ble mean change. The correlations are shown in the top right-hand corner of each plot.
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Jet Shift and State Dependence
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Jet Shift and State Dependence

be responsible for the surface jet changes in different ocean
sectors detailed above. Inter-basin differences in the time
mean structure of the Southern Hemisphere westerly wind
field further emphasis this point. These differences are clear-
est between the Atlantic and Pacific sectors, which are there-
fore the focus of comparisons here. Over the Indian sector
(not shown) and Pacific sector (Figure 12), ERA-Interim
shows a clear sub-tropical jet (at ~30!S and ~200 hPa) and
a clear lower-tropospheric sub-polar jet at ~50!S. However,
over the Atlantic sector (Figure 13) ERA-Interim exhibits
nearly merged sub-polar and sub-tropical jets. Here agree-
ment with the CMIP5 models is relatively good in the sense
that they also exhibit nearly merged jets. However, over the
Pacific sector the CMIP5 models exhibit a wide range of
structures, with some models successfully capturing the

distinct sub-polar and sub-tropical jets and others showing
much more merged structures (Figure 12).
[26] To investigate the implications of these differences in

structure, simple indices based on two suggested mechan-
isms for state dependence in jet position are considered.
These mechanisms, put forward by Barnes and Hartmann
[2010] and Simpson et al. [2012], both relate shifts in the
jet to tropospheric eddy feedbacks that depend on the time
mean jet structure. Barnes and Hartmann [2010] suggest
that differences in eddy feedback could originate from
differences in wave breaking on the poleward side of the
sub-polar jet. According to this mechanism a poleward shift
occurs when poleward breaking is suppressed and the result-
ing wider jet extends to higher latitudes. The implication is
that models with jets that already exhibit weak poleward

Figure 12. Pacific sector annual mean westerly wind climatology from ERA-Interim and CMIP5
models. For the CMIP5 models output from the historical runs was used, averaged over the period
1985–2004. For ERA-Interim data were averaged over the period 1985–2004. The vertical dashed lines
define the latitude range of the PT-distance diagnostic and the vertical solid lines define the latitude range
of the P-width distance diagnostic (see text for details). Contour intervals are 10m s"1 with negative
contours indicated by dotted lines.

BRACEGIRDLE ET AL.: CMIP5 SOUTHERN OCEAN SURFACE WINDS

557

Pacific

PT-distance

P-width



Jet Shift and State Dependence

wave breaking (and a wider, more poleward, structure) show
weak shifts under global warming, since wave breaking is
already suppressed in those models. An alternative mecha-
nism relating to eddy feedbacks on the equatorward side of
the jet was suggested by Simpson et al. [2012], who show
that the tropospheric eddy feedback (and poleward shift) is
stronger when the distance between the sub-polar eddy-
driven jet and the sub-tropical critical line is smaller. Higher
latitude jets with a larger distance exhibit a weaker poleward
jet shift due to a weaker latitudinal coherence of eddy
momentum flux convergence across the phase speed
spectrum. Their results are for a specific case of tropical
stratospheric heating in a simplified GCM (sGCM), but
may be relevant more generally.
[27] Simple indices were defined to assess consistency

with these theories. Indices of the distance between the
sub-polar jet and the sub-tropical critical line (PT-distance)
and the width of sub-polar jet itself (P-width) were defined
based on Simpson et al. [2012] and Barnes and Hartmann
[2010], respectively. The PT-distance is defined as the

distance between the surface jet position (i.e. the maximum
in 10m westerly wind) and the latitude of the 10m s!1

contour at 400 hPa on the equatorward side of the Southern
Hemisphere sub-tropical jet. A threshold of 10m s!1 was
used since this approximately defines the equatorward limit
of critical lines associated with the important eddy feedbacks
in the model used by Simpson et al. [2012] (similar results
were found using a smaller threshold of 5m s!1). The
400 hPa level was used by Simpson et al. [2012], since the
main eddy feedbacks occur at this height in the sGCM that
they used. Both latitudes for each model and sector are
marked by vertical dashed lines in Figures 12 and 13.
[28] Over the Indian and Pacific sectors the historical

PT-distance is dominated by the sub-polar jet position
and therefore correlations with surface jet shift largely
mirror the results seen for the sub-polar jet position alone
(Figure 14). However, over the Atlantic sector the sub-tropical
component of the PT-distance varies significantly. In fact var-
iations in the sub-tropical and sub-polar components of the
PT-distance are significantly correlated across the different

Figure 13. As in Figure 12, but for the Atlantic sector.
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Jet Shift and State Dependence

models (r=0.38). This contrasts with the Indian and Pacific
sectors where there is no significant correlation (r=!0.06
and r=0.25, respectively). The implication of this is that in-
ter-model differences in jet position over the Atlantic sector
are more closely associated with latitudinal displacements of
the merged jet structure and differences in PT-distance are
smaller. The mechanism of Simpson et al. [2012] would not
therefore be expected to give significant state dependence over
the Atlantic sector.
[29] ForP-width the results are rather different. The P-width

index is calculated from the time mean 10-m westerly wind
field and defined as the meridional distance between latitudes
where the westerly wind is half the value of the jet-core max-
imum. This therefore is a measure of the shape of the sub-polar
jet only and is not explicitly related to the sub-tropical jet. In
Figure 15 it can be seen that correlations between historical
P-width and projected jet shift are positive over the Atlantic
and Indian sectors (r=0.19 and r=0.34, respectively), but
negative over the Pacific sector (r=!0.53). Although not
significant, the positive sign of the correlations over the
Atlantic and Indian sectors is consistent with the predictions
of Barnes and Hartmann [2010], i.e. wider jets show
smaller shifts.
[30] The implications of this analysis are that over the

Atlantic and Indian sectors the correlations indicate a role
for the mechanisms suggested by both Barnes and
Hartmann [2010] and Simpson et al. [2012], whereas over
the Pacific sector they are more consistent with Simpson
et al. [2012]. More broadly, the different westerly wind
structures and correlation results emphasise that the

dynamics of the jet response seem to differ across different
sectors of the Southern Ocean.

4. Discussion and Conclusions

[31] In this paper an assessment of the CMIP5 models’
simulation of near-surface (10m) westerly winds over the
Southern Ocean (the surface jet) is presented. Their skill at
simulating both the surface jet and its response to future
forcing scenarios is assessed. In addition to zonal mean
diagnostics, the Atlantic, Indian and Pacific sectors are con-
sidered with the aim of characterising zonal asymmetries in
bias and response.
[32] An equatorward bias in the present-day zonal mean

surface jet position was found to occur in many of the
CMIP5 models (ensemble mean of 3.3" in latitude). Indeed
none of the models assessed here exhibit a surface jet that
is poleward of that derived from any of three contemporary
reanalysis datasets (CFSR, ERA-Interim or MERRA). The
zonal mean bias is mainly associated with biases over the In-
dian and Pacific sectors with the exception being the Atlantic
sector, for which the ensemble mean equatorward bias is
much smaller (1.4" in latitude). In terms of the zonal mean
surface jet, Wilcox et al. [2013] and Swart and Fyfe [2012]
also found a position bias in most of the CMIP5 models. It
is therefore apparent that the equatorward jet position bias
that was seen in many of the CMIP3 models [Kidston and
Gerber, 2010; Son et al., 2010; Swart and Fyfe, 2011] is still
a key issue in the CMIP5 multi-model ensemble.

Figure 14. As in Figure 11, but showing historical PT-distance along the x-axis.
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[33] The ensemble mean bias in the position of the jet in a
subset of nine available atmosphere-only AMIP simulations
was found to be 28% smaller than the historical CMIP5
simulations with corresponding atmospheric models. This
comparison suggests that an important contributor to the
CMIP5 bias is in coupling to the ocean and sea ice models,
which can amplify atmospheric biases and introduce biases
generated by the ocean/ice models themselves or by the cou-
pling procedure. We note that it is important to understand
the origin of surface jet biases to assess the robustness of
the atmospheric response in climate change scenarios, but
we leave further analysis for a future study.
[34] There is a clear zonal asymmetry in the response of

the surface jet over the 21st century following the RCP8.5
high emissions scenario. This is most apparent in jet
strength. For annual mean strength trends over the period
2050–2098 the response over the Pacific is very large
(0.15m s!1 (2.4%) decade!1) and approximately double that
of the Atlantic (0.07m s!1 (1.1%) decade!1) and Indian
(0.07m s!1 (0.8%) decade!1) sectors (percentages are rela-
tive to the ensemble mean jet strength at 2050). In terms of
annual mean jet position over the same period and scenario
the ensemble mean poleward shift is largest over the Atlantic
sector (0.33" decade!1), followed by the Pacific (0.28"

decade!1) and Indian (0.18" decade!1) sectors. This is con-
sistent with previous assessments of Southern Hemisphere
circulation response to GHG forcing [Brandefelt and Kallen,
2004; Arblaster and Meehl, 2006], although a quantitative
comparison is not possible since these studies do not show
jet strength and position diagnostics. We found three phases
in atmospheric jet shift and strength: a poleward shift and
strengthening over the latter period of the 20th century; a
plateau in the first half of the 21st century during the period

of most rapid stratospheric ozone recovery; and a shift and
strengthening more or less pronounced in the second half
of the 21st century depending on the intensity of the radia-
tive forcing. The reduced jet shift and reduced strengthening
in the first half of the 21st century occurs mainly in the sum-
mer season, which is the season of strongest influence of
stratospheric ozone recovery and therefore strongest offset
of the year-round influence of projected GHG increases.
This summer offset represents an approximate cancellation
between these two influences on surface jet shift, which is
in agreement with previous findings based on other models
and model inter-comparisons [Son et al., 2010; Arblaster
et al., 2011; Polvani et al., 2011] and other definitions of
jet position in the CMIP5 models [Wilcox et al., 2013]. An
implication of this cancellation is that ocean sectors with a
larger sensitivity in terms of jet position to GHG increases
also have a larger sensitivity to stratospheric ozone recovery.
[35] To investigate the causes of the large spread in

projected jet shifts, the possible role of the height of model
tops in the CMIP5 models was assessed. It was found that
on average high and low top models exhibit different 21st
century changes in annual mean jet position. Consistent with
the analysis of the summer season zonal mean jet position of
Wilcox et al. [2013], stronger responses in annual mean jet
position in the high top models were found across all
sectors. The results suggest that this is linked to stronger
upper-tropospheric tropical warming (and therefore stronger
increases in upper-level equator-to-pole temperature differ-
ence) in the high top models (as found by Wilcox et al.
[2013]). In contrast to the findings for jet position, high/
low top model differences in 21st century changes in annual
mean jet strength were found to be small over the Indian and
Pacific sectors. Here, inter-model correlations between jet

Figure 15. As in Figure 11, but showing historical P-width along the x-axis.
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The'dynamical'response'differs'across'sectors.'
Both'mechanisms'appear'to'be'factors'in'the'Indian'and'
Atlantic'sectors.
Only'the'PT'mechanism'seems'to'hold'in'the'Pacific.
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ABSTRACT

This study quantifies cloud–radiative anomalies associated with interannual variability in the latitude of the
SouthernHemisphere (SH)midlatitude eddy-driven jet, in 20 global climatemodels fromphase 5 of theCoupled
Model Intercomparison Project (CMIP5). Two distinct model types are found. In the first class ofmodels (type I
models), total cloud fraction is reduced at SHmidlatitudes as the jet moves poleward, contributing to enhanced
shortwave radiative warming. In the second class of models (type II models), this dynamically induced cloud
radiative warming effect is largely absent. Type I and type II models have distinct deficiencies in their repre-
sentation of observed Southern Ocean clouds, but comparison with two independent satellite datasets indicates
that the cloud–dynamics behavior of type II models is more realistic.
Because the SH midlatitude jet shifts poleward in response to CO2 forcing, the cloud–dynamics biases un-

covered from interannual variability are directly relevant for climate change projections. In CMIP5 model ex-
periments with abruptly quadrupled atmospheric CO2 concentrations, the global-mean surface temperature ini-
tially warms more in type I models, even though their equilibrium climate sensitivity is not significantly larger. In
type I models, this larger initial warming is linked to the rapid adjustment of the circulation and clouds to CO2

forcing in the SH,where a nearly instantaneous poleward shift of themidlatitude jet is accompanied by a reduction
in the reflection of solar radiation by clouds. In type II models, the SH jet also shifts rapidly poleward with CO2

quadrupling, but it is not accompanied by cloud radiative warming anomalies, resulting in a smaller initial global-
mean surface temperature warming.

1. Introduction

It is well known that one of the present challenges for
climate models is providing an accurate representation of
global cloud cover. Because essential cloud processes
occur on much smaller scales than typical model resolu-
tion, they need to be parameterized. As a consequence,
feedbacks involving clouds, particularly low clouds, are
responsible for most of the spread in climate sensitivity
across climate models (Soden and Held 2006;Webb et al.
2006; Dufresne and Bony 2008;Williams andWebb 2009;
Webb et al. 2013).

Numerous studies have identifiedmarine boundary layer
clouds as the dominant source of uncertainty in model
cloud feedbacks (Bony and Dufresne 2005; Medeiros et al.
2008; Williams and Webb 2009). Much attention has thus
been paid to the role of low clouds over tropical and sub-
tropical ocean basins, but the important role of low clouds
over the Southern Ocean has also recently been noted.
Trenberth and Fasullo (2010) demonstrated that many
global climate models substantially underestimate cloud
fraction and albedo over the Southern Ocean, and there-
fore have a large bias in absorbed shortwave radiation
there. Because the Southern Ocean is almost entirely
covered by clouds in the present-day climatology (e.g.,
Bromwich et al. 2012), any underestimate of this cloud
cover bymodels might lead to spurious feedbacks in future
climate scenarios (Trenberth and Fasullo 2010). Biases in
Southern Ocean cloud cover in models have also been
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Shortwave CRE Anomalies Regressed on 
SH Jet Latitude Time Series, DJF, PI

Shortwave'jetCCRE:''ΔCRE'per'1°'poleward'jet'bias'[Wm%2]
Separated'visually'into'Type'I'and'Type'II.
Averaging'30°C60°'yields'jetCCRE'indices.
Type'I:'Reduction'in'midlatitude'total'cloud'fraction.

Onemight question our categorization of type I and type
II models in this section using visual analysis alone, but
nearly identical results can be derived quantitatively. Av-
eraging the shortwave jet–CRE over the 308–608S latitude
band clearly distinguishes the two classes of models (see
also Fig. 3c), and these values (which we refer to hereafter
as the shortwave ‘‘jet–CRE index’’) are noted below each
panel in Fig. 1. All the type I models have a positive
(warming) value of the index, whereas all but one type II
model have a negative (cooling) value of the index. The
one outlier (model 18; see Table 1) visually appears to be
a type II model, but quantitatively fits with the type I
models. In the remaining figures, we will underline results
from this particular model, which exhibits hybrid behavior.

4. Comparison with observations

In this section, we compare the jet–CRE patterns from
CMIP5 models with those derived from recent observa-
tions, in order to determine which class of models has
more realistic behavior. The jet–CRE patterns derived
from the models’ historical runs are very similar to those
derived from their preindustrial control runs (as shown in
Figs. 1–3), and are not shown here for brevity.
Figure 4 shows the observed jet–CRE patterns derived

using radiative fluxes from the ISCCP-FD and CERES
datasets and zonal winds from the ERA-Interim re-
analysis. The observed longwave jet–CRE patterns from
both ISCCP-FD and CERES are very similar to those in

FIG. 1. Regressions of shortwave cloud radiative effect (CRE) anomalies (from the long-termmean) on the SH jet latitude time series from
each of the indicated CMIP5 models (see Table 1). These shortwave jet–CRE patterns are calculated for the December–February (DJF)
season, in the preindustrial control climate of eachmodel. The contour interval is 0.25Wm22. Units correspond to a 18 poleward jet shift. The
numbers below each panel display the values in that panel averaged over 308–608S, which we refer to as the shortwave jet–CRE index.
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So, are type I models warming too much in response
to CO2 forcing (as the jet–CRE analysis in this study
seems to imply)? Or are type II models warming too
little [as could be hypothesized from the CMIP3 results
of Trenberth and Fasullo (2010)]? At least for the
CMIP5 models examined here, we find no evidence
that the equilibrium climate sensitivity is significantly
different between the two classes of models (Fig. 8c;
Table 2, third column). Instead, we find that the sig-
nificant difference between the two classes of models
arises from the rapid response to abrupt CO2 forcing,
exactly when the type I models exhibit an additional
shortwave cloud radiative warming effect at SH mid-
latitudes that is strongly correlated with their jet–CRE
biases (Figs. 10 and 11). However, as the models
equilibrate to the CO2 forcing, the warming in the two
classes of models converges, so the equilibrium climate
sensitivity remains similar (Fig. 8). Future work is thus
needed to address to what degree the processes iso-
lated here are of consequence in the more realistic,
transient climate model simulations of the twentieth
and twenty-first centuries.
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APPENDIX

Method to Calculate Jet–CRE

In this appendix, we explicitly outline the methodology
used to produce the jet–CRE patterns shown in Figs. 1 and
2, in order to ensure future reproducibility of our results.
We derive CRE (RCRE) as the difference between the

top-of-the-atmosphere outgoing clear-sky radiationRclear

(CMIP5 variables rsutcs for shortwave and rlutcs for
longwave) and the top-of-the-atmosphere outgoing radiation

R (CMIP5 variables rsut for shortwave and rlut for long-
wave):

RCRE5Rclear2R . (A1)

The total CRE is defined as the sum of the shortwave
CRE and longwave CRE.
As in Barnes and Polvani (2013), we derive the lati-

tude of the SHmidlatitude jetfu850 as follows: 1) we find
the grid point i with the maximum 850-hPa zonal-mean,
zonal wind in the SH; 2) a quadratic is fit to the 850-hPa
zonal-mean, zonal wind profile at grid points i2 1, i, and
i 1 1; and 3) fu850 is defined as the latitude of the
maximum of the quadratic fit (at a resolution of 0.018
latitude).
To find the jet–CRE patterns, we remove the time

mean from the fu850 time series to yield the f0
u850 time

series, and we remove the time mean from the RCRE

time series at each latitude-longitude grid point (i, j) to
yield the R0

CREi,j
time series. (The time mean is removed

as a function of month for monthly-mean data.) Then,
the jet–CRE value at each latitude–longitude grid point
(Rjet–CREi,j ) is defined as the linear regression coefficient
between f0

u850 and R0
CREi,j

, where the overbar denotes
the time mean, that is,

Rjet–CRE
i,j
5

R0
CRE

i,j
f0
u850

f02
u850

. (A2)

This is the quantity plotted in Figs. 1 and 2 for the
shortwave and longwave, respectively. Finally, the
jet–CRE index is defined as Rjet–CREi,j averaged over
308–608S.
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Longwave CRE Anomalies Regressed on 
SH Jet Latitude Time Series, DJF, PI

both classes of CMIP5 models (cf. Figs. 4a and 3a), sug-
gesting that the longwave jet–CRE behavior in all of the
models is quite realistic. In contrast, the observed shortwave
jet–CRE patterns do not exhibit an annular warming at SH
midlatitudes, as the type I models do (cf. Figs. 4b and 3b,
left). Instead, the observed shortwave jet–CRE patterns at
SH midlatitudes appear more regional in nature, with
cooling over theAustralian–Pacific sector andwarming east
of South America. Although noisy, these regional patterns
qualitatively resemble those from many type II models (cf.
Figs. 4b and 3b, right). We caution, however, that the ob-
served patterns are based on limited periods of data and
have only weak statistical significance. Nevertheless, as
described below, we believe that it is not coincidental that
the shortwave jet–CREpatterns in type IImodels resemble
those from two independent observational datasets. Note
also that the values of the shortwave jet–CRE index for
the two observational datasets (20.50Wm22 for
ISCCP-FD and 20.34Wm22 for CERES) are compa-
rable to those calculated for type II models (see Fig. 1).

In a previous paper (G13), we examined the cloud
fraction anomalies associatedwith a poleward SH jet shift
in a single type I model (CAM3) and found a relatively
good correspondencewith ISCCPobservations (see Fig. 3
of G13). At first glance, these results seem to contradict
those in Fig. 4. Interestingly enough, the high,middle, and
low cloud fraction anomalies associated with a poleward
SH jet shift (as examined in G13) are qualitatively very
similar in observations, type I models, and type II models
(not shown). However, cloud fraction anomalies can be
potentiallymisleading, as they do not directly indicate the
radiative properties of the clouds. Hence, it is only when
the jet–CREfield is directly examined, aswe do here, that
the biases in type Imodels becomemore readily apparent
(contrast Figs. 3b and 4b).
To explore the origin of the unrealistic shortwave jet–

CRE patterns in type I models, we next examine the
present-dayDJF shortwave CRE climatologies from the
CMIP5 models, and compare them to observations from
CERES in Figs. 5 and 6. In the zonal mean (Fig. 5a), all

FIG. 2. As in Fig. 1, but for the longwave jet–CRE patterns. The contour interval is 0.125Wm22.
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Composite jet-CRE Patterns

Composite'longwave'
pattern'nearly'identical'for'
both'types
Clear'composite'shortwave'
differences
Hemispherically'averaged'
heating'for'Type'I;'''''''''''''''
cooling'for'Type'II
Likely'to'have'implications'
under'climate'change

models display a climatological minimum in shortwave
CRE (i.e., a maximum in cloud reflection of incident solar
radiation) over the Southern Ocean, but the values differ
drastically among models (see also Ceppi et al. 2012). In
fact, for the DJF season, the largest spread among the

models is not found in the tropics, but in the SH mid-
latitudes. There, the type II models cluster around a mini-
mum value of approximately 2110Wm22, whereas the
type I models cluster around a minimum value of approx-
imately 2140Wm22. The clustering of the models does

FIG. 3. (a),(b) Composites of the longwave and shortwave jet–CRE patterns shown in Figs. 1 and 2 for (left) type I
models and (right) type IImodels. Corresponding (c) zonal average of the longwave (LW), shortwave (SW), and total
jet–CRE patterns. The shaded error bounds denote themultimodel spread. Values averaged over the SH are listed in
the legend.
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Comparison with Observations

Longwave'pattern'is'
similar'to'models.

Shortwave'pattern'is'
like'a'noisy'Type'II.
Previous'study'of'a'
Type'I'model'showed'
good'match'to'cloud'
fraction'data.

Only'shows'up'in'jetCCRE

not appear to be by chance. As shown in Fig. 5b, for these
models, the shortwave jet–CRE index is significantly cor-
related (r 5 20.75) with the climatological minimum in
shortwave CRE at SH midlatitudes.2 Thus, models with
greater climatological reflection of incident shortwave ra-
diation bySouthernOcean clouds also generally havemore
positive shortwave jet–CRE values at SH midlatitudes.
An apparent paradox arises from the results in Figs. 4

and 5: The zonal-mean shortwave CRE climatology
of type I models appears to be a better match for the
CERES observations (cf. green and red lines in Fig. 5a),

even though these same models were shown to have
unrealistically positive shortwave jet–CRE values at SH
midlatitudes (cf. Figs. 3b and 4b). To help resolve this
paradox, Fig. 6 shows maps of the present-day DJF
shortwave CRE climatologies from CERES and the two
classes of CMIP5 models. In type I models, the magni-
tude of the shortwave CRE over the Southern Ocean
appears similar to observations (see also Fig. 5a), but the
structure of the cloud reflection appears much too
widespread and zonally symmetric (cf. Figs. 6a and 6b).
In type II models, the magnitude of the shortwave CRE
over the Southern Ocean is underestimated, but the
spatial structure of the cloud reflection is less zonally
symmetric and compares better with observations (cf.
Figs. 6a and 6c). For example, both the CERES obser-
vations (Fig. 6a) and type II models (Fig. 6c) possess

FIG. 4. As in Figs. 1 and 2, but for the observed jet–CRE patterns calculated using the monthly-mean DJF (left)
ISCCP-FD (December 1983–December 2004) and (right) CERES (December 2000–February 2013) datasets, and
the time series of the jet latitude derived from the ERA-Interim reanalysis. The stippling indicates regions that are
95% significant using Student’s t test.

2 The climatological minima in shortwave CRE are nearly
identical in the historical (Fig. 5a) and preindustrial control (Fig.
5b) climates of each CMIP5 model.
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and Indian Oceans (458–608S, 608W–608E) and in the
southwestern Pacific Ocean (508–658S, 1808–1208W).
Interestingly, the composite of type II models is also
closer to observations in the SH subtropical ocean
basins, where the model representation of stratocumu-
lus and cumulus-to-stratocumulus transition regimes has
traditionally been problematic (e.g.,Williams andWebb
2009; Klein et al. 2013).
To support our conclusion that the cloud structures in

type II models are more realistic, we present the climato-
logical optical depth distribution of Southern Ocean (408–
608S) clouds from ISCCP observations and the two classes
of CMIP5 models (Fig. 7). The results in this figure are
based upon a limited number of models, as the ISCCP
simulator output necessary to produce this figure is only
available from two type I models and three type II models
(see Zelinka et al. 2013). The optical depth distributions of
high-level and midlevel clouds appear to be similar in the
available type I and II models (Figs. 7a,b), although both
classes of models underestimate the observed amount of
midlevel clouds. The differences between type I and II
models appear to arise from anoverabundance of optically
thick, low-level clouds in type I models (Fig. 7c). This is
a longstanding problem among climate models, which has
been somewhat mitigated in many of the newest model
versions (Kay et al. 2012; Klein et al. 2013).
To summarize: the key result of our analysis is that

type II models have a more realistic representation of

observed jet–CRE patterns over the Southern Ocean
(cf. Figs. 3 and 4). The more realistic jet–CRE patterns in
type II models appear to result from the models’ ability
to capture the observed spatial (Fig. 6) and optical depth
(Fig. 7) distributions of low clouds over the Southern
Ocean. Other factors might also contribute to the im-
proved jet–CRE behavior in type II models. Because
type I models have a more pronounced climatological
minimum in shortwave CRE over the Southern Ocean
(Fig. 5), one might expect them to also have a more
equatorward-biased climatological jet latitude in the SH,
as suggested by Ceppi et al. (2012). However, we find no
significant difference in the jet latitudes between the two
classes of models used here (as quantified in Table 2,
fourth and fifth columns). This is not entirely surprising:
the correlation between the Southern Ocean shortwave
CRE climatology and the SH climatological jet latitude
reported by Ceppi et al. (2012) is relatively weak, as it
relies almost exclusively on the behavior of only a few
outlying CMIP5 models (see Fig. 2 of Ceppi et al. 2012).
Based upon the results of this section, it would be

tempting to naively argue that type II models have
‘‘better’’ clouds than type I models. While type II models
accurately represent cloud processes directly tied to SH
jet variability, they also misrepresent other key cloud
processes, leading to an underestimate of the observed
magnitude of shortwave CRE over the Southern Ocean
(Fig. 5a)—and thus likely to an improper SH energy
budget (see Trenberth and Fasullo 2010). Consequently,

FIG. 5. (a) Present-day DJF zonal-mean shortwave CRE climatology for CERES observations (green) and individual type I (red) and
type II (blue) CMIP5 models. The CERES climatology is derived from the 13 yr of available satellite observations (December 2000–
February 2013), and the model climatologies are derived from the last 13 yr of the CMIP5 historical scenario (1993–2005). (b) Scatterplot
between (abscissa) the shortwave jet–CRE index for each CMIP5 model and (ordinate) the climatological minimum in shortwave CRE
over the Southern Ocean for each model [as shown in (a) for the present-day climatology]. Numbers on the scatterplot correspond to the
models identified in Fig. 1. Calculations in (b) are for the DJF season, in the preindustrial control climate of each model.
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both type I and type II models have strengths and
weaknesses in their representation of observed cloud
processes, and it is challenging to interpret why a trade-
off exists between themodels’ representation of jet–CRE
processes and their climatological magnitude of short-
wave CRE. Further analyses of these model biases are
left to a future study. For the remainder of this paper, we
focus on the implications of the varying jet–CRE be-
havior in CMIP5 models.

5. Implications for climate projections

In this section, we discuss how the jet–CRE behavior in
CMIP5 models may have important implications for the
models’ climate projections. It is well known that the SH
midlatitude jet shifts robustly poleward in climate models
in response to both stratospheric ozone depletion (Gillett
and Thompson 2003; Son et al. 2008; Polvani et al. 2011)
and enhanced greenhouse gas forcing (Kushner et al. 2001;
Yin 2005; Barnes and Polvani 2013). Since the jet–CRE
patterns in type I models contribute to a hemispherically

integrated warming effect (see Fig. 3c), one might expect
the global warming in thosemodels to exceed thewarming
in type IImodels when greenhouse gases are increased. To
test this hypothesis, we examine the abrupt 43CO2 in-
tegrations from the CMIP5 archive. We focus on these
integrations because they provide a large, simple, impor-
tant, and unambiguous forcing of the climate system, and
thus provide a much cleaner testbed for our hypothesis
than the historical or representative concentration path-
way (RCP) integrations. Recall that, in the historical and
RCP integrations, many different forcings are applied, not
all of which are identical across all models or are mono-
tonically increasing over time (e.g., aerosols are increased
then decreased in several scenarios).
Figure 8a shows the time series of the global-mean

surface temperature response to the abrupt 43CO2

forcing in both classes of models. Note that the tem-
perature response is plotted using a logarithmic time
scale to emphasize the early years of the integrations.
During the first 20 years of the runs, the type I models
are indeed warming faster than the type II models (as

FIG. 6. Present-day DJF shortwave CRE climatology for (a) CERES observations, (b) type I
models, and (c) type II models. The CERES climatology is derived from the 13 yr of available
satellite observations (December 2000–February 2013), and the model climatologies are de-
rived from the last 13 yr of the CMIP5 historical scenario (1993–2005). Themodel climatologies
are a composite over all type I in (b) and type II in (c) models. The contour interval is 6Wm22.
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quantified in Fig. 8b).3 It is important to appreciate that
the larger initial warming in the type I models is unlikely
to occur by chance: randomly grouping the models into
two subsets of 10 yields the separation seen in Fig. 8b
only ;1% of the time (based on Monte Carlo tests of
1000 random model groupings).
Because type I models have a better representation of

the observed climatological magnitude of shortwave
CRE in the SH (Fig. 5), one might expect them to be
warming more because, based on the CMIP3 findings of
Trenberth and Fasullo (2010), they might have larger
values of equilibrium climate sensitivity. However, after
the initial period of larger warming in type I models, the
global-mean surface temperature time series from the
two classes of models begin to converge (albeit very
slowly) (Fig. 8a), such that there is no significant differ-
ence between the equilibrium climate sensitivities of type
I and II models (Fig. 8c; see also Table 2, third column).4

Instead, any significant difference in warming between
type I and II models occurs in the very rapid, transient
response of the models to increased greenhouse gas
forcing. This is in agreement with other studies, which
have identified cloud-induced shortwave warming as be-
ing largely responsible for the rapid (nonequilibrium)
adjustment of the climate system to increased CO2 levels
(Andrews and Forster 2008; Colman and McAvaney
2011; Andrews et al. 2012a; Zelinka et al. 2013).
One might argue that the difference in the transient

warming between the two classes of models (Fig. 8a)
might have little to do with the jet–CRE biases, and be
due to other differences among the models. To show
that the SH jet–CRE biases are indeed key to the dif-
ference in warming between the two classes of models,
in Fig. 9 we show maps of the difference in the surface
temperature and shortwave CRE responses between the
type I and type II models. For the first 20 years of the
abrupt 43CO2 scenario, the bulk of the enhanced
warming in the type Imodels arises from three regions in
the SH (Fig. 9a). First, in the SH subtropics, the type I
models have anomalous warming in regions where they
poorly represent the observed shortwaveCRE climatology
(see Fig. 6). Second, at SH midlatitudes, the type I models
have excess warming in regions where the shortwave jet–
CREbiases occur (Fig. 1).Andfinally, at SHhigh latitudes,

FIG. 7. The 1983–2005 DJF climatological distribution of cloud
optical depth over the Southern Ocean (408–608S): (a) high cloud
fraction (cloud top pressure , 440hPa), (b) middle cloud fraction
(440hPa, cloud top pressure, 680hPa), and (c) low cloud fraction
(cloud top pressure . 680hPa). The observed climatology (green) is
derived from the simulator-oriented ISCCP cloud product. Model
climatologies are derived from the historical scenario of models that
have ISCCP simulator output available: two type Imodels (CanESM2
and MPI-ESM-LR; red) and three type II models (HadGEM2-ES,
MIROC5, andMRI-CGCM3; blue). Shading denotes the multimodel
spread.

3 The results in Fig. 8b are not sensitive to the choice of the first
20 years. Similar results are found using the first 5, 10, and 30 yr.

4 Calculations of equilibrium climate sensitivity are based on
a linear regression fit [see plots in Gregory et al. (2004) and
Andrews et al. (2012b)]. Thus, the disparity among type I and II
models at the end of the abrupt 43CO2 scenario (year 150) in Fig.
8a is not necessarily comparable to the spread in the equilibrium
climate sensitivities of the models.
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MIROC5, andMRI-CGCM3; blue). Shading denotes the multimodel
spread.
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4 Calculations of equilibrium climate sensitivity are based on
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end of the abrupt 43CO2 integrations (i.e., the last 50 yr;
not shown).
To clarify the role of SSTs in the jet shifts, in the right

column of Fig. 10a, we show the responses of the SH
midlatitude jet to 43CO2 forcing (as in Fig. 10a, left),
but with SSTs held fixed. The results reveal that CO2

forcing alone (in the absence of SST changes) can
induce a modest jet shift (see also Staten et al. 2012),
demonstrating that SST-mediated feedbacks cannot be
the sole cause of the jet shifts. Although global-mean
surface temperatures remain largely unchanged with the
abrupt quadrupling of atmospheric CO2 concentrations
(Fig. 10c, right), the SH midlatitude jet shifts poleward
in all but one of the available models.
Interestingly, in the fixed SST runs, we find a signifi-

cant difference between the jet shifts in the two classes
of models. However, if differences in the models’
shortwave CRE responses were partially forcing the jet
shifts through SST changes [as Ceppi et al. (2014) argue],
one might expect a more significant difference between
the jet shifts of type I and type II models in the fully
coupled runs (Fig. 10a, left; Table 2, sixth and seventh
columns), rather than in the fixed SST runs (Fig. 10a,
right). This is not the case here, and therefore we find no
evidence in our results to support the mechanism pro-
posed by Ceppi et al. (2014).
Unlike the small differences in jet shifts between type I

and type II models, we find a large, significant difference
between the responses of the models’ shortwave CRE at

SH midlatitudes (358–508S, see boxed region in Fig. 9b),
in both the fully coupled (Fig. 10b, left) and fixed SST
(Fig. 10b, right) experiments. As one can see in Fig. 10b
(left), an initial shortwave CRE response of ;3.5Wm22

occurs within the first two years after CO2 quadrupling in
type I models, whereas the initial shortwave CRE re-
sponse is approximately zero in type II models. This
confirms our hypothesis: while the jet shifts rapidly
poleward in both types of models, only those models that
produce a shortwave cloud radiative warming effect in
association with unforced poleward jet shifts (i.e., type I
models) also produce a rapid shortwave cloud radiative
warming effect in response to CO2 forcing. In fact, the
magnitude of the initial (first 5 yr) shortwave CRE re-
sponse in each model (Fig. 10b, left) is significantly cor-
related (r 5 0.90) with its shortwave jet–CRE index
derived from preindustrial control variability, as seen in
the scatterplot in Fig. 11. Consequently, the same pro-
cesses that are relevant for the interannual jet–CRE
variability in the models are also relevant for the nearly
instantaneous, transient response of the models to CO2

forcing. Again, note that this occurs irrespective of
whether the SSTs are fixed or not.
Finally, we address the issue of time scales. Although

the initial response of the models’ shortwave CRE is
strongly linked to the jet–CRE biases, it is interesting to
note that the time series of the SH midlatitude short-
wave CRE response in Fig. 10b (left) also show a slow
increase over the duration of the abrupt 43CO2 scenario
for both type I and type II models. That slowly increasing

FIG. 8. Global-mean surface temperature response to abrupt quadrupling of CO2 in CMIP5 models. (a) Composite annual-mean time
series for type I (red) and type II (blue) models. Results are derived as the difference between the abrupt 43CO2 scenario for each model
and its preindustrial control climatology. Shading denotes 90% confidence intervals. (b) Scatter of individual model responses averaged
over the first 20 yr of the abrupt 43CO2 scenario. For each type of model, the circle denotes the multimodel mean, the bar denotes the
range of the 25th–75th percentiles, and each diagonal cross denotes outliers about the 25th–75th percentiles. (c) As in (b), but for twice the
individual model values of equilibrium climate sensitivity (from Forster et al. 2013). The equilibrium climate sensitivity values are
doubled, so that all panels in the figure correspond to a 43CO2 climate.
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FIG. 9. Differences in the composite annual-mean responses to 43CO2 forcing between type I
and type II models (i.e., type I response 2 type II response). For each model, the responses are
derived as the difference between (a),(b) the abrupt 43CO2 scenario (averaged over the first
20 yr) and the corresponding preindustrial control climatology and (c) the 43CO2 and control
scenarios with fixed sea surface temperatures (sstClim43CO2 and sstClim), which are available
only from 11models (see Table 1). The contour interval is 0.125K in (a) and 0.5Wm22 in (b),(c).
Stippling indicates regions where the model composites are different at the 95% statistically
significant level. The horizontal lines denote the 358–508S latitude band.
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FIG. 10. Response to abrupt quadrupling of CO2 in CMIP5 models. (a) On the left is the composite annual-mean
time series of the SHmidlatitude jet latitude for (red) type I models and (blue) type II models. Results are derived as
the difference between the abrupt 43CO2 scenario for eachmodel and its preindustrial control climatology. Shading
denotes 90% confidence intervals. On the right is the scatter of SH midlatitude jet latitude responses to 43CO2

forcing with fixed SSTs (i.e., the difference between the climatologies of the sstClim43CO2 and sstClim scenarios).
For each type of model, the circle denotes the multimodel mean. (b) As in (a), but for the shortwave CRE averaged
over 358–508S. (c) As in (a), but for the surface temperature averaged over 358–508S.
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shortwave CRE response does not closely follow the
midlatitude jet response (Fig. 10a, left), but instead that of
the steadily increasing global-mean surface temperature
(Fig. 8a). Thus, as argued by K14, thermodynamic in-
fluences are also a key factor in explaining the shortwave
CRE response at SH midlatitudes, particularly as the
equilibrium climate is approached.
In summary, we have found a direct link between the

model jet–CRE biases and the rapid response of the
models to abrupt 43CO2 forcing. In response to CO2

forcing, the SHmidlatitude jet shifts rapidly poleward in
all models (Fig. 10a), but only the type I models exhibit
a rapid shortwaveCRE response at SHmidlatitudes (Figs.
9b, 10b, and 11). And while the initial shortwave CRE
response is very rapid, it has a direct impact on the surface
temperatures at SH midlatitudes that lasts over a century
(Figs. 9a and 10c), and is a key contributor to the differ-
ence in global-mean surface temperature warming be-
tween the two types of models (Fig. 8a). Note that the
widely used equilibrium climate sensitivity, which is con-
cerned with asymptotic stages of the response to CO2

quadrupling, masks the jet–CRE biases, which manifest
themselves at the very early stages of the response.

6. Summary and conclusions

In this study, we examined the linkages between vari-
ability in the SH midlatitude jet and cloud radiative

processes in CMIP5 models. Previous studies have often
concluded that, as the jet moves poleward, the bulk of the
clouds will move poleward with the jet, contributing to
increased solar warming at SH midlatitudes (e.g., Bender
et al. 2012;G13).Wefind that this behavior indeed exists in
roughly half of the CMIP5 models (type I models) exam-
ined here. However, other CMIP5 models do not exhibit
this behavior. Instead, as for the model examined by K14,
the shortwave jet–CRE patterns in this second class of
models (type II models) are weaker and less zonally
symmetric in structure (Fig. 3b). Contrary to our expec-
tations, it is this second class of models that compares
better with observed jet–CRE patterns (Fig. 4), even
though these samemodels substantially underestimate the
observed climatological magnitude of shortwave cloud
reflection at SH midlatitudes (Fig. 5a). The more realistic
jet–CRE patterns in type II models appear to arise from
themodels’ ability to capture the zonally asymmetric cloud
structures observed over the Southern Ocean (Fig. 6), and
tomore accurately simulate the optical depth of low clouds
in this region (Fig. 7).
The jet–CRE biases in the CMIP5 models are not

simply a peculiar feature of the models’ internal vari-
ability: these biases have direct relevance for most cli-
mate change scenarios, in which the position of the SH
midlatitude jet shifts polewardwith increased greenhouse
gases. We find that the nearly instantaneous response of
the global-mean surface temperature to abrupt CO2

forcing is significantly larger in type I models (Fig. 8),
and this excess warming arises largely from regions of
reduced shortwave cloud reflection in the SH subtropics
and midlatitudes (Fig. 9). We find strong evidence that
the same processes that contribute to the jet–CRE biases
in type I models also contribute to their larger initial
warming response to CO2 forcing (Figs. 10 and 11).
Since type II models have a more realistic representa-

tion of the observed jet–CRE patterns, it is reasonable to
argue that they might also be more accurate in repre-
senting the response to CO2 forcing. As a consequence,
because at least half of the CMIP5 models are of type I,
the transient global-mean surface temperature warming
might be overestimated in the CMIP5 multimodel mean.
Indeed, others have recently noted that the transient
warming rates might be too high in some CMIP5 models
(Stott et al. 2013; Otto et al. 2013; Fyfe et al. 2013).
However, the type II models also have deficiencies, in-
cluding the underestimate of the observed shortwave
cloud reflection over the Southern Ocean (Fig. 5a), and
an underestimate of Southern Ocean cloud cover has
been linked to an underestimate of the equilibrium cli-
mate sensitivity and thus to an underestimate of the
global warming response (cf. Fig. 13 of Trenberth and
Fasullo 2010).

FIG. 11. As in Fig. 5b, but for the scatterplot between (abscissa) the
shortwave jet–CRE index for each CMIP5 model and (ordinate) the
initial (first 5 yr) response of shortwave CRE (358–508S) to abrupt
43CO2 forcing. The response is derived as the difference between
the abrupt 43CO2 scenario for each model and its preindustrial
control climatology (see Fig. 10b). A virtually identical scatterplot
can be produced using the response of shortwave CRE averaged
over the 308–608S latitude band on the ordinate (r 5 0.85).
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Review Overview
Paper Variables Notes

Kidston and Gerber (2010)
Jet position
Jet internal variability

Position biases are correlated with 
position and variability changes

Barnes and Hartmann (2010)
Jet position
Jet internal variability
Wave propagation

Position biases are correlated with 
position and variability changes; 
Physical explanations

Ceppi et al. (2012)
Jet position
SWCF
Surface temperature

Position biases are correlated with 
SWCF biases; Points to local cloud 
biases.

Chang et al. (2012)
v-wind and SPL variance
Cyclone track statistics

Correlations between historical biases 
and projected shifts in position and 
strength

Bracegirdle et al. (2013)
Jet position
Jet strength

PT-distance and jet width correlate 
with jet shift; 
Dependent on basin

Grise and Polvani (2014)
Cloud radiative effect
Jet position
Cloud optical depth
Surface temperature

Position biases are not well correlated 
with SWCRE; Contrary indications are 
due to Type-I models’ rapid response.


