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Key Points:

e There are substantial zonal variations in past trends in the magnitude and latitude of the
peak Southern Hemisphere zonal winds

e The peak annual-mean zonal winds have moved equatorward over the Pacific but
poleward over the Atlantic and Indian Oceans.

¢ (Climate model simulations indicate that the differential movement of the westerlies is due
to internal atmospheric variability.
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Abstract

Many studies have documented the trends in the latitudinal position and strength of the
midlatitude westerly jet in the Southern Hemisphere. However, very little attention has been
paid to the longitudinal variations of these trends. Here, we specifically focus on the zonal
asymmetries in the southern jet trends between 1980-2018. Meteorological reanalyses show a
robust strengthening and an equatorward shift of the annual-mean and springtime jet over the
Pacific sector, in contrast to a weaker strengthening and poleward shift over the Atlantic and
Indian Ocean sectors. The reanalysis trends fall within the ensemble spread for historical climate
model simulations, showing that climate models are able to capture the observed trends. Climate
model simulations indicate that the differential movement of the jet is a manifestation of internal
variability and is not a forced response. Implications of these asymmetries for other components
of the climate system are discussed.

Plain Language Summary

The band of strong westerly winds in middle latitudes, which are often referred to as the
midlatitude jet streams, influence not only temperature, regional storms, and precipitation but
also the ocean circulation and amount of carbon and heat entering the oceans. In recent years,
much attention has been paid to the observed strengthening and poleward shift of the Southern
Hemisphere jet stream. However, nearly all the focus has rested on trends in longitudinally-
averaged winds. Here we specifically focus on the longitudinal variations in the jet trends over
the last four decades. Observationally-based data show a robust strengthening and an
equatorward shift of the annual-mean jet over the Pacific Ocean, in contrast to a weaker
strengthening and poleward shift over the Atlantic and Indian Oceans. Simulations with climate
models indicate that the underlying cause of this differential movement of the jet is internal
atmospheric variability, and not a response to human activities. The longitudinal variations in
the jet trends may have consequences for ocean gyre circulations, and associated transport of
heat and carbon into the oceans.
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1 Introduction

The near-surface westerlies are a dominant feature of the midlatitude atmospheric circulation of
the Southern Hemisphere (SH), influencing temperature, regional storms, and precipitation (e.g.
Thompson and Wallace 2002, Hendon et al. 2007). In addition, these winds play a major role in
driving the ocean circulation, and the uptake of carbon and heat (e.g., Hall and Visbeck 2002,
Sen Gupta and England 2006, Toggweiler and Russell 2008). In recent years, much attention has
been paid to an intensification and poleward shift of these westerlies over the last four decades
(e.g., Thompson et al. 2011, Swart and Fyfe 2012, Swart et al. 2105), and the wider impacts on
the atmosphere and oceans (e.g. Roemmich et al. 2007, Le Quere et al. 2007, Waugh et al. 2013).
However, this attention has focused primarily on changes in the zonal-mean winds, and
longitudinal variations have been largely overlooked. While changes in the mean meridional
circulation (of the atmosphere and oceans) will likely be closely related to changes in the zonal-
mean winds, the response of many other aspects, such as the subtropical gyre circulation and
associated changes in ventilation, heat uptake, and sea level, will depend more on regional
changes (e.g., Cai et al. 2010, Zhang et al. 2014, Jones et al. 2019, Waugh et al. 2019). It is
therefore important to know whether regionally averaged winds have also intensified and moved
poleward. Furthermore, most of the previous analysis of SH wind trends has been on the
summer changes, when zonal-mean trends are the largest. However, the trends in annual-mean
winds are likely the most relevant for ocean impacts, as the ocean response to changes in SH
winds occurs over decadal or longer time scales.

In this study, we examine the zonal asymmetries in wind trends over the last four
decades, and ask whether there has been a uniform strengthening and latitudinal shift in peak
winds across the different ocean basins. This extends earlier studies by Schneider et al. (2015)
and Swart et al (2015) who showed that there are spatial variations in past trends in near-surface
winds, but did not examine the impact of these trends on the strength and position of the peak
winds averaged over each ocean basin. Yang et al (2020) have very recently have examined
zonal variations in jet trends, but they only considered summer trends. We show here that the
winter-spring (and annual-mean) trends differ substantially from the summer trends.

We use near-surface winds from multiple meteorological reanalyses to quantify the
changes since 1980, and examine the causes of these changes using multi-model ensembles from
the Coupled Model Intercomparison Project phase 5 (CMIP5, Taylor et al., 2012) and large
initial-condition ensembles from the Canadian Earth System Model version 2 (CanESM2, Gagné
et al. 2017). These model ensembles have been previously used to examine trends and variability
in the zonal-mean atmospheric circulation (e.g., Grise et al. 2019, Banerjee et al. 2020), and we
extend these studies to consider zonal variations in trends. In combination, these ensembles
enable comparison with observations as well as examination of the role atmosphere-ocean
coupling and of different anthropogenic forcings.

2. Methods

We examine recent changes in the SH winds using three atmospheric reanalysis products:
ERA-I (Dee etal 2011), JRA-55 (Kobayashi et al. 2015), and MERRAZ2 (Gelaro et al. 2017).
We select these relatively recent reanalyses as older generation reanalyses have been shown to
yield spurious trends and poorer agreement than newer reanalyses for metrics of the mid-
latitude jet (e.g., Swart et al. 2015, Grise et al. 2019). We focus on the period from 1980 to
2018 which is common to all these reanalyses.
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Two different types of model ensembles are used to ascertain the causes of the trends
seen in the reanalyses. The first type are multi-model ensembles using climate models that
participated in CMIP5. The ensembles examined include (i) “historical” simulations driven by
all-known natural and anthropogenic forcings covering the period 1850-2005, (ii) atmosphere-
only “AMIP” simulations driven by all forcings between 1979-2005 but with observed sea-
surface temperatures (SSTs) and sea ice concentrations, (iii) preindustrial control (piControl)
simulations at constant 1850 forcings, and (iv) “4xCO2” simulations with an instantaneous
quadrupling of atmospheric CO; from piControl conditions. For each we model and scenario
we analyze only the first ensemble member (“rlilpl”), in order to weigh all models equally.
We use these ensembles to make the following comparisons. Trends in the historical
simulations are directly compared with observed trends. Comparison of the historical and
AMIP simulations isolates the role of ocean-atmosphere coupling. Lastly, comparison of the
4xCO2 and piControl simulations isolates the forced response to a large increase in CO>. We
use monthly mean model output from 20 models, for which we have all simulations (see
Supplementary Table 1); this is a subset of the 23 models considered in several earlier studies
of changes in zonal-mean winds, e.g., Grise and Polvani (2014, 2016) and Waugh et al. (2018).
We analyze trends over the 1980-2005 period for the CMIPS historical and AMIP simulations,
which end in 2005. For the response to 4xCO2, we average of the last 50 years of the 4xCO2
simulation and take the difference from the piControl climatology.

The second type of ensembles are large (50-member) initial-condition ensembles of
simulations from a single model, CanESM2. For this there is a historical all-forcing ensemble
(using the same forcing as the CMIPS5 historical simulations) as well as three single-forcing
ensembles where the only time varying forcing is (1) stratospheric ozone (“OZ”), (2)
anthropogenic aerosols (“AA”), or (3) natural, volcanic and solar, (“NAT”) forcings.
Comparison of the CanESM?2 ensembles allows us to isolate the role of different external
forcings. As with the CMIP5 ensembles, we analyze the 1979-2005 period.

In both reanalyses and model output we examine the zonal wind fields at 850 hPa.
Results are presented here for both zonal-mean winds, and for averages across the Pacific
Ocean (150°E to 290°E) and the combined Atlantic-Indian Ocean (40°W to 120°E) sectors.
Averages over the individual Atlantic and Indian produce similar results to the combined
average, so we focus on the combined average for simplicity. We refer to the winds averaged
over the Pacific Ocean as “the Pacific jet”, and similarly winds averaged over the combined
Atlantic-Indian Oceans as “the Atlantic-Indian jet”. For all longitudinal averages, the jet
latitude is defined as the latitude at which the zonal wind maximum occurs, and is found in the
gridded data by analytically fitting a quadratic between the latitude of the largest value and 10°
either side.

The statistical significance of the reanalysis trends is determined using the Student’s t
test with t statistic given by the estimated trend divided by the standard deviation. Following
Swart et al. (2015), the uncertainty in the model ensemble mean trend (i.e. the forced trend) is
represented by the (95%) confidence interval, which is given by ca/+/n, where n is number of
models or members, c? is the variance in trends across the ensemble members, and c is the
97.5th percentile of the Student’s t distribution with n-1 degrees of freedom (von Storch and
Zwiers 1999). The spread among individual ensemble members is given the 2.5th—97.5th
percentile of trends; this reflects the range due to internal variability, and also inter-model
uncertainty for the multi-model ensembles.
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3. Reanalyses

We begin by considering recent trends in the annual-mean winds, as these are likely the most
relevant for driving changes in the oceans. We find good agreement among the meteorological
reanalyses, see Figure 1. All reanalyses show an increase in the strength of the zonal-mean and
in the basin-average jets, with the increase in the Pacific jet (linear trend of 0.3-0.45 m/s per
decade across the reanalyses) being considerably larger than the increase of the Atlantic-Indian
jet (0.1-0.2 m/s per decade), see Fig 1a-c. Perhaps more striking, the Pacific jet has shifted
equatorward (0.1-0.25° per decade) whereas the Atlantic-Indian jet has shifted poleward (-0.25
to -0.4° per decade), see Fig le, f. In other words, the Pacific and Atlantic-Indian jets have
moved in opposite directions over the last 40 years. Note that although the equatorward shift in
the Pacific jet is statistically insignificant at the 95% confidence level, the poleward shift of the
Atlantic-Indian jet and the linear trend in latitudinal difference between the Pacific and Atlantic-
Indian jets (0.4-0.5° per decade) are statistically significant.

The different annual-mean trends between the Pacific and Atlantic-Indian jets are related
to zonal asymmetries in both the climatological jet latitude and the wind trends. The
climatological latitude of the annual-mean Pacific jet is poleward of the Atlantic-Indian jet (thick
contour and horizontal lines in Figure 2a). At the same time the largest increase in winds occurs
over the Pacific Ocean, and is equatorward of the regions of weak increases of the Atlantic and
Indian oceans (Figure 2a). These larger trends over the Pacific than the other ocean basins are
also found in satellite-based 10m winds, see figure 12 of Swart et al. (2015). As a result of these
zonal variations, the largest zonal wind increase is equatorward of the jet over the Pacific sector
(red curve in Fig 2b), yielding an equatorward shift of the Pacific jet shown in Fig 1e. In contrast
there is an increase in winds poleward of the Atlantic-Indian jet (blue curve in Fig 2b), resulting
in the poleward shift of the Atlantic-Indian jet (Fig 1f).

The annual-mean strengthening of the jet shown in Fig 1 comes mainly from
strengthening in December-February (DJF) and March-May (MAM) (Figs 2¢c-f, 3a). However,
there is strengthening all seasons (except for the Atlantic-Indian jet in September-November
(SON)), and for all seasons the acceleration of the Pacific jet is stronger than that of the Atlantic-
Indian jet (Fig 3a).

There is considerably more seasonality in zonal asymmetries in the trends in the jet
latitude (see Fig 3b). The seasonality is largest over the Pacific: During DJF the largest wind
increase in the Pacific is poleward of the jet, in MAM it is around the jet latitude, while in June-
August (JJA) and SON the largest increase is equatorward of jet (Fig 2). This results in a
poleward shift of the Pacific jet in DJF, an equatorward shift in SON, and weak movement in
other seasons (Fig 3b). Thus, the annual-mean equatorward shift of the Pacific jet is the residual
between a spring equatorward shift and summer poleward shift. The seasonality is much smaller
for the Atlantic-Indian jet, with a poleward shift found in all seasons (Fig 3b). Note that while
the direction of Pacific jet shift differs seasonally, for all seasons, the reanalysis-mean Pacific jet
shifts equatorward relative to the Atlantic-Indian jet.

4. Climate Models

Several important questions arise from the above results. What are the causes of the observed
trends and their zonal asymmetries? Are they a response to external forcing or merely internal
variability? If the trends are forced, what is the forcing? If internal variability, is this driven by
SSTs or is it internal to the atmosphere? Answering these questions is critical for understanding
how the SH climate might evolve in the future.
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To answer these questions, we analyze simulations from the CMIP5 and CanESM?2
ensembles. Before addressing the issue of causality, we first determine whether the simulated
and observed trends are consistent. Following Swart et al. (2005), we do this by determining
whether the reanalysis trend falls within the 5™ — 95' percentile of the simulated trends. For
both the CMIP5 and CanESM2 historical simulations, the reanalysis trends for basin-averaged
winds fall within (or very close to) the model spread across all seasons for both the strength and
the latitude of the jet, see Fig 4. (Note, in Fig 4 the trends for the models and reanalyses are
calculated for 1980-2005, the common period between reanalyses and CMIP5 historical runs.)
Thus, these climate models can simulate trends similar to those observed.

We now consider the cause of these trends. Extensive previous research has shown that
stratospheric ozone depletion and increasing GHGs have played a major role in the
intensification and poleward shift of the zonal-mean jet in DJF (e.g., Polvani et al. 2011,
McLandress et al. 2011, Banerjee et al. 2020). The CMIP5 and CanESM?2 ensembles indicate
this also applies for basin-averaged zonal winds. For both ensembles, models simulate a
statistically significant ensemble-mean intensification and a poleward shift of the Pacific and
Atlantic-Indian jets, with the vast majority of the simulations showing this intensification and
poleward shift (Fig. 4). This consistency in sign among simulations indicates that forcing has
played a major contribution to DJF trends in basin-average winds.

The central role of ozone depletion and increases in GHGs in the DJF trends is further
supported by analysis of the CanESM2 “single forcing” ensembles (Supplementary Figure 1):
For all basins, there are near-zero (insignificant) ensemble-mean shifts in the NAT and AA
simulations (e.g. for Pacific jet the shift is 0.07+ 0.1 and -0.02+0.1 degrees/decade for the NAT
and AA, respectively), which indicates that changes in solar forcing, volcanic eruptions, and
anthropogenic aerosols are not the cause. However, there are significant ensemble-mean DJF
trends for the OZ forcing ensemble (-0.2310.2 degrees/decade), and for the greenhouse gas
forcing estimated as residual between the historical and the sum of the single-forcing runs (-
0.33£0.3 degrees/decade). Therefore, DJF trends in jet latitude in the CanESM2 historical
ensemble occur because of changes in stratospheric ozone and greenhouse gases.

We now consider the spring (SON) trends. Less attention has been paid to trends in this
season but, as shown above, the equatorward shift of the Pacific jet during this season dominates
the annual-mean change. For both the CMIP5 and CanESM2 historical ensembles the ensemble-
mean Pacific and Atlantic-Indian jets strengthen and shift poleward, although these ensemble-
mean trends are not always statistically significant (Fig 4b). The sign of the ensemble-mean
trends for the Atlantic-Indian jet agrees with the reanalyses, but this is not the case for the Pacific
jet, for which the reanalyses show a weakening and equatorward shift over the 1980-2005 period.
However, for both metrics the spread in trends among the ensemble members is very large, and
the observed trends lie within this spread. This suggests that the observed trends are not a forced
response but result from internal variability. This interpretation is further supported by the
CanESM2 single-forcing ensembles (Supplementary Figure 1): For each single-forcing ensemble
we find a similar large spread in shift in the SON Pacific jet winds across the 50 members and an
insignificant ensemble-mean shift in the Pacific jet in SON (0.18+ 0.2, 0.19+0.2, -0.15+0.3
degrees/decade for the NAT, AA, and OZ ensembles, respectively)

The absence of a forced spring shift over the Pacific is supported by simulations that
consider large increases in CO2. Analysis of the CMIP5 4xCO; simulations shows a significant
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ensemble-mean poleward shift in the jet for all basins in DJF, but for SON the shift in the Pacific
jet is not significant, see Fig 4b. In SON (and JJA) there is again a large spread amongst models,
and half of the models show an equatorward movement. In other words, the shift in peak JJA and
SON Pacific jet due to quadrupling of CO; is much less than inter-model variability, indicating
that increases in CO; are unlikely to have caused the observed historical equatorward shift.

There is, however, a significant jet strengthening in all seasons in the 4xCO; simulations (Fig 4a,
Supplementary Figure 2). Thus, while increases in CO> over the rest of this century are unlikely
to force a significant movement in SON Pacific jet, the simulations analyzed here suggest that it
might lead to an overall strengthening of this jet.

Finally, we examine the question of whether the winter-spring trends, which we interpret
as internal variability, are coupled to ocean variability. To address this, we compare the
ensemble of CMIPS historical simulations with the ensemble of CMIP5 AMIP simulations.
Although all the CMIP5 AMIP simulations use the same observationally-based SSTs, the spread
in the jet shift is comparable to, if not larger than, the historical simulations and AMIP
simulations, see Fig 4b, Supplementary Figure 2). Thus, internal atmospheric dynamics can
generate large summer-spring trends in latitude of Pacific jet comparable to (and larger than) the
observed trends. This conclusion that internal atmospheric variability plays an important role in
multi-decadal trends in peak winds is consistent with the Garfinkel et al. (2015) analysis of
trends in the width of the Hadley Cell.

5. Conclusions

Examination of meteorological reanalyses reveals substantial longitudinal variations in recent
(post 1979) trends in SH near-surface winds, including variations in the strength and latitude of
the jet. In the annual mean, the maximum winds strengthen in all basins, but the increase is
larger over the Pacific than over the Indian and Atlantic Oceans. Furthermore, and perhaps more
surprisingly, the meridional shift of the jet has been of opposite sign in different basins, with an
equatorward shift over the Pacific but a poleward shift over the Indian and Atlantic Oceans. The
annual-mean equatorward shift in the Pacific jet is caused by a spring equatorward shift that is
much larger than the summer-fall poleward shift.

As shown in previous studies, we find that stratospheric ozone depletion and increasing
GHGs have played a major role in the strengthening and poleward shift of the DJF jet, for the
zonal-mean as well as for the basin-averages. However, the simulations analyzed here indicate
that winter-spring trends in the Pacific jet latitude are not a forced response but are due to very
large internal variability. Furthermore, comparison of coupled and atmosphere-only simulations
suggest this shift is due to internal atmospheric variability, rather than coupled atmosphere-ocean
variability. The lack of a forced winter-spring shift in the Pacific jet extends to a quadrupling of
COs. We have found a significant ensemble-mean poleward shift in the Pacific jet in DJF and
MAM for 4xCO; simulations, but not in JJA or SON. This suggest that increases in CO; - and
other GHGs - over the rest of this century are also unlikely to force a significant movement of
winter-spring peak winds over the Pacific.

Much of the research on trends in SH atmosphere and ocean circulation has emphasized
the poleward shift of the westerlies. However, as shown here, over the Pacific sector, in winter
and spring (and in the annual-mean) the westerlies have actually shifted equatorward. This
equatorward shift will likely lead to opposite changes in storm tracks and precipitation, as well as
in the ocean circulation, over the Pacific sector compared to other sectors. While these zonal
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differences in trends may only apply to winter-spring, the shift in annual-mean winds — and the
longer response time of the oceans to wind forcing -— may result in more persistent zonal
asymmetries in ocean trends. For example, as the ocean gyre circulation responds to changes in
basin-wide wind stresses, the opposite trends in Pacific and Atlantic-Indian jets suggest that
trends in respective gyres may have also been of opposite sign. This then may result in zonal
asymmetries in ocean ventilation, heat and carbon uptake, and sea level changes (e.g., Zhang et
al. 2014, Jones et al. 2019, Waugh et al. 2019, Keppler and Landschiitzer 2019).
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Figure 1: Time series of jet (a-c) strength and (d-f) position, for (a,d) zonal-mean, (b,e) Pacific,
and (c,f) Atlantic-Indian averages. Different colors for MERRA2, JRASS, and ERA-I reanalyses,
with lines show 1980-2018 linear trends (solid if significant at 95% confidence level). Note, y-
axis for Pacific latitude is shifted relative to the zonal-mean and Atlantic-Indian mean.
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Figure 2: Maps of trends (colors) and climatology (contours) of 850 hPa zonal winds for 1980-
2018 for (a) annual-mean, (c) DJF, (d) MAM, (e) JJA and (f) SON, and (b) variations of trends
in basin-average winds with latitude. Contours in panels (a), (c)-(f) show climatological winds

(interval of 2 m/s), thick curve shows climatological location of jet at each longitude, and
horizontal lines show climatological-mean location of the Atlantic-Indian and Pacific jets. In

panel (b) the horizontal bars show the climatological-mean location of the Atlantic-Indian and
Pacific jets. All fields are based on the winds averaged over the three reanalyses.
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Figure 3: Seasonal variations in trends in (a) strength and (b) latitude for Pacific (red) and
Atlantic-Indian (blue) jet. Separate symbols for each of ERA, JRAS5S, and MERRA-55, with
filled diamond indicating statistical significance at 95%, open diamond significant at 90%, and

triangle not significant at 90%.
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Figure 4: Trends in jet (a) strength and (b) latitude for reanalyses (black), CanESM?2 historical
(red), CMIPS5 historical (blue), CMIP5 AMIP (green), and CMIP5 4xCO2 (cyan) ensembles.
Trends are for 1980-2005 in reanalyses and models, except for 4xCO2 where difference between
end of 4xCO2 simulations and PI simulation are shown (right axes). For the models the square
shows the ensemble mean, thick vertical bar the 95% confidence interval on this mean, and thin
bar the 2.5th-97.5" percentiles of the trends.
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Model Name
ACCESSI1-0
bee-csml-1
bce-csml-1-m
CanESM?2
CCSM4
CNRM-CM5
CSIRO-Mk3-6-0
FGOALS-s2
GFDL-CM3
GISS-E2-R
HadGEM2-ES
inmem4
IPSL-CM5A-LR
IPSL-CM5B-LR
MIROC5
MIROC-ESM
MPI-ESM-LR
MPI-ESM-MR
MRI-CGCM3
NorESM1-M

Supplementary Table 1: CMIP5 models used in the analysis.
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Supplementary Figure 1: As in Figure 4 except for trends in jet (a) strength and (b) latitude for
different CanESM2 ensembles, for all seasons.



manuscript submitted to Geophysical Research Letters.

(a) Jet Strength

10 [ T T T 1 T L T T T T T ]
__osf —
) B : : : : .
o] B : : : : _
o : : : :

[&] - M N N N -
(] N N N N

S B : : : : b
) 0.0——~+— —+ el e Rt & ST RS i & ol £ T ik S 3 el ey
£ i é é é é ]
° i : : : : ]
C - - - - - =
o | i
T .05} -
[ CMmIP5 ]
| AMIP i
-1 o [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]

Zon Pac A-l Zon Pac A-l Zon Pac A-l Zon Pac A-l Zon Pac A-I|

Annual DJF MAM JJA SON
(b) Jet Latitud
E C'VI”PS T T T T M T T T M T T . T T
2 FAMIP

—

trend (degree/decade)
= o

Zon Pac A-l Zon Pac A-l Zon Pac A-1 Zon Pac A-l Zon Pac A-I|
Annual DJF MAM JJA SON

Supplementary Figure 2: As in Figure 4 except for trends in jet (a) strength and (b) latitude for
CMIPS5 historical, AMIP, and 4xCO2 ensembles, for all seasons.



