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Abstract

This chapter reviews the representation of atmospheric winds averaged over all longitudes (zonal-mean atmospheric
circulation) in the latest generation of global climate models, focusing on the rendition of natural climate variability and
recent trends in the models’ historical (20th -21st century) simulations. In general, models well capture the climatology,
variability, and recent observed trends in the zonal-mean atmospheric circulation, including the meridional overturning
Hadley circulation in the tropics and the west-to-east subtropical and midlatitude (eddy-driven) jet streams. However,
notable biases remain for some circulation features, particularly those linked to multi-decadal variability in the ocean.

Key points

@ Global climate models well capture the climatology, variability, and recent observed trends in the zonal-mean atmospheric
circulation.

® Models’ representation of circulation variability is affected by how well they capture modes of natural climate variability.

® It is challenging to compare models’ forced circulation trends over recent decades with observed trends, which are affected
by both natural variability and climate change.

Introduction

This chapter reviews the representation of atmospheric winds averaged over all longitudes (i.e., the zonal-mean atmospheric
circulation) in the latest generation of computer models that are used to make projections for Earth’s climate system (those from
phase 6 of the Coupled Model Intercomparison Project, or CMIP6). The chapter first reviews the long-term average (climatological)
circulation and then assesses its representation in models. It then addresses the ability of models to capture internal variability in the
circulation on weekly to multi-decadal timescales. The chapter concludes with an assessment of the models’ ability to capture recent
observed circulation trends in the late 20th and early 21st centuries.

Climatology

Earth’s zonal-mean atmospheric circulation is often described using the three-cell model. The black contours in Fig. 1a show the
observed annual-mean meridional overturning circulation, as represented by the ERA5 reanalysis. Positive values (solid contours)
indicate clockwise overturning cells, and negative values (dashed contours) indicate counterclockwise overturning cells. In each
hemisphere, there are three cells: a Hadley cell with rising motion in the deep tropics and sinking motion in the subtropics, a Ferrel
cell with rising motion near 60° latitude and sinking motion in the subtropics, and a polar cell with rising motion near 60° latitude
and sinking motion at the pole (not pictured in Fig. 1).

Of the three cells, the Hadley cells possess the strongest meridional overturning circulation. The rising branch of the Hadley
circulation is associated with the Intertropical Convergence Zone (ITCZ), a region of intense deep convective activity near the
Equator. In the annual mean, the rising branch of the Hadley circulation (and ITCZ) is located around 5°N, as there is net energy
transport by the oceanic circulation from the Southern to Northern Hemisphere (Schneider et al.,, 2014). The annual-mean
cross-equatorial Hadley circulation with rising motion around 5°N and sinking motion in the Southern Hemisphere (SH)
subtropics allows the atmosphere to flux energy southward across the Equator, to help to compensate for the northward energy
transport by the ocean. However, the annual-mean structure of the Hadley circulation is only observed in equinox seasons (Dima
and Wallace, 2003). Across the seasonal cycle, the Hadley circulation is dominated by cross-equatorial winter cells, with rising
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Fig. 1  1980-2010 climatology of mean meridional mass stream function for (a) annual-mean, (b) December—February (DJF) mean, and (c) June—August (JJA)
mean. Thick black contours denote ERA5 climatology (contour interval: 2.0 x 10" kg s, dashed contours negative). Color shading indicates CMIP6 multi-
model-mean bias based on the historical runs of 25 CMIP6 models. Stippling indicates where over 80% of the models agree on the sign of the bias.
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Fig. 2 1980-2010 climatology of zonal-mean zonal wind for (a) annual-mean, (b) December—February (DJF) mean, and (c) June—August (JJA) mean. Thick black
contours denote ERA5 climatology (contour interval: 5 m s, dashed contours negative). Color shading indicates CMIP6 multi-model-mean bias based on the
historical runs of 25 CMIP6 models. Stippling indicates where over 80% of the models agree on the sign of the bias.

motion in the summer hemisphere’s tropics and sinking motion near 30° latitude in the winter hemisphere (Figs. 1b-c). The
summer hemisphere Hadley cells are decidedly weaker, particularly in the Northern Hemisphere (NH).

As could be expected from the conservation of angular momentum, the poleward moving air in the upper tropospheric branches
of the Hadley circulation drives strong west-to-east subtropical jet streams in the subtropical upper troposphere near 30° latitude,
with the subtropical jets being stronger in the winter hemisphere due to the dominant cross-equatorial cell (Fig. 2). Similarly,
equatorward moving air in the lower troposphere drives east-to-west trade winds near the surface. However, angular momentum is
not actually conserved in either of these situations because of friction and topography near the surface and poleward momentum
fluxes by midlatitude waves (baroclinic eddies) in the upper troposphere.

The poleward momentum fluxes by baroclinic eddies from the tropical to midlatitude upper troposphere help to weaken the
strength of the subtropical jets and drive the Ferrel cells and mid-latitude (eddy-driven) jet streams in each hemisphere. The
eddy-driven jet streams are characterized by west-to-east winds throughout the depth of the troposphere in the midlatitudes of
both hemispheres (Fig. 2), which are distinct from the subtropical jets that are only characterized by strong west-to-east flow in
the upper troposphere. The Ferrel cell and eddy-driven jet stream are stronger in the SH, consistent with the much stronger
zonal-mean storm track over SH midlatitudes. The eddy-driven jet stream is also much more distinct and separated from the
subtropical jet in the SH, except during the summer season. The Ferrel cell and eddy-driven jet stream are weaker in the NH and
display a more pronounced seasonal cycle, becoming much weaker in summer as the equator-to-pole meridional temperature
gradient decreases.

In the stratosphere, zonal-mean zonal winds are characterized by easterlies in the summer hemisphere and westerlies in the
winter hemisphere. The seasonal reversal of the winds is consistent with the seasonal reversal of the meridional temperature
gradient, with solar-induced ozone heating creating a warmer pole during summer and a colder pole during winter (when no
sunlight is present). The winter stratospheric westerlies (stratospheric polar vortex) are stronger in the SH (Fig. 2¢). Planetary-scale
Rossby waves, which are forced by topography and land-sea contrast, are more prominent in the NH, and these waves propagate
upward into the stratosphere during winter where they transport heat to the pole and correspondingly weaken the stratospheric
polar vortex. Small-scale orographic gravity waves, which are also more prominent in the NH, similarly weaken the stratospheric
polar vortex.
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The latest generation of climate models capture the climatological characteristics of the observed meridional overturning
circulation and zonal-mean zonal wind reasonably well. However, there are several notable biases (see colored shading in Figs. 1
and 2). First, the midlatitude eddy-driven jet stream in the SH is displaced equatorward compared to observations. While this bias
has improved in CMIP6 models compared to previous generations of models, it still persists in many models, particularly during
winter months (Fig. 2¢; Bracegirdle et al., 2020; Curtis et al., 2020). In summer months, SH midlatitude jet speeds tend to be too
strong (Fig. 2b; Simpson et al., 2020). In the NH, the position of the eddy-driven jet stream reflects competing biases from the
Atlantic and Pacific sectors, but in the zonal mean is too equatorward in winter and too poleward in summer (Simpson et al., 2020)
and too strong in winter months (Fig. 2b). Overall, near-surface easterlies in the tropics and westerlies in the midlatitudes are
generally overestimated in global climate models, potentially due to an improper parameterization of low-level drag by unresolved
mountains (Pithan et al., 2016). In the upper troposphere and lower stratosphere, models generally have a westerly bias on the
equatorward and upper flank of the subtropical jet, a westerly bias on the equatorward flank of the stratospheric polar vortex, and an
easterly bias in the equatorial lower stratosphere (see also Fig. 4 of Pithan et al., 2016). The easterly bias in the equatorial lower
stratosphere reflects, at least in part, model biases in the representation of the quasi-biennial oscillation (QBO) (see discussion
below in next section).

In terms of the meridional overturning circulation, model biases are more challenging to characterize, given that there can be
substantial spread in climatological values among reanalysis products. One of the clearest biases in CMIP6 models is an
equatorward extension of the NH cell (positive anomalies near Equator in Fig. 1; Hur et al., 2022), consistent with excess
precipitation in the South Pacific Convergence Zone, which is commonly referred to as the double-ITCZ bias (Tian and Dong,
2020). There is no systematic bias in the Hadley cell extent in CMIP6 models, and there is a slight tendency for the Hadley cells to be
too strong, although with large inter-model spread (Simpson et al., 2020). The one exception is the annual-mean SH Hadley cell,
which is biased weak (Fig. 1a). The inter-model spread in the strength of the Hadley cell has been related to extratropical wave
driving (Caballero, 2008; Hur et al., 2022). Finally, the wintertime Ferrel cell is narrower on the poleward flank, consistent with the
equatorward wintertime midlatitude jet bias seen in Fig. 2.

Internal variability

The zonal-mean atmospheric circulation is strongly affected by internal climate variability across a variety of timescales, ranging
from weekly to multi-decadal. The leading mode of variability in the extratropical circulation of each hemisphere is an annular
mode, which reflects a meridional displacement in the latitude of the eddy-driven jet stream with an e-folding timescale of
approximately 10 days. In the SH, the timescale of the annular mode (SAM) slightly lengthens in the late spring-early summer
when variability in the seasonal breakdown of the stratospheric polar vortex (i.e., the seasonal reversal from westerly to easterly
winds) imparts a signal on the SAM (Baldwin et al., 2003; Byrne and Shepherd, 2018). Models generally capture the structure and
magnitude of the SAM, although with an equatorward bias in the mean position (consistent with the equatorward-biased jet noted
in the previous section) and some differences in regional structure (Simpson et al., 2020). The most notable bias is that variability in
the SH eddy-driven jet latitude is often too persistent in climate models, particularly in summer months. The observed lengthening
of the SAM timescale in late spring-early summer also extends too far into the summer (January and February) in models compared
to observations (Gerber et al., 2010). The SAM timescale bias has somewhat improved in CMIP6 models and may be tied to the
improvement in the equatorward jet latitude bias (Bracegirdle et al., 2020).

Models also generally capture the structure of the annular mode in the NH (NAM), although with biases in the mean position
(consistent with the biases in the mean jet latitude discussed in the previous section) and some differences in regional structure
(Simpson et al., 2020). In particular, the contribution of jet variability over the North Pacific sector to the NAM is overemphasized
in models compared to observations (Coburn and Pryor, 2021; Lee and Polvani, 2024). As with the SAM, models struggle to
properly capture the timescales of jet variability in the NH. During winter months, the observed NAM timescale lengthens, as
variability in the stratospheric polar vortex driven by planetary waves imparts enhanced memory to the NAM (Baldwin et al., 2003).
Models with lower tops (within the stratosphere) struggle to properly capture stratospheric variability (Lee and Black, 2015), which
some studies have shown to impact the timescale of the tropospheric NAM (Charlton-Perez et al., 2013). Proper representation of
the coupling between the stratosphere and troposphere is likely necessary to correctly model the timescales of Northern Hemisphere
jet variability in winter. More generally, models particularly struggle with a “signal-to-noise” paradox in the North Atlantic sector
(Scaife and Smith, 2018), often containing similar amounts of variance to observations but that is much more noisy (less
predictable) than in observations. This “signal-to-noise paradox” impacts the behavior of the meridional jet shifts in the North
Atlantic sector (North Atlantic Oscillation), which is closely correlated with the NAM.

Week-to-week variability in the stratospheric circulation is dominated by the upward fluxes of planetary wave activity from the
troposphere during seasons when the mean flow is westerly. These waves can displace the stratospheric polar vortex from the pole or
even split the vortex, creating a rapid warming of the polar stratosphere on the timescale of days (sudden stratospheric warming)
and a reversal of the zonal-mean zonal winds in the polar stratosphere. Due to the prevalence of planetary wave activity, sudden
stratospheric warmings are much more common in the NH, generally occurring in 6 out of 10 years in the Arctic stratosphere
(Charlton and Polvani, 2007). Climate models vary widely in their representation of the frequency of Arctic sudden stratospheric
warmings, with some models exhibiting almost no warmings and others showing warmings more than once per year, although the
average model bias is for too few warmings (Wu and Reichler, 2020). Correctly modeling the frequency of sudden stratospheric



4 Zonal-mean zonal wind and Hadley circulation

warmings depends on an accurate representation of the strength of the polar vortex and the upward propagating planetary and
gravity waves from the troposphere, which requires a higher model top, accurate modeling of the mean-state stratospheric
circulation, and enhanced vertical resolution in the stratosphere (Seviour et al., 2016; Wu and Reichler, 2020).

On interannual timescales, the dominant mode of variability in Earth’s climate system is the El Nifo-Southern Oscillation
(ENSO). During the El Nino phase, which occurs irregularly every 2-7 years, sea surface temperature (SST) in the eastern tropical
Pacific Ocean becomes anomalously warm and is associated with a series of changes in the tropical atmospheric circulation with
teleconnections to the extratropics. For the zonal-mean atmospheric circulation, El Nifio is associated with a strengthening and
equatorward contraction of the Hadley cell, strengthening of the subtropical jet, and equatorward shift of the eddy-driven jet
(L'Heureux and Thompson, 2006; Lu et al., 2008; Seager et al., 2003). The equatorward contraction of the circulation is
hypothesized to be closely related to the narrowness of the tropical heating anomalies associated with El Nino (Sun et al., 2013;
Tandon et al., 2013). The La Nina phase of ENSO, marked by anomalously cool SSTs in the eastern tropical Pacific, is associated
with the opposite effects (i.e., a poleward shifted and weaker circulation). ENSO SST anomalies are largest in boreal winter
(December-February, or DJF), and the effects of ENSO on the zonal-mean atmospheric circulation are also largest during this
season.

The ability of models to represent the impacts of ENSO on the zonal-mean circulation depends on the ability of the models to
(1) simulate the ENSO events themselves and (2) simulate the circulation response to an ENSO event. While there is large
inter-model variance, models on average simulate ENSO events that are qualitatively similar to observations, although with
some notable biases. Models reasonably capture the amplitude of observed ENSO events during boreal winter (although individual
models vary widely), but underestimate the observed suppression of ENSO variance in boreal spring (Eyring et al., 2021).
Additionally, observed La Nifa events are generally longer in duration than El Nifio events, while models depict El Nifio and La
Nina events of similar duration. These biases will consequently impact models’ representation of interannual variability in the
zonal-mean zonal wind and Hadley circulation.

Most models well capture the circulation response to ENSO (Lu et al., 2008). As in observations, climate models show a
strengthening and equatorward contraction of the Hadley cell, strengthening of the subtropical jet, and equatorward shift of the
eddy-driven jet with an El Nino event. However, Lim et al. (2016) have shown that an earlier generation of models underestimated
the impacts of ENSO on the SH extratropical circulation (SAM) during DJF. Although the cause of this bias was not investigated, it is
likely that model bias in the SST anomalies associated with ENSO impact teleconnections to the extratropics. For example, models
generally underestimate the meridional width of the El Nino SST anomalies along the Equator in the eastern tropical Pacific Ocean
(Zhang and Jin, 2012). Underestimated teleconnections to the extratropics may also be associated with the underestimation and
too-far westward extension of tropical precipitation anomalies associated with ENSO, which are related to mean-state SST biases in
models (Fang et al., 2024).

More generally, interannual connections between the tropical and extratropical tropospheric circulations are also affected by
model mean-state biases. Both observations and models show a strong correlation between the latitudes of the eddy-driven jet and
Hadley cell edge in the SH during DJF, with the eddy-driven jet shifting poleward by 1.5-2 degrees latitude for every 1 degree
latitude poleward shift in the Hadley cell edge (Kang and Polvani, 2011). However, the amplitude and robustness of this
relationship varies across models, with the weakest values in models where the jet and Hadley cell edge are farthest apart in their
mean-state climatology (Kidston et al., 2013; Waugh et al., 2018). Climatologically, the Hadley cell edge and eddy-driven jet are
closest to one another during summer (DJF) in the SH, but become much farther apart in winter (June-August, or JJA).
Consequently, in both observations and models, interannual variability in the SH Hadley cell edge and eddy-driven jet latitude
are no longer robustly correlated in JJA. Correlations between the Hadley cell edge and eddy-driven jet latitude are moderate in the
NH during all seasons (Waugh et al., 2018). While variability in the strength of the subtropical jet is negatively correlated with the
Hadley cell edge and eddy-driven jet positions on interannual timescales (consistent with the ENSO relationships discussed above),
variability in the location of the subtropical jet is very poorly correlated with both the Hadley cell and eddy-driven jet (Menzel
etal., 2019).

At stratospheric levels, the quasi-biennial oscillation (QBO) dominates interannual variability. The QBO refers to alternating
westerly and easterly zonal-mean zonal wind anomalies that descend through the equatorial stratosphere with a period of
approximately 28 months. The QBO is driven by momentum deposited by upward propagating gravity, Kelvin, and mixed
Rossby-gravity waves (Baldwin et al., 2001). Early generation climate models did not include a QBO, but approximately half of
CMIP6 models now include a QBO (Richter et al., 2020). The models generally capture the observed period of the QBO (with some
exceptions), as well as its amplitude and meridional extent in the mid-stratosphere. However, models substantially underestimate
the QBO amplitude in the lower stratosphere, such that the QBO tends to be shifted upward in models compared to observations
(Bushell et al., 2022; Richter et al., 2020). Proposed causes for model biases in the QBO include inadequate vertical resolution,
zonal mean zonal wind biases, and improper resolved wave forcing by Kelvin and mixed Rossby-gravity waves (Bushell et al., 2022;
Holt et al., 2022; Richter et al., 2020). Models generally rely on the tuning of parameterized non-orographic gravity wave forcing to
produce a QBO that is realistic compared to observations. A model’s fidelity at simulating the QBO not only affects interannual
zonal-mean zonal wind variability in the tropical stratosphere, but also in the extratropical stratosphere. The QBO helps to
modulate the propagation of planetary waves into the extratropical stratosphere during winter, such that the stratospheric polar
vortex is stronger and sudden stratospheric warmings are less likely during the westerly phase of the QBO (Holton and Tan, 1980).
However, this effect is consistently too weak in models, which may be a consequence of the upward shift bias in their representation
of the QBO (Anstey et al., 2022).
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On decadal and multi-decadal timescales, variability in the Pacific and Atlantic Oceans can impact the zonal-mean zonal wind
and Hadley circulation. In the Pacific, multi-decadal variability (Pacific Decadal Variability, or PDV) is characterized by SST
anomalies of one sign in the eastern tropical Pacific Ocean and along the west coast of North America, and SST anomalies of
opposite sign in the western north and south Pacific Oceans (Henley et al., 2015). The positive phase of PDV, marked by positive
SST anomalies along the Equator in the eastern tropical Pacific similar to an El Nifio event, is associated with similar impacts on the
zonal-mean atmospheric circulation to an El Nifo event. Periods of multi-decadal poleward circulation shifts occur in pre-industrial
runs of global climate models (i.e., hundreds of years of simulation with no anthropogenic forcing) and are associated with SST
trends that resemble the negative (La Nina-like) phase of PDV (Allen and Kovilakam, 2017; Grise et al., 2019). As such, shifts in the
phase of PDV can impart multi-decadal trends in the atmospheric circulation, which are due to internal variability in the climate
system and not climate change. For example, the shift from the positive to negative PDV phase in the late 1990s contributed to a
poleward shift in the edges of the Hadley circulation, likely compounding the expected expansion of the Hadley circulation due to
climate change (see next section).

The latest generation of models has improved in their representation of the spatial structure and magnitude of PDV compared to
previous generations, but remains deficient in the simulation of PDV in several regards (Eyring et al., 2021). In particular, models
tend to underestimate the duration of PDV phases, showing greater interannual versus decadal variance compared to observations
(Henley, 2017; Kociuba and Power, 2015). Any biases in model representation of PDV will consequently impact decadal variability
in the zonal-mean zonal wind and Hadley circulation in models. However, assessing the representation of PDV in models is
challenging, given the limited number of realizations of PDV captured in observations.

In the Atlantic, multi-decadal variability (Atlantic Multidecadal Variability, or AMV) is characterized by a basin-wide warming or
cooling in the North Atlantic basin. Possible drivers of AMV include the Atlantic Meridional Overturning Circulation and decadal
variability in the North Atlantic jet stream. Multi-annual persistence of a certain phase of the NAO during winter can impact AMV,
but the AMV itself may in turn feed back on the atmosphere and drive a shift in phase of the winter NAO (Gastineau and
Frankignoul, 2015; Peings et al., 2016; Woollings et al., 2015). In particular, a warm AMV phase may help to drive the negative
phase of the NAO/NAM during winter in observations and in some climate models. Similar to PDV, shifts in the phase of AMV have
the potential to impart multi-decadal trends in the atmospheric circulation, which are due to internal variability in the climate
system and not climate change.

Assessing the representation of AMV in climate models is challenging due to the limited number of realizations captured in
observations and the fact that anthropogenic forcing has likely contributed to recent AMV changes during the observational record.
CMIP6 models appear to overestimate decadal SST variance in the North Atlantic and underestimate it in the tropical Atlantic,
whereas the previous generation of models tended to underestimate the duration and magnitude of AMV (Eyring et al., 2021).
Models generally underestimate multi-decadal-scale variance in the NAM/NAO compared to observations (Bonnet et al., 2024;
Bracegirdle et al., 2018; Simpson et al., 2018; Wang et al., 2017). Observed multi-decadal variability in North Atlantic zonal wind
peaks in late winter (February and March), possibly due to AMV, whereas models do not show this peak and have similar
multi-decadal variance during all months, consistent with white noise (Simpson et al., 2018).

Historical trends

The zonal-mean atmospheric circulation has experienced notable trends in recent decades, and climate models differ in their ability
to replicate these trends. However, one must be cautious in directly comparing trends from observations with those from climate
models. As noted in the previous section, internal atmospheric variability and coupled atmosphere-ocean variability can produce
multi-decadal trends in the atmospheric circulation, which are difficult to distinguish from trends due to external forcing (such as
changes in atmospheric composition or solar forcing), particularly when the internal variability acts in the same direction as the
forcing. In recent decades, observed historical trends comprise trends from internal variability in the climate system and long-term
forced trends due to increasing greenhouse gases, stratospheric ozone depletion, and changes in atmospheric aerosol concentra-
tions. In contrast, historical simulations from climate models are forced by best estimates of observed changes in atmospheric
composition, solar forcing, and land use change and thus, on average, only simulate the forced component of the trend. Therefore, it
is necessary to compare observed circulation trends with trends from individual model runs (which encompass a model’s own
internal variability plus the trend from external forcing) instead of to an average of model runs (which, by definition, averages out
internal variability and only isolates the forced component of the trend).

This section focuses on circulation trends over the period 1979-2014. 1979 marks the beginning of global satellite data coverage,
which is assimilated into reanalysis data sets that provide the best estimate of long-term global changes in the atmospheric
circulation. However, even still, circulation trends from reanalysis products vary greatly, and it is wise to assess the robustness of
trends across multiple reanalysis data sets. 2014 marks the end of the CMIP6 simulations forced by historical forcings.

One of the most notable atmospheric circulation trends observed since 1979 has been the poleward expansion of Earth’s Hadley
circulation. Some early estimates of this expansion exceeded 1° latitude per decade (Johanson and Fu, 2009; Seidel et al., 2008), but
many of these earlier reported values were based on older generation reanalysis products and metrics for measuring the Hadley cell
edge that were flawed and/or not well constrained by surface observations. When the Hadley cell edge is defined using appropriate
metrics and using more modern reanalyses, observed rates of Hadley cell expansion are more consistent with those from climate
models over the historical period (0.2°-0.4° per decade) (Fig. 3; Grise et al., 2019). Models indicate that increasing greenhouse gases
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Fig. 3 1979-2014 trends in the position of the Hadley cell (HC) edge and midlatitude eddy-driven jet in both hemispheres for (colored symbols) four reanalysis
products, (black box) range for trends from the historical runs of 20 CMIP6 models (horizontal line: multi-model mean), and (light blue box) range for trends from the
AMIP (prescribed observed SST) runs of 20 CMIP6 models. Trends are shown for the annual mean and the four seasonal means (December—February, March-May,
June—-August, and September-November). Following Grise et al. (2018), the Hadley cell edge latitude is calculated using the zero crossing of the zonal-mean zonal
surface wind in the subtropics, and the jet latitude is calculated using the maximum of the 850-hPa zonal-mean zonal wind field (see also Adam et al., 2018).

should drive larger expansion in the SH (Watt-Meyer et al., 2019), which is also seen to a lesser extent in runs forced with all
historical forcings (Fig. 3, horizontal black lines). However, observed rates of expansion are comparable between the two hemi-
spheres (Grise and Davis, 2020). If climate models are forced with observed sea surface temperatures in addition to atmospheric
composition changes, then the models can produce larger and more comparable rates of expansion in the two hemispheres (Fig. 3,
light blue bars). This points to the important role of multi-decadal SST variability (such as the change in phase of PDV from positive
to negative in the late 1990s) in driving the observed circulation trends, particularly in the NH.
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Given the close connection between the eddy-driven jet latitude and Hadley cell edge noted above during some seasons, it is not
surprising that poleward jet shifts have likewise been documented in recent decades, particularly during DJF, in both the SH
(Fig. 3b) and the NH (if the end point for the trend is extended through the early 2020s; Woollings et al., 2023). In the SH, the
magnitude of the observed eddy-driven jet shift is largest during DJF, which is consistent with expectations from climate models.
Climate models indicate that the magnitude of the trend over the late 20th century during DJF would have been very unlikely
without the presence of anthropogenic forcing, reflecting the combined influence of increasing greenhouse gases and stratospheric
ozone depletion (Lee and Feldstein, 2013; Waugh et al., 2015). Stratospheric ozone depletion makes the Antarctic stratosphere
anomalously cold during the spring season and strengthens the stratospheric polar vortex, which couples down to the troposphere
as a positive SAM response (poleward circulation shift) during summer months (Thompson and Solomon, 2002). Increasing
greenhouse gases raise global-mean surface temperature, which enhances the water vapor concentration in Earth’s atmosphere. The
enhanced water vapor concentration allows for enhanced latent heat release in the mid-to-upper troposphere, stabilizing the
subtropical atmosphere to baroclinic wave activity and thus allowing the Hadley cell to extend further poleward (Chemke and
Polvani, 2019a). Given the close connection between the Hadley cell edge and eddy-driven jet in the SH during DJF (see previous
section), the jet also shifts poleward with the Hadley cell edge in response to increasing greenhouse gases. In the early 21st century,
as stratospheric ozone depletion has stabilized and is beginning to recover, climate models indicate that the poleward jet shift
associated with increasing greenhouse gases will begin to be compensated by an equatorward jet shift associated with the recovering
ozone hole, slowing the overall rate of expansion of the circulation (Barnes et al., 2014). Observational evidence is beginning to
show evidence of a slowdown or pause in the SH circulation trends during DJF (Banerjee et al., 2020). It is worth noting that
climatological biases in the location of the SH eddy-driven jet may impact a model’s projected trends in response to forcing (Kidston
and Gerber, 2010; Son et al., 2010), particularly during the JJA season (Simpson and Polvani, 2016).

In the NH, the circulation shift in a warming climate is thought to reflect two competing factors. First, as in the SH, enhanced
latent heat release in the mid-to-upper troposphere stabilizes the subtropical atmosphere and enhances the meridional temperature
gradient between the tropical upper troposphere and polar lower stratosphere, contributing to a poleward circulation shift.
However, in the NH, amplified surface warming in the Arctic reduces the meridional temperature gradient in the lower troposphere,
contributing to an equatorward circulation shift that may counteract or damp the poleward circulation shift driven from upper
levels (Barnes and Screen, 2015). In recent decades, the observed NH poleward circulation shift is largest in winter (DJF) and fall
(September-November, or SON), whereas climate models project the largest poleward shift during SON in response to historical
forcing (Fig. 3a). While the observed wintertime trends could be associated with the recent phase change in the PDO (Fig. 3a, light
blue bars), the observed fall trends suggest the role of anthropogenic forcing (Grise et al., 2018). Climate models forced only by
increasing greenhouse gases indicate that poleward Hadley cell expansion in the NH is substantially larger in SON, comparable to
that projected for the SH (Watt-Meyer et al., 2019).

In contrast to the SH, historical trends in Arctic polar stratospheric temperatures and zonal wind are weaker, with a less clear role
in NH tropospheric circulation trends. As a result of its warmer temperatures, the extent of ozone depletion in the Arctic stratosphere
is much less than that in the Antarctic. However, one notable feature of the historical NH stratospheric circulation is the relatively
strong polar vortex that persisted during the 1990s. A consequence of this is that the 1990s saw just 2 sudden stratospheric warming
(SSW) events, in which the westerly polar vortex breaks down in winter, while the 1980s and 2000s each had 9 (Butler et al., 2017).
This SSW ‘drought’ imprints on surface variability, in particular, being related to a reduced frequency of negative (i.e., equatorward
shift) NAM/NAO events during the period (Domeisen, 2019). There is no modeling evidence that this decadal variability is a result
of external forcing, though it should be noted that models vary widely in their representation of NH polar vortex variability and
trends.

In terms of the strength of the Hadley cells, reanalysis products generally indicate a strengthening in recent decades (Zaplotnik
et al., 2022), which is in contrast to the general weakening trend predicted by climate models for Hadley cell strength in the NH
(Chemke and Polvani, 2019b). A weakening of the Hadley cell is anticipated as the overall tropical circulation is expected to slow
down to close the global energy balance, as global precipitation increases at a slower rate than water vapor with warming (Held and
Soden, 2006). However, the recent reanalysis trends likely reflect biases in latent heating in reanalysis (Chemke and Polvani,
2019b). When sea level pressure observations are used to estimate recent observed NH Hadley cell strength trends, the observed
trends show weakening, more in line with those expected from climate models (Chemke and Yuval, 2023).

In terms of the strength of the jet streams, observations show a strengthening, upward, and poleward shift of the zonal-mean zonal
wind in both hemispheres during the DJF season since 1979; trends in other seasons are less significant (Woollings et al., 2023). These
trends during the DJF season closely correspond to those predicted by climate models forced with historical forcing. As noted earlier,
enhanced warming in the tropical upper troposphere is a key signature of climate warming, which increases the equator-to-pole
temperature gradient and strengthens the shear of the upper tropospheric zonal wind according to thermal wind balance. In the SH,
the equator-to-pole temperature gradient is further enhanced by the thermal response to depleted stratospheric ozone.

During the JJA season, observations have shown a weakening of the NH eddy-driven jet since 1979, which is consistent with a
weakening of the equator-to-pole temperature gradient during this season (Coumou et al., 2015). The historical simulations of
CMIP6 models are able to capture this weakening and suggest that it is a result of both anthropogenic aerosol and greenhouse gas
forcing (Kang et al., 2024). Greenhouse gases contribute to enhanced warming at Arctic latitudes, weakening the meridional
temperature gradient. Decreased anthropogenic aerosols (and enhanced solar absorption) at higher latitudes and increased
anthropogenic aerosols (and reduced solar absorption) at lower latitudes of the NH likewise have weakened the meridional
temperature gradient.
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CGonclusion

Opverall, the latest generation of global climate models well capture the climatology, variability, and recent observed trends in the
zonal-mean atmospheric circulation, including the Hadley circulation and subtropical and eddy-driven jet streams. Biases in
mean-state flow have been improved in CMIP6 models, but certain persistent biases remain. Representation of variability in the
zonal-mean atmospheric circulation by climate models is affected by how well models capture modes of internal climate variability.
Deficiencies in models capturing multi-decadal variability in the ocean likely imprint on inadequate decadal variability in the
atmospheric circulation. Climate models now generally capture many of the circulation trends observed over the late 20th and early
21st centuries, due to improvements in models, methodologies, and reanalysis data sets. Comparing observed and model trends
over 30-40 periods is complicated by the large signal of internal variability on these timescales. As the observational record
lengthens, it is expected that more forced circulation trends will begin emerging, allowing for an assessment of the accuracy of
models in simulating forced circulation changes due to anthropogenic forcing (Shaw et al., 2024). However, as shown in this
chapter, early results indicate that models are a skillful tool at representing and understanding the cause behind forced circulation
changes in the climate system.
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