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Abstract Poleward expansion of the Hadley circulation
has been an important topic in climate change studies in the
past few years, and one of the critically important issues is
how it is related to anthropogenic forcings. Using simula-
tions from the coupled model intercomparison projection
phase 5 (CMIP5), we study influences of anthropogenic
forcings on the width and strength of the Hadley circula-
tion. It is found that significant poleward expansion of the
Hadley circulation can be reproduced in CMIPS5 historical
all-forcing simulations although the magnitude of trends
is much weaker than observations. Simulations with indi-
vidual forcings demonstrate that among three major types
of anthropogenic forcings, increasing greenhouse gases
(GHGs) and stratospheric ozone depletion all cause pole-
ward expansion of the Hadley circulation, whereas anthro-
pogenic aerosols do not have significant influences on the
Hadley circulation. Increasing GHGs cause significant
poleward expansion in both hemispheres, with the largest
widening of the northern cell in boreal autumn. Strato-
spheric ozone depletion forces significant poleward expan-
sion of the Hadley circulation for the southern cell in aus-
tral spring and summer and for the northern cell in boreal
spring. In CMIPS projection simulations for the twenty-first
century, the magnitude of poleward expansion of the Had-
ley circulation increases with GHG forcing. On the other
hand, ozone recovery competes with increasing GHGs in
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determining the width of the Hadley circulation, especially
in austral summer. In both historical and projection simula-
tions, the strength of the Hadley circulation shows signifi-
cant weakening in winter in both hemispheres.
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1 Introduction

Poleward expansion of the Hadley circulation or widen-
ing of the tropical belt has been a subject that has drawn
intensive studies in the past few years. Independent obser-
vational datasets all demonstrated widening of the tropics.
The variables include mean meridional mass streamfunc-
tions (Hu and Fu 2007), tropical tropopause heights (Sei-
del and Randel 2007; Lu et al. 2009), stratospheric ozone
(Hudson et al. 2006; Hudson 2012), outgoing longwave
radiation (OLR) (Hu and Fu 2007; Hu et al. 2011), tropo-
spheric temperature (Fu et al. 2006), subtropical jet streams
(Archer and Caldeira 2008), sea-level pressure and precipi-
tation (Hu et al. 2011), and so on. Although these variables
showed different magnitudes and seasonality of trends, they
all demonstrated systematic and significant widening of the
tropical belt. Comparison and reviews of these observa-
tional results can be found in Seidel et al. (2008), Stachnik
and Schumacher (2011), Davis and Rosenlof (2012), and
Lucas et al. (2013). Progresses in studies of the widening
of the Hadley circulation and its influences on regional cli-
mate changes are assessed in several chapters of the Fifth
Assessment Report by the Intergovermental Panel on Cli-
mate Change (IPCC-ARS), especially in Chapter 2 (Hart-
mann et al. 2013) and Chapter 10 (Bindoff et al. 2013).
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The consequence of widening of the Hadley circula-
tion is poleward shift of subtropical dry zones in both
hemispheres. It was shown that Southern-Hemisphere (SH)
semi-arid regions have experienced rainfall reduction since
the late 1970s, and it was suggested that the rainfall reduc-
tion is due to poleward expansion of the SH Hadley cell
(Cai et al. 2012; Cai and Cowan 2013; Kang et al. 2011).
Fu et al. (2013) observed that the dry season has increased
over southern Amazonia since 1979, and they suggested
that it is due to poleward shift of the SH subtropical jet
stream. Taylor et al. (2012a) found that ecological changes
in the southern Caribbean Sea are related to the shift of the
inter-tropical convergence zone (ITCZ) which is associated
with poleward expansion of the Hadley circulation. Pole-
ward expansion of the Hadley circulation may also cause
changes of water vapor into the stratosphere (Gettelman
et al. 2011).

One critically important issue is what forced the
observed poleward expansion of the Hadley circulation.
Although there is not a closed theory on the width of the
Hadley circulation, it is generally thought that the meridi-
onal extent of the Hadley circulation is limited by eddy
activity near the subtropics (see Section 3.4 in Schneider
et al. 2010). Using the Coupled Model Intercomparison
Program Phase 3 (CMIP3), Lu et al. (2007) showed that
projected global greenhouse warming in the twenty-first
century would lead to poleward expansion of the Hadley
circulation because global greenhouse warming causes
increase in mid-latitude dry static stability (decrease in
mid-latitude eddy activity). Especially, Lu et al. (2007)
found a widening rate of 0.6° latitude per K for global-
mean temperature increase. Their conclusions are sup-
ported by sensitivity tests of idealized simulations (Frier-
son et al. 2007; Sun et al. 2013; Tandon et al. 2013). Son
et al. (2008, 2009, 2010) accessed reanalysis and simula-
tion datasets and found that severe ozone depletion in the
Antarctic stratosphere plays an important role in causing
poleward expansion of the SH Hadley cell. In particular,
they demonstrated that the influence of Antarctic ozone
depletion on the Hadley circulation mainly occurs in aus-
tral summer (December-January—February, DJF), which
is consistent with the seasonality in observations (Hu and
Fu 2007). The result is further confirmed by Polvani et al.
(2011b), Kang et al. (2011), and Min and Son (2013), and it
is concluded that stratospheric ozone changes are the main
driver of SH atmospheric circulations (Polvani et al. 2011a,
b). Chen and Held (2007) suggested that both increasing
GHGs and stratospheric ozone depletion are responsible for
the observed poleward expansion of the Hadley circulation.
They showed that tropospheric warming and stratospheric
cooling cause enhanced meridional temperature gradi-
ents around the mid-latitude tropopause and thus stronger
zonal winds. The latter leads to poleward shift of baroclinic
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waves, so that the Hadley circulation expands poleward.
Allen et al. (2012) suggested that anthropogenic aerosols,
such as increasing black carbon and tropospheric ozone in
Northern-Hemisphere (NH) mid-latitudes, warm the mid-
latitude atmosphere and hence push the maximum meridi-
onal climatological temperature gradient poleward, so that
the subtropical jet stream and the NH Hadley cell expands
poleward. They further suggested that increasing GHGs
play a relatively minor role in causing poleward expansion
of the NH Hadley cell. However, the effect of aerosols on
the Hadley circulation still needs to be further investigated,
because of large uncertainties of the spatial and temporal
evolution of aerosol emissions (e.g., Bond et al. 2007) and
model performances in simulating aerosol radiative effects
(e.g., Wilcox et al. 2013). Sea surface temperature (SST)
warming was also suggested to have important contribu-
tions to poleward expansion of the Hadley circulation.
While results of the Atmospheric Model Intercomparison
Project phase 2 (AMIP2) do not show significant influ-
ences of SST on the Hadley circulation (Johanson and Fu
2009), Hu and Zhou (2010) and Hu et al. (2011) carried
out AMIP-type simulations with 12 ensemble members and
found that observed SST forcing is able to generate signifi-
cant poleward expansion of the Hadley circulation. Allen
et al. (2014) suggested that the Pacific decadal oscillation
(PDO) has important impacts on the width of the NH Had-
ley cell.

The purpose of the present paper is to examine impacts
of anthropogenic forcings, such as increasing GHGs, ozone
depletion, and anthropogenic aerosols, on the Hadley cir-
culation, using CMIP5 simulation datasets. In addition to
study their effects on the width, we will also study their
effects on the strength of the Hadley circulation. Our study
will mainly focus on historical simulations for the twen-
tieth century. Projection simulations, the so-called Rep-
resentative Concentration Pathways (RCPs), will also be
examined.

2 Data and methods
2.1 CMIPS datasets and forcings

In this study, we analyze model outputs from CMIP5
simulations. Simulation results from 39 models with all
available ensemble members are used. Details of CMIP5
experimental designs are described in Taylor et al. (2012b).
Information of models and experiments involved in this
study is given in Table 1.

We will first examine historical simulations with all forc-
ings, such as anthropogenic forcings of increasing GHGs,
prescribed ozone depletion and recovery, anthropogenic
aerosols (e.g., black carbon, organic carbon and sulfate
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Table1 Listof CMIPS models  nyp, + Mogels Al GHG Oz AA RCP2.6 RCP45 RCP60 RCP8.5

and available simulations used

in this study 1 ACCESS1-0 1 1 1
2 ACCESS1-3 2 1 1
3 bee-csml-1 3 1 1 1 1 1
4 beec-csml-1-m 3 1 1 1 1
5 BNU-ESM 1 1 1 1
6 CanESM?2 5 5 5 5
7 CCSM4 6 2 6 6 6 6
8 CESM1-BGC 1 1 1
9 CESM1-CAM5 3 3 3 2 3
10 CESM1-CAM5-1-FV2 2 2
11 CESM1-WACCM 4 1 1 1
12 CMCC-CESM 1 1
13 CMCC-CM 1 1 1
14 CMCC-CMS 1 1 1
15 CSIRO-MKk3-6-0 0 5 5 10 10 10 10
16 EC-EARTH 2 1 3 3
17 FGOALS-g2 5 1 1 2 1 1 1
18 FGOALS-s2 3 1 1 3
19 FIO-ESM 3 3 3 3 3
20 GFDL-CM3 5 3 1 1 1 1
21 GFDL-ESM2G 1 1 1 1 1
22 GFDL-ESM2M 1 1 1 1 1 1
23 GISS-E2-H 6 5 11 5 1 5 1 1
24 GISS-E2-R 6 10 5 1 6 1 1
25 HadGEM2-AO 1 1 1 1 1
26 HadGEM2-CC 3 1 3
27 HadGEM2-ES 5 4 4 4 4 3
28 inmcm4 1 1 1
29 IPSL-CM5A-LR 6 1 4 4 1 4
30 IPSL-CMS5A-MR 3 1 1 1 1
31 IPSL-CM5B-LR 1 1 1
32 MIROC5 5 3 3 3 3
33 MIROC-ESM 3 1 1 1 1
34 MIROC-ESM-CHEM 1 1 1 1 1
35 MPI-ESM-LR 3 3 3 3
36 MPI-ESM-MR 3 1 3 1
37 MRI-CGCM3 3 1 1 1 1
38 NorESM1-M 3 1 1 1 1 1
39 NorESM1-ME 1 1 1 1 1

Model ensemble 38 11 4 11 29 36 22 38

Values in the table indicate the number of available ensemble in each type of simulations. The last row
gives the numbers of available models in the present paper

aerosols), and natural forcings of volcanic aerosols and
solar variations. Then, we analyze effects of three individ-
ual forcings on the Hadley circulation, including increasing
GHGs (hereafter denoted by GHG-forcing), ozone deple-
tion and recovery (denoted by Ozone-only), and anthropo-
genic aerosols (denoted by AA-only). Finally, we analyze

RCP projection simulations to estimate possible changes
of the Hadley circulation in the twenty-first century. The
projection simulations are driven by the four RCPs, labeled
as RCP2.6, RCP4.5, RCP6.0 and RCP8.5, respectively.
Details of the forcings included in CMIPS5 can be found in
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Moss et al. (2010), Cionni et al. (2011), Lamarque et al.
(2011), and Eyring et al. (2013).

2.2 Methods

The Hadley circulation is usually characterized with the
mean Meridional Mass Streamfunction (MMS). Following
Hu and Fu (2007), the poleward edge of the Hadley cir-
culation is defined as the latitude where MMS at 500 hPa
becomes zero in the subtropics. We first calculate poleward-
edge latitudes for each model. Then, we calculate multi-
model ensemble mean poleward-edge latitudes by averag-
ing the poleward-edge latitudes for all available models.
Poleward expansion of the Hadley circulation is derived
by calculating linear trends in the multi-model ensemble
mean poleward-edge latitudes of the Hadley cells. Statis-
tical significance levels are indicated by student’s f test
values. For historical simulations, trends are calculated
over the period of 1970-2005, except for the Ozone-only
simulations in which trends are calculated over 1970-2000
because stratospheric ozone begins to increase after 2000.
For RCP simulations, we divide the 95-year simulation into
two periods: 2006-2040 and 2040-2100. In the first period,
ozone recovery is fast, and GHG concentrations keep
increasing in all RCPs. In the second period, stratospheric
ozone recovery becomes slower, and GHG concentrations
decrease for RCP2.6 and remain increasing for RCP4.5,
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RCP6.0 and RCP8.5 (GHG concentrations become con-
stant after 2070 for RCP4.5). One can also choose either
2030 or 2050 to separate the two periods, but results do not
change much. In studying changes in the strength of the
Hadley circulation, we use the maximum MMS to repre-
sent the Hadley circulation strength.

CMIP5 historical simulations span from 1850 to 2005.
Here, all time-series plots are limited over the period of
1950-2005, and all trends are calculated over the period
of 1970-2005 for all historical simulations (1970-2000 for
the Ozone-only simulations). It is because there are no sig-
nificant changes in both the width and strength of the Had-
ley circulation before 1950. In addition, it is worth pointing
out that neither pre-industrial control runs nor the natural
forcing only runs, which include changes in solar radia-
tion and volcanic aerosols, generate significant changes in
the width and strength of the Hadley circulation, consistent
with that in Johanson and Fu (2009) and Hu et al. (2013).

3 Results
3.1 Poleward expansion in all-forcing simulations
Figure 1 shows time series of multi-model ensemble mean

poleward-edge latitudes of the Hadley cells in historical all-
forcing simulations. It indicates systematic and significant
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Fig. 2 Seasonal and multi-model mean climatological MMSs (con-
tours) and their trends (color shading) for the period of 1970-2005,
derived from CMIPS5 historical all-forcing simulations. Clockwise
(anti-clockwise) circulations are defined as positive (negative) MMSs,
which are denoted with solid (dashed) contours. Contour interval is
5 x 10 kg 571, Thick-solid lines mark the zero MMS, and the thick-

poleward expansion of both Hadley cells in all seasons,
except for boreal summer (June-July—August, JJA) when
the trend is less significant. The largest trend is found in
austral summer (December-January—February, DJF), with a
magnitude of 0.20° per decade (Fig. 1a). As shown below,
the largest poleward expansion of the SH cell in DJF is
because of severe ozone depletion in the Antarctic strato-
sphere since the 1970s. For the NH cell, the largest trend
is found in boreal autumn (September—October-November,
SON), with a magnitude of 0.07° per decade. For the SH
cell, significant poleward expansion is found in all seasons,
and the trends are greater than that of the NH cell.

The results of all-forcing simulations show consist-
ent seasonality with that in reanalyses. For example, the
trend in the NH cell is greater in SON than in other sea-
sons, and the trend in the SH cell is greater in DJF than in
other seasons, which are all consistent with results derived
from reanalysis (Hu and Fu 2007). However, magnitudes of
trends in CMIP5 simulations are much smaller than those

0 0.02 0.04 0.06 0.08 0.1

solid lines near the subtropics indicate the climatological poleward-
edge positions of the Hadley circulation. Positive (negative) MMS
trends are indicated by yellow—red (blue) color shading. The trend
unit is 1.0 x 10" kg s™! per decade. Regions marked with dots are
the areas where statistical significance is above the 90 % confidence
level

in reanalyses, as pointed out by Johanson and Fu (2009).
The annual-mean total poleward expansion in historical
all-forcing simulations is 0.16° per decade, about 5 times
weaker than those in reanalyses, which have trends of
0.5°—1.0° per decade (Hu et al. 2013; Lucas et al. 2013).
Figure 2 shows vertical structures of climatological
mean MMSs (contours) and their trends (color shading)
over the period of 1970-2005 for historical all-forcing sim-
ulations. In general, significant positive (negative) MMS
trends are found around the zero-streamlines for both the
NH (SH) subtropics, respectively, except for that in the
NH subtropics in JJA. The trend patterns indicate poleward
expansion of the Hadley circulation in both hemispheres. It
is important to note that both the Hadley cells show weak-
ening in the lower and middle troposphere and enhance-
ment in the upper troposphere in all seasons. Since the
maximum streamfunction is usually used to characterize
the strength of the Hadley circulation, the overlap of weak-
ening MMS trends with the climatological maxima of the
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Hadley cells indicates decrease in strength of the Hadley
circulation. The enhancement in the upper troposphere is
indicative of upward expansion of the Hadley circulation.
This is likely a result of increasing tropopause height due
to global warming. The spatial patterns of MMS trends
also indicate poleward shifts of the Ferrel cells, especially
the SH component. Since the Ferrel cells are eddy-driven,
the results here suggest poleward shift of baroclinic eddies
in all-forcing simulations. We will return to this issue of
weakening of the Hadley circulation later.

3.2 Poleward expansion with individual forcings

In this section, we study effects of individual forcings on
the Hadley circulation. Figure 3 shows time series of pole-
ward-edge latitudes of the Hadley circulation for histori-
cal GHG-forcing simulations. For the NH cell, the largest
poleward expansion is in SON, with a magnitude of 0.16°
per decade and statistical significance above the 99 % con-
fidence level. Trends in DJF and MAM are also significant,
with magnitudes of 0.09 and 0.06° per decade, respec-
tively. Edge-latitudes of the NH cell in JJA demonstrate
large interannual fluctuations. Thus, the trend is insignifi-
cant. It is noticed that trend magnitudes forced by GHG-
forcing alone are nearly twice as large as those by all forc-
ings. One may attribute the difference to different ensemble
numbers of models between GHG-forcing and all-forcing

@ Springer

simulations. However, results do not change if the same
models and ensemble numbers of simulations are used for
both GHG-forcing and all-forcing simulations (not shown).
The seasonality of poleward expansion of the NH cell is
quite similar to that in all-forcing simulations.

The SH cell also shows significant poleward expansion
in all the seasons. Trend magnitudes do not vary much with
seasons, and they are slightly weaker than those in all forc-
ing simulations, except for that in DJF when GHG-forcing
alone generates about one-third of the trend forced by all
forcings. As shown below, that is because poleward expan-
sion of the SH cell is largely due to severe ozone depletion
in the Antarctic stratosphere.

Figure 4 shows time series of poleward-edge latitudes
of the Hadley circulation in Ozone-only simulations. It
is important to note that the trends have strong seasonal-
ity. For the NH cell, significant poleward expansion of the
Hadley circulation is found only in boreal spring (MAM).
For the SH cell, significant trends are found only in austral
spring (SON) and summer (DJF), and the largest poleward
expansion of the SH cell occurs in DJF, with a magnitude
of 0.20° per decade. These are the seasons when polar strat-
ospheric ozone depletion has the largest radiative cooling
effects on atmospheric thermal structures and circulations.
While the effect of Antarctic stratospheric ozone depletion
on the SH cell has been greatly emphasized by Son et al.
(2008, 2009, 2010) and Polvani et al. (2011b), the effect of
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Fig. 4 Same as Fig. 1, except
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Arctic ozone depletion on the NH cell has not been men-
tioned before. Here, the CMIP5 Ozone-only simulations
indicate that Arctic stratospheric ozone depletion can also
cause significant poleward expansion of the Hadley circula-
tion, though stratospheric ozone depletion is weaker in the
Arctic than in the Antarctic.

Time series in Fig. 4 demonstrates that the width of the
Hadley circulation is rather sensitive to stratospheric ozone
changes. That is, ozone depletion causes poleward expan-
sion of the Hadley circulation, whereas ozone recovery
causes equatorward retreat. In DJF (Fig. 4a), the poleward
edge of the SH cell expands poleward from the 1970s to
about 2000. Then, it retreats equatorward over the period
of 2000-2005. It is the same for the SH cell in SON and
the NH cell in MAM. The timing is coincident with strato-
spheric ozone changes in both polar regions, which showed
stabilizing and even weak increase since the late 1990s.

We also analyzed CMIP5 simulation results of anthropo-
genic aerosol forcing. It is found that anthropogenic aerosol
forcing does not generate significant changes in the width
of the Hadley circulation for both hemispheres (not shown).
This is not consistent with the results by Allen et al. (2012,
2014). However, it does not necessarily contradict with
their results. It is because in CMIPS simulations anthropo-
genic aerosols include at least three types of aerosols, such
as the black carbons, organic carbons and sulfate aerosols,
whereas anthropogenic aerosol forcings considered by

Allen et al. (2012, 2014) are absorbing aerosols (e.g., black
carbons) and tropospheric ozone. On the other hand, the
insignificant effect of anthropogenic aerosols on the Had-
ley circulation could be due to the inter-model diversity in
aerosol burden and cloud sensitivity to aerosols in CMIP5
simulations, as argued by Wilcox et al. (2013).

Figure 5 illustrates seasonal variations of climatologi-
cal MMSs (contours) and their trends (color shading) at
500 hPa for historical simulations. For all-forcing simula-
tions (Fig. 5a), there is a seasonally varying band of posi-
tive and significant MMS trends around the poleward edge
of the NH cell. It indicates poleward expansion of the NH
Hadley cell. Similarly, a band of negative and significant
MMS trends is found around the poleward edge of the SH
cell, which indicates poleward expansion of the SH Hadley
cell. In addition, negative MMS trends overlap the climato-
logical maxima of the NH cell in boreal winter, indicating
weakening of the NH cell. Similarly, positive MMS trends
overlap the maxima of the SH cell in austral winter, indi-
cating weakening of the SH cell. Trends in GHG-forcing
simulations demonstrate similar spatial-temporal patterns
to those in all-forcing simulations (Fig. 5b). It suggests
that increasing GHGs are the major forcing in historical
all-forcing simulations in causing widening and weaken-
ing of the Hadley circulation. For Ozone-only simulations
(Fig. 5c), MMS trends show poleward expansion of the
Hadley circulation in both hemispheres. However, these
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Fig. 5 Latitude-month plots of climatological MMSs (contours) and
their trends (color shading) at 500 hPa over the period of 1970-2005
for a All-forcing, b GHG-forcing and d Anthropogenic aerosols, and
over the period of 1970-2000 for ¢ Ozone-only. Contour interval is
5.0 x 10!%kg s7!, and the trend unit is 1.0 x 10'® kg s~! per decade.

trend patterns do not show weakening of the Hadley cir-
culation. Instead, the spatial-temporal patterns of trends
indicate strengthening of the Hadley circulation in winter
in both hemispheres (less significant at the 90 % confidence
level). Comparison of Fig. 5b, ¢ suggests that increasing
GHGs and ozone depletion have different influences on
the strength of the Hadley circulation, though they both
cause poleward expansion. Figure 5d shows seasonal varia-
tions of MMS trends in CMIPS5 historical simulations with
anthropogenic aerosol forcing. As mentioned above, no sig-
nificant trends in width and strength are found in Fig. 5d.

3.3 Poleward expansion in RCP simulations

Using simulation results from 16 available CMIP5 models,
Hu et al. (2013) have shown that the magnitude of pole-
ward expansion of the Hadley circulation increases with
RCP forcing for the twenty-first century. Here, we re-exam-
ine trends in the width of the Hadley circulation in RCP
simulations from 39 models. Figure 6 shows time series of
multi-model mean poleward-edge latitudes of the NH cell
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The thick-solid contours near the subtropics are the zero streamlines
and indicate the climatological poleward edges of the Hadley cells.
Areas with dots are the regions where trends have statistical signifi-
cance above the 90 % confidence level

from RCP simulations. As mentioned in Sect. 2, trends are
calculated over two periods: 2006-2040 and 2040-2100.
In the first period, trends in SON are the largest and sta-
tistically significant for all RCPs (Fig. 6d). In particular,
RCP8.5 generates a significant trend of 0.21° per dec-
ade. In contrast, trends in JJA are all insignificant. Trends
in DJF are significant, except for RCP4.5. In MAM, only
RCP8.5 generates a significant trend, while all other three
RCPs generate insignificant trends. In the second period,
the largest trends are also in SON, except for RCP2.6 that
generates a weak negative trend. In JJA, trends for RCP2.6
and RCP4.5 are insignificant, while trends for RCP6.0 and
RCP8.5 are somehow negative. In DJF and MAM, RCP2.6
and RCP4.5 generate either negative or insignificant weak
trends, while RCP6.0 and RCP8.5 generate significant
trends, and these trends are all greater than those in the first
period.

Figure 7 shows time series of multi-model mean pole-
ward-edge latitudes of the SH cell. In the first period, posi-
tive and significant trends are found for all RCPs in JJA
and SON. In MAM, trends are also significant, except
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in order to avoiding overlap. Vertical dash-lines correspond to year
2040, which divide the twenty-first century into two periods. Trends

for RCP2.6 that generates a weak insignificant trend. It is
important to note that trends in DJF are either insignificant
or weaker compared with trends in other three seasons. The
weaker trends in DJF are very likely a result of the com-
petition between Antarctic ozone recovery and increasing
GHGs. As discussed above, ozone recovery leads to equa-
torward retreat of the SH Hadley cell, which partly cancels
poleward expansion forced by increasing GHGs. In the sec-
ond period, trends for RCP4.5, RCP6.0, and RCP8.5 are all
positive and significant in all seasons, except for RCP4.5
in DJF. However, RCP2.6 generates significant negative
trends in DJF, MAM, and JJA. Especially, the negative
trend in DJF is as large as 0.04° per decade. The negative
trends for RCP2.6 could be caused by two reasons. One is
that GHG concentrations of RCP2.6 begin to decrease after
2040. The other one is that Antarctic ozone recovery would
lead to equatorward retreat of the SH Hadley cell. If one
looks at the time series of RCP2.6 in Fig. 7a carefully, one
would find that there is a turning point around 2065. The
time series demonstrates systematic equatorward retreat
before 2065, with a magnitude of 0.03° per decade (sig-
nificant at the 99 % confidence level). Then, the time series
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and their corresponding student’s ¢ test values (in brackets), are
labeled in the plots. Trends with significance above the 90 % confi-
dence level (student’s ¢ test value >1.7) are shown in bold. Positive
trends indicate poleward expansion of the Hadley circulation, while
negative trends indicate equatorward retreat

becomes flat. It is likely that the faster equatorward retreat
before 2065 is a result of both Antarctic ozone recovery
and decrease of GHG concentrations. It is because in RCP
simulations, Antarctic stratospheric ozone will completely
recover by the time of 2065 in CMIP5 prescribed ozone
(Eyring et al. 2013). After 2065, decrease in GHG alone
causes slower equatorward retreat of the poleward edge.

Comparison between the two periods shows that RCP6.0
and RCP8.5 generate greater poleward expansion for both
NH and SH Hadley cells in the second period than in the
first period. This is because for both RCP6.0 and RCP8.5
GHG concentrations increase faster and become dominant
in the second period. For RCP2.6 and RCP4.5, trends in
the second period are either weak or negative because of
decrease or stabilization of GHG concentrations. In addi-
tion, ozone recovery also causes equatorward retreat of the
Hadley circulation.

Figure 8 shows latitude-month plots of climatologi-
cal multi-model mean MMS and trends at 500 hPa for
RCP simulations over 2040-2100. The spatial-tempo-
ral patterns of MMS trends for RCP6.0 and RCP8.5 are
rather similar to those of historical all-forcing and GHG
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Fig. 7 Same as Fig. 6, except for the SH cell

simulations. The bands of positive and negative trends at
the poleward edges of the Hadley cells indicate poleward
expansion of the Hadley circulation in NH and SH, respec-
tively. MMS trend patterns also indicate weakening of the
Hadley circulation, especially in the winter season in each
hemisphere. For RCP8.5, the maximum MMS is reduced
by about 10 % over the twenty-first century. RCP4.5 also
generates similar spatial-temporal patterns of MMS trends,
except for weaker magnitudes. However, RCP2.6 generates
nearly opposite spatial-temporal trend patterns to those of
stronger RCPs.

To further illustrate changes in the strength of the Had-
ley circulation, we plot time series of the multi-model
mean maximum MMS at 500 hPa for RCP8.5 in Fig. 9.
The maximum MMS of the NH cell shows significant
weakening trends in all seasons. The largest weakening
occurs in DJF, with a value of —0.25 x 10'° kg s™! per
decade over the period of 2040-2100. In other word, the
maxima of the NH winter cell would be weakened by about
8 % over the 60 years. The smallest weakening is found
in JJA, about —0.08 x 10'" kg s~! per decade. The SH
cell also shows weakening in DJF, MAM, and JJA. How-
ever, it has a weak increase in SON. The largest weaken-
ing of the SH cell occurs also in winter season (JJA), about
—0.16 x 10" kg s~! per decade. It is found that weaken-
ing trends are much greater in the second period than in the

@ Springer

first period. In general, the results here are consistent with
that in CMIP3 (Lu et al. 2007), that is, the Hadley circula-
tion is weakened as it expands poleward.

4 Conclusions

We have studied changes in the width and strength of the
Hadley circulation in CMIP5 historical and projection sim-
ulations. In particular, we have analyzed influences of indi-
vidual forcings on the Hadley circulation. We use Fig. 10
to summarize trends in the width of the Hadley circulation
calculated from CMIPS5 historical simulations. For the NH
cell, neither natural forcing nor anthropogenic aerosols
generate significant trends in the width in all four seasons.
GHG-forcing yields significant positive trends in DIJF,
MAM, and SON, but not in JJA. The largest trend due to
GHG-forcing is in SON, about 0.16° per decade. Ozone-
only forcing generates a significant positive trend of 0.08°
per decade only in boreal spring (MAM). All forcings cause
significant positive trends in DJF, MAM, and SON. All
trends in JJA are less significant due to large interannual
variability. As shown here and pointed out by Johanson and
Fu (2009) and Hu et al. (2013), poleward expansion of the
Hadley circulation in CMIPS5 historical all-forcing simula-
tions is much weaker than observations.
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Fig. 10 Seasonal-mean poleward expansion of poleward edges of the
Hadley circulation at 500 hPa, derived from CMIPS5 historical simu-
lations for the period of 1970-2005 (1970-2000 for Ozone-only).
Positive trends indicate poleward expansion of the Hadley circulation
and negative values indicate equatorward retreat. Error bars are +1.7
standard derivations (90 % confidence level). Unit is degree per dec-
ade. a The NH cell, b the SH cell, and c total poleward expansion

For the SH cell, neither natural forcing nor anthropo-
genic aerosols generate significant trends in all seasons,
except for DJF in which natural forcing somehow causes a
marginally significant negative and weak trend. GHG-forc-
ing causes positive trends in all seasons, and these trends
are more seasonally uniform than those in NH. Ozone-only
forcing leads to significant positive trends in austral autumn
and summer (SON and DJF). The largest trend occurs in
DIJF, with a magnitude of about 0.2° per decade. All forc-
ings generate significant trends in all seasons. The largest
trend occurs in DJF, which has the same magnitude as that
of Ozone-only forcing. Total trends (the sum of trends in
both hemispheres) are plotted in Fig. 10c. The total trends
are relatively large in DJF and SON.
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These results in historical simulations indicate that the
observed poleward expansion of the Hadley circulation is
forced by anthropogenic forcings, such as increasing GHGs
and stratospheric ozone depletion, and that natural forc-
ing does not force such changes of the Hadley circulation.
GHG-only forcing generates the largest poleward expan-
sion of the NH cell in SON. The Ozone-only forcing causes
the relatively largest poleward expansion of the SH cell in
DJF. It also generates significant trends in SON and of the
NH cell in MAM, but not in other seasons. The seasonal-
ity of ozone-induced trends is consistent with observations
(Hu and Fu 2007). Especially, Fig. 4 indicates that the
width of the Hadley circulation is sensitive to stratospheric
ozone changes. In contrast, no significant changes in both
width and strength of the Hadley circulation are found in
anthropogenic aerosol simulations.

For RCP projection simulations, magnitudes of pole-
ward expansion of the Hadley circulation increase with
increasing GHG forcing in general. RCP8.5 forces the
greatest poleward expansion of about 0.26° per decade for
the NH cell in SON over the period of 2040-2100. By con-
trast, RCP2.6 produces relatively weak or negative trends
over both periods. It appears that the width of the Hadley
circulation is very sensitive to GHG forcing. As GHG forc-
ing of RCP2.6 decreases in the second half of the twenty-
first century, the Hadley circulation shows equatorward
retreat for both NH and SH cells. For RCP4.5, poleward
expansion of the Hadley circulation is also smaller in the
second period than in the first period because GHG con-
centrations no longer increase after 2070. Ozone recovery
in the twenty-first century has important influences on the
width of the Hadley circulation in RCP simulations. For the
first period of the twenty-first century, poleward expansion
of the SH cell is weaker in DJF than in other seasons in
general. It is indicative of cancellation between Antarctic
ozone recovery and increasing GHGs in determining the
width of the Hadley circulation.

Results in both historical all-forcing simulations and
projection simulations indicate that the strength of the Had-
ley circulation is weakened as its width is widened, espe-
cially in the winter season in each hemisphere. For individ-
ual forcings, GHG-forcing causes weakening of the Hadley
circulation, Ozone-only forcing causes weak strengthening
of the Hadley circulation, and anthropogenic aerosol forc-
ing has no significant influences on the strength of the Had-
ley circulation.

There are three points worth pointing out for future
investigations. First, it is not clear why GHG-forcing gen-
erates the largest poleward expansion of the NH cell in
boreal autumn (SON). Second, while increasing GHGs
and stratospheric ozone depletion both generate poleward
expansion of the Hadley circulation, they have nearly oppo-
site influences on the strength. Increasing GHGs lead to
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weakening of the Hadley circulation, whereas ozone deple-
tion causes strengthening of the Hadley circulation. Third,
while Allen et al. (2012, 2014) showed that anthropogenic
aerosol forcing causes widening of the Hadley circulation,
CMIP5 simulations demonstrate insignificant changes in
both the width and strength of the Hadley circulations by
anthropogenic aerosols.
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