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The Hadley Circulation (HC) plays an 
important role in transferring energy, 

momentum and moisture form tropics to 
extratropics (Diaz and Bradley, 2004)

Halley (1686) was the first to describe the 
manner in which differential heating would 

result in a fluid motion but he did not explain 
of why there was an easterly component of 

the surface trade winds. 

Hadley (1735) understood the relevance of 
the angular momentum on the HC dynamic

Its meridional extent and intensity have 
influences on global and regional climate. 

The HC spans half the area of the globe and 
its variability can affects the lives of billions 

of people (Holton and Hakim, 2012) 

Hadley Circulation



Previous studies
(D’Agostino and Lionello, 2016)

Monthly mean mass stream function (𝜓)
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ERA-20C is a deterministic reanalysis (Poli et al. 2016), 
which uses the same IFS atmospheric model at the same 
resolution and with the same CMIP5 radiative forcing as 
ERA-20CM. Moreover, it uses the same prescribed Had-
ISST2.1 of the first member of the ERA-20CM ensem-
ble. Further, it assimilates marine surface winds from 
ICOADSv2.5.1 and surface and mean sea level pressure 
from ISPDv3.2.6 and ICOADSv2.5.1. Obviously, a qual-
ity control procedure is included in ERA-20C to limit the 
assimilation of bad observations (Poli et al. 2015, 2016). 
Therefore, ERA-20C is meant to reproduce the actual 
weather evolution and the observed occurrence of synop-
tic systems and it is expected to improve the low frequency 
variability and mean state of the atmosphere with respect to 
ERA-20CM by reducing differences between model results 
and real conditions (Poli et al. 2015, 2016).

Furthermore, we compare ERA-20CM and ERA-20C 
HC trends from 1979 to 2010 with ERA-Interim (Dee et al. 
2011). ERA-Interim is based on a 2006 release of the IFS 
(Cy31r2). The system includes a 4-dimensional variational 
analysis (4D-Var) with a 12-h analysis window. The spa-
tial resolution of the data set is approximately 80 km (T255 
spectral) on 60 vertical levels from the surface up to 0.1 
hPa.

For analyzing the HC, this study uses the monthly mean 
of the meridional component of the wind v and tropo-
spheric temperature at 17 pressure levels (1000, 925, 850, 
700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, 
10 hPa), surface pressure and temperature interpolated on 
1.5◦ × 1.5◦ lat.-lon. regular grid.

2.2  Methods

The HC is studied computing the monthly mean mass 
stream function ψ (Oort and Yienger 1996):

where [v̄] is the zonally-time averaged meridional compo-
nent of the wind, a is the radius of the Earth, g is gravita-
tional acceleration, φ is latitude and p is pressure level. The 
ψ at a given latitude and pressure level is equal to the rate at 
which mass is being transported meridionally between that 
pressure level and the top of the atmosphere. Accordingly, 
ψ is positive (negative) in the NH (SH) HC and the strength 
of the circulation is given by its maximum (minimum) 
value. The vertical integral (1) has been corrected to ensure 
the conservation of mass (Trenberth 1991; Trenberth et al. 
2000).

Our analysis considers the time series of the HC Strength 
(HCS), of the position of the common inner edge separating 
NH and SH HC (CE), of the Northern and Southern edge of 
the HC in both hemispheres (NE and SE, respectively). All 

(1)ψ =
2πa cosφ

g

∫ p

0
[v̄]dp

the abbreviation used are listed in Table 1. The strength of 
the HC is given by the maximum and minimum values of ψ 
in the NH and SH, respectively. CE, NE and SE are defined 
as the zero-crossing latitudes of ψbulk, where ψbulk is the 
average of ψ between 150 and 700 hPa. The vertical aver-
aging of the stream function reduces sensitivity to vertical 
structure (Davis and Rosenlof 2012; Kang et al. 2013) and 
the resulting mean does not differ substantially depending 
on the pressure levels chosen to define ψbulk (Nguyen et al. 
2013). Actual values of SE, CE and NE are computed by 
linearly interpolating ψbulk between pairs of consecutive 
grid latitudes at which it changes sign. However, it has been 
checked that the analysis of annual and seasonal time series 
and trends (Sect. 3) would not significantly change if the 
position of the HC edges would have been estimated with-
out such interpolation. In other terms identifying SE, CE 
and NE as the grid latitudes values where ψbulk is closest to 
zero would not have change the outcomes of our analysis.

The width of the HC in each hemisphere (NH and SH 
HCW) is defined as the difference between HC poleward 
edges (NE and SE) and CE, respectively and the total width 
(TOT HCW) is the difference between NE and SE. Here, 
we use positive and negative values of HCW in the NH and 
SH, keeping positive latitudes for NE and negative for SE.

The relationship between the HC and some relevant 
quantities, such as global mean surface temperature 
(GMST), meridional temperature contrast (∆hT), tropo-
pause height (THp) and planetary waves has been inves-
tigated in each dataset. GMST and ∆hT  time series have 
been computed from surface temperature field. ∆hT  
is the temperature contrast inside the baroclinic zone 
between 40◦S and 70◦S. The tropopause height in iso-
baric coordinates THp has been computed as the lowest 
pressure level at which the lapse rate decreases below 
2◦K/km (Reichler et al. 2003). THp is the mean value of 

Table 1  List of the acronyms used in this study

List Acronyms

Hadley Circulation HC

Northern Hemisphere NH

Southern Hemisphere SH

HC Strength HCS

Northern Edge NE

Common inner Edge CE

Southern Edge SE

HC Width HCW

Total HC Width TOT HCW

Global Mean Surface Temperature GMST

Tropopause pressure THp

Meridional temperature contrast ∆hT

Planetary Wave Index PWI

ψ is positive (negative) in the NH (SH). The 
strength of the HC is given by the maximum 
and minimum values of ψ in the NH and 
SH, respectively. NE and SE are defined as 
the zero-crossing latitudes of ψbulk, where 
ψbulk is the average of ψ between 150 and 
700 hPa. 
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Fig. 1  Meridional mass stream function ψ : annual mean (ANN, a), 
December–February (DJF, b) and June-August (JJA, c) means from 
1971 to 2000. Contour lines show ERA-20C, with dotted (negative) 
lines indicating counterclockwise motion and solid (positive) lines 
indicating clockwise motion (contour interval is 2 × 1010 kg s−1). 

Black bold solid (dashed) line shows the zero contour level in ERA-
20C (ERA-20CM ensemble). Gray solid (dashed) lines denote the 
tropopause height in ERA-20C (ERA-20CM ensemble). Color filling 
indicates the differences between ERA-20CM ensemble and ERA-20C 
(contour step is 2 × 109 kg s−1)



There is a signal of a 
poleward shift of the HC 

in the southern edge

There is not an agreement 
about the strength of the 

HC; ERA-20CM and 
ERA-20C do not show any 

particular trend whereas 
Era-Interim show a 
remarkable trend 
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in the position of the HC edges (NE and CE) in the three 
datasets. ERA-20CM shows intermediate values between 
ERA-20C and ERA-Interim. In the former (latter) the 

HCW is systematically narrower (wider) then in ERA-
20CM. In other words, ERA-20C and ERA-Interim pre-
sent opposite shift with respect to ERA-20CM. Both NE 
and CE do not show any significant centennial trend. On 
the contrary, a significant southward shift of SE (Fig. 3b) 
over the twentieth century (Table 3) is present in both 
datasets, but only ERA-20CM confirms such trend in 
the last decades (Table 4). Most of the expansion of the 
TOT HCW (Fig. 4b, 0.5◦lat./century and 0.8◦lat./century 
in ERA-20CM and ERA-20C, respectively) is due to the 
widening of the SH HC (Fig. 5b), while the NH HCW 
does not exhibit any significant trend (Fig. 5a). ERA-
20CM TOT HCW confirms an increasing trend for the last 
decades at about 0.3◦lat. dec.−1 (Table 4). Table 3 clearly 
shows that the significance of the SE trend is the feature 
where ERA-20C and ERA-20CM present a substantial 
agreement, with consequent (lower) agreement on the 
trends of the SH HCW and TOT HCW. This situation is 
present also in Table 4, which considers only the last dec-
ades, but in this case the agreement among the two data-
sets is lower. 

3.2  Seasonal trends

The analysis of seasonal (DJF and JJA) time series confirms 
that general trends are stronger in ERA-20C than in ERA-
20CM, significant mostly for the SH HC and more robust 
in terms of statistical significance for the whole period 
than in the last decades (Fig. 6, Tables 3 and 4). The largest 
trends occur in DJF for the SH HC, whose recent behav-
iors have been related to ozone depletion in several works 
(Polvani et al. 2011; Son et al. 2008, 2009; Waugh 2015). 
There is, indeed, a clear evidence in model simulations that 
stratospheric ozone depletion has caused a combination 
of changes: decreasing lower stratospheric temperature, 
increasing tropopause height, strengthening and poleward 
displacement of the westerly jet, and expansion of the SH 
HC, though quantitative responses vary considerably among 
models (Son et al. 2010). Our analysis reports an accelera-
tion since 1979 of those trends started in the first part of the 
century of both the southward shift of the SE and widen-
ing of SH HCW (Fig. 6d, e) especially in DJF. Our analy-
sis agrees on the sign of the SE shift with major reanalysis 
products (Cai et al. 2012; Nguyen et al. 2013), but disagree 
on the magnitude of the SE DJF poleward shift in last dec-
ades (Cai et al. 2012; Nguyen et al. 2013). It is clear that 
the magnitude of the poleward shift of the HC edges is data 
and metric based. The poleward shift of the SE in austral 
summer and autumn has found to be a leading mechanism 
explaining reduction of the Australian rainfall, but it is also 
linked to the poleward shift of the SH storm track (Cai 
et al. 2012). In general, there is a rough agreement between 
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Fig. 3  Same as Fig. 2 except it shows the time series of the annual 
mean NE (a) and SE (b) Hadley Cell Edges (HCE, degrees of lati-
tude). Black bold and grey solid (dashed) lines are ERA-20CM 
ensemble mean (ERA-20C) linear trends for twentieth century and 
for last decades, respectively (95 % confidence level according to the 
Mann–Kendall test). No significant trend is present in (a)
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Fig. 4  Same as Fig. 2 except it shows the time series of the annual 
mean CE (a) and HCW TOT (b). No significant trend is present in (a)
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Fig. 5  Same as Fig. 2 except it shows the time series of the annual 
mean NH (a) and SH (b) Hadley Cell Width (HCW). No significant 
trend is present in (a)
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1970), its long-term variability is not affected by ENSO. 
In fact, if a linear regression based on Niño 3.4 is com-
puted and subtracted to the original time series, the regres-
sion residuals maintain similar trends (Mitas and Clement 
2005). No significant centennial trend of NH HCS has been 
detected in ERA-20CM or in ERA-20C datasets, but a sig-
nificant weakening is present in ERA-20C since 1979.

On the contrary, time series of the SH HCS (Fig. 2b) dif-
fers substantially between ERA-20CM and ERA-20C, with 
a systematic difference, largest in the first half of the century 
and progressively decreasing in time. Beyond that, ERA-
20C SH HCS increases (there is a decreasing trends of nega-
tive values of the stream function) for the whole twentieth 
century. The strengthening of both NH and SH HC found 
in ERA-Interim after the 1997 (already noticed by Nguyen 
et al., 2013) is likely an artifact due to the assimilation of 
tropospheric observations and/or of Meteosat-6 satellite data, 
started in 1997 (Poli et al. 2010).

Figures 3, 4 and 5 show the time series of the edges of 
the HC and of its width. There is a systematic difference 

Table 3  Decadal trends based 
on Sen’s slope of NH and SH 
HCS, NE, SE, CE, NH and SH 
HCW and TOT HCW from 
1900 to 2010

Bold (italic) values for ERA-20CM ensemble mean (ERA-20C). Asterisks indicate significant values (sig-
nificance >95 %, Mann–Kendall test)

ANN DJF JJA

ERA-20CM ERA-20C ERA-20CM ERA-20C ERA-20CM ERA-20C

NH HCS (108 kg/s) −0.78 −0.50 −2.56 −4.01 −0.32 −2.31*

SH HCS (108 kg/s) −1.85 −7.71* 1.47* −7.41* −2.48 −3.40*

NE (◦lat.) 0.007 −0.027 0.053 −0.036 0.052 0.052

CE (◦lat.) 0.001 0.007 0.012 0.175* −0.021 −0.103*

SE (◦lat.) −0.041* −0.108* −0.072* −0.183* −0.020* −0.054*

NH HCW (◦lat.) 0.013 −0.020 −0.011 −0.198* 0.017 0.149*

SH HCW (◦lat.) −0.034* −0.108* −0.083* 0.349* 0.003 0.063

TOT HCW (◦lat.) 0.050* 0.082* 0.080* 0.148* 0.013 0.122

Table 4  Decadal trends based 
on Sen’s slope of NH and SH 
HCS, NE, SE, CE, NH and SH 
HCW and TOT HCW, from 
1979 to 2010

Bold (italic) values for ERA-20CM ensemble mean (ERA-20C). Asterisks indicate significant values (sig-
nificance >95 %, Mann–Kendall test)

ANN DJF JJA

ERA-20CM ERA-20C ERA-20CM ERA-20C ERA-20CM ERA-20C

NH HCS (108 kg/s) 4.120 −10.562* 7.190 −6.531 −3.194 −16.057*

SH HCS (108 kg/s) −7.363 −5.262 5.157 −11.778 −15.645 17.326

NE (◦lat.) 0.092 0.033 0.027 −0.033* 0.035 0.464

CE (◦lat.) 0.022 0.125 −0.069 0.269 0.011 0.137

SE (◦lat.) −0.186* −0.055 −0.188 −0.238* −0.111* −0.005

NH HCW (◦lat.) 0.089 −0.011 0.061 −0.525 −0.067 0.108

SH HCW (◦lat.) −0.150 −0.200 −0.110 −0.513* −0.258 −0.143

TOT HCW(◦lat.) 0.268* 0.126 0.266* 0.013 0.107 0.388
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Fig. 2  Time series of the annual mean NH (a) and SH (b) Hadley 
Cell Strength (HCS). Colored thin lines show the ERA-20CM ensem-
ble mean and shaded bands its 95 % confidence interval. Bold dashed 
lines show ERA-20C time series. Green dotted lines show ERA-
Interim time series. Statistically significant linear trends of ERA-20C 
are shown as black and gray dashed lines for the twentieth Century 
and for last decades, respectively, and gray dotted lines show lin-
ear trends of ERA-Interim (95 % confidence level according to the 
Mann–Kendall test). No significant trend is present in the ERA-
20CM ensemble mean



Previous studies
(Chen et al. 2014)

In this study six different regions are selected

The latitude where OLR=250 Wm^-2 is defined as the poleward edge of the HC. 

America, and the Atlantic Ocean
(Figure 1a), which may represent the
upward branches of regional HCs. In
addition, strong descending motion is
seen in the subtropics of both
hemispheres (Figure 1a). The centers of
upward motion in the tropics generally
correspond to the centers of large
precipitation and low OLR (Figures 1b
and 1c). Strong upward motion in the
tropics is associated with deep
convection and corresponds to above-
normal clouds and precipitation in these
regions. In contrast, strong descending
motion in the subtropics, which may
represent the downward branch of the
HC, suppresses the convection and
corresponds to fewer clouds and more
aridity (Figures 1b and 1c).

In this study, six regions are selected as
shown in Figure 1b. These include Africa
(10°E–40°E), the Indian Ocean (60°E–100°E),
the western Pacific (110°E–160°E), the
eastern Pacific (150°W–110°W), South
America (80°W–45°W), and the Atlantic
(40°W–10°W). These six regions are
chosen for the following reasons. First,
they are the locations of upward
motion and large precipitation in the
tropics (Figures 1a and 1b). This implies
that the most active regional HCs
around the world occur in these
regions. Second, these six regions
represent different climate regimes.
10°E–40°E is the land region in Africa,
and 80°W–45°W covers the main South
American continent. The above two
regions represent continental convection.
The eastern Pacific and Atlantic Ocean are
coveredby 150°W–110°Wand40°W–10°W,
respectively. These two regions
represent marine convection or
Intertropical Convergence Zone [Gu
and Zhang, 2001; Zhang, 2001].
Furthermore, 60°–100°E and 110°–160°E
cover the Indian Ocean and western
Pacific, representing the warm pool,
with a continent to the north and
south, respectively. Third, previous
studies have found that regional HCs
in these locations can have an
important influence on synoptic
weather and climate systems

Figure 1. Climatology of the annual mean (a) 500hPa vertical velocity
(Pa s!1), (b) precipitation (mmd!1), and (c) OLR (Wm!2) during
1979–2010. Precipitation and OLR data are derived from GPCP and NOAA-
CDC, respectively. The 500hPa vertical velocity is the ensemblemean of five
reanalysis data, including NCEP1, NCEP2, ERAINT, JRA-25, and 20CR. Note
that the ERA-40 is excluded in the ensemble mean because of its shorter
time period than the other five reanalysis data. Values in Figure 1a have
beenmultiplied by!100, with positive (negative) values indicating ascending
(descending) motion. Red boxes in Figure 1b show the six selected regions,
which include Africa (10°E–40°E), the Indian Ocean (60°E–100°E), the
western Pacific (110°E–160°E), the eastern Pacific (150°W–110°W), South
America (80°W–45°W), and the Atlantic (40°W–10°W).
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- In the NH the poleward 
movement of that HC is 
displayed in all regions 
considered.

-  In the SH only the South 
America  sector shows a 
poleward displacement; the other 
regions do not show significative 
poleward shift 

Figure 8. Time series of the latitudes where OLR= 240Wm!2 in the northern subtropics for the NH (a) AFHC, (c) IOHC,
(e) WPHC, (g) EPHC, (i) SAHC, and (k) ATHC. (b, d, f, h, j, and l) As in Figures 8a, 8c, 8e, 8g, 8i, and 8k but for the latitude
time series in the southern subtropics. Blue lines in the figures indicate trends of the time series.
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• Other recent studies (based on reanalyses) agree on a poleward 
expansion of HC subtropical edges during the 20th century (Hu and Fu, 
2007; Seidel et al., 2008; Lu et al.2009, Birner, 2010; Davis and Rosenlof , 
2012; Nguyen et al., 2013; Adam et al., 2014; D’Agostino and Lionello, 
2017), but present contrasting conclusions on its strength (Mitas and 
Clement 2005; Liu et al. 2012; Nguyen et al. 2013) 

• Climate model projections consistently suggest expansion and weakening 
with global warming (Lu et al.2009, D’Agostino and Lionello, 2017)  

• Most of these analysis are based on the meridional stream function and 
are unable to identify any zonal feature of the HC variations (trends). 

• Further analyses demonstrate that variations in regional HC poleward 
edges could have a significant impact in precipitation field. 

Previous studies



HC is a thermally driven circulation, it varies seasonally with a season shift of the 
insolation. In the season migration around the Equator determines the precipitation pattern 

in the tropics 

0               2               4               6               8              10           15

Winter Winter

Summer Summer



ERA-20CM ERA-20C ERA-Interim
Streamfunction Precipitation DJF JJA DJF JJA DJF JJA
NE NE 0.598 0.229 0.468 0.035 0.411 0.148
SE SE 0.781 0.444 0.562 0.086 0.506 0.138
CE CE 0.743 0.549 0.670 0.270 0.460 0.388
NE TP -0.668 -0.522 -0.336 -0.109 -0.224 -0.026
SE TP 0.632 0.565 0.141 0.089 0.444 0.076
𝜓(north) NE -0.804 -0.271 -0.448 -0.233 -0.243 -0.141

𝜓(north) TP 0.844 -0.156 0.669 -0.200 0.686 -0.290

𝜓(south) SE -0.411 -0.425 -0.043 -0.194 0.084 -0.194

𝜓(south) TP -0.422 -0.030 -0.318 -0.004 -0.037 -0.129

TP (Total Precipitation in the belt 30°S-30°N)

Greater the precipitation in the tropics is, stronger the stream function and less extended the HC are

There is not a zonally uniform variation of the HC and there is also a significative differences between the 
hemisphere and seasons



Consider other parameters to describe the Hadley circulation:

• Vertical Velocity (VV)
• Precipitation-Evaporation (PE)
• OLR
• Advantages of OLR and P-E is that they are directly based on environmental 

variables affected by the HC. 



𝜓(north) NE 𝜓(south) SE

DJF JJA DJF JJA DJF JJA DJF JJA
VV -0.19 0.01 0.18 0.54 -0.34 0.05 0.61 -0.31
PE -0.74 0.09 0.51 0.03 0.53 -0.33 0.78 0.41
PE (0) -0.67 0.03 0.66 0.52 -0.25 -0.24 0.83 0.61
OLR -0.66 0.0 0.40 0.61 -0.53 -0.14 0.49 0.21
OLR (min) -0.62 -0.27 0.48 -0.12 -0.20 0.0 0.70 0.31

Even considering other parameters to describe the HC, a significative differences 
between the hemisphere and seasons appears. 

The lack of correlation is due to the different zonal patterns of the considered 
variables, which are completely ignored when considering zonal averages.



Stronger the 𝜓 is, less 
extended the HC is. 

The ITCZ is narrower

Boreal winter the 
signal is dominated by 
the Pacific region

During austral winter 
the signal is in general 
weaker and even in 
this case is dominated 
by the Pacific/
Maritime continent. 

P-E

VV

OLR



More extend the HC is less 
precipitation in the ITCZ area 
and a poleward movement of 
the sub-tropical dry regions.

Even in this case the 
circulation is dominated by the 

Pacific region

Many zonal features appears 
that may lead to a confused 
interpretation of zonal mean 

values.

VV

P-E

OLR



Even 
considering the 
precipitation 
there is that 
same signal: HC 
is dominated by 
the Pacific and it 
is not a zonally 
uniform 
circulation 



Summary
• HC is expanding at a rate of 0.35°lat/K warming even though there is a 

disagreement among models.

• This expansion is not zonally uniform and shows differences between 
the two hemispheres: the response of NH to tropical heating is much 
stronger than in the SH.

• There is a strong signal in the Pacific region that dominates the HC.

• Monsoon circulation related features can perturb the HC variability?

• There are “hot spots” (Maritime Continent and Central America) of 
high correlation that are possibly suitable for studying the HC 
behaviour.


