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Expansion of the Hadley cell under global warming
(Lu et al. 2007)



History

George Hadley proposed a mechanism for the trade winds in 
his 1735 paper, "On the Cause of the General Trade Winds".



Overview

• A consistent weakening and poleward expansion of 
the Hadley circulation is diagnosed in the climate 
change simulations of the IPCC AR4 project.

• Associated with this widening is a poleward 
expansion of the subtropical dry zone. 

• The expansion of the Hadley cell is caused by an 
increase in the subtropical static stability, which 
pushes poleward the baroclinic instability zone and 
hence the outer boundary of the Hadley cell.



Hadley cell

The Hadley cell (HC) plays a pivotal role in the earth’s climate by 
transporting energy and angular momentum poleward and by 
organizing the three dimensional tropical atmospheric circulation. 



Hadley cell 

The locations of the 
large-scale 
subtropical dry 
zones and the major 
tropical/ subtropical 
deserts of the globe 
are largely 
determined by the 
subsiding branches 
of the Hadley cell.



HC Influencing Factors

• Tropical heating processes (e.g., Mitas and Clement 2006)

• Atmospheric stability (e.g., Schneider 1977)

• Extra-tropical eddy dynamics 
(e.g., Walker and Schneider 2006)

• Total atmospheric moisture (Frierson et al. 2006). To date, 
studies of the long term behavior of the HC, and the extent to 
which GHG forcing is relevant remain inconclusive.



Current understanding

• Studies of the long term behavior of the HC, and the extent to 
which GHG forcing is relevant remain inconclusive.

• Atmospheric reanalyses show a statistically significant 
intensification of their Hadley circulation throughout the second 
part of the 20th century (Mitas and Clement 2005). 

• However, this intensification is not found in the rawinsonde data, 
nor in most 20th century simulations using both coupled or 
atmosphere-only general circulation models (GCMs) 
(Mitas and Clement 2005, 2006). 



Observations

• Analysis of the satellite observations indicates a 
poleward expansion of the HC over the past 27 years 
(Fu et al. 2006). 

• The extent to which this observed widening of the 
HC is primarily a response to GHG warming is not 
clear and warrants further investigation.



Data

• Gridded global monthly data from the AR4 archive 
website (www-pcmdi.llnl.gov):
– precipitation 
– evaporation
– surface air temperature 
– surface wind
– meridional wind 
– 500hPa pressure velocity (w500) 

• Annual means were formed for the analysis.

• IPCC A2, A1B, and B1 scenarios were investigated



Hadley cell width

• To determine the poleward edges of the HC, Lu et al.
computed the zonal-mean mass flux stream function (y) 
by vertically integrating the zonal-mean density-weighted 
meridional wind component from the top model level 
downward. 

• The maximum of the absolute value of this stream 
function at 500 hPa (y500) was determined, then 
identifying the edges of the HC as the first latitude 
poleward of the maximum at which y500 became zero.

• The edge of the subtropical dry zone in each hemisphere 
was identified as the latitude where the zonal mean 
precipitation minus evaporation 
(P-E) field crosses zero poleward of the subtropical 
minimum.



Results: global hydrological cycle

(a) Multi-model ensemble mean P-
E in the A2 scenario. Shading 
indicates the difference between the 
first and the last 20 years of the 21st 
century and the black line denotes 
the 0-isopleths averaged from 2001 
to 2020. The zonal mean averaged 
over 2001–2020 (black) and 2081–
2100 (red) is shown; units are 
mm/day. 

(b) Number count out of the total 15 
models that simulate a moistening 
(i.e., D(P-E) > 0) at each grid point.



Results: Hadley cell expansion

• Poleward expansion of the 
subtropical dry zone is strongly tied 
to the poleward expansion of the HC.

• Based on the 38 simulations from the 
three scenarios (A2, A1B, B1), about 
85% (72%) of the spread in the 
poleward displacement of the 
subtropical dry zones in the southern 
(northern) hemisphere can be 
explained by a linear relation to the 
displacements of the outer boundaries 
of the HC. 

• The ensemble mean response of the 
A2 scenario (open circle) shows that 
the edges of the subtropical dry zone 
displace poleward by 1 in each 
hemisphere.



Results: Hadley cell weakening

• Another important aspect of the Hadley cell response 
to global warming is the reduction of its intensity 
(auxiliary material Figure S1)

• Weakening at rates between 0–4% K–1, with a mean 
of 1.2% K–1.



Results: HC –tropopause height

The extratropical 
tropopause height 
(ETH, averaged over 
35o–55o N & S), is 
found to be closely 
related to the 
variation of the HC 
extent not only 
within each model 
(below), but also in 
the comparison of 
the long-term trend 
among models (top).



Possible mechanisms for HC expansion
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Held and Hou (1980) formulate a scaling relationship
which suggests no dependence on static stability, and is 
derived by assuming that:

1. the zonal wind in the upper branch of the HC is 
angular-momentum conserving.

2. the HC is energetically closed, so that the diabatic 
heating in the ascent regions is balanced by the 
diabatic cooling in the descent regions.



Solving the equation between the angular momentum 
conserving zonal wind and the baroclinically critical 
zonal wind yields an alternative scaling for the width of 
the HC:

φH ∝ NHe
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Possible mechanisms for HC expansion



Conclusions

• In response to increased GHG forcing, Lu et al.
found a robust weakening and poleward expansion of 
the Hadley circulation in simulations of the 21st 
century climate taken from the A2 scenario of the 
IPCC AR4 project. 

• In accord with the movement of the HC, the 
subtropical dry zones also expand poleward.



Conclusions

• Lu et al. found that extratropical tropopause height, 
which is a good proxy of the gross static stability, 
varies in concert with the width of the HC on both 
the interannual and longer time scales. 

• The increase in the gross stability near the subtropics 
acts to suppress baroclinic instability, which is a 
critical factor controlling the limits of the outer 
boundaries of the HC. 

• The extratropical stabilization inhibits the breakdown 
of the thermally driven cell, allowing it to reach 
higher latitudes, as a result the edges of the HC 
expand poleward.



Conclusions

• Fu et al. (2006) estimated the amount of latitudinal widening 
of the HC over the period 1979–2005 as 2o latitude. Over the 
same period the increase in global temperature was about 
0.5o C, so that the widening of the HC amounts to 4o latitude 
per degree warming

• This is much greater than found in the AR4 A2 scenario  
simulations (0.6o latitude/K).

• Thus, the observed expansion of the Hadley circulation 
during the late 20th century may, to a large degree, be 
attributed to factors other than the GHG-induced global 
warming, such as ozone depletion and/or natural climate 
variability. It is also possible that the contribution from the 
GHG forcing may be larger than the ensemble mean 
suggests, given the large spread between the individual 
model simulations (Figure 3).
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