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Abstract

This letter shows that the extent of the Hadley cell could reliably be estimated by mea-
suring the height of the uppermost super-thin clouds in the troposphere with space-
borne lidar. Through consecutive multi-year measurements of the height of the upper-
most super-thin clouds, a good estimation of the expansion of the Hadley cell could be5

obtained.

1 Introduction

Some recent studies reported expansion of the Earth’s tropical regime in the past few
decades due to the global warming of the planet (Quan et al., 2004; Frierson et al.,
2007; Lu et al., 2007; Seidel et al., 2007; Johanson and Fu, 2009; Fu and Lin, 2011).10

Because of the prevalence of precipitation in the tropical belt, this expansion, if true, has
very important implications to the climate of dry subtropical regions. The precipitation in
the tropical regions is largely determined by the Hadley cell, an atmospheric circulation
pattern that dominates the tropical atmosphere as illustrated in Fig. 1, with rising air
near the equator, poleward air-mass transport in the upper troposphere, descending15

motion in the subtropics, and equatorward air-mass transport by the prevailing trade
wind in the lower troposphere. The ascending part of the Hadley cell carries moisture
into upper atmospheric layers and thus promotes clouds and rain in the deep tropical
regions, whereas air in the descending part is significantly drier and results in the
deserts in the subtropical belt. The poleward expansion of the Hadley cell is a strong20

indication of the warming of the globe (Quan et al., 2004; Frierson et al., 2007; Lu et al.,
2007; Seidel et al., 2007; Johanson and Fu, 2009).

The extent of the Hadley cell has been studied by analyzing satellite observations
of atmospheric ozone concentration (Hudson et al., 2006) and stratospheric and tro-
pospheric temperature (Fu et al., 2006), studying the tropopause height change with25

radiosonde and model (Seidel and Randel, 2007), locating the latitude of zero net wind
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by model-reanalysis data (Hu and Fu, 2007), and using satellite infrared data to find
the dry subsidence regions at the edges of the Hadley cell (Hu and Fu, 2007). Limited
either by low spatial and temporal sampling observations such as in Seidel and Randel
(2007) and Hu and Fu (2007) or by uncertainties in the Hadley cell studies introduced
by indirect retrieval approaches such as in Hudson et al. (2006) and Fu et al. (2006),5

the methods for determination of the Hadley circulation especially its extent still need
to be improved.

2 Method and data

In this section, we report a novel way to measure the extent of the Hadley cell based
on a direct space-borne lidar observation of optically super-thin clouds.10

Optically thin clouds cover ∼ 50 % of the globe. The Central Equatorial Pacific
Experiment (CEPEX) and the Tropical Ocean Global Atmosphere Coupled Ocean–
Atmosphere Response Experiment (TOGA COARE) found a thin layer of cirrus near
the tropopause (Spinhirne et al., 1996). Using Nimbus-4 Infrared Interferometer Spec-
trometer (IRIS) measurements and the Stratospheric Aerosol Gas Experiment (SAGE)15

II measurements, Prabhakara et al. (1993) and Wang et al. (1994) observed thin cirrus
near the tropopause more than 50 % of the time in warm pool regions. Using a lidar
operating in Chang-Li, Taiwan, China, Nee et al. (1998) found thin cirrus occurring ap-
proximately 50 % of the time at 25◦ N. Using lidar, Platt et al. (1998) also detected thin
cirrus with optical thickness as low as 0.01 in Kavieng, Papua, New Guinea. During20

the Lidar In-space Technology Experiment (LITE), Winker and Trepte (1998) found hor-
izontally homogeneous layers of cirrus in thin sheets near the tropical tropopause with
thicknesses between a few hundred meters and one kilometer. Moreover, using the
High Resolution Infrared Radiation Sounder (HIRS) Wylie and Menzel (1998) reported
that thin clouds were found in 42–44 % of global observations. However, passive re-25

mote sensing techniques such as the Moderate Resolution Imaging Spectroradiometer
(MODIS) (King et al., 1992) generally fail to detect optically thin clouds with an optical
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thickness at the wavelength of 0.55 µm smaller than ∼ 0.3 (Minnis et al., 2008). These
super-thin clouds are hard to identify on satellite images because they either reflect
too little solar radiation or block too little terrestrial emission. Therefore, active optical
sensors such as the lidar on the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) satellite (Winker et al., 2003) are usually used to detect these5

clouds such as the uppermost thin cirrus in Fig. 2.
One of the distinct features of the atmosphere in Hadley cell is the significant mois-

ture transport from equatorial areas to subtropical regions. Deep convection over equa-
torial areas transports moisture to upper troposphere. The Hadley circulation brings
the moisture from low latitudes to relatively higher latitudes. The longwave radiation10

cooling and uplifting of the moist air could form very thin cirrus layer at upper tropo-
sphere near tropopause during the moisture transport. At the subsidence zones, the
downward motion of the Hadley cell makes the moist air warmer and drier, where the
supper-thin cirrus layer disappears when descending to certain altitude. Therefore,
the extent of Hadley cell could be directly observed by tracing the super-thin clouds’15

range. Our hypothesis here to link the super-thin clouds to the extent of Hadley cell
is that the super-thin clouds near tropopause are directly from the radiation cooling of
the upper-troposphere moisture carried by the general circulation; but common clouds,
significantly affected by local thermodynamic conditions, cannot be used for tracing the
large-scale air flow in the general circulations. Therefore super-thin clouds that cannot20

be detected by MODIS but can be identified by CALIPSO lidar are studied in this work.
In this study, one-year CCCM data (1 January–31 December 2007), which merges

the measurements from the Clouds and the Earth’s Radiant Energy System (CERES)
(Wielicki et al., 1996), CALIPSO, CloudSat (Stephens et al., 2002), and MODIS, are
used. In each CERES nadir field of view (FOV) of the CCCM data, we have MODIS25

cloud fraction, CALIPSO cloud fraction, and cloud heights from both CALIPSO and
MODIS measurements. The CERES FOVs of super-thin clouds are those with MODIS
cloud fraction smaller than 1 % and CALIPSO cloud fraction of 100 %. Statistics on the
one-year data shows that ∼10 % of the CERES FOVs are classified as clear sky by the
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MODIS (i.e., MODIS cloud fraction < 1 %), among which ∼ 50 % of the CERES FOVs
are actually covered by the super-thin clouds.

3 Result

Figure 3 shows the one-year zonal mean of the maximum height of the super-thin
clouds for nighttime oceans. We use only nighttime data because CALIPSO lidar mea-5

surements involve no sunlight noise at night. To avoid the interference from strong
local convections over land, we limit our sampling regions simply over oceans. We can
see that the maximum cloud heights of the super-thin clouds well correlate with the
Hadley cells. Within the colatitude range of 67◦ to 110◦ (23◦ N to 20◦ S), limited by the
tropopause, the mean maximum super-thin cloud heights are homogeneously around10

15.5 km, only slightly higher in the southern Hadley cell than in the northern Hadley cell
due to the warmer condition over southern ocean. At colatitudes 67◦ and 110◦ (23◦ N
and 20◦ S), the cloud height drastically decreases. This is due to the downward air flow
in the Hadley cells. Therefore, the latitude range of the horizontally homogeneous-
height super-thin clouds could be considered as a metric to evaluate the extent of the15

Hadley cell. Figure 4 shows the one-year zonal mean of the height of common ice
clouds from MODIS infrared imager for nighttime oceans. It can be seen that common
clouds do not have homogeneous-cloud-height feature in the Hadley cells which could
be used as a metric to indicate the extent of the general circulation.

4 Conclusions20

Our results show that the extent of the Hadley cell could reliably be estimated by mea-
suring the height of the uppermost super-thin clouds in the troposphere with space-
borne lidar. In this study, we focus on the super-thin clouds which cannot be detected
by the passive imagers such as MODIS, because these thin clouds could trace the
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moisture flow in the general circulations. Through consecutive multi-year measure-
ments of the height of the uppermost super-thin clouds, a good estimation of the ex-
pansion of the Hadley cell could be obtained.
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Fig. 1. Illustration of general circulation cells.
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Fig. 2. Total attenuated backscatter at 532 nm from CALIPSO lidar. Super-thin cloud layers
can be seen over and between thick clouds.
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Fig. 3. The one-year zonal mean of the maximum height of the super-thin clouds for nighttime
oceans.
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Fig. 4. The one-year zonal mean of the ice cloud height from MODIS.
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