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PREFACE 
 

Differential heating of the Earth’s surface by the Sun from equatorial to polar 

latitudes is one of the major factors that play a vital role in controlling the Earth’s 

lower atmospheric dynamics. This differential heating induces large scale ascent 

of moist air at the equatorial latitudes, leading to formation of deep convective 

systems and release of large amount of latent heat. Subsequent meridional 

transport towards the poles near the tropopause level, descent of dry air over 

subtropics and a compensating low level transport towards the equator at low 

levels constitute the tropical Hadley Circulation (HC). This planetary scale 

circulation spans one-third of the globe from tropics to subtropics and controls 

the established climate patterns in these regions. By now it is well known that the 

HC is responsible for the wet and humid climate of the tropics and the dry and 

parched climate of the subtropics. The distinct biodiversity of the regions is 

adapted to these climatic and precipitation patterns.  

Of late, the sinking latitudes of HC has gained importance because of the 

fluctuations they exhibit, mainly due to changes in meridional temperature 

gradient arising in response to the changing concentrations of greenhouse gases 

and other anthropogenic sources. Owing to its direct impact on subtropical 

climate, many researchers across the globe are focusing on quantifying the 

variability in the width and strength of the HC. In fact, recent observational 

studies have shown that the annually averaged HC has undergone a poleward 

expansion as well as strengthening over the past few decades. Although 

modelling simulations also project the HC expansion phenomena, a consensus is 

yet to emerge on the observed and modelled rates of expansion of the HC. 

Besides, studies are yet to reliably quantify the regional variations in HC 

expansion rate arising from the zonal undulations in topography. Several factors, 

natural as well as anthropogenic, have been proposed to be leading to the 

phenomena of tropical expansion. However their pathway of action is not clear 

yet and no conclusive evidence has been drawn on the ultimate driver of the HC 

expansion. Leading climate scientists have observed that the expansion of the HC 
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and the tropics will have serious consequences due to the associated shift in 

precipitation patterns, poleward movement of jet streams and storm tracks, 

changes in distribution of climatically important trace gases in the stratosphere 

as well as changes in the ocean circulation. The biodiversity of the tropics shall 

also be not spared from these consequences. The present thesis explores various 

facets of this phenomenon and the dynamics associated with it by means of 

reanalysis and observational datasets.  

The thesis is entitled “Poleward Expansion of the Hadley Circulation and 

Associated Dynamics” and is organized in 7 Chapters. Chapter 1 provides a 

detailed discussion on the phenomena of poleward expansion of the HC, factors 

causing it, and future projection of expansion rates. Chapter 2 provides 

description on the four major reanalysis datasets (JRA-55, NCEP, ERA-I and 

MERRA) as well as ground-based and space-based observational datasets (IGRA, 

COSMIC GPS-RO, GPCP and TRMM-PR) used for analysis in the thesis. Chapter 3 

characterizes the HC using meridional mass stream function (MSF) metric using 

reanalysis datasets and quantifies the annual cycle of the HC expansion rate. Prior 

to this, the reanalysis data is verified for their use in HC dynamical studies by 

comparing it with global network of radiosonde observations from IGRA. An 

expansion of ~1.5⁰ latitude per decade during the month of July, significant at 

95% confidence level, is brought out from this analysis. Chapter 4 is oriented 

towards delineating the regional features of the HC using the tropopause metric 

derived from high resolution GPSRO observations from COSMIC. The tropopause 

metric is utilized in three unique ways to zonally resolve the HC edges and 

determine the contribution of the each region to the zonal mean width of the HC 

during boreal summer and winter seasons. Chapter 5 is one step towards 

identifying the mechanism behind the HC expansion. In this chapter, the role of 

latent heat release in modulating the strength and width of the HC is investigated 

using space borne observations of precipitation latent heating from TRMM PR. 

The results are in support of the modeling simulations in this regard. Chapter 6 

characterizes the long term changes in the parameters of hydrological cycle 

within the ascending and descending branches of the HC. The analysis brings out 

that the variations in relative humidity, cloud cover and rainfall within the 

ascending and descending branches of the HC, which are in conjunction with the 
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observed poleward expansion of the HC. Chapter 7 summarises the thesis as well 

as provides future scope for investigations into the phenomena of HC expansion. 

It is anticipated that the results presented in this thesis shall be of utmost interest 

to the scientific community as well as to rest of the readers. 

 

Sneha Susan Mathew 
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CHAPTER 1 

INTRODUCTION 

 

1.1  Introduction to Earth’s Atmosphere 

1.1.1 Atmospheric Composition 

The Earth’s atmosphere is a deep blanket of gases surrounding the planet, and 

was formed as a result of continual outgassing from the primordial Earth. The 

atmosphere is believed to have reached its current composition in over billions of 

years, and as a result of the influence of the living organisms on the Earth. For 

instance, oxygen content in our early atmosphere was increased by the early 

plant life. The atmosphere in its present form is composed of Nitrogen, Oxygen 

and Argon which constitutes 78.08%, 20.98%, and 0.093% of the atmosphere, 

respectively, by volume (Wallace and Hobbs 2006).  In addition, the atmosphere 

also comprises of variable gases in trace amounts, the most important of which 

are Carbon dioxide (0.035%) and water vapour (0 to 4%). These gases are 

responsible for maintaining the adequate near-surface temperature for the 

sustenance of life on the Earth. Yet another important gas which is present in 

trace amounts in the atmosphere is Ozone (0.002% in stratosphere) which 

protects the biota from the harmful Ultra Violet rays of the Sun. It is also 

responsible for the increasing temperature of the region enclosed between 16-

50km altitude as opposed to the regions below and above it. Thus composition of 

the atmosphere determines the climate of the Earth. Changes in the constituent 

species as a result of the anthropogenic activities, especially in those which are of 

trace amounts, is thus bound to play a major role in the evolution of the current 

climate of the planet. 

 

1.1.2 Thermal Stratification of Atmosphere 

The weather and climate of the Earth is fuelled by energy from the Sun. The top of 

the atmosphere (TOA) receives solar radiation at wavelengths in the 200nm 

(Ultra Violet) to 4000nm (Infrared) spectral range, with intensity peaking at 
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500nm. The atmosphere, being transparent to a majority of these wavelengths, 

allows most of it to pass through to reach the surface of the Earth. The surface 

absorbs this energy and re-radiates it. The energy radiated by the Earth is at 

Infrared wavelengths, with peak emissions at 10-12µm, to which the atmosphere 

is not transparent. The atmosphere thus absorbs the radiation in this wavelength 

regime and warms up from a near-surface level. The amount of solar radiation 

absorbed at each level depends on the properties of the atmospheric constituents 

at the respective level. This results in a thermally stratified atmosphere in the 

vertical direction. The different layers in the Earth’s atmosphere stratified in this 

manner are viz. the troposphere, the stratosphere, the mesosphere and the 

thermosphere. These four different layers of the atmosphere are shown in figure 

1.1.  

 

Figure 1.1: Structure of a thermally stratified atmosphere for the tropics  

obtained using the COSPAR International Reference Atmosphere (CIRA) model 

(Figure taken from (Kumar 2004)). 
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As mentioned before, the temperature of each layer is mainly determined by the 

composition and atmospheric density of that layer. The energy radiated out by 

the Earth’s surface heats the atmospheric layers immediately above it. As the 

distance from the warm surface increase, the temperature decreases in the 

troposphere at the rate of 6.5⁰C per kilometre (lapse rate) (Liou 2002). This 

steady fall in temperature is conducive for most of the weather phenomena in the 

atmosphere. The temperature decrease is stalled at the tropopause, which 

records a typical minimum temperature of ~190K in the tropical regions 

(Fueglistaler et al. 2009). Note that the tropopause height decreases from the 

tropics (~16-18km) to mid-latitudes (~11-13km) and further to the poles (~6-

8km) as a result of the changes in convective activities at the respective latitudes. 

Beyond the tropopause, the temperature increases with height as a result of 

absorption of Ultra Violet radiation from the Sun by a layer of ozone molecules 

with peak abundance near 25km (Mohankumar 2008). This region of 

temperature inversion is called the stratosphere, the upper limit of which is the 

stratopause occurring at 50km in the atmosphere. Beyond the stratosphere, there 

are only fewer molecules left in the upper layers of the atmosphere to absorb the 

solar radiation. Above stratosphere lies the mesosphere, where temperature 

decreases with height. This decrease is due to the radiative cooling by the Carbon 

dioxide molecules present in these levels. The mesosphere is, in fact, the coolest 

region in the atmosphere, with the mesopause (~90km) recording the minimum 

atmospheric temperature (~175K). The mesopause altitude and temperature, 

however, show significant seasonal and latitudinal variations. The mesopause of 

the high latitudes is in fact found to be higher and warmer during winter (100km, 

200K) than during summer (85km, 150K) (John and Kumar, 2011 and references 

therein); whereas that over the equatorial latitudes is found to be consistently at 

100km with a mean temperature of 170K (Ratnam et al. 2010). Above the 

mesospheric layer lay the thermosphere, the region of atmosphere where 

temperature increases with height due to absorption of extremely short wave 

radiation from the Sun by the Oxygen molecules existing in this layer. Since there 

are only very few molecules at these altitudes, even a slight absorption of solar 

energy at these levels can lead to temperatures as high as 1700⁰C. The 

thermosphere extends up to 500km, after which the mean free path of the 



Chapter 1 

4 

molecules become so large that the molecules can escape the Earth. This level 

then marks the upper limit of the atmosphere. 

The most dynamic region of a thermally stratified atmosphere is the troposphere. 

The physical processes happening in the troposphere are the ones which are of 

utmost importance in weather and climate research activities, owing to their 

direct impact on the life of mankind. Fifty per cent of the atmosphere is confined 

within the first 5.5km from the surface (Leroux 2014), making troposphere the 

densest part of the atmosphere. The processes of turbulent and convective 

mixing hence dominate in the tropospheric layer, making it the most active 

region in terms of weather. Troposphere houses most of the water vapour and 

other greenhouse gases, which plays a dominant role in keeping the mean 

temperature of the Earth. This lowest layer of atmosphere is also influenced by 

the nature of the underlying surface. For instance, a land surface emits more than 

the oceans. Again, deserts emit more than a vegetated or forest land. Geography 

of the surface thus determines the amount of short wave radiation that is 

absorbed at the surface and the quantity of long wave radiation that is emitted to 

space. The radiative imbalance produced due to such geographical undulations 

lead to the formation of most of the zonal atmospheric circulation systems.  

1.1.3 Radiation budget of the Earth-Atmosphere System 

The state of balance between the incoming shortwave solar flux and the emitted 

long wave terrestrial flux is called radiative equilibrium. All processes in the 

atmosphere are so oriented that the radiative equilibrium condition is satisfied. 

The redistribution of solar energy received at TOA in the earth- atmosphere 

system to emit an equal amount of long wave radiation at the same level is called 

the radiation budget of the Earth. An illustration of the same is shown in figure 

1.2.  The earth-atmosphere system receives energy from the Sun in the form of 

shortwave radiation. Of the 100% of insolation that reaches the TOA, 29% is 

reflected back to space by clouds, atmospheric particles, as well as by the surface 

(ice/snow). Out of the rest 71%, 23% is absorbed by the atmospheric gases and 

48% by the surface. Since every surface above absolute zero temperature 

radiates energy depending on its temperature, the atmosphere and surface 

should also radiate the energy they have absorbed. Then only the temperature of 

the planet will remain stable. Out of the 71% of the long wave radiation that is 
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emitted by the earth-atmosphere system as a whole, the satellite measurements 

showed that the contribution of the atmosphere is 59% (in place of the 23% it 

has absorbed) and that of the surface is only 12% (whereas it has absorbed 48%). 

But neither the surface temperature rise in response to the heat it retains, nor 

does the temperature of the atmosphere fall so low in response to the heat it 

loses. This behaviour can be understood if only the energy budget of the surface 

and the atmosphere are considered separately.  

 

Figure 1.2: Earth’s energy budget (Figure adapted from 

https://earthobservatory.nasa.gov/Features/EnergyBalance). 

Of the 48% of energy absorbed by the surface, 25% is lost by way of convection, 

5% is used for evaporation and 18% is emitted as thermal infrared (IR) radiation.  

The surface thus gave up what it has absorbed. 12% of the long waves emitted by 

the surface are directly radiated to space, while the rest is absorbed in the 

atmosphere (25% from convection+ 5% from evaporation+ ~6% from IR). This is 

in addition to the 23% of the incoming short wave radiation it has already 

absorbed. Thus the atmosphere absorbs 36% of energy from the surface too, 

along with the directly absorbed 23%, leading to a total of 59% absorption of 

radiation. The atmosphere has been observed to emit 59% and surface 12% of 

radiation, all of what it has absorbed. This leads to a total of 71% long wave 
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emission at the TOA by the earth-atmosphere system, which is same as the 

amount of short wave radiation input to the system at the TOA. Thus, a radiative 

equilibrium is established on Earth.  

The earth-atmosphere system receives a total of 340 W/m2 of energy at the TOA 

from the Sun; however, after accounting for the albedo of earth, about 240 W/m2 

of energy reaches the surface. Various meteorological processes reshuffle the 240 

units of energy within the system before radiating out the same amount of energy 

to space, so as to maintain the radiative equilibrium. It is to be noted that this 

equilibrium does not hold true for any specific region on the Earth, or for short 

time spans. 

1.1.4 Latitudinal variation of insolation 

The Earth and the atmosphere together do not maintain the radiative balance at 

all latitudes (Ahrens 2009). Since the amount of terrestrial flux remain more or 

less uniform along all latitudes, it is quite understandable that the above 

difference is mainly due to the latitudinal variation of insolation.  

The difference in insolation with respect to latitude is mainly caused by the tilt of 

the spherical Earth about its rotational axis, and a seasonal variation to it is 

caused by the orbital motion of the Earth around the Sun. The spherical shape of 

the earth causes the angle of incidence of the solar radiation over surface to vary 

from 90⁰ over the tropics to 0⁰ over the Polar Regions. Greater the angle of 

incidence, lesser is the area to be illuminated, and hence higher the intensity of 

insolation over these regions. This means that the Polar Regions will be 

completely devoid of any radiation. However, the tilt of the rotation axis of Earth 

ensures that the Polar Regions also receive energy during the respective 

hemisphere’s summer. Because of the same tilt, the angle of incidence in the 

tropics varies only between 90⁰ and 43⁰06’ (Leroux 2014); hence tropical regions 

receive the maximum amount of insolation as compared to Polar Regions. Again, 

the length of daylight hours is extended during the summer solstice, which 

implies that the summer hemisphere is exposed to energy from the Sun for a 

lengthier time. The ellipticity of the orbit is responsible for seasonal variation in 

the amount of radiation reaching the surface. During NH winter solstice, the sun 

is at perihelion, which reduces the mean Sun-Earth distance, thus leading to an 
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increase in the amount of solar radiation reaching the surface during this time of 

the year.  

 

Figure 1.3: Latitudinal distribution of absorbed shortwave and terrestrial long 

wave radiation (Figure taken from McIlveen, (1992)). 

Thus, the amount of insolation reaching the Earth’s surface is influenced by the 

shape, rotational and revolutionary motions of the earth. And, under the 

assumption of uniform features on earth, the absorbed short wave radiation 

exhibits a strong maximum within the tropics. However, the terrestrial flux is 

more or less uniform along all latitudes. Figure 1.3 is an illustration of the same. 

The tropics absorb ~300W/m2 of shortwave energy as compared to the 

~80W/m2 absorbed by the Polar Regions. Of this, only ~240W/m2 is radiated out, 

leading to a surplus of ~60W/m2 in the tropical regions. On the other hand, the 

high latitudes emit ~240W/m2 of terrestrial radiation which is thrice larger than 

the amount of shortwave radiation absorbed there. Thus there is a clear excess of 

energy absorbed by the surface over the tropical latitudes and a deficit over the 

Polar latitudes. This latitudinal gradient in energy forms the basis of all 

meridional circulation patterns. The excess energy is transported from the 

tropics to the polar regions in the form of sensible heat, latent heat, and potential 

energy (Lockwood 1979; Trenberth and Stepaniak 2004) by way of atmospheric 
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Hadley Circulation and deep oceanic circulation. On the other hand, differences in 

topography lead to longitudinally undulating patterns of heating and cooling. For 

instance land locked regions undergo intense warming during day and cooling 

during night time, whereas the temperature changes are only moderate in 

oceanic or coastal regions. Zonal circulation patterns evolve under such 

longitudinally varying geography of the Earth. 

1.2 Large Scale Circulations in the Earth’s Atmosphere 

The general pattern of atmospheric response to unequal heating of Earth’s 

surface are well represented when the circulations of scale >1000km are 

considered. Such circulations have pattern of winds and pressure that either 

recur seasonally, or is present throughout the year. These large scale circulations 

can be either zonal or meridional. While the tri-cellular model explains the 

idealized large-scale meridional circulation pattern within the troposphere, the 

Brewer-Dobson circulation gives an account of that within the stratosphere. The 

large scale circulation confined to a zonal plane within the troposphere is called 

the Walker circulation.  

1.2.1 Global Tropospheric Wind Climatology 

In order to explain the climatology of winds in the troposphere, one needs to 

consider two factors: 

1. Differential heating of the Earth and its atmosphere by the Sun 

2. Angular momentum of the earth-atmosphere system due to rotation of the 

Earth. 

While the atmospheric motions are initiated by factor 1, the latter determines the 

direction and speed of these motions. Under the assumption of a zonally uniform 

topography, there are three major prevailing surface wind belts in each 

hemisphere on a rotating Earth: 

1. Tropical easterlies/Trade winds 

2. Subtropical Westerlies 

3. Polar easterlies 
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Figure 1.4:  An idealized pattern of the general circulation of the atmosphere 

(Figure taken from (Ahrens 2009)). 

Tropical easterlies cover the latitudes from 0⁰-30⁰N/S; Polar easterlies are 

enclosed between the polar and the 60⁰N/S latitudes; and embedded within the 

30⁰-60⁰N/S latitudinal belt are the Subtropical westerlies. These prevailing winds 

are the surface counterparts of the tri-cellular model of the atmospheric general 

circulation, which is shown in figure 1.4. This simple model of general circulation 

was developed by C. G. Rossby in 1947 and improvised by others in the later 

years. According to this model, there are three dominant meridional circulation 

cells in the troposphere, viz. Hadley cell, Ferrel cell, and Polar cell. The 

easterly/westerly component of the prevailing winds is due to the presence of 

Coriolis force arising out of the angular momentum conservation on a 

differentially rotating earth. There occur considerable changes in the strength 

and extent of the prevailing winds if the longitudinal differences in surface 

pressure due to topography are also taken into consideration.  
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Figure 1.5:  Schematic of the tropospheric and stratospheric circulations (Figure 

taken from Murakami, (1995)). 

Figure 1.5 shows a schematic of the vertical cross-section of the meridional 

circulations within the troposphere and the stratosphere. This figure clearly 

indicates the prevailing wind directions at different altitudes in the atmosphere. 

According to the tri-cellular model of the atmosphere, at higher levels in the 

troposphere, the wind systems are poleward over the tropics and equatorward 

over the subtropics. These upper-tropospheric winds develop a westerly 

component following the principle of angular momentum conservation. Such high 

speed zonal westerly winds are called Jet Streams. On similar lines of thought, the 

upper-level equatorward flow of air over the mid-latitudes should acquire an 

easterly component. However observations show that the mid-latitude wind 

system aloft is westerly. This observation could be explained only by 

incorporating the fact that longitudinal variation in surface pressure as well as 

friction breaks down the principle of angular momentum conservation over these 

latitudes. The westerly component of the poleward flowing upper-tropospheric 
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winds over the mid-latitudes was thus found to be achieved by the transport of 

eddy momentum flux from the upper-level winds of low and high latitudes. 

1.2.2 Hadley Circulation 

Hadley circulation (HC) is the tropical branch of the general circulation which is 

characterized by rising motions in the equatorial region and sinking motion in 

the sub-tropical regions. As mentioned in section 1.1, the tropical atmosphere is 

heated in excess than the poles which causes a low pressure to develop in these 

regions making the air parcels buoyant. The rising parcels in the warm tropics 

cools adiabatically, condensing the water vapour present within it. During the 

process latent heat is released, triggering further convection. Air parcels rising in 

such organized convections near the equator reaches up to the tropopause, from 

where further vertical motion is restricted by the stable stratosphere. The parcels 

then start spreading out towards the poles. During this process, air cools 

radiatively and gets denser; in addition, a piling up of air also happens since the 

radius of the Earth decrease poleward. By the time it reaches ~30⁰N/S latitude, 

the parcel becomes dense enough, and sinks. A part of the sinking air flow back 

towards the tropics, completing the so called HC. This circulation is responsible 

for the copious amount of rainfall received at the tropics and at the same time, for 

the dry climate of the subtropics.  A schematic of the idealized HC1, is shown in 

figure 1.6. The HC thus typically has a two cell structure with ascending limb 

located close to the equator. Near-surface wind flow in the equatorward branch 

of the HC is known as trade wind. Convergence of the trade winds in both 

hemispheres feeds the ascending branch of the circulation with the sufficient 

amount of moisture. The mid-tropospheric latent heat release in the ascending 

branch of the HC maintains the  temperature gradient required to sustain the HC 

at higher levels in the atmosphere (Webster 1994). The poleward wind flow in 

the upper troposphere ends in high speed westerlies, known as the Sub-Tropical 

Jetstream (STJ).  

The HC is responsible for the poleward transport of energy and momentum from 

the tropics to the extra-tropics, and for the equatorward transport of the 

moisture content from the subtropical to the tropical regime. Clear skies of the 

                                                                 
1
 HC has been originally proposed under the assumption of zonally uniform topography for the Earth. 

The structure and intensity of the actual HC exhibits deviations from the schematic HC of figure 1.6. 
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Figure 1.6: Schematic of an idealized Hadley Circulation (Figure taken from 

Marshall and Plumb, (2008)). 

subtropics, occurring as a result of the descending limb of the HC, allows more 

solar radiation to reach the surface. This causes evaporation from the subtropical 

ocean surface, increasing the moisture content over these regions. Equatorward 

branch of the HC at the near surface level transports this moisture content into 

the tropics, where it converges into the ascent region and feeds the rising branch 

of the HC. The ascending limb of the HC thus carry energy obtained as a result of 

the sensible heating (from insolation) and latent heating (from transport) 

components from the near-surface to aloft, and from there towards the mid-

latitudes. Besides poleward transport of energy, HC also take part in the angular 

momentum transport within the tropical-subtropical regime. The presence of 

easterly trade winds in the tropics (the surface part of the HC) helps the 

atmosphere to gain angular momentum over the tropics. Eddies in the upper 

level wind flow transport this angular momentum to the mid-latitude westerlies, 

where it continually loses angular momentum due to friction with the underlying 

surface. HC is thus closely associated with the energy, momentum and moisture 

budgets in the atmosphere (Rind and Rossow 1984). 

 

The HC exhibits significant seasonal variability with respect to its total width, 

intensity, as well as location of the ascending limb. The ascending limb is 

primarily located in the summer hemisphere during solstices, causing the 

hemispheric cells of the HC to shift their location seasonally (Bates 1972; James 
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2003). Again, the winter hemispheric cell has been found to be wider and more 

intense than the summer hemispheric cell (Bates 1972; Lindzen and Hou 1988; 

James 2003). Such variations are attributed to the presence of continents and 

oceans on the Earth, as proposed by various modelling studies. For instance, the 

GCM simulations by Cook, (2003) showed that the presence of continents doubles 

the intensity of the winter hemispheric HC and halves the intensity of the 

summer hemispheric HC. Another study using climate model simulations by 

Clement, (2006) brought out that the inclusion of ocean heat transport resulted in 

significant weakening of both summer and winter hemispheric HC, and also 

caused the HC ascending limb to shift deeper into the summer hemisphere (by 

10⁰ to 15⁰). Thus the land-sea contrasts were found to have a significant influence 

on the seasonality of the HC. HC also exhibits significant interannual variability in 

its width and strength, the studies on which has motivated the current thesis. 

 

1.2.3 Walker Circulation 

Walker circulation (WC) is a series of zonal circulation cells which arise as a 

result of the longitudinal variation in atmospheric heating due to gradients in sea 

surface temperature as well as topographical asymmetries on the surface of the 

Earth. Figure 1.7 shows a schematic of the WC. Typically, the region between 5⁰S 

and 5⁰N is used to define and characterize the zonal WC. The rising motion of the 

WC cells happens over the warmer continents as well as in the regions of higher 

sea surface temperatures. Descending motion of each cell occurs in the adjacent 

oceans which are cooler.  

The largest of the WC cells is the one over the Pacific, characterized by rising 

motion over the West Pacific and descending motion over the East Pacific. The 

ascent and descent motions are connected by easterly winds at the surface and 

westerlies aloft. Lower level easterly winds lead to a piling up of the warm waters 

in the West Pacific, increasing the temperature in the regions. This is 

compensated by an increased upwelling of cold, nutrient rich, subsurface water in 

the East Pacific, thus further reducing the temperature in this region. An increase 

in the easterly wind speed strengthens the WC, resulting in the so called La-Nina 
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Figure 1.7: Schematic of a Walker Circulation (Figure taken from Lau and Yang, 

(2002)). 

condition. Increased temperature in the West Pacific also increases the 

convection and cloud formation in these regions, thus inhibiting the amount of 

solar radiation reaching the surface. Consequent surface cooling weakens the 

convection activity and hence, the WC. This leads to slower surface easterlies 

which sometimes change direction too. A shift in the direction of the surface 

easterlies is associated with the El-Nino condition, during which the WC is 

reversed. Thus the tropical atmosphere and oceans act in a coupled manner to 

change the intensity of the WC every two to five years. This periodic oscillation in 

the strength of the WC is coincident with the atmospheric pressure variations in 

the equatorial Pacific Ocean, known as the Southern Oscillation (SO). SO is 

characterized by a low mean sea level pressure near the West Pacific (in Darwin, 

Australia) and high pressure near the East Pacific (in Tahiti), which very much 

coincides with the atmospheric condition for a WC to exist; conditions are similar 

to that of El-Nino when the pressure difference between the two stations 

decrease. Hence the El-Nino and La-Nina are considered to be the warm and cold 

phases of a single phenomenon- the El-Nino Southern Oscillation (ENSO). The 

Indian Ocean cell and the Atlantic Ocean cell form the other two main circulation 

cells within the WC. All the WC cells, together, play an important role in 

determining the weather condition in the tropics. For instance, regions such as 
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Indonesia and North East Brazil suffer from droughts (floods) during El-Nino (La-

Nina), whereas those such as Peru and Ecuador suffer from floods (droughts) 

when similar conditions prevail.  

 

The rising branch of the zonally averaged HC exists within the 10⁰S-10⁰N 

latitudinal belt. Hence it is presumed that the HC and WC are well connected. 

Also, it has been identified that the width and strength of the HC is affected by the 

ENSO phenomena, which is essentially a modification in strength of the WC. Oort 

and Yienger, (1996) found that the HC strengthens during the warm phase of 

ENSO (El-Nino conditions), while the strength of the WC reduces. Further studies 

have shown that the HC is narrow and intense during warm phase of ENSO, and 

wider and weaker during the cold phase of ENSO (La-Nina conditions) (Lu et al. 

2007; Stachnik and Schumacher 2011; Loeb et al. 2014; Lucas et al. 2014). 

Gastineau et al., (2009) reported that the weakening of the WC during ENSO 

episodes are correlated with the strengthening of the NH cell of the HC and 

weakening of the SH cell of the HC. Changes in the strength of the WC during the 

time of El-Nino or La-Nina are compensated by changes in the strength of the 

ascending motions within the HC, leading to a stronger and narrower HC (Lu et 

al., 2007 and references therein). However, climate model simulations have 

shown that the impact of global warming is felt more in the strength of the WC 

than in the HC (Gastineau et al., 2009 and references therein).  

 

1.2.4 Brewer Dobson Circulation 

The zonally averaged large scale circulation existing within the stratosphere is 

called the Brewer Dobson (BD) circulation, and can be thought of as an extension 

of the ascending limb of the tropospheric HC into the stratosphere (Telegadas 

1971). The circulation essentially consists of the entrance of tropospheric air into 

the stratosphere at the tropics, poleward movement of this air, and its descending 

motion in the mid-latitudes as well as poles. The air sinking over the subtropics 

re-enter the stratosphere and move back towards the tropics, whereas that which 

sink in the polar latitudes accumulate there at the polar stratosphere itself. This 

extremely slow circulation (~20m/day) was able to explain the abundance of 
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ozone in the polar stratosphere, which is quite away from the tropical 

stratosphere where it is produced in plenty.  

 

 

Figure 1.8: A schematic of the Brewer Dobson circulation (solid black lines) and 

the distribution of stratospheric ozone associated with it for March 2004 (Figure 

taken from Remsberg, (2015)). 

Figure 1.8 shows the latitudinal distribution of stratospheric ozone obtained for 

March 2004 from the ozone number density measurement of Optical 

Spectrograph and Infra-Red Imaging System (OSIRIS) instrument on board the 

Odin Satellite.  The solid black lines in the figure represent the BD circulation and 

the dashed black lines represent the tropopause. The figure shows the piling up 

of ozone molecules in the NH extra-tropical regions, in response to the 

stratospheric circulation. In addition to ozone, the BD circulation has also been 

found to be responsible for the observed latitudinal distribution of water vapour, 

nitrous oxide, methane and other trace species in the stratosphere. The BD 

circulation is primarily confined to the stratosphere and during winter time when 

the wave activities are dominant. The circulation is driven by the breaking of 

planetary waves in the extra-tropical stratosphere during winter (-illustrated by 
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using orange squiggly lines in figure 1.8). The deposition of energy by the wave 

breaking produces a westward force on the parcels there. Because of the “quasi-

gyroscopic” (Holton et al. 1995) effect due to rotation of the Earth, these 

westward moving parcels start drifting poleward. Hence a void is created in the 

middle latitudes. Air is pulled towards this void from the equatorial stratosphere. 

In this process air rises over the tropics and adiabatically cools to a temperature 

lower than its radiative equilibrium value. Accumulation over the polar latitudes 

leads to sinking of parcels, which in turn causes adiabatic warming of parcels to a 

temperature which is above the radiative equilibrium value. This mechanism was 

called by the name ‘extra-tropical wave driven pump’ (Holton et al. 1995). The 

circulation could effectively explain the observed deviation of temperature from 

their radiative equilibrium values. Besides, it is via the tropical uplifting branch of 

the BD circulation that water vapour as well as tropospheric trace constituents 

enters the stratosphere, where it is destructed. Hence the circulation also forms 

an essential factor in determining the lifetime of the tropospheric trace species.  

Changes in the BD circulation also have been projected by models in a warming 

climate, wherein the tropospheric warming due to GHGs accelerates the wave 

generation activity that drives the circulation (Garcia and Randel, 2008 and 

references therein). Such changes in the strength of the BD circulation can affect 

the meridional distribution of the trace species in the stratosphere, which in turn 

influences the atmospheric radiative balance. These changes have been found to 

be coherent with the intensification of the tropospheric HC (Salby and Callaghan 

2005). 

 

1.3 Hadley Cell Dynamics: Literature Review 

1.3.1 Metrics for HC characterization 

As mentioned in the previous section, the HC is a meridional circulation that 

spans the tropical latitudes and the one that is responsible for the climatic 

patterns of the tropical-subtropical regime. Researchers are zealous to 

characterize this circulation since subtle changes to the HC width or strength can 

influence the span of the arid regions as well as the frequency and severity of the 

extreme precipitation events associated with it. Several atmospheric features 

have been used to characterize the HC, counting on the distinct nature of the each 
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Figure 1.9: Metrics for HC characterization (Figure taken from Seidel et al., 

(2008)). 

of these features in the tropics and the extra-tropics. For example, the amount of 

precipitation minus evaporation (P-E) is positive in the moist tropics whereas 

negative in the dry subtropics, the amount of Outgoing Long-wave Radiation 

(OLR) is low in the cloud covered tropics whereas high in the dry subtropics, 

tropopause is at higher heights in the tropical convective regions and at lower 

heights in the mid-latitudes, surface winds are easterly in the tropics whereas 

westerly in the mid-latitudes, and so on. Such atmospheric features used to 

describe the HC are known as the HC indicators or the HC metrics. Of these, the 

observable parameters which exhibit sharp gradients at the edges of the HC, such 

as the atmospheric ozone concentration, amount of Outgoing Long-wave 

Radiation (OLR), height of the thermally defined tropopause (LRT), etc. are 

termed as physical indicators of the HC. Characterization of the HC in terms of 

dynamical features such as the location of the Subtropical Jetstream (STJ), 

meridional Mass Stream Function (MSF), direction of prevailing surface winds, 

etc. is called the characterization by means of dynamical indicators of the HC. 
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Figure 1.9 illustrates some of the common HC indicators used to characterize the 

HC.  

General features of the HC deduced by using these metrics, either independently 

or in a combination, are used to characterize the HC in terms of its structure, 

intensity, as well as the circulation energetics. It has been derived from these 

metrics that the hypothesized two-cell structure of the HC (Held and Hou 1980; 

James 2003), which consists of individual cells of opposite directionality on either 

side of the equator, is valid only during the equinoctial seasons (Barry and 

Chorley 2003; Nguyen et al. 2013). During the solstices, the summer cell is so 

weak that the HC seem to consist of only a single cell, which is in the winter 

hemisphere (Bates 1972; Oort and Yienger 1996; Waliser et al. 1999). The 

increased intensity of the winter hemispheric cell is attributed to the greater 

pole-to-equator temperature gradient in the winter hemisphere (Goody and 

Walker 1972; James 2003). The rising branch of the HC always exists in the 

summer hemisphere, except during equinoxes. Winter cells are hence cross-

equatorial cells and exhibits larger width. Poleward boundary of each cell occurs 

within the subtropical regions. The location of the descending branch of the HC is 

broad, rather than being confined only to a single latitude (Lucas et al. 2014). The 

circulation also shows considerable seasonal shift in its location, thus making the 

determination of the poleward boundary of the HC never a simple task.  

1.3.2 Expansion of HC and the tropical belt 

The HC characterization studies using the above mentioned metrics revealed a 

major fact: the location of the descending limb of the HC is shifting poleward! One 

of the earliest efforts to identify the poleward movement of the HC was the 

studies of Fu et al., (2006). Their studies, using satellite derived atmospheric 

temperature data, identified an enhancement in the tropospheric warming and 

stratospheric cooling over the 15⁰-45⁰ latitudinal belt. Changes in the 

tropospheric and/or stratospheric temperature are bound to increase the height 

of the radiative-convective equilibrium level, which is nothing but the 

tropopause.  Theories have shown that the height of the tropopause scales with 

the width of the HC, according to the equation: 
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where    is the height of the tropical tropopause,    is the equator-to-pole 

surface potential temperature difference in radiative equilibrium,    is the global 

mean temperature,   is the radius of the Earth,   its angular velocity and   is the 

acceleration due to gravity (Lu et al., 2007, and references therein). The study 

thus suggested an increase in the width of the HC associated with tropospheric 

warming and stratospheric cooling in a warming climate. A deeper analysis of 

this observation by the authors revealed that the tropical circulation has widened 

by ~0.7⁰ latitude per decade. Satellite-derived total ozone measurements of 

Hudson et al., (2006) also revealed a poleward shift of the NH HC by ~1.1⁰± 0.1⁰ 

latitude per decade. These studies were followed by the tropopause-height based 

studies of Seidel and Randel, (2007) who brought out that the tropics have 

widened by ~1.8⁰-3⁰ latitude per decade by making use of the observed seasonal 

changes in tropopause height over the subtropical locations. A widening of the 

HC, ~1.8⁰ latitude per decade, was also revealed from the OLR based studies of 

Hu and Fu, (2007). Expansion of the HC was brought out in the studies using the 

dynamical indicators too, especially from the MSF metric (Hu and Fu 2007; 

Johanson and Fu 2009; Stachnik and Schumacher 2011; Nguyen et al. 2013). The 

MSF metric has been the most widely employed dynamical indicator in the HC 

expansion studies because it closely follows the movement of mass within the 

tropical circulation. Together, these studies brought out an average expansion 

rate of ~1⁰ latitude per decade for the HC. Several other studies also have 

addressed the phenomena of increasing width of the HC, each unique in its own 

way. This is possible since the HC is defined in different ways by the HC metrics, 

the definitions being either subjective or objective in nature. A coarse summary 

of such studies on HC expansion using different metrics and their variant 

definitions is given in Lucas et al. (2014). Mean state variability in the expansion 

trend of the HC among different reanalysis datasets was found to be minimal 

(Stachnik and Schumacher 2011), thus proving the robustness of this 

phenomena.  
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The expansion of the HC was identified by not just observational studies, such as 

the ones mentioned above, but by modelling simulations too. These studies were 

carried out under a warming climate scenario, primarily by means of increasing 

greenhouse gases (GHGs). However, the trends derived from these studies were 

found to be lower than that estimated by the observational studies (Johanson and 

Fu, 2009;Seidel et al., 2008). Allen et al., (2014) suggested in their study that this 

discrepancy could be due to the short span of observational records, model 

deficiencies, or even due to the natural variabilities in some metrics. The reasons 

behind this disparity are still being explored, for which a complete understanding 

of the drivers and processes behind the HC expansion phenomena is necessary.  

Changes in the strength of the circulation were also reported by the researchers, 

in association with the poleward expansion of the HC. For instance, Quan et al., 

(2004) have used reanalysis and model simulations to conclude that the intensity 

of the winter cell has been on the rise since 1950; and that this intensification is 

partly in response to the warming of the tropical oceans and intensification of 

interannual variability of El-Nino events. The authors have also used GPCP 

dataset, a combination of surface and satellite observations of precipitation, in 

the above study to associate the winter HC intensification to the intensification of 

the hydrologic cycle, which is characterized by increase in equatorial oceanic 

rainfall and drying up of the subtropical land regions. Liu et al., (2012) probed 

into the multi-decadal variability in the strength and width of the HC using the 

20th Century Reanalysis (20CR2) dataset. They reported that the NH and the SH 

HC strength have increased by ~26.9% and 12%, respectively, since 1871. This 

was observed to be in accordance with the global mean surface temperature 

increase since 1871. Positive trend in NH and SH HC strength was observed in all 

seasons, except for the SH HC during summer. The vertical structure of trend in 

NH and SH strength was also explored in this study, which revealed that the 

intensification is present at all levels, from the surface to the upper troposphere. 

An intercomparison of HC strength and width represented in eight reanalysis 

datasets by  Stachnik and Schumacher, (2011) showed that the HC strength has 

significant variability among the chosen reanalysis datasets. Mean trend in the 

strength of the HC was identified to be ~0.4 x 1010kg/s in the NH and by ~0.07 x 

1010kg/s in the SH. An ensemble mean trend of ~1.1⁰ latitude per decade for the 
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HC width was also identified in this study, with minimal variability among the 

eight reanalysis datasets.  

All of the above studies made use of the MSF metric to determine the strength of 

the HC. A unique study regarding the changes in the HC strength was by Chen et 

al., (2002) who used observational quantities such as total cloud amount from 

ISCCP, upper tropospheric relative humidity from HIRS, surface air temperature 

from GISS, and TOA shortwave and long wave flux from ERBE and CERES, along 

with 500hPa pressure vertical velocity from NCEP data. The long term changes in 

these quantities were analysed for the equatorial, tropical and subtropical 

regimes separately. The analysis showed that the downwelling over the 

subtropics have increased by 7.6x10-4 Pas-1, leading to a decrease in upper 

tropospheric relative humidity by ~1.5%, decrease in cloud amount by ~1.7%, 

and hence increase in TOA long wave flux by 2.8Wm-2. The upwelling regions 

within the equatorial zone showed exactly opposite character, from which it was 

concluded that the rising limb of the HC has intensified. Considering the long 

term behaviour of the atmospheric properties in both the regions, the study 

concluded that the HC has strengthened in the recent decade. However, these 

authors could not derive the trend in HC strength since the influence of Walker 

Circulation on the ascending limb of the HC could not be separated out. Trend in 

the HC strength values can also be derived using observational data on wind 

speed and direction; but is limited by the lack of sufficient data (Chen et al., 

2002). 

While the observational studies state evidently that the HC has intensified, the 

modelling simulations predict a weakening of the circulation. For instance, Lu et 

al., (2007) predicted that the HC weakens in a warming climate, along with a 

poleward expansion of the circulation. This study was carried out, again, under 

the scenario of increasing GHGs from the IPCC AR4 project. Increased static 

stability of the subtropics in a warming climate was attributed to be the reason 

behind this circulation weakening, because the static stability inhibits the vertical 

development of convective motions. Climate model simulations of Vecchi and 

Soden, (2006) for the IPCC AR4 project, and that of Kjellsson, (2015) for the IPCC 

AR5 project also suggested a weakening of the tropical circulation in a warming 

climate. However, their study showed that the simulated weakening of the 
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tropical circulation scenario is noticeable within the zonally asymmetric 

component of the tropical circulation (i.e., WC), rather than in the HC. Gastineau 

et al., (2009) also noticed that the weakening of the WC is stronger than that of 

HC in a global warming scenario. A standalone study was by Mitas and Clement, 

(2005), which compared the strength of the boreal winter cell of the HC 

represented in the reanalysis and in the atmospheric GCMs. In contrast to other 

modelling simulations on the strength of the HC, the ensemble mean of GCM 

simulations in their study yielded a significant strengthening of the NH winter 

cell. However, the magnitude of the trend derived by the GCMs was lower than 

that obtained from the reanalysis datasets. Mitas and Clement, (2006) 

investigated the source of this discrepancy by exploring the thermodynamic 

structure of the tropical troposphere in a warming climate. Tropical mid-

troposphere is warmer in models, and thus has larger static stability. Since the 

static stability and HC strength is inversely related, the HC strength represented 

by models is lesser. Reanalysis data, on the other hand, are constrained by 

radiosonde observations which show a cooling in the upper tropical troposphere. 

The intensification of HC is the response of the circulation to this cooling aloft, so 

that the desired amount of poleward heat transport is attained. Thus the authors 

concluded that the different ways in which the tropical thermodynamics is 

represented in models and in reanalysis leads to the observed discrepancy in the 

HC strength between the models and reanalysis.   

It is clear from the above discussion that there is considerable ambiguity in the 

long term trends in the width and strength of the HC. The type of metric used, the 

definition of the chosen metric, type of data in use, as well as time span of the 

dataset- all these factors result in an inaccurate determination of the trends in HC 

features. Lack of sufficient observational data record, uncertainty in the available 

observations, biases and errors in models, and the method of data assimilation in 

reanalysis limits the characterization of the long term behaviour of the HC (Mitas 

and Clement 2006). In addition, the diverse number of HC metrics, their different 

definitions, as well as the data span (pre/post-satellite era) contribute to the 

ambiguous nature of the trends (Lucas et al. 2014).  

An increase in the upper level boundary of the HC- the tropopause, has also been 

reported by the researchers in addition to the poleward expansion of its 
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meridional boundary. For instance, Seidel et al., (2001) detected an increasing 

trend in the tropopause height ~20m per decade over the deep tropics by 

analysing the radiosonde data from selected stations during the period 1978-

1997. Globally, the height of tropopause was estimated to show positive trends 

~64±21m per decade by Seidel and Randel, (2006) using radiosonde data from 

1980-2004. These studies are suggestive of an increase in the width of the HC as 

given by Equation (1); however it is to be noted that there are limitations in 

determining the trend using radiosonde data. A positive trend in the global mean 

tropopause height ~47m per decade was also shown in study by Wilcox et al., 

(2012) using ECMWF-Interim reanalysis for the period 1989-2007. The trends 

were found to vary with respect to latitude in this study, with the largest positive 

trends being shown by the subtropical latitudes. This implies that the regions 

showing high tropopause heights (i.e., the tropics) are expanding into the 

subtropics, which is in conjunction with the expansion of the HC.  

Thus the HC expansion phenomena and the tropopause height increase, together, 

has led to an increase in the volume of the tropical atmosphere by 5% (Seidel et 

al. 2008). And the tropical belt, defined as the region confined between the NH 

and SH boundary of the HC, was concluded to have increased its area over the 

past few decades.  

Studies having stated unanimously that there is a poleward expansion of the HC, 

the focus have now shifted to the regional variability in the rate of expansion. 

This is important because the zonal mean HC is capable of being influenced by the 

presence of regional variations in topography. Karnauskas and Ummenhofer, 

(2014) investigated the dynamics of the subtropical drying observed in the 15⁰-

40⁰S latitudinal band during austral winter, using Coupled Model 

Intercomparison Project- Phase 5 (CMIP5) simulations under an RCP8.5 forcing 

scenario. They found that the drying is not zonally uniform, but localized near the 

eastern coastline of the subtropical oceans. Further analysis by the authors using 

NCEP reanalysis data revealed that the equatorward surface flow is mainly 

concentrated along the eastern coastline of the subtropical oceans (i.e., the 

western coastline of the subtropical land masses). This was attributed to the 

zonal pressure gradients arising from the heating up of the continents and the 

air-sea interaction associated with it. Contribution of different regions to the 
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zonal mean expansion has been brought out by Lucas and Nguyen, (2015), and 

Mathew and Kumar, (2018a), whereas the regional variation in expansion rates 

have been brought out by Chen et al., (2014) and Grise et al., (2018). It is 

expected that more of such studies can provide conclusive evidence on the 

factors behind the tropical expansion phenomena. 

1.3.3 Consequences of the HC expansion 

The expansion of the HC has serious consequences as a result of the associated 

changes in the precipitation patterns, poleward movement of jet streams and 

storm tracks, changes in distribution of climatically important trace gases (such 

as water vapour) in the stratosphere, changes in biodiversity, as well as changes 

in the ocean circulation (Seidel et al. 2008). The first and foremost consequence 

of the expansion of the HC is the changes in the climatic zones within the tropical 

belt, especially in the location of the arid and semi-arid zones near the edges of 

the tropical belt. Water resources in these areas of marginal rainfall are further 

constrained due to the shift in the precipitation patterns associated with the HC 

widening. Studies have already reported changes in the dry zones associated with 

the expansion of the HC. For instance, Cai et al., (2012) investigated the rainfall 

reduction in the SH subtropics using rain gauge precipitation datasets for the 

period 1951-2010. These authors observed that out of the three major semi-arid 

regions in the SH, the South East Australian region shows a rainfall reduction in 

line with the poleward movement of the HC edge during April-May season. 

Changes in precipitation pattern within the tropics has also been reported in 

association with the intensification of the HC (Zhou et al. 2011). Chen et al., 

(2002) has already identified an increase in the ascending motions using satellite 

observations. Zhou et al., (2011) identified an increase in precipitation in the 

regions under the ascending limb of the HC and a decrease in the regions under 

the descending limb of the HC. This was carried out using ISCCP and GPCP 

datasets. The observations and modelling simulations point towards a delayed 

water cycle (Wang and Lau, 2006 and references therein), which follows the HC 

intensification. This increases the range between the wet and dry season 

precipitation and also increases the severity of droughts and floods (Chou et al., 

2013 and references therein). Climate models from IPCC 2007 has predicted 

droughts for regions which had earlier enjoyed a temperate Mediterranean type 
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climate, such as for the Southern Australia (Issac and Turton 2014). Studies of 

Shin et al., (2012) also drew evidence on the expansion of the regions with steppe 

and desert climate as a consequence of the intensification of the HC. 

The effects of such changes in precipitation have far reaching consequences, and 

are not mild enough to be ignored. Changes in water availability affect as much as 

90% of the population of the tropics which thrive upon agriculture. Extreme 

weather events caused by the HC intensification can pose a threat to the food 

security. Other arenas which are affected by the changes in water availability 

include urban settlements, farming, hydropower, forestry, and biodiversity. An 

example of the influence of subtropical dry zone expansion on biodiversity is the 

poleward expansion of the warm adapted North-East American butterfly 

community, which has tracked the poleward expansion of the tropical warm 

climate (Breed et al. 2013). The risk here, however, is that species which find it 

difficult to track the expansion, and are put under the verge of extinction. Current 

lag of the species in tracking the tropical expansion has been observed to be as 

large as 100km (Issac and Turton 2014). HC changes also influence the trace 

species transport into the stratosphere, such as water vapour, that affects the 

mean temperature of this layer of the atmosphere. This becomes a positive 

feedback to the HC expansion phenomena. 

 

The changes in the climate of the Earth due to the observed expansion and 

intensification of the HC are not just confined to the tropical belt, but to the extra-

tropics as well. This is evident from the poleward shift in the location of the mid-

latitude storm tracks and the associated cloudiness (Bender et al. 2012; 

Tselioudis et al. 2016), causing calamities in the regions that lie under these 

storm tracks. The HC expansion thus can affect the whole ecosystem of the Earth, 

thus emphasizing the need for better management of resources for agricultural, 

industrial and human development. 

 

1.3.4 Drivers of the HC expansion 

Rind and Rossow, (1984) listed out a number of processes that can bring about 

changes in the HC. This includes changes in insolation, Sea Surface Temperature 

(SST) pattern, as well as changes in convection and latent heat release. According 
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to these authors, changes in topography over geological time periods as well as 

changes in surface friction can also bring about changes in the HC. Taking into 

consideration the role of mid-latitude eddies in transporting the angular 

momentum poleward, these authors also proposed that changes in baroclinicity 

and the eddy characteristics can also influence changes in the HC. The changes in 

insolation have been found to affect only 5% of the HC changes (Leroux 2014). 

Some of the studies, such as that by Hu et al., (2013), state that the HC expansion 

is driven by an increase in the global mean temperature by means of GHG. Hu et 

al., (2013), by means of CMIP5 historical simulations, identified that the rate of 

poleward expansion under GHG forcing is 0.15⁰±0.06⁰ latitude per decade. It was 

further reported that GHG is expected to continue its role in the poleward HC 

expansion phenomena during the 21st century as well. However, the exact 

mechanism by which GHG leads to an expansion of the HC is still unclear. 

Staten et al. (2012) investigated the role of SST warming, GHG concentration, as 

well as that of stratospheric ozone depletion in the expansion of the HC using 

GFDL AM2.1 model, and concluded that SST warming is the main driver of 

tropical expansion. Modelling simulations of Kang et al., (2013) also found that 

SST changes influence the trends in HC width. Observational studies have also 

gathered evidence on the HC changes being driven by variations in the SST 

changes, such as that from the studies on the influence of warm and cold phases 

of the ENSO on HC strength and width (refer to section 1.2.3). Researchers have 

also explored the relation between tropical expansion and the Pacific Decadal 

Oscillation (PDO), which is a major mode of long term SST variability in the North 

Pacific Ocean. A major effort in this regard was by Allen et al., (2014). Using 

historical simulations of CMPI5, these authors brought out that PDO plays a 

significant role in the expansion of the NH cell of the HC. The rate of expansion 

simulated in this manner was found to be closer to that of observations, thus 

reducing the observed discrepancy between the observed and modelled trends in 

the HC width for the NH. On the other hand, stratospheric ozone depletion has 

been found to be the driver of the HC expansion in the SH. This has been brought 

out in the studies of Polvani et al., (2011) and Son et al., (2009, 2010). However, a 

recent study by Waugh et al., (2015) state that the stratospheric ozone depletion 
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was the major cause of the HC expansion in the SH only between 1979 and the 

1990s; and after that SST was found to play a major role in the same.  

The role of tropospheric warming agents, such as the trace species and aerosols, 

is also an important factor in modulating the strength and width of the HC. CAM-3 

simulations that incorporate aerosol physics has been used by Allen et al.,(2012) 

to probe into the role of aerosols in driving the poleward expansion of the HC 

during the period 1979-2009. This study brought out that the heterogeneity of 

warming agents such as Black Carbon and tropospheric ozone induces an 

expansion of ~0.07⁰ to 0.12⁰ per decade for the NH cell of the HC. These authors 

also projected that anthropogenic aerosols are an important factor in 

determining the rate of expansion of the HC. This argument was however ruled 

out in the study by Tao et al., (2015). Instead they projected, by means of CMIP5 

simulations, that GHG increase and stratospheric ozone depletion are the main 

drivers of the poleward expansion of the HC during the 1970-2005 period. 

Adam et al., (2014) stated, by way of AMIP simulations driven by prehistoric SST 

and CMIP5 simulations driven by GHG, that an increase in global mean 

temperature can widen the HC, and so does a weakening of the meridional 

temperature gradients. Theoretically, as given by Equation (1), pole-to-equator 

temperature gradient is also a major factor in determining the HC width. The 

study by Adam et al., (2014) infer that HC widening during 1979-1997 was 

driven by global warming; while that during 1997-2012 was identified to be due 

to the reduced meridional temperature gradients as a result of elevated mid-

latitude SSTs. This inference was possible since global mean temperatures had 

remained somewhat stable during the period 1997-2012. 

Although the exact mode of action of the drivers of expansion of the HC is 

unknown, it is definite that these drivers modulate the convective activity in the 

atmosphere. Typically, in an atmosphere that warms as a result of the increasing 

CO2 concentrations, the circulation is expected to weaken because the moisture-

holding capacity of the air increases (Schneider et al. 2010), delaying the process 

of saturation and condensation. Also, increased moisture content alters the static 

stability of the atmosphere by modulating the amount of mid-tropospheric latent 

heating due to convective activities. Studies by Feldel and Bordoni, (2016), which 

use CMIP5 simulations forced by quadrupling of CO2 concentrations, showed that 
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the HC weaken up to about 2.6% per Kelvin at quasi-equilibrium. CMIP5 

projections by Seo et al., (2014) also project a weakening of the winter 

hemispheric circulation under the RCP8.5 scenario. According to these authors, 

the strength of the HC in a warming climate is influenced by the changes in 

meridional potential temperature gradients. Studies by Frierson et al., (2007) 

also shows that an increase in surface temperature, moisture content and hence 

static stability in the subtropics pushes the latitude of baroclinic instability onset 

poleward, leading to widening of the HC. This is in conjunction with the study of 

Rind and Rossow, (1984). 

In the present scenario, although many factors have been suggested as the 

drivers of HC expansion, the real cause of the expansion of the HC is still unclear. 

Some even speculate that the HC widening observed in the recent decades could 

be a part of natural long period oscillations in the atmosphere that have not yet 

completed a full cycle (Liu et al. 2012). It is required not only to gain knowledge 

on the agents that cause HC expansion, but also on the pathways of their action in 

order to gain a complete understanding on the HC and its widening. 

 

1.3.5 Projection of the HC expansion in CMIP5 

A prediction into the future is important in order to formulate the right kind of 

adaptation strategy. Climate models take the dual responsibility of identifying the 

future rate of expansion of the HC as well as the reasons behind such an 

expansion in a plausible manner. Although most climate models predict the 

tropical expansion phenomena, the rate of expansion given by these models are 

lower than that given by the observations and reanalysis datasets (Seidel et al., 

2008, and references therein). The reason for this discrepancy is still a topic of 

investigation. With this caveat, the modelling simulations have been extensively 

used to make projections for the 21st century changes to the HC. These 

projections are being made for different external forcing conditions, also called 

forcing scenario. The Coupled Model Intercomparison Project (CMIP) is a global 

climate modelling initiative that brings together several historical simulations 

and projections under a variety of forcing scenarios, all under one roof, with the 

provision for inter-comparison among the models (Hurrell et al. 2011; Taylor et 

al. 2012). The future projections in CMIP5 are made with four major 
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Representative Concentration Pathways (RCPs) that lead to radiative forcing 

levels of 2.6, 4.5, 6 and 8.5 W/m2 by the end of the period 1850-2100. Each RCP 

has associated emission and concentration for each GHG (Hurrell et al. 2011). 

Studies on 21st century projections from CMIP5 model under RCP8.5 scenario by 

Hu et al., (2013) has shown that GHGs will cause a continuous poleward 

expansion of the HC. Tao et al., (2015) also project a tropical expansion for the 

21st century under the same forcing scenario, but only for the tropical NH cell. 

The projected expansion of the NH cell ~0.26⁰ latitude per decade was found to 

be significant only during boreal autumn season. These authors have also 

predicted a weakening of the HC in both hemispheres under the RCP8.5 scenario 

for the period 2006-2100. On the other hand, Seo et al., (2014) explored future 

changes in the winter HC intensity for the period 2081-2100 and projected a 

weakening of the same under the RCP8.5 scenario of the CMIP5 simulations.  

As mentioned before, the rate of tropical expansion given by CMIP projections are 

lower than that given by observations and reanalysis (Seidel et al. 2008). A 

realistic prediction of the HC expansion rate by the climate models under the 

action of an external forcing mechanism, which is consistent with the 

observations, is expected to also point towards the ultimate driver of the HC 

expansion. Allen et al., (2014) attributed the observed discrepancy between 

CMIP5 model projections and observations to the inadequate of representation of 

radiative forcing due to aerosols in these models. This inference was based on the 

improved co-variability of model derived expansion trends to observed trends in 

historical simulations of CMIP5 forced by SST. They also considered the previous 

work by Allen et al., (2012), which had used a model that has an improved 

representation of aerosols, and derived that the inter-hemispheric asymmetry of 

aerosols can influence the rate of expansion of the HC. A very active research in 

the realms of CMIP5 projections of HC expansion is underway to explore the 

current trends and future projections of HC edges and strength.  

 

1.4 Motivation for the present study 

As is evident from the previous sections, the HC plays a major role in the 

atmospheric energy, momentum and moisture budgets. In the present climate, 

the factors which influence the atmospheric energy, momentum and moisture 
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budgets in the atmosphere are undergoing perturbations. Hence it is expected 

that changes will occur in the HC as well. On the contrary, changes to the width 

and intensity of the HC in a changing climate affects the energy, momentum and 

moisture budgets of the atmosphere, which in turn drives further changes in the 

HC. The interplay between the individual budgets also makes it a complex task to 

determine the variability of the HC in an accurate manner. Still, the researchers 

have brought out by means of observational analysis and modelling simulations 

that the width and strength of the zonal mean HC is on the rise. However there 

are discrepancies between the observational and modelling studies in projecting 

the changes in the strength and width of the HC. Simulated rate of expansion of 

the HC is lower than that derived from observations; and the model simulations 

on the strength of the HC show opposite result to that from observational studies. 

An intensification of the HC has been brought out by means of observational 

datasets, whereas modelling simulations show a weakening of the circulation. 

Such differences between modelled and observed changes in the strength and 

width of the HC are still topics of research.  

Detection of a true persistent tropical expansion, at least in a statistical sense, is 

hindered by the scarcity of observational records as well as by considerable 

uncertainty in the estimates of the magnitude of expansion (Mathew et al. 2016). 

The lack of globally complete observational records has been partly addressed by 

reanalyses, which combine model fields with sparsely distributed observations to 

form a spatially complete gridded meteorological dataset. Thus it has become the 

need of the hour that reanalysis datasets are validated using observations for 

global circulation studies. It is also important to evaluate the newer reanalysis 

datasets for investigating the HC dynamics.  

It is also necessary to determine the rate of expansion of the HC at different 

longitudes, since the zonal variations in topography can influence the HC. The 

rate of tropical expansion has been identified not to be uniform at all longitudes. 

However, a longitudinal delineation of the HC features, and trend if any, has been 

carried out only by a limited number of studies. A clear understanding on the 

drivers of the HC and their mode of action is essential to determine the long term 

changes to the width and strength of the HC, with greater accuracy. Studies have 

brought out a list of factors that can affect the HC, including global warming due 
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to GHGs, stratospheric ozone depletion and SST changes. However their 

pathway(s) of action in bringing about changes to the HC are unclear. Due to the 

very same reason, the true factor behind the expansion phenomena is yet to be 

precisely identified.  

Whichever be the factor behind the HC expansion, it is capable of modulating the 

thermal structure of the troposphere and hence the convection activity in the 

atmosphere. This is a major intermediate step in the phenomena of HC expansion, 

since it decides the amount of latent heat release into the mid-troposphere that 

sustains the HC. This aspect reinforces the fact that quantification of the 

relationship between latent heat distribution and the HC dynamics is essential to 

understand the pathways through which various factors influence the HC 

expansion. Many modelling studies have looked into the role of atmospheric 

convection processes in altering the strength and width of the HC. However, there 

are only very less number of observational evidence on the same.  

The first reflection of the changes in HC is in the parameters of the hydrological 

cycle, which includes atmospheric humidity, clouds and surface precipitation. 

Proper mitigation strategies can be formulated if only the pattern of changes in 

the hydrological cycle associated with the expansion and intensification of the HC 

in the present warming climate is correctly identified. Strengthening of the 

hydrological cycle in a warming scenario has been brought out by climate model 

simulations as well as by observations. A “rich-getting-richer” mechanism has 

been proposed by these studies, according to which the regions that are already 

wet experience a further wetting trend and the regions that are already dry 

experience a further drying up trend. These regions happen to be none other than 

the regions falling under the ascending and descending regions of the HC. Thus 

the intensification of the HC is expected to intensify the wet and dry conditions in 

the regions falling within the ascending and descending branches of the HC, 

respectively. Most of the research efforts in establishing the role of HC dynamics 

in modulating the components of hydrological cycle relied on climate model 

simulations. However, a clear signature of the HC changes in moisture, cloud and 

precipitation is far from understating in the present day climate.  

All these factors have motivated to take up the present study on the “poleward 

expansion of the Hadley Circulation and associated dynamics”. The present thesis 
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thus explores the poleward expansion of the HC and associated dynamics using 

observational and reanalysis datasets, with prime focus upon some of the major 

gap areas in this realm of climate research. 

1.5 Objectives 

In the wake of the above discussion, the central objectives of the current thesis 

have been charted out as follows: 

1. To characterize the HC using meridional mass stream function metric and to 

quantify its poleward expansion rate in reanalysis datasets 

2. To estimate the zonally resolved HC edges and to delineate the regional 

features of the HC  

3. To investigate the role of latent heat release in modulating the strength and 

width of the HC 

4. To divulge the changes in parameters associated with hydrological cycle 

within the ascending and descending branches of the HC 

1.6 Organization of the Thesis 

The thesis is organized in 7 chapters. Chapter 1 provides a brief introduction to 

the Earth’s atmosphere including its composition, thermal structure and 

radiation budget. The various large scale circulations such as Hadley Circulation, 

Walker Circulation and Brewer-Dobson Circulation embedded in it are also 

introduced in this chapter. Special emphasis is given to the ways and means of 

characterizing the HC and its dynamics. A detailed discussion on the phenomena 

of poleward expansion and intensification of the HC is provided in this chapter. It 

also includes a discussion on the factors behind the HC expansion as well as 

future projection of the expansion rates in a warming climate. This chapter also 

provides the motivation for the present study and states the central objectives of 

the thesis. 

 

Chapter 2 provides description on the datasets used in the analysis of the HC 

dynamics in the current thesis. Datasets of three major types are used for the 

studies in this thesis- reanalysis data [European Centre for Medium Range 
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Weather Forecast Reanalysis-Interim (ERA-I), National Centre for Environmental 

Prediction (NCEP), Japanese Reanalysis-55 (JRA55), and Modern Era 

Retrospective Analysis for Research Applications (MERRA)], space-based 

observations [Constellation Observing System for Meteorology, Ionosphere and 

Climate (COSMIC)- Global Positioning System Radio Occultation (GPS-RO), 

Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR)], and 

ground-based observations [Integrated Global Radiosonde Archive (IGRA)]. The 

study also uses Global Precipitation Climatology Project (GPCP) dataset, which is 

a merged product of both ground and space based observations. The reanalysis 

datasets are employed in determining the centre, edges, total width, as well as 

strength of the HC. The meridional mass stream function (MSF) metric derived 

from meridional wind is used for the same. Comprehensive radiosonde data from 

IGRA is used to validate the MSF metric derived from reanalysis datasets. 

Temperature measurements of the COSMIC GPS-RO are used to derive the 

tropopause altitude. The latitudinal and inter-annual variability observed in these 

measurements are used to derive the regional features of the tropical belt. Latent 

heating data product of the TRMM PR is employed to quantitatively describe the 

influence of latent heat release on the HC centre, width and strength obtained 

from reanalysis data. Precipitation data from GPCP is used to bring out the long-

term changes in precipitation within the ascending and descending branches of 

the HC. In addition to the above datasets, total cloud fraction and relative 

humidity data products of ERA-I are also used in the current thesis.  

 

Chapter 3 provides the results on characterization of HC using MSF metrics 

obtained from relatively new JRA55 reanalysis dataset and three widely used 

reanalysis datasets, viz., NCEP, MERRA and ECMWF. The four reanalysis datasets 

have been compared with radiosonde observations from IGRA, for the first time, 

using the subsampling technique. The verification of the MSF metric for general 

circulation studies by means of radiosonde observations from IGRA, the use of 

relatively new JRA55 dataset, as well as the estimation of annual cycle of HC 

expansion rates are the highlights of this chapter. 

 

Chapter 4 brings out the zonally resolved width of the tropical belt from three 

objectively defined tropopause-based metrics for the first time, using seven years 
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of COSMIC GPS-RO observations. It is envisaged that the present results will have 

potential applications in investigating the zonally resolved trends in the tropical 

expansion. 

 

Chapter 5 quantifies the influence of latent heat (LH) release on the spatial 

extent and intensity of the HC using the vertical profiles of LH derived from 16 

years of space-based observations of TRMM PR and MSF derived from the ERA-I 

reanalysis data. This study is unique since it provides for the first time an 

observational evidence for the modelled influence of LH release on the strength 

and width of the HC. 

 

Chapter 6 characterizes the spatial distribution of trends in moisture, cloud 

fraction and precipitation within the HC ascending and descending branches by 

means of ERA-I reanalysis and GPCP observations so as to bring out the changes 

in hydrological cycle associated with the observed changes in the HC. The 

boundaries of the HC are identified in the present study using the MSF metric. 

Unlike earlier studies which have reported the trends in precipitation within the 

ascending/descending regions of HC as a whole (assuming that the trends are 

uniform in these regions), the present study localize the trends within the 

ascending and descending regions of HC. The current chapter is envisaged to 

contribute to the present understanding on the relation between the HC changes 

and the intensification of the hydrological cycle in a warmer climate. 

 

Chapter 7 provides a summary of the current thesis as well as scope for future 

investigations into the poleward expansion of the HC.  
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CHAPTER 2 

DATA AND METHODS 
 

2.1 Introduction 

To investigate the dynamics of the Hadley Circulation (HC), which is a global scale 

phenomenon predominant in the meridional direction, geophysical parameters 

such as meridional winds on global scale are essential. The thesis focuses on 

characterizing the HC and associated dynamics using a combination of 

observations and reanalysis datasets. In order to achieve the objectives projected 

in Chapter 1, the present thesis utilizes data from: 

a. Reanalysis 

b. Ground-based measurement systems 

c. Space-based measurement systems 

Meridional wind (v-wind) from reanalysis dataset is mainly used to determine 

the long term trends in the poleward expansion of the HC. Ground-based 

measurements of v-wind from the Integrated Global Radiosonde Archive (IGRA) 

are used to validate the reanalysis datasets for their use in trend analysis. Space-

based measurements of temperature from the Constellation Observing System for 

Meteorology, Ionosphere and Climate (COSMIC) are employed to determine the 

longitudinal features of the HC, and that of latent heating from the Tropical 

Rainfall Measuring Mission (TRMM) satellite is utilized to explore the association 

between tropical convection and the HC strength/width. In addition to these 

datasets, a combination of several ground- and space-based measurements of 

precipitation archived as the Global Precipitation Climatology Project (GPCP) is 

also used in the thesis. This data is used for the analysis of precipitation trends 

within the HC ascending/descending regions. The trends in relative humidity as 

well as cloud fraction are also explored in conjunction with precipitation changes 

within the HC regime, and reanalysis data is once again used for the same. The 

current chapter gives a brief discussion on each of the above datasets. The 

chapter also provides a description on the primary tool used to characterize the 

HC- the meridional Mass Stream Function (MSF). The MSF metric locates the HC 
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centre/ edges, determines the HC intensity, and also the latitudinal span of the HC 

ascending and descending regions from the reanalysis data. 

 

2.2 Reanalysis Data 

Long term data that is continuous in space and time is quintessential for any 

climate study. The studies related to long term trends cannot rely on 

observational data alone, since the observational sources are sparsely distributed 

and evolves continually with the advancement of technology. Global model 

simulations can prove helpful in this regard, since they provide information about 

the long term evolution of atmospheric parameters that is homogenous in space 

and time. However such simulations are prone to errors from differences in the 

physical representation of a variable within the model. Such forecasts will be 

realistic if constrained by observations in a process known as data assimilation 

(Kalnay 2002). For instance, a model shall generate an estimate of the air 

temperature at any grid for a later time t1 when initialized with the values at time 

t0, and combines it with the actual temperature measurement at the time t1 by 

means of data assimilation. The analysis finally provides a constrained value of 

air temperature at t1 which is closer to the observed value of the variable. Thus, a 

simple atmospheric analysis generates a model estimate of a variable that is 

constrained by actual observation of this variable, with the help of data 

assimilation methods. 

 

However an atmospheric analysis is less useful in long term trend analysis. This is 

because (a) the underlying global model that is used to make the forecast, (b) the 

data assimilation methods used in it, as well as (c) the NWP models used to 

derive the ‘a-priori’ estimates for the global model, each one of these evolves over 

time (Kalnay 2002; Bengtsson et al. 2007). A suggested possible solution to this 

dilemma is to “regenerate” the synoptic analysis using a fixed data assimilation 

system as well as a fixed NWP model that generates ‘a-priori’ estimates, in 

combination with state-of-the-art global forecast models. The process is called 

reanalysis. The observational input to reanalysis comes from the weather station, 

balloon, radiosonde, aircraft, and satellite data archived by different 

meteorological institutions across the world. The reanalysis generates data even 

in the regions where observations are not easily or routinely available (such as 
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over oceans), to give output that is continuous in space and time (Bengtsson et al. 

2007; Randall 2008). Although this is an advantage of reanalysis data, there are 

concerns regarding the accuracy of the reanalysed variable in the data-sparse 

regions because of the limited number of observations available to constrain the 

model forecasts.  

 

As we know, the accuracy of data generated by any reanalysis is determined by 

the quality and availability of observations which are used to constrain the model 

fields (Dee et al. 2011). Data from several observational sources are subjected to 

rigorous quality control and bias correction before using them to constrain the 

model forecasts. In addition, the observations are also weighted against nearby 

observations as well as against model forecasts, before accepting or rejecting it in 

the process of data assimilation (Kalnay et al. 1996). The accuracy of the 

reanalysed outputs improved post 1979, when the satellite data became available 

in large numbers for assimilation (Randall 2008). Further with the advancement 

of computational power, it was also possible to use forecast models with higher 

resolutions that can assimilate observations in a better way. This too has led to an 

improvement in the accuracy of the reanalysis fields. A comparison of the various 

reanalysis outputs with different types of observations and climatologies brings 

out the usefulness of the dataset for atmospheric research, and this is a never 

ending process.  

 

There exist several reanalysis by the world’s major meteorological institutions. 

The list includes National Centre for Environmental Prediction- Reanalysis 1,2 

(NCEP- R1,-R2) by the National Meteorological Centre (NMC) Climate Data 

Assimilation System (CDAS), ECMWF Reanalysis -25,-40,-Interim (ERA-25,-40,-I) 

by the European Centre for Medium range Weather Forecast (ECMWF), Modern 

Era Retrospective Analysis for Research and Application -1,-2 (MERRA-1, -2) by the 

NASA’s Global Model Assimilation Office (GMAO), and Japanese Re-Analysis -25, -

55 (JRA-25,-55) by the Japanese Meteorological Agency (JMA). The newer 

versions of reanalysis are motivated especially by the growing needs of the 

scientific community. Though reanalysis use state-of-the-art NWP models and 

assimilation schemes, scientific community still find it challenging to deal with 
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the uncertainties in reanalysis due to the changing biases in models and 

observations. Irrespective of the uncertainties, reanalysis data has gained 

popularity due to its data homogeneity, long term data availability, as well as 

general consistency with the actual observational data.  

 

The current thesis uses ECMWF Reanalysis-Interim (ERA-I), Japanese Reanalysis 

55 (JRA55), National Centre for Environmental Prediction Reanalysis2 (NCEP-R2), 

and Modern Era Retrospective analysis for Research and Application- 1 (MERRA). 

The investigations in the present thesis make extensive use of the meridional 

wind data product of these reanalysis datasets. The datasets were the newest 

version of their respective organizations during the period of study. The ERA-I 

and the MERRA data is available since 1979, JRA55 data is available since 1958, 

and NCEP since 1948. These reanalyses differ among each other depending on 

the parameterization of sub-grid scale processes within the underlying forecast 

model, scheme of data assimilation, and the time-steps and resolution of the 

output data. ERA-I and JRA55 uses the 4DVar data assimilation scheme, which is 

advanced as compared to the 3DVar data assimilation scheme used by NCEP and 

MERRA datasets. Further information is provided in the forthcoming sections, 

wherein the features of these reanalysis datasets are discussed briefly. 

 

2.2.1NCEP Reanalysis 

National Centre for Environmental Prediction (NCEP)/National Centre for 

Atmospheric Research (NCAR) Reanalysis is a project under the initiative of the 

National Meteorological Centre (NMC) Climate Data Assimilation System (CDAS). 

The project came into operation in 1994, using the state-of-the-art model for 

forecast (T62/28-level NCEP Global Spectral Model) and a 3DVar technique 

(Spectral Statistical Interpolation scheme) for data assimilation. The reanalysed 

output is available since 1948 in a gridded format at 4times-daily, daily, and 

monthly temporal resolutions. Details on the NCEP reanalysis is extensively 

provided by Kalnay et al., (1996) and Kanamitsu et al., (2002); a few of them are 

discussed here. 

 

NCEP assimilates data from all available observational sources, since 1957. This 

includes global rawinsonde data from NCEP Global Telecommunication System 
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(GTS) as well as from the Radiosonde Observation (RAOB) archives of various 

nations such as Canada, Argentina, Brazil, UK, France and US. Upper air data from 

Chinese State Meteorological Administration for the period 1954-62 and from 

USSR stations for the period 1961-78 are also inputs to the reanalysis. In addition 

to the data from NCEP GTS (since 1962), aircraft data from field experiments such 

as GATE (1974) and FGGE (1979) is also used in the assimilation scheme. In the 

regions/period where GTS lacks observation, collaboration with other national 

agencies provides the data. For instance, JMA provides data that is not available 

in GTS; and ECMWF provides complementary data for the 1989-1991 period 

when GTS had less number of data over US and China. 3-hourly surface land 

synoptic data from United States air force or NCEP since 1967 is also used in 

assimilation. Data from ships, buoys, near surface data from ocean reports etc., 

archived in the Comprehensive Ocean-Atmosphere Data Set (COADS), provides 

the surface marine data that is to be assimilated in the NCEP global forecast 

model. Radiances from TOVS satellite sounders (HIRS, MSU, and SSU) were also 

incorporated in the assimilation process as soon as they were made available in 

November 1978. VTPR IR sounder data and HIRS data available before 1979 for 

the SH is also assimilated; however the problems due to the assimilation of the 

above data have not been quantified. In addition to these data, NCEP also 

assimilates the satellite cloud drift wind data from NMC as well as from JMA for 

the period 1978-91. NCEP however does not assimilate surface wind speeds from 

Special Sensing Microwave/Imager (SSM/I) to avoid significant slowdown of the 

reanalysis due to high volume of this data. 

 

The observational data from all the above sources for 00UTC, 06UTC, 12UTC, and 

18UTC are collected and converted into a uniform format – Binary Universal 

Format Representation (BUFR). The data is then subjected to stringent quality 

control so as to remove the erroneous data, before being assimilated into the 

model. It is worth noting here that NCEP assimilates data only since 1957, 

although the period of the NCEP reanalysis is from 1948-present. During 1948-

1956 period, the synoptic observations were made at 03UTC, 09UTC, 15UTC and 

21UTC, as against the synoptic observations made at 00UTC, 06UTC, 12UTC, and 

18UTC in the later period. The results for 00UTC, 06UTC, 12UTC, and 18UTC 
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during 1948-1956 were obtained by means of a forecast, and these values were 

used in the calculation of daily and monthly mean of different atmospheric 

variables in the NCEP reanalysis data. 

 

The forecast model used for the generation of the NCEP/NCAR reanalysis, which 

is fixed in time, is the T62/28-level NCEP Global Spectral Model. The boundary 

layer and the stratosphere are well resolved in this model by the inclusion of five 

levels within the boundary layer and three levels above 100hPa. Top-of-

Atmosphere (TOA) is fixed to be at 3hPa. The parameterization of all major 

physical processes is done in the model. This includes convection, shallow 

convection, large scale precipitation, gravity wave drag, diurnal cycle of radiation 

and its interaction with the clouds, boundary layer physics, and the vertical and 

horizontal diffusion processes. The original model, however, has been improvised 

by the inclusion of Arakawa-Schubert convective parameterization scheme, a 

better diagnostic cloud scheme, and a new soil model. Such changes in the 

forecast model were found to influence the upper level divergent flow, 

precipitation, and stratospheric winds produced by the reanalysis. The Arakawa-

Schubert parameterization scheme for convection was found to have resulted in 

better prediction of precipitation. Model generated OLR values agreed with the 

observations in a better manner by the inclusion of the newer diagnostic cloud 

scheme. Studies also showed that the incorporation of the new soil model 

resulted in realistic predictions for surface temperature and summer 

precipitation in North America. 

 

In addition to the computation of grid-point values, NCEP also provides data that 

is averaged over space and time in certain specified areas, using the method of 

Optimal Averaging (OA). This increases the ability of the reanalysis to detect 

‘climate’ change since the small-scale variability is removed in the averaging 

process. In the NCEP/NCAR reanalysis, OA is carried out for temperature, specific 

humidity, u and v components of winds, and wind speed at seven pressure levels 

(1000, 850, 700, 500, 300, 200, and 100hPa) and along nine 20⁰ latitudinal bands 

from the South Pole to the North Pole. The regions chosen by the 

Intergovernmental Panel for Climate Change (IPCC) for climate monitoring are 

also subjected to the process of OA in the NCEP/NCAR reanalysis. 
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The output variables of the NCEP/NCAR reanalysis are provided in a gridded 

format. Variables are grouped into four classes, based on the extent to which they 

are influenced by the observational data and/or model. Class A output variables 

are heavily constrained by the observations, making them the most reliable of all 

reanalysis fields. Examples are upper air temperature and wind data. The Class B 

variables, such as humidity and surface temperature, are strongly influenced by 

both observational data and model characteristics. If there are no observations 

that directly affect the output variable and the value of this variable is solely 

derived from the model field, they are grouped into Class C (e.g. clouds and 

precipitation). On the other hand, Class D variables are fields such as plant 

resistance, land-sea mask etc., that are fixed from the climatological values and 

have no dependence on the model. Thus all output fields of reanalysis are not 

uniformly reliable. However, data homogeneity is ensured in reanalysis by 

transporting information from the data rich to the data poor regions.  

 

2.2.2 ERA-I Reanalysis 

European Centre for Medium Range Weather Prediction (ECMWF) Reanalysis- 

Interim (ERA-I) is the atmospheric reanalysis initiative of ECMWF for the period 

1979-present. The ERA-I dataset uses a frozen-in forecast model which has been 

in operation at ECMWF during 2006-2007 and a 4DVar scheme for assimilation of 

observational data. ERA-I succeeds ERA-25 and ERA-40 reanalysis datasets, the 

first and second generation reanalysis initiatives of the ECMWF. Dee et al., (2011) 

carried out a wide discussion on the system configuration and performance of 

ERA-I reanalysis, some of which are briefly described in the following paragraphs. 

ERA-I assimilates as much as 107 observations per day, which is inclusive of both 

conventional as well as satellite observations. Conventional observations include 

upper air temperature, wind and specific humidity data from sources such as 

radiosondes, pilot balloons, aircrafts, and wind profilers. The conventional 

observations also include inputs on surface pressure, 2m temperature, 2m 

relative humidity, and near surface (10m) winds from sources such as ships, 

drifting buoys etc. The major inputs from satellites are clear sky radiance 

measurements, atmospheric motion vectors, total precipitable water vapour 

estimates, and atmospheric refraction measurements. Following paragraph gives 
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a brief description of the satellites and instruments providing these 

measurements. 

 

Clear sky radiance measurements are obtained from (a) MSU, SSU, HIRS 

instruments onboard TOVS and AMSU-A, AMSU-B, HIRS onboard ATOVS (polar 

orbiting sounders) (b) SSM/I, SSM/S, AMSR-E (passive microwave imagers) (c) 

GOES (8-13), MetoSat (5,7,8,9), and MTSAT (1R) (geostationary satellites) and (d) 

AIRS onboard EOS-AQUA satellite (sun synchronous satellites). 

 

All satellite derived radiance data are subjected to variational bias correction, 

except for the SSM/I data. Direct assimilation of clear sky radiance data from 

SSM/I was introduced in 2002. The data is, however, assimilated only over the 

oceans and not over land due to difficulties in modelling the land surface 

emissivity. The highest peaking channels of SSU and AMSU-A, which measure the 

stratospheric radiances, is also assimilated in ERA-I without any bias correction. 

This is because biases in stratospheric radiance measurements are typically less 

than the model background errors at these levels. ERA-I also assimilates satellite 

radiance data that was not used in the operational forecast model of the ECMWF. 

An example is clear sky radiances from AIRS, which is assimilated since April 

2003. Only the AIRS footprint with warmest field of view is assimilated in the 

ERA-I system so as to maximize the chances of observing a clear scene. 

Atmospheric refraction measurements obtained from the GPS RO measurements 

were assimilated into the operational forecast model since 2001. CHAMP (since 

June 2001) and COSMIC (since December 2006) satellites and GRAS instrument 

onboard Metop-A satellite provides the necessary data for the same. These data 

are used without bias correction because of their very high accuracy. Studies have 

revealed that assimilation of GPS-RO data has led to a systematic warming in the 

tropopause and lower stratosphere since December 2006. Nevertheless, the GPS-

RO data is the standard reference to constrain the variational bias adjustments in 

satellite radiance observations. Satellites also provide observations of upper air 

wind field, which is known as Atmospheric Motion Vectors (AMVs). These data 

complements the conventional atmospheric wind data from radiosondes, pilot 

balloons, aircraft, and wind profilers. Geostationary satellites such as MeteoSat, 

GOES, GMS and MTSAT provide AMV data within 55ᵒN - 55ᵒS to the forecast 
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model for assimilation. At high latitudes, AMVs are obtained from the cloud and 

water vapour features identified by MODIS instruments onboard EOS-TERRA and 

EOS-AQUA satellites. 

 

The forecast model for the ERA-I reanalysis is Integrated Forecast System (IFS) 

Cy31r2 model, which has been in operation at ECMWF from 2006-2007. The 

model has a resolution of T255/60layers (equalling to 79km on a reduced 

Gaussian Grid). TOA is fixed to be at 0.1hPa. The model has fully coupled 

components for the atmosphere, land surface and the ocean waves. As compared 

to the forecast models used in the previous versions of the reanalyses produced 

by ECMWF, the IFS Cy31r2 model use revised schemes for cloud and convective 

parameterization. Introduction of a moist boundary layer scheme is also a 

primary change in this model. Also implemented in the model is a 

parameterization scheme for supersaturation with respect to ice in a grid box 

that is cloud free at temperatures <250K. The impact of these changes to the 

forecast model on the total and low cloud cover has been analysed by means of 

observational data from ISCCP. The analysis revealed an increase in marine 

stratocumulus cloud cover (15-25%), increase in total cloud cover over tropical 

land regions (20-30%), increase in the mid-latitude low and medium cloud cover 

(5%), and a decrease in total cloud cover over the tropical oceans (5-15%). Hence 

it was shown that there are considerable improvements in the reanalysed output 

using IFS Cy31r2 model as compared to that produced by the previous versions 

of reanalyses from ECMWF.  

 

In addition to the improvised ‘frozen-in’ forecast model, the ERA-I reanalysis uses 

an advanced version for data assimilation (4DVar method with a 12 hour 

assimilation window) as compared to the ERA-25 and ERA-40 reanalysis 

datasets. The highlight of the assimilation scheme used in ERA-I is a variational 

bias correction for the satellite data input. The bias parameters for satellite 

radiances are obtained as a part of the assimilation scheme itself, hence 

automating the bias correction process of the satellite data. The bias parameters 

of radiance data from newly added satellites are also closely followed in this 

assimilation scheme. This process thus enables inter-calibration of data from 
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different satellites, sensors, and channels against the conventional observations. 

Whenever the number of observations is scarce, radiance data is assimilated 

without any bias correction so as to avoid the influence of model background 

errors. Any discontinuity that may be produced in the reanalysis due to changes 

in observational systems is taken care of by means of the sequential data 

assimilation scheme that advances in time. For instance, onboard calibration 

errors in MSU radiance due to orbital drift was recorded as large bias variations 

in the assimilation system and subjected to corrections. This improves the 

temporal consistency of the dataset, thus enabling us to bring out the climate 

change signals in a reliable manner. 

 

Yet another improvement in the assimilation part of ERA-I reanalysis is the use of 

a combination of the 1DVar and 4DVar schemes to assimilate Total Column Water 

Vapour (TCWV). The 1DVar assimilation scheme uses the rain-affected radiance 

data to determine the TCWV over the cloud and precipitation areas; TCWV then 

becomes the input to the 4DVar assimilation scheme. ERA-I also use a revised 

assimilation scheme developed by Holm (2003) for humidity analysis, so as to 

improve the representation of the hydrological cycle. The impact of this change 

on the precipitation estimates of ERA-I was analyzed by comparing it with the 

observed estimates from GPCP for the year 1990. The study revealed that the 

precipitation estimates of ERA-I are closer to GPCP than ERA-40 over the tropical 

oceans and at higher latitudes. It was also revealed that TCWV from ERA-I is 

closer to that observed by the Remote Sensing Systems (RSS). The continental 

precipitation from ERA-I was also found to be very close to the GPCC v2.1 data. 

Monthly variability of rainfall from ERA-I dataset for four different locations in 

British Isles were also found to be in agreement with the GPCC estimates over 

these regions. The improved forecasts in ERA-I can be attributed to the smaller 

background departure of the specific humidity field in ERA-I, which was obtained 

by comparison against the radiosonde observations of specific humidity at 

700hPa. 

 

Thus an analysis of the system performance showed improvements in the 

representation of hydrological cycle and stratospheric circulation, as well as 

improvement in temporal consistency as compared to the previous versions of 
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reanalyses from ECMWF. Studies reveal that monthly variability and trends in 

global mean surface, lower troposphere and lower stratosphere temperatures 

from ERA-I compares well with observations, whereas upper troposphere 

temperature is overestimated as a result of assimilation of the warm-biased 

aircraft data. Variability and trends in precipitation estimates from ERA-I were 

found to be accurate over land, but unreliable over oceans due to biases in the 

model. Such statements bring out the advancements in the ERA-I reanalysis as 

compared to its previous versions. This has, in fact, been the goal of the ERA-I 

reanalysis initiative. The ERA-I dataset is available to the scientific community as 

synoptic, daily mean, monthly average of daily means or synoptic monthly mean 

of the variable in a spatially gridded format at varying resolutions (presently as 

fine as 0.75ᵒ latitude x 0.75ᵒ longitude). 

 

The present thesis uses the monthly mean v-wind data product of ERA-I from 

1979-2012, as well as the cloud and relative humidity data from 1979-2016. The 

total cloud fraction, as well as low-, middle- and high cloud fractions from ERA-I 

are used in the thesis to determine the changes in these parameters within the 

ascending and descending branches of the HC. 

 

2.2.3 JRA55 reanalysis 

The JRA55 is the second reanalysis initiative of Japanese Meteorological Agency 

(JMA) covering 55 years since 1958 and the first one to apply 4DVar data 

assimilation scheme for the last half of the 20th century. This section gives a short 

description of the JRA55 reanalysis which has been discussed in detail in 

Kobayashi et al., (2014).  

 

The JRA55 reanalysis uses a Global Spectral Model (GSM) for forecast, which has 

been in operation at JMA in December 2009. The model has a horizontal 

resolution of TL319 (~55km on a reduced Gaussian grid system) and 60 layers 

extending up to 0.1hPa, in addition to a surface layer.  The cumulus convection 

scheme is parameterized in the model by means of Arakawa-Schubert scheme as 

in JRA-25. The scheme, however, has been modified with a new triggering 

mechanism called the “Dynamic CAPE” (DCAPE) generation rate to deal with the 
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problem of overactive daytime convection in the model during summer over the 

land regions. Other improvements in the operational forecast model for JRA55 

are the revised radiation schemes as well as inclusion of greenhouse gases along 

with the effect of their time-varying compositions. Previous version consisted of 

radiative forcing due to carbon dioxide only, whose concentration was also held 

fixed (at 375ppmv); JRA55 now takes into account the radiative forcing due to six 

species, viz. carbon dioxide, methane, nitrous oxide, CFC-11, CFC-12, and HCFC-

22, as well as the changes in their composition with time. 

 

As mentioned before, JRA55 reanalysis uses a 4DVar scheme for data 

assimilation. The resolution of models used to produce the first-guess fields and 

the analysis increments are not the same. JRA55 uses a lower resolution model to 

produce the analysis increments (T106) as compared to that used to produce the 

first-guess fields (TL319) so as to reduce the computational cost. The bias 

correction parameters for satellite radiance data is also produced as a part of the 

data assimilation step. This scheme adjusts the satellite data biases automatically, 

and is termed as the Variational Bias Correction (VarBC).  

 

The observations that go into the JRA55 reanalysis are obtained mainly from the 

ECMWF (ERA-40) and JMA archives. This includes conventional data, satellite 

radiances, AMVs, scatterometer ocean surface winds, and GNSS-RO refractivities. 

In addition, upper air observations from NCEP were obtained for the year 1979 to 

fill in the gap in ERA40 data during this time. For the period before August 2002, 

JRA55 uses conventional data from JMA’s archive over Japan alone, whereas 

JRA25 have used all the available data in the archive. The observational data are 

subjected to Quality Control (QC) so as to avoid the possible errors and biases 

that can creep into the reanalysis output. JRA55 uses a Dynamic QC scheme for 

conventional data assimilation in which a threshold value is defined as a linear 

function of local horizontal gradient and the first guess fields. In the regions 

where more than one data source is available for the same variable, data 

duplication is avoided by preferring the consolidated ERA-40 dataset over the 

others. The discontinuities in the radiosonde temperature observations due to 

technological advancements and the resulting biases in the observations are 

corrected before the assimilation process in JRA55 by means of Radiosonde 
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Observation Correction for Reanalysis (RAOBCORE) versions 1.4 and 1.5 that 

employs ERA-40 and ERA-I temperature departure statistics.  

 

A significant amount of aircraft and satellite data became available for 

assimilation in JRA55 since 1990s. JRA55 incorporates satellite radiances from IR 

sounders (VTPR, HIRS/2), MW sounders (MSU, AMSU-A, AMSU-B, MHS), MW 

imagers, and the water vapour channels of the geostationary satellite imagers. 

However, the radiance observations contaminated by clouds are removed before 

assimilation into the model since JRA55 does not simulate the effect of clouds on 

satellite radiances. The radiance data is also subjected to VarBC before using 

them to constrain the forecast in the assimilation step. An exception is GNSS-RO 

refractivities. Because of their high accuracy, GNSS-RO observations are 

assimilated into the JRA55 reanalysis without any bias correction. JRA assimilates 

as much as 500 GNSS-RO refractivity profiles in a single analysis cycle, beginning 

since July 2006. Together, GNSS-RO and radiosonde observations play an 

important role in constraining the model biases as well as strengthening the 

VarBC scheme. Also directly assimilated are the radiance data from MW imagers 

over sea from the vertically polarized channels of 19, 22, 37 and 90GHz frequency 

bands, provided the cloud contaminated data has been removed. Satellite data 

from historical periods are reprocessed with latest and improvised retrieval 

algorithms before using them in the reanalysis. For instance, AMVs and clear sky 

radiances from the past Geostationary Meteorological Satellite (GMS) and 

Multifunctional Transport Satellite (MTSAT) have been reprocessed with the 

retrieval algorithms of 2009. AMVs were first obtained over all longitudes in 

1979 during FGGE. AMVs from geostationary satellites were assimilated into the 

JRA55 since January 1979, and those from polar orbiting satellites, since June 

2004. For assimilation, AMVs too undergo a QC procedure similar to that applied 

for conventional data. Reprocessed AMV data is used whenever it is available, 

such as from EUMETSAT (1979, 1987-2009) and from JMA/MSC (1982-2000). 

Also used in JRA55 reanalysis are the reprocessed refractivities from CHAMP, 

COSMIC and GRACE satellites archived in the CDAAC from 2006-2012. 
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A first cut analysis of the performance of the data assimilation system on 

temperature and specific humidity brought out vertically varying biases in each 

of these parameters. The temperature at levels near 500hPa obtained from JRA55 

showed better consistency with the radiosonde observed temperatures. A cold 

bias is observed in the lower tropospheric (~850hPa) temperature, and a warm 

bias in the upper tropospheric (~250hPa) temperatures. However the warm bias 

in the upper troposphere decreased after 2006 as a result of the inclusion of the 

GNSS-RO observations in data assimilation. Cold bias observed in the lower 

stratospheric (~30hPa) temperature in the JRA25 data has been reduced in 

JRA55. “Analysis increments” of the global mean monthly specific humidity shows 

moistening(drying) above(below) 850hPa, which point towards a dry(moist) bias 

in the lower(middle and upper) troposphere in the forecast model. Besides, 

JRA55 has also been found to have improved its temporal consistency. 

 

The accuracy of representation of hydrological cycle parameters in the JRA55 

reanalysis was also analysed by comparing the precipitation estimates from the 

reanalysis with precipitation rates derived from GPCP version2.2, as well as from 

other reanalysis datasets. The analysis showed that the representation of 

precipitation in middle and high latitudes, which is underestimated in other 

reanalysis datasets, has improved in JRA55 reanalysis. It was also revealed in this 

analysis that JRA55 overestimates precipitation in the tropics. This was 

attributed to the dry bias of the forecast model in the regions of deep convection. 

Harada et al., (2016), however, reports that spatial correlation between JR55 

precipitation estimate in the tropics and the TRMM Multi-satellite Precipitation 

Analysis (TMPA) precipitation estimate is high as compared to that obtained for 

JRA25 and ERA-I. Time series of the global monthly mean precipitation anomalies 

from JRA55 is fairly consistent with that from GPCP as against the time series 

from ERA-40 and MERRA datasets which show strong trends. Also, the spatial 

anomaly correlation of JRA55 against GPCP revealed that the correlations have 

improved after 1980s by the introduction of SSM/I observations of humidity. This 

again brings out that the satellite observations play a major role in reproducing 

the precipitation in JRA55 reanalysis, as compared to other reanalysis datasets. 
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The JRA55 reanalysis products are available in a GRIB format at resolution of 

1.25ᵒ latitude x 1.25ᵒ longitude for 37 levels at daily and monthly mean time 

resolutions. The daily data is available every 6 hours, i.e. at 00UTC, 06UTC, 12UTC 

and 18UTC. Although JRA55 data production spans the years 1958-2012, it is still 

being continued on a real-time basis and is called as JRA55 itself. 

 

2.2.4 MERRA Reanalysis 

Modern Era Retrospective Analysis for Research and Application (MERRA) is the 

first generation of the reanalysis initiative of NASA’s Global Model Assimilation 

Office (GMAO), and is described in detail in Rienecker et al., (2011). The current 

section gives a brief description of the same. MERRA spans the period 1979-2015, 

and is aimed to use the NASA’s EOS satellites for climate analysis. MERRA is also 

targeted at improving the representation of hydrological cycle as compared to 

other reanalysis datasets. The forecast model used in MERRA is the Goddard 

Earth Observing System (GEOS)-5 Atmospheric General Circulation Model (AGCM), 

and was frozen in 2008. Spatial resolution of the model is fixed at  
 

 

 
 latitude x  

 

 
 

longitude. There are 72 vertical levels in the model and the TOA is fixed at 

0.01hPa. The model incorporates moist physics with prognostic clouds as well as 

a modified version of the Arakawa-Schubert scheme for convective 

parameterization. 

 

MERRA uses a 3DVar scheme based on the Gridpoint Statistical Interpolation 

technique for data assimilation. Model equivalent radiance, required as a 

background to estimate the satellite bias correction parameters, are calculated by 

means of Community Radiative Transfer Model (CRTM). The analysis correction 

to the model forecast is implemented gradually, in every 6hours, by means of an 

incremental analysis update (IAU) procedure. Climatological aerosol distribution 

generated by the GOCART model, and the analyzed ozone generated by the data 

assimilation system of MERRA AGCM are the ancillary data to the model. The 

boundary values for SST and sea-ice concentration are derived from the time-

interpolated SST product of Reynolds et al., (2002). 
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MERRA assimilates a variety of observational data, and has been benefited by the 

data archives of NCEP, CFSR and ECMWF. Conventional observations of standard 

atmospheric variables were provided by weather stations, balloons, aircraft, 

ships and buoys. Quality controlled radiosonde observations were taken from the 

NCEP database and subjected to further processing and corrections at GMAO. 

Assimilation of satellite observations are an inevitable part of the MERRA data 

assimilation module. Satellite infrared radiances are obtained from HIRS and SSU 

(1979-2006) whereas microwave radiances are obtained from MSU (1979-2007) 

and AMSU-A (1998 onwards). AMVs are obtained for assimilation from 

geostationary satellites and MODIS (2002 onwards). Moisture-sensitive radiances 

from SSM/I (1987-2009), AMSU-B (1998 onwards), GOES sounders and AIRS are 

also assimilated into MERRA. Ocean surface wind data is provided by SSM/I, ERS-

1,-2 (1991-2001) and QuickScat (1999-2009). Rain rate from TRMM is also an 

input to the MERRA satellite data assimilation module. The satellite radiance data 

is subjected to variational bias correction in which the bias parameters are 

continuously updated during each analysis cycle of the data assimilation module. 

This is characteristic of the 3DVar scheme. The radiance data from certain 

satellites are subjected to cross-calibration before using it in the data assimilation 

process. This reduces the difference in bias estimate for the same instrument 

onboard different satellites. For instance, bias estimates of the radiance 

observations from MSU instrument onboard TIROS-N and the NOAA series of 

satellites differ by >1K; however recalibrated data onboard these satellites has 

been found to exhibit uniform biases. MERRA uses the recalibrated radiances for 

MSU (channel 2-4) onboard NOAA -10,11,12, and 14. It is worth noting here that 

MERRA does not assimilate the high accuracy GPS-RO measurements which can 

constrain the model forecasts and satellite biases in an effective manner. GMAO 

has thus currently moved to the second generation reanalysis, MERRA2, with 

advanced data assimilation system that is able to assimilate the observations 

from all modern satellites, including the GPS-RO observations. Also assimilated in 

MERRA2 are the space-based observations of aerosols and their interaction with 

other physical processes affecting the Earth’s climate and is the first long term 

global reanalysis to do the same (Ref: https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/).  
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Initial evaluation of the MERRA with respect to deviation of observations from 

model forecast, and from analysis output revealed that the reanalysis has a cold 

bias in the planetary boundary layer and a warm bias in the upper troposphere. 

This is consistent with the biases obtained for the MLS observations that are not 

assimilated into MERRA. The above evaluation also brought out that the inclusion 

of aircraft data in the upper tropospheric levels can have a significant impact on 

the reanalysis output. Similar changes in the observing systems have also been 

found to affect the global precipitation estimates in MERRA. An example is its 

sensitivity to the assimilation of SSM/I as well as the AMSU-A data (channels1,2,3, 

and 15). While inclusion of AMSU data has been found to increase the global 

mean precipitation in MERRA, the inclusion of SSM/I data has been observed to 

dry up the atmosphere. The biases in total column water vapour in MERRA is 

estimated with respect to the SSM/I data, and compared to that in ERA-I and was 

found to be nearly the same. Precipitation estimate from MERRA was also found 

to compare well with the observational precipitation data from GPCP at 

climatological time scales. However several biases and deficiencies in water cycle 

have been observed on shorter time scales. For instance, the diurnal precipitation 

intensity in MERRA is considerably less as compared to observations. Also, the 

precipitation peaks during night in observations whereas it is during noon in 

MERRA. Despite these deficiencies, it can be stated that on longer time scales 

MERRA has achieved its goal of improving the representation of hydrological 

cycle.  

 

The MERRA data is produced and distributed in three streams: 

a) MERRA100 stream - January 1, 1979 to December 31, 1992 

b) MERRA200 stream - January 1, 1993 to December 31, 2000 

c) MERRA300 stream - January 1, 2001 to February 29, 2016 

 

The reanalysis’ data products are available on a native horizontal grid at 

resolution 
 

 

 
 latitude x  

 

 
 longitude X 42 vertical levels.  The present thesis uses 

the analyzed v-wind data from MERRA on a monthly basis for the period 1979-

2012. 
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2.3 Satellite Observations 

2.3.1 Global Positioning System-Radio Occultation  

 

 

 

 

 

Figure 2.1: (a) A schematic demonstrating the GPS- RO technique. (Figure taken 

from the site:  https://www.nesdis.noaa.gov/content/small-satellites-doing-big-work-measuring-

earth%E2%80%99s-atmosphere-using-gps). (b) Instantaneous occultation geometry for 

GPS and LEO satellites; ‘α’ is the bending angle and ‘a’ is the impact parameter 

(Figure taken from Kuo et al., (2000)). 

 

(a) 

(b) 
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The technique of Global Positioning System-Radio Occultation (GPS-RO) makes 

use of a combination of the constellation of GPS satellites as well as Low Earth 

Orbiting (LEO) satellites in order to measure the atmospheric properties. The GPS 

occultation receiver on board the LEOs receives the radio signal transmitted by 

GPS satellites at higher orbits as they rise or set behind the Earth. Figure 2.1 is an 

illustration of the occultation phenomena and the occultation geometry that is 

used to bring out the atmospheric properties using the GPS-RO technique. The 

GPS is a constellation of 24 satellites distributed in six orbital planes around the 

Earth at a height of ~20,200km. Each GPS satellite transmits at two frequencies- 

L1 (1.575GHz) and L2 (1.227GHz). The LEO satellites at ~800km altitudes are set 

to receive the amplitude, phase as well as the pseudo-range (time delay between 

the transmitted and received signals) of these signals. The highlight of the GPS-

RO technique is the limb-viewing geometry, where the atmosphere lies between 

the GPS transmitter and the LEO receiver. As a GPS transmitted signal passes 

through the atmosphere, the ray undergoes refraction due to density gradients in 

the atmosphere. The transmitted signal is thus deflected from its actual path, 

leading to a phase and time delay in the signal received at the LEO satellite. The 

Doppler shift in the transmission frequency measured at the LEO receiver is then 

combined with the information on the position and velocity of GPS and LEO 

satellites to calculate the bending angle α at the ray tangent point represented in 

figure 2.1. Under the assumption of spherical symmetry for the local refractive 

index field, the bending angle can be expressed as a function of the impact 

parameter a. The bending angle profiles are then converted into that of refractive 

index ( ) using suitable inversion methods, such as the Abel’s transform. 

Refractive index is expressed as a function of bending angle using the relation: 

 

         
 

 
 

 

      
 
  

 

  

  

 

where       is the impact parameter of the ray whose tangent radius is   

(Kurisinski et al. 1997). Since refractive index of the atmosphere is close to 1, 

refractivity             becomes the basic quantity to be retrieved from 

the GPS-RO measurements.  
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Various atmospheric geophysical parameters are thereafter derived from the 

refractivity profiles by considering the contributions of dry neutral atmosphere, 

water vapour, free electrons in the ionosphere, and particulates (such as liquid 

water) to atmospheric refractivity. At microwave wavelengths, the refractivity is 

related to each of the above factors as given by the relation: 

                
 

 
           

             

        

 

 

 

where N=refractivity; P=atmospheric pressure (in mb); T=atmospheric 

temperature (in K);    =water vapour partial pressure (in mb);    = electron 

number density per cubic meter;   = transmitter frequency (in Hz); W=liquid 

water content (in g/m3).  

 

For realistic suspensions of water and ice, the scattering term (    ) is negligible 

when compared with other terms, and hence can be neglected. Contribution of 

the ionosphere to refractivity profiling of the neutral atmosphere is also 

separated and removed by using the L1 and L2 frequencies in tandem, as 

described in Kurisinski et al., (1997). Of the remaining dry and moist terms in the 

equation for refractivity, the moist term is neglected in the regions of the 

atmosphere where the atmosphere is drier than a volume mixing ratio of 10-4 

(Kurisinski et al. 1997). 

 

Thus the equation for refractivity reduces to       
 

 
 in the regions where 

water vapour is negligible. According to the ideal gas law,     
 

 
  , where   is 

the density and   is the molecular mass of dry air (Holton 2004). Thus 

         
 

 
  in the regions where the presence of water vapour is negligible. 

 

Since our aim is to retrieve the atmospheric parameters from the GPS-RO 

measurements of refractivity N, the above relation can be alternatively stated as:  
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where the dry atmospheric density is represented as a function of refractivity. 

Thereafter, the atmospheric pressure is obtained by assuming hydrostatic 

equilibrium and then integrating from top to bottom, and the atmospheric 

temperature is obtained using the gas law.  

 

In the lower tropospheric regions, where the water vapour concentration is large 

enough, contribution of the dry term to refractivity can be separated using the 

relation: 

   
 

      
   

          

  
 ,  

if an estimate of    is available from independent measurements. GPS-RO 

technique can also retrieve the profiles of water vapour partial pressure or 

specific humidity from refractivity measurements using the equation: 

   
           

        , provided the temperature and pressure information is available 

a priori from climatology or observations. 

 

The GPS-RO measurements of atmospheric parameters are characterized mainly 

by their fine vertical resolution, global coverage, all-weather capability as well as 

very high accuracy. The insensitivity of the GPS wavelengths to scattering by 

clouds, aerosols and precipitation allows for the all-weather capability of the GPS-

RO measurements; while the atomic clocks onboard the GPS and LEO satellites 

provides highly accurate measurement of the various geophysical parameters. 

The technique is thus the best alternative to radiosondes for measuring 

atmospheric parameters (Rieckh et al. 2014). Long term GPS-RO measurements, 

once available, can be expected to provide reliable information on the climatic 

trends in the atmosphere. 

 

2.3.2 COSMIC GPS-RO Measurements 

The GPS-RO observations were first introduced for sounding of the Earth’s 

atmosphere by the GPS-MET programme during the period 1995-1997. This was 

followed by CHAMP (September 2001-September 2008), SAC-C (March 2006- 

August 2011) and GRACE (March 2007-December 2013), COSMIC (April 2006-

December 2013), and MetOp (2006 onwards) missions. Each of these missions 



Chapter 2 

58 

provides copious information on the atmospheric parameters for the analysis of 

weather and climate of Earth. The present thesis utilizes the data derived from 

the COSMIC GPS-RO mission. COSMIC mission was introduced in April 2006 as 

collaborative mission between the Taiwan and the US and was in operation until 

December 2013. 

 

The Formosa Satellite Mission#3 (FORMOSAT3)/ Constellation Observing System 

for Meteorology, Ionosphere and Climate (COSMIC) mission is a system of 6 Low 

Earth Orbiting (LEO) satellites orbiting the Earth at an altitude of 800km and at 

an inclination of 72⁰ with zero eccentricity. The data is available since 2007 at a 

high vertical resolution (100m), with the measurements starting near the surface 

and extending up to as high as 40km in the atmosphere. The COSMIC provides a 

snapshot of the earth’s atmosphere every 100 minutes and covers the four 

diurnal cycles. A nearly uniform global coverage is obtained with more than 2000 

soundings recorded per day. Figure 2.2 draws a comparison of the coverage of 

the COSMIC GPS-RO soundings for a 24-hour period against the coverage 

provided by the radiosonde locations. 

 

 

Figure 2.2: Typical 24-hour distribution of the COSMIC GPS-RO soundings, shown 

by green dots. Operational radiosonde stations are shown by red dots (Figure 

taken from Ho et al. (2009)). 
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Atmospheric refractivity measurements from COSMIC GPS-RO are free of biases 

as a result of the highly accurate measurements of the signal time delay and the 

insensitivity to surface emissivity. Hence, unlike other satellites, the COSMIC data 

is assimilated into atmospheric reanalysis without any bias correction, thus 

making it the standard reference for satellite bias correction. The data from 

COSMIC is presently being used in all recent reanalysis projects such as ERA-I, 

JRA55, and MERRA2 reanalyses.  

 

The COSMIC observations are processed and archived for distribution at the 

Cosmic Data Analysis and Archive Centre (CDAAC) at UCAR. The present thesis 

uses temperature profiles derived from the COSMIC GPS-RO measurements from 

2007 to 2013, archived under the head wetPrfdata. The temperature profiles 

derived from COSMIC have an accuracy better than 0.5 K (Kursinski et al. 1997). 

These temperature profiles are then used to derive the lapse rate tropopause 

(LRT) height, which is then used to derive the regional features of the tropical 

belt. The exact methodology shall be discussed in the forthcoming chapters. 

 

2.3.3 Tropical Rainfall Measuring Mission  

The Tropical Rainfall Measuring Mission (TRMM) is a joint mission between the 

NASA and the JAXA to monitor the four dimensional distribution of the tropical 

and subtropical precipitation and the latent heating associated with it. 

Continuous space-based monitoring of precipitation by the TRMM is achieved by 

following an inclined (35⁰) and non-sun synchronous Low Earth Orbit for the 

component satellites. The initial orbital altitude was 350km and was boosted to 

403km in August 2001, with the aim to extend the lifetime of the mission. The 

orbit is also set to be precessing so that the diurnal variation of tropical rainfall 

over a given location is captured efficiently. TRMM data is available for the period 

November 1997 - June 2015 over a latitudinal range of 35⁰S to 35⁰N. 

There are five instruments on board the TRMM- TRMM Microwave Imager (TMI), 

Precipitation Radar (PR), Visible and Infrared Scanner (VIRS), Lightning Imaging 

Sensor (LIS) and Clouds and the Earth’s Radiant Energy System (CERES) (shown 

in figure 2.3). TMI, PR and VIRS are rain measuring instruments, whereas LIS and 

CERES instruments measure the total upwelling radiant energy (Kummerow et al. 
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2000). TMI and VIRS are passive radiometers operating in the microwave and 

visible/infrared frequencies, respectively. On the other hand, PR is an active gain 

radar operating in the 13.8GHz frequency range. The instruments, together, yield 

important information on  

a) the rainfall structure and variability in the tropics at various time scales;  

b) the latent heat released during the process of precipitation, its four 

dimensional structure, and its role in tropical and extratropical 

circulations;  

c) the precipitation type (convective/stratiform) and its variability within 

the tropics 

d) improving the current understanding on the global energy and 

hydrological cycles. 

 

 

Figure 2.3: Configuration of the various instruments onboard the TRMM (Figure 

taken from https://pmm.nasa.gov/trmm/trmm-instruments). 

 

In addition, TRMM also evaluates the scope of space-based precipitation 

measurements. Liu et al., (2012) provides a summary of the available TRMM data 

products. More details on TRMM and the mission objectives can be found in 
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Kummerow et al., (2000) and Simpson et al., (1988).  A more advanced Global 

Precipitation Mission (GPM) with dual frequency radar and other precipitation 

monitoring instruments succeed the TRMM mission.  

 

2.3.4 Precipitation Radar onboard TRMM 

The Precipitation Radar (PR) on board TRMM is the first space-borne 

precipitation radar that measures the time delay of the precipitation-

backscattered return power (reflectivity). The instrument has a swath width of 

247km at surface, with 5km horizontal footprint at nadir. PR operates in the Ku-

band (2.17cm or 13.8GHz), and has a sensitivity of 18dBz (post orbit boost). 

Vertical resolution of the reflectivity measurements is 250m. The specifications of 

TRMM’s PR instrument, along with that for other instruments onboard TRMM, 

are summarized in figure 2.4. 

 

 

Figure 2.4: An illustration of the instrument specifications of the PR (shaded in 

red), along with that for other instruments onboard TRMM (Figure taken from 

https://trmm.gsfc.nasa.gov/overview_dir/background.html). 
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The time delay in receiving the signal backscattered from precipitating sources 

by the TRMM PR provides height information, which is in turn used to retrieve 

the precipitation profiles. The vertical profiles of rain rate obtained using TRMM 

PR are classified into three groups- convective rain, shallow stratiform rain, or 

anvil rain (deep stratiform rain with a melting level). The profiles of latent heat 

release by each of these rain types vary substantially; hence the accuracy of this 

segregation determines the accuracy of the latent heating profiles estimated from 

the PR. 

 

2.3.5 Spectral Latent Heating  

In the atmosphere, there occurs energy changes associated with the change in 

phase of water. The energy released/absorbed in the process is called latent heat. 

Tropical circulations are maintained by the latent heat release from precipitating 

cloud systems. As mentioned before, the latent heating profiles vary among the 

different rain types. While convective rains produce heating profiles that is 

positive throughout the troposphere, heating profiles associated with stratiform 

rain are negative below the melting level and positive above it (Houze 1997). 

Hence to evaluate the latent heating due to precipitating cloud systems, an 

accurate classification of the rain type is necessary.  

 

TRMM make use of a Cloud Resolving Model (CRM) to obtain the profile of latent 

heat release at a given location due to the different rain types. CRMs use 

sophisticated microphysical schemes to simulate the precipitation from clouds 

and the associated latent heat release (Tao et al. 2006). Such heating profiles are 

indexed in the form of a look up table (LUT) for the precipitation type- whether it 

is convective, shallow stratiform or anvil rain. This type of an indexing process 

saves computation time and computation cost. CRM simulation of the tropical 

cloud systems in the Tropical Ocean and Global Atmosphere Coupled Ocean-

Atmosphere Response Experiment (TOGA COARE) were used to produce the LUT 

for the various rainfall types from TRMM (Shige et al. 2004; Shige et al. 2007).  

 

In the Spectral Latent Heating (SLH) algorithm, LUTs make use of rainfall profiles 

spectrally arranged according their precipitation top height (PTH) and the rain 

type. For anvil rains, precipitation rate at the lowest observable level and at the 
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melting level is used for indexing instead of PTH (Shige et al. 2007). This becomes 

necessary because of the insensitivity of the PR to small ice-phased 

hydrometeors.  

 

When TRMM PR rainfall profiles give information on the convective/stratiform 

fraction, PTH, and the precipitation rate at the lowest observable and melting 

levels, the CRM simulated precipitation profile matching these criteria is chosen 

first. Thereafter, the heating profile corresponding to this information is adopted 

from the LUT. In the SLH algorithm, the vertical profiles of precipitation obtained 

from TRMM are carefully compared against the CRM simulated precipitation 

profiles to give the most accurate latent heating profile.  

 

The current study uses the gridded (0.5⁰x0.5⁰) monthly spectral latent heating 

product of TRMM (3H25) version 7 for the period 1998- 2013. The zonally 

averaged distribution of latent heating in the tropical troposphere obtained from 

PR is critically analysed to determine the influence of latent heating from 

precipitating cloud systems on the HC centre, edges and intensity. 

 

2.4 Ground-based Observations: Integrated Global Radiosonde Archive  

Integrated Global Radiosonde Archive (IGRA) is a comprehensive set of 

radiosonde data from more than 1500 world-wide radiosonde stations, which is 

compiled and processed by the National Climatic Data Centre (NCDC). Durre et al. 

(2006) gives a detailed description of this dataset. IGRA compiles data from 11 

different sources, which are classified into 3 groups- core, other large scale, and 

country specific datasets. 82% of the total soundings in IGRA come from the core 

group, which contains the data from NCDC historical GTS, NCAR/NCEP GTS, NCEP 

GTS and NCDC real-time GTS.  Data from the Russian GTS, United States air force, 

and the Australian GTS constitute the other large scale group, and contribute as 

much as 6% to the total soundings in IGRA. In addition to these two groups of 

data, country-specific data from US, Australia, Argentina and South Korea make 

up the rest 12% of the total soundings in IGRA. The stations have a global 

coverage in all core group datasets, and in Russian GTS and in United States air 

force data. Australian GTS covers the whole SH, whereas the country specific 
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datasets have coverage in their respective regions. Data merging is carried out in 

an appropriate manner with the core GTS as the base data and rest of the data 

groups acting as supplementary to the core group data. The merged data is then 

subjected to a sequence of algorithms (described in Durre et al., (2006)) to 

ensure reduction of gross errors and hence, the quality of the data in the IGRA 

archive. The soundings archived in IGRA provide information on pressure, 

temperature, geopotential height, wind speed, wind direction, and dew-point 

depression. Of these variables, atmospheric temperature, pressure, and 

geopotential height are of the highest quality in IGRA, since they are the most 

scrutinized data. The IGRA observations are provided at standard, surface, 

tropopause and significant levels. The overall period of IGRA is from 1938- 

present. The data is freely accessible online as both individual soundings and 

monthly means for 00UTC as well as 12UTC for all years after 1958, and at 03UTC 

and 15UTC before 1958.  Of all the stations, as much as 800 stations presently 

give data on 80% of the days in a year, as compared to the 300-400 stations 

which had been giving information during the 1960s for 80% days in a year. The 

resolution of the dataset has also improved over time. The data has been 

provided only at the mandatory pressure levels in the 1960s; presently the data 

is also provided at 35 levels in addition to the mandatory levels. The vertical 

extent of the soundings has also improved from 100hPa in 1960s to 10hPa at 

present (since as much as 35% of the soundings reach the 10hPa level during the 

present time). Thus, the vertical resolution of IGRA data is sound and the spatio-

temporal coverage of this dataset is by and large complete over US, Western 

Europe, Russia and Australia. The data can be used for inter-comparison with 

other measurement systems, and also for verifying model outputs. The archive 

can also be a tool for boundary layer studies. Such studies are required to 

proceed under the caveat that the IGRA data account for inhomogeneities neither 

from the changes in instrumentation nor from the changes in observation 

practices. IGRA derived products such as the Radiosonde Atmospheric 

Temperature Products for Assessing Climate (RATPAC) which account for these 

inhomogeneties also can be used instead. 

 

In the current thesis, the IGRA data is used for the comparison of the reanalysis 

datasets for HC dynamical studies by means of the MSF metric.  
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2.5 Global Precipitation Climatology Project Dataset 

Global Precipitation Climatology Project (GPCP) is the initiative of the World 

Climate Research Programme (WCRP) and its component Global Energy and 

Water Cycle Experiment (GEWEX), dedicated to produce the community analysis 

of global precipitation to improve the current understanding of the hydrological 

cycle. Details of the project is given in Huffman et al. (1997) as well as in Adler et 

al. (2003), and are being summarized in this section. GPCP combines the satellite 

as well as ground based observation of precipitation to produce a comprehensive 

dataset that is globally complete. The data is available since 1979 on monthly 

basis at resolutions 2.5ᵒ latitude x 2.5ᵒ longitude. GPCP also provides pentad 

global analysis as well as daily 1ᵒ latitude x 1ᵒ longitude analysis. The GPCP 

precipitation data is archived and distributed by the World Data Centre- A at 

NOAA National Climatic Data Centre (NCDC). The surface-based observations are 

obtained from the GPCC rain gauge analysis and the GHCN-CAMS Guage Analysis. 

GPCC operated by the German weather service provides data since 1986. During 

the period not covered by the GPCC, i.e. from 1979-1985, a combination of the 

GHCN and CAMS rain gauge data produced by the NOAA CPC group is used in the 

GPCP precipitation analysis. 

 

In addition to the surface measurements, rain rate derived from MW data 

provided by the low orbiting satellites and IR data provided by geosynchronous 

satellites are also merged in the GPCP analysis of precipitation. Data from 19GHz 

and 22GHz channels of the SSM/I instrument measures the MW emission 

estimates over the ocean and that from the 85GHz channel measures the MW 

scattering estimates over the land. On applying adequate algorithms, data from 

these channels provide rain rate, which is merged in the GPCP precipitation 

analysis. The minimum sensitivity of the 85GHz channel is 1mm/hr. 

Geosynchronous IR-based estimates of rainfall are also an input to the GPCP 

analysis. IR-based estimates of global rainfall obtained from geostationary 

satellites (GOES, GMS, MeteoSat) are merged together using the GOES 

Precipitation Index (GPI) technique. The technique derives rain rate from cold 

cloud top area, and has been in use in GPCP since 1986. Data gap areas in the 

geostationary measurements are filled in by means of that from AVHRR onboard 
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the NOAA polar orbiting satellites. Another polar orbiting satellite data that is 

extensively used in GPCP is the data from TOVS instruments onboard NOAA 

satellites. TOVS estimates precipitation from a regression relationship between 

rain gauge measurements and the TOVS parameters for cloud volume. TOVS 

precipitation estimates, since July 1987, complements the SSM/I precipitation 

estimates. In the 40ᵒN to 40ᵒS zone, where there is an SSM/I data void, TOVS data 

is used after bias adjustment against the zonally averaged SSM/I data. In the 

Polar Regions, SSM/I data is replaced by the TOVS data, after carrying out a bias 

adjustment using the rain guage data in these regions. SSM/I and TOVS 

precipitation estimates are given equal weightage in the rest of the regions. Yet 

another input to GPCP is OLR Precipitation index (OPI), which makes use of the 

OLR measurements from LEO satellites. As already known, a reduced OLR 

amount corresponds to higher precipitation rate. OPI data is used in lieu of the 

satellite precipitation estimates during the pre-SSM/I period (i.e., from 1979-

1987). Each of the satellite-based estimates of precipitation is bias adjusted 

against guage measurements. Bias errors are removed in this analysis procedure, 

leaving out only random errors to be estimated separately. The weight for each 

dataset is produced in the process of error estimation. Once this is done, “the 

multi-satellite data and the guage data are combined with inverse error variance 

weighting to produce the final merged analysis” that is spatially uniform. The 

GPCP precipitation estimate and its climatology have been found to reproduce 

the mean precipitation pattern on earth. The average precipitation rate from the 

dataset has been recorded as 2.6mm/day, with the oceans (2.8mm/day) 

recording more precipitation than over land (2.1mm/day). However, the values 

of mean precipitation over oceans are debatable because of the less number of 

guage observation over oceanic regions. So is the case with the precipitation over 

the polar latitudes. Stations providing long term observations over Polar Regions 

are less in number and the GPCP precipitation over these regions are entirely 

derived from the TOVS or OLR data products. It has also been noted that GPCP 

underestimates precipitation over some mountainous regions since neither there 

are many rain gauges in mountainous terrain nor does the satellite capture 

shallow orographic precipitation. Users are also cautioned to consider the 

inhomogeneity of the input datasets, especially during the pre-SSM/I period 

while analysing the global and regional trends in precipitation. Irrespective of the 
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limitations, the GPCP data is of immense utility to the scientific community 

because it provides a globally complete account of precipitation in a 

comprehensive manner. The monthly mean precipitation rates obtained from 

GPCP version 2.3 for the period 1979-2014 are used in the present study. 

 

2.6 Meridional Mass Stream Function (MSF) 

Meridional Mass Stream Function (MSF) is the most physically plausible metric 

that can closely track the atmospheric flow; and is hence used in the present 

thesis to characterize the HC. Mathematically, stream function is defined as a fluid 

flow that satisfies Laplace’s equation and hence, irrotational in nature. MSF is 

thus the flow of atmospheric mass in the meridional direction, and is derived by 

solving the zonally averaged mass continuity equation for a zonally averaged 

meridional wind (Oort and Yienger 1996). The equation is given as: 

  
       

 
       

 

 

 

where     is the MSF expressed in kg/s,     is the radius of the Earth,     is the 

acceleration due to gravity,     is the latitude,      is the time averaged (denoted 

by over bar) and zonally averaged (denoted by []) meridional wind, and   is the 

pressure level. To ascertain mass balance in the vertical direction, the mass 

weighted vertical mean value is subtracted from     .   is assumed to be zero at 

the TOA, which is fixed to be at 10hPa for reanalysis data and at 5hPa for 

radiosonde data (Waliser et al. 1999). A positive value for   denotes a northward 

flow, whereas a negative value for   denotes a southward flow. MSF defines HC 

edges as the first latitude poleward of the cell centre where MSF at 500hPa 

becomes zero (Stachnik and Schumacher 2011). The distance between the HC 

edge in the NH and that in the SH gives the total width of the HC. On the other 

hand, magnitude of maximum(minimum) MSF in the NH(SH) gives the HC 

strength (Stachnik and Schumacher 2011). 

 

Meridional wind data product of the reanalyses as well as the IGRA data is used to 

determine the MSF. Figure 2.5(a) is a pressure-latitude section of the MSF ( ) 

charted out from the ERA-I reanalysis v-wind data product for the period 1979-

2012. The figure has been obtained for the March-April-May season, and clearly 
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shows the two cell structure of the HC during the equinox, with the cell centre 

occurring at the equator. Figure 2.5(b) depicts the MSF at 500hPa as a function of 

latitude. The location of the HC centre as well as edges is clearly illustrated in this 

figure as the latitude where MSF changes direction; these latitudes are identified 

using a linear interpolation scheme. For this equinoctial season, the HC centre is 

seen to be fixed at the equator, the edges fall at ~30⁰N/S latitudes, and the NH 

and SH cells are seen to be equally intense (~1.5 x 1011 kg/s). The intensity of the 

hemispheric HC, however, varies during the solstice seasons. This shall be 

discussed further in the forthcoming chapters. 
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Figure 2.5: (a) Pressure-latitude section of the zonally averaged MSF for the March-April-May season from 1979-2012 (Data source: 

ERA-I reanalysis). (b) Latitudinal distribution of MSF at 500hPa illustrating the characteristic HC parameters. 

(a) (b) 
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CHAPTER 3 

CHARACTERIZATION OF THE ZONAL MEAN 

HADLEY CIRCULATION AND QUANTIFICATION OF 

ITS POLEWARD EXPANSION 

 
3.1 Introduction 

As discussed in Chapter 1, differential heating of the Earth’s surface by the Sun 

from equatorial to polar latitudes is one of the major factors that play a vital role 

in controlling the Earth’s atmospheric dynamics. The large scale ascent of the 

moist air at the equatorial latitudes due to this differential heating and latent heat 

release, subsequent meridional transport towards the poles, and descent of dry 

air over subtropics constitute the general circulation of atmosphere and thereby 

control the climate zones of the earth. One such planetary scale circulation 

spanning one-third of the globe from tropics to subtropics is the Hadley 

Circulation (HC), whose variability will have explicit impact on the established 

temperature and precipitation patterns of the planet earth (Held and Hou 1980; 

Diaz and Bradley 2004; Johanson and Fu 2009). By now it is well known that the 

HC is responsible for the wet, humid climate of the tropics and the dry, parched 

climate of the subtropics. The distinct biodiversity of these regions is also 

adapted to the established climate and precipitation patterns. 

 

Of late, sinking latitudes of HC has gained importance because of the fluctuations 

they exhibit, mainly due to the changes in meridional temperature gradient 

arising in response to the changing concentrations of greenhouse gases and other 

anthropogenic sources (Lucas et al., 2014 and references therein; Seidel et al., 

2008). Owing to its direct impact on subtropical climate, many researchers across 

the globe are focusing on quantifying the variability in HC dynamics and its 

consequences. Many indicators are used in such a comprehensive study on HC. 

Among these parameters, the meridional mass stream function (MSF), velocity 

potential (Nguyen et al. 2013), tropopause height, total ozone, outgoing long-
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wave radiation (OLR), position of subtropical jet, cloud amount and precipitation 

are widely used to investigate the HC dynamics. A summary of all the studies till 

2014 making use of a majority of the indicators mentioned above is provided by 

Lucas et al. (2014), and has also been discussed in Chapter 1. 

 

Oort and Yienger, (1996), using 26 years (1964-1989) of radiosonde upper air 

wind observations over several parts of the globe, reported the inter-annual 

variability in the intensity of HC and found significant correlation with El-Nino 

Southern Oscillation (ENSO). These authors also reported significant seasonal 

variations in the HC strength, latitude and height of maximum MSF. Waliser et al., 

(1999), using global radiosonde network observations and NCEP reanalysis data, 

introduced an innovative method to verify the adequacy of the radiosonde 

sampling over the globe to study the HC dynamics. This study also evaluated the 

extent of NCEP reanalysis data in reproducing the major features of HC. These 

authors sampled the NCEP reanalysis data over the radiosonde stations and 

computed the MSF. The comparison between in-situ and subsampled reanalysis 

data suggested stronger HC in both hemispheres as compared to in-situ 

observations, which is attributed to biases in the reanalysis. In a seminal study, 

Chen et al., (2002) reported strengthening of the tropical circulation using 

satellite observations of outgoing long wave radiation and reflected short wave 

radiation. These authors also verified their assertion independently using upper 

tropospheric humidity, cloud amount, surface air temperature, and vertical 

velocity, which confirmed the strengthening of both Hadley and Walker 

circulation. Using global circulation model simulations, Cook, (2003) reported the 

land surface forcing on the HC. These simulations showed that the presence of 

land surface double the intensity of winter cell and halve the intensity of summer 

cell. Subsequently, Clement, (2006) evaluated the role of ocean dynamics in 

setting the structure and strength of the seasonal HC. Recently, many studies on 

HC dynamics has shown changes in the horizontal scale and strength of the 

circulation, in fact a poleward expansion, over the past few decades (Hu and Fu 

2007; Johanson and Fu 2009; Liu et al. 2012; Nguyen et al. 2013). Hu and Fu, 

(2007), using three reanalysis datasets (uses MSF metric) and OLR datasets, 

showed that the HC has a noticeable expansion of ~1.5⁰ and ~1⁰ latitude per 

decade, respectively. These authors reported that the poleward expansion of HC 
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is prominent during summer and fall. It has also been observed that the rate of 

expansion of HC is sensitive to the indicator metrics Ao and Hajj, (2013). For 

instance, tropopause height was used as an indicator to find an expansion of 

~0.4⁰-0.7⁰ latitude per decade by Reichler and Held (2005) (c.f. Reichler 2009). 

Hudson et al. (2006) used total ozone and estimated an expansion of ~1⁰ latitude 

per decade (for NH alone). Using eight sets of reanalysis, Nguyen et al. (2013) 

investigated the HC dynamics. These authors reported HC expansion in both 

hemispheres, most pronounced and statistically significant during summer and 

autumn, at an average rate of expansion of 0.550 latitude per decade in each 

hemisphere. However, significant differences were found in the strengths and 

tendencies of the analysed features among the eight reanalysis datasets. Davis 

and Rosenlof, (2012), using a suit of tropical edge latitude diagnostics such as 

tropopause height, precipitation minus evaporation (P-E) and OLR derived from 

satellite observations and reanalysis datasets, suggested that the wide range of 

trends in tropical belt expansion is due to the use of different datasets and edge 

definitions. These authors also found statistically significant HC expansion based 

on MSF in the range 10-1.50 latitude per decade. Very recently, Chen et al. (2014), 

using six reanalysis datasets, investigated the intensification and poleward 

expansion of HC at regional scales. These authors chose African, Indian Ocean, 

western Pacific, eastern Pacific, South America and Atlantic regions to study the 

regional features of HC. The results showed significant and uniform trends in 

poleward expansion of the boreal HC over all the regions except western Pacific. 

In southern hemisphere (SH), only South American region showed a significant 

trend in the poleward expansion of HC. Several other studies in the recent past 

has also focused on intensification and poleward expansion of the HC using 

reanalyses as well as long-term observational datasets to find a widening ~ 1⁰ 

latitude per decade, excluding the outliers and taking into consideration both 

observational uncertainties as well as the differences in methodologies (Reichler, 

2009). 

 

Observed expansion of HC is also reproduced by climate models, but to a lesser 

extent than observations (Seidel et al. 2008). Johanson and Fu, (2009) compared 

the observed widening of the HC with GCM simulations. There were noticeable 

differences in observed and GCM simulated widening of HC. These results 
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insisted on the need for investigating the reasons behind the significant 

discrepancies between GCM simulated and observed widening of HC. The GCMs 

simulating the influence of increased greenhouse gases produce weakening of the 

tropical overturning circulation, which affects the Walker Circulation more 

strongly than the HC. Apart from GCM, there were studies using Coupled Model 

Intercomparison Project (CMIP) simulations. For example, GCMs in the WCRP 

CMIP3 project which make use of the increase in greenhouse gases as a forcing, 

shows a poleward expansion of the HC of approximately ~1⁰-2⁰ latitude 

accompanied by a decrease in intensity of the HC (Lucas et al., 2014). Lu et al., 

(2007) using simulations of 21st century climate taken from A2 scenario of the 

IPCC AR4 project reported that in response to increased global warming, a 

significant weakening and poleward expansion of HC is observed. The authors 

attributed the expansion of the HC to an increase in the subtropical static 

stability, which extends the baroclinic instability zones towards poles and hence 

the edge of the HC. The observed trends of expansion of HC in reanalysis datasets 

were also found to be more than that obtained using CMIP simulations. Hu et al. 

(2013), using CMIP5 historical simulations with greenhouse gas forcing, reported 

a total widening of ~0.150±0.060 per decade for the period 1979–2005. These 

trends were reported by the authors to be approximately six times weaker than 

the trends from reanalyses. Quan et al., (2014) diagnosed the climate model 

simulations to understand the rate of expansion of tropical belt. These authors 

reported that the rapid expansion of tropical belt observed in the various 

reanalysis datasets during 1979-2009 is implausible. Thus there exists a 

discrepancy between the observed and climate model simulations on HC 

expansion. Irrespective of the discrepancies, the climate model simulations are 

significant since they are driven by a variety of forcings (including 

anthropogenic) derived from the climate of the past and indicative of the reasons 

behind the expansion of the HC (Reichler et al. 2009; Lucas et al. 2014). 

 

Above discussion on the phenomena of HC and its poleward expansion has 

brought out that the width and intensity of the HC has significant inter-annual 

variability and a net poleward moving trend in the recent decades. This 

discussion also brought out that a consensus is yet to be reached among different 

studies on the actual rate of expansion of the HC for it has been found to differ 
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with respect to the season under consideration, data used, time span of the study, 

and the metric used for the analysis. Long term observational data, if available, 

would have enabled the scientific community to determine the true rate of 

expansion. However there are inherent limitations in producing spatially 

homogenous, globally complete and long term observational data.  

 

The lack of globally complete observational records have been partly addressed 

by reanalysis, which combine model fields with sparsely distributed observations 

to form a spatially complete gridded meteorological dataset (Rienecker et al. 

2011); however, their use for estimation of climate trends is still a subject of 

debate (Stachnik and Schumacher 2011). Sturaro, (2003) noted that the trends in 

HC expansion obtained using reanalysis datasets may be biased due to the quality 

as well as quantity of the data being assimilated. As discussed in Chapter 2, such 

kinds of biases arise out of the spatial inhomogeneity of observational network 

and continuous evolution of the observational platform that incorporate the 

radical technology. The bias can also arise from the difference in data assimilation 

methods of various reanalyses as well as from the difference in representation of 

the various physical processes within the underlying model in these datasets 

(Waliser et al. 1999; Lucas et al. 2012). The effects of these biases are reflected in 

the output of the reanalysis, posing a challenge to the evaluation of a long term 

climatic trend.  

 

Thus it has become the need of the hour that reanalysis datasets are evaluated 

using observations for global circulation studies and for HC in particular. 

Although there have been studies which compared the available reanalysis 

datasets among each other with regard to the HC expansion (Stachnik and 

Schumacher 2011; Nguyen et al. 2013), only a few of them have compared 

reanalysis datasets with observations. An example is the study by Waliser et al., 

(1999) who, using global network of radiosonde observations and NCEP 

reanalysis data, introduced an innovative method to verify the adequacy of the 

radiosonde sampling over the globe to study the HC dynamics. These authors 

sampled the NCEP reanalysis data over the radiosonde station locations and 

computed the MSF, and evaluated the ability of NCEP reanalysis data in 

reproducing the major features of HC. The comparison between in-situ and 
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subsampled reanalysis data in their work suggested that the HC from the 

subsampled reanalysis data, in both hemispheres, is stronger than that from in-

situ observations. The authors attributed this discrepancy in HC strength to 

biases in the reanalysis which arises due to obvious reasons discussed 

beforehand. Hence such comparisons between reanalysis data and actual 

observational data is bound to convey useful information on the utility of 

reanalysis datasets for studying the large scale circulations in the atmosphere, 

and for HC studies in particular. Besides, it is also necessary that newer 

generations of reanalysis projects are evaluated for their use in HC dynamical 

studies. In this regard, the present chapter focusses on the analysis of long term 

changes in the HC by means of the relatively new Japanese Re-Analysis (JRA55) 

data and its comparison with three other widely used reanalysis datasets, viz.  

National Centre for Environmental Prediction (NCEP), ECMWF Re-Analysis –

Interim (ERA-I), and Modern Era Retrospective-analysis for Research and 

Applications (MERRA) datasets for a period of 34 years (1979-2012), as well as 

on the validation of these datasets against monthly mean global upper air 

observations obtained from the Integrated Global Radiosonde Archive (IGRA). In 

addition to substantiating the use of these reanalysis datasets for climate studies 

by means of in-situ data, the current chapter also discusses on the long-term 

trends in the monthly mean width of the zonally averaged HC in these reanalysis 

datasets. The newer aspects of the present study as compared to earlier ones are 

(1) the evaluation of relatively newer JRA55 for studies on HC dynamics, and (2) 

comparison of JRA55, NCEP, ERA-I and MERRA reanalyses with IGRA data using 

the ‘subsampling’ technique. Section 3.2 provides data and methodology, results 

are discussed in section 3.3 and section 3.4 provides a summary of the results. 

 

3.2 Data and Methodology 

The present work utilizes the meridional winds from four reanalysis datasets 

(resolution specified in brackets): JRA55 (1.25 ⁰ x 1.25 ⁰ x 37 levels), NCEP (2.5 ⁰ 

x 2.5 ⁰ x 17 levels), ERA-I (1.5 ⁰ x 1.5 ⁰ x 37 levels), and MERRA (1/2 ⁰ x 2/3 ⁰ x 42 

levels). In order to establish the reliability of these reanalysis datasets for HC 

studies, global upper air observations obtained from the Integrated Global 

Radiosonde Archive (IGRA) are used. A description on each of these datasets has 
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been provided in Chapter 2. As the year 1979 marks the beginning of inclusion of 

satellite observations into the reanalysis datasets which made them more 

reliable, the period of present study is from 1979 to 2012 for all the datasets. 

 

The MSF metric is used in this study to closely track the atmospheric motions and 

hence, the HC edges and centre. The procedure to calculate the MSF metric from 

zonally averaged meridional wind data has been discussed in Chapter 2. The v-

wind product from the reanalyses/IGRA is zonally averaged to calculate the MSF 

by means of the procedure outlined in Chapter 2. The reanalysis datasets are 

evaluated for their use in HC studies in the current study by means of 

observational data from IGRA using the method ‘subsampling’ introduced by 

Waliser et al., (1999). In this technique, the reanalysis data is subsampled over 

the location of IGRA stations for the same period. Those data points in reanalysis 

data are selected where in-situ observations are available and MSF is calculated. 

The MSF from subsampled datasets are then compared with the MSF calculated 

from IGRA data in order to establish the reliability of reanalysis datasets for HC 

studies using the MSF metric. The MSF metric evaluated in this manner is 

thereafter used to determine the HC edge latitudes and centre. Following 

Stachnik and Schumacher (2011), HC edges are defined as the first latitude 

poleward of the cell centre where MSF at 500hPa becomes zero. These latitudes 

are determined for each hemisphere using a linear interpolation scheme, and 

annual cycle of the edges as well as centre is estimated, along with their monthly 

variability. The study also looks into the interannual variability in the zonal mean 

HC width to explore the trend in the poleward expansion of the HC. 

 

3.3 Results and Discussion 

3.3.1 Mass Stream Function and the HC edges 

The MSF is estimated using all four reanalysis datasets by employing the 

procedure outlined in chapter 2. A qualitative comparison is carried out for 

winter (DJF) and summer solstices (JJA), and the vernal (MAM) and autumnal 

equinoxes (SON) with respect to the NH. Since the features are more pronounced 

during solstices than equinoxes due to the varied amount of insolation reaching   
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Figure 3.1: Mean meridional Mass Stream Function (MSF) for boreal winter estimated from (a) NCEP, (b) ERA-I, (c) 

JRA55 and (d) MERRA reanalysis datasets during the period 1979 to 2012. 
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each hemisphere during this period, the present study compares the MSF for 

solstices alone. However, MSF were computed for every month. Figure 3.1(a-d) 

shows the pressure- latitude section of MSF (in kg/s) for winter solstice using 

NCEP, ERA-I, JRA55 and MERRA reanalysis datasets respectively for the period 

1979 to 2012. Figure 3.2(a-d) represents the same for summer solstice. From 

these two figures, it is evident that all the four reanalysis datasets reproduce the 

known gross features of HC. For instance, the rising limb is in SH (~9⁰S) during 

boreal winter and in NH (~17⁰N) during boreal summer in all the four datasets. 

In either hemisphere, it is clear that winter cell is stronger than their summer 

counterparts. This is because of the increased meridional temperature gradient 

during winter season (Goody and Walker 1972). The predominance of land 

regions in NH can also strengthen the winter cell due to increased surface friction 

and hence, increased angular momentum flux which is in turn balanced by an 

increase in the meridional velocity (Cook 2003). Summer cells are weakened by 

monsoon circulation in NH and by convergence zones in the SH (Karnauskas and 

Ummenhofer 2014). These are well known features of HC delineated using the 

MSF metric, and are in agreement among all the reanalysis datasets. However, 

there are a few discrepancies in the observed broad features among the 

reanalysis datasets. The summer cell extends well into the winter hemisphere at 

lower levels in NCEP data, which is not observed in other datasets. This can be an 

artefact of low vertical resolution of this dataset as this is removed upon 

interpolation of the number of levels. 

 

As discussed in the Chapter 2, the MSF at 500hPa level is used for identifying the 

SH edge, centre, NH edge and total width of the HC. These quantities are 

segregated by month to construct their annual variations using 34 years of data.  

Figure 3.3(a-d) shows annual cycle of SH edge, centre, NH edge and total width of 

the HC respectively. The vertical bars indicate the standard deviation, which 

represents the inter-annual variability. The annual cycle of the observed 

quantities are found to be consistent with the current understanding of the HC 

dynamics, which validates the present algorithm for estimating MSF and 

identifying the HC edges.  
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Figure 3.2: Same as figure 3.1 but for boreal summer. 
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Figures 3.3(a) and 3.3(b) draw a comparison between the poleward extent of HC 

in the northern and southern hemispheres, respectively. From figure 3.3(a) it is 

evident that the SH edge of HC is consistent among all the datasets with marginal 

discrepancies during the austral summer solstice and autumnal equinox. The 

annual cycle of NH edges also shows consistency among the four datasets with 

noticeable differences during the months April through June. Although the extent 

toward poles is expected to reach a maximum during the summer months of the 

respective hemisphere and a minimum during the respective winter months 

(Nguyen et al. 2013), deviations are seen to be present and is noticeable in the 

NH. Deviancy is that the minimum of poleward extent of NH edge does not occur 

during winter, but during the vernal equinox. It is evident from figure 3.3(b) that 

the interannual variability is large during the months of June and July, which is 

consistent among all four datasets. The maximum poleward extent of HC in NH 

(~40⁰ to 43⁰ latitude) is reached during August and decreases thereafter; this is 

consistent across all datasets. SH shows a more or less steady and consistent 

pattern of the annual cycle of poleward extent, with maxima in February (~36⁰ to 

38⁰) and minima during June (July for JRA55 dataset). It is also clear from figures 

3.3(a) and 3.3(b) that the maximum of poleward extent in NH is further poleward 

than the maximum of extent in SH. Apart from these minor discrepancies, the 

annual cycle of both northern and southern hemispheric HC edges shows 

consistent pattern among all the four datasets. The interannual variability, 

represented by vertical bars in the figures, is also in good agreement among the 

datasets. 

 

Figure 3.3(c) shows the annual cycle of the centre of the HC, which is in fact the 

location of the ascending branch of the HC. Annual cycle of HC centre is in 

accordance with the seasonal shift in the latitude of average annual maximum of 

heating. The centre is far south (~14⁰S), during January-February, crosses the 

equator during April, and reaches far north (~20⁰N) during July-August months. 

Thereafter the retreat of the HC centre towards the south begins and the equator 

is crossed once again during November. Such kind of a motion is consistent 

among all the reanalyses, and is very much similar to the present understanding 

of the HC. Very low inter-annual variability of the HC centre is suggestive of 

consistency of the location of the rising limb of the HC, year after year. The annual  
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Figure 3.3: Annual cycle of (a) SH edge, (b) NH edge, (c) Centre and (d) Total width of the HC derived from four reanalysis 

datasets. Vertical bars indicate the standard deviation depicting the interannual variability. 
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cycle of the HC centre and its inter-annual variability is also consistent among the 

four datasets. Figure 3.3(d) shows the total width of the HC, which is obtained by 

adding the SH and NH edges of the HC shown in figures 3.3(a) and 3.3(b) 

respectively. From this figure, it is noted that the total width is maximum (~70⁰) 

during August-September and minimum (~55⁰) during May-June.  As the location 

of NH summer HC edge is more poleward than that of SH summer cell, the total 

width during NH summer is more as compared to the SH summer. A similar 

pattern has been suggested by Davis and Birner, (2013) also, using the ERA-I 

dataset. Thus the MSF-based HC characteristics derived using the four reanalysis 

datasets show consistent annual cycles in SH edge, NH edge, centre, and total 

width of the HC, with their interannual variations also comparable. 

 

3.3.2 Comparison between Reanalyses and Radiosonde observations 

Figure 3.4: Geographical distribution of radiosonde stations included in IGRA. 

 

Even though the reanalysis datasets are used extensively to study the 

climatological features of the many atmospheric processes, there is a need to 

evaluate these datasets from time to time using observations (Mathew et al. 

2016). It is also essential to examine whether reanalysis datasets are suitable for 

studying particular atmospheric phenomenon for example, the HC. As mentioned 
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in the section 3.1, Waliser et al., (1999) compared the NCEP datasets with 

operational radiosonde network observations. In the present study, we compare 

the four reanalysis datasets mentioned in section 3.2 with IGRA observations 

qualitatively. Figure 3.4 shows the geographical locations of IGRA stations. From 

this figure, it is evident that NH has more coverage as compared to SH. Only those 

stations are selected whose data record spans the period from 1979 to 2012.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Mean merdional Mass Stream Function (MSF) obtained from IGRA 

during the period 1979 to 2013 for (a) boreal winter and (b) boreal summer. 

(a) 

(b) 
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MSF is calculated from the monthly meridional wind data obtained from IGRA 

over the above time span for boreal winter (DJF) and boreal summer (JJA). The 

pressure-latitude sections of MSF for each of these seasons are shown in figures 

3.5(a) and 3.5(b), respectively. The data gaps in the SH occur as a result of 

scarcity of observations over oceans. Abrupt transitions in these two figures, in 

contrast to the smooth transitions in reanalyses datasets, arise as a result of the 

spatial inhomogeneity of the radiosonde dataset. The winter and summer cells 

cannot be distinctly identified in these figures as a result of the sharp transitions 

and data gaps; however the features above ~800hPa in these figures show 

signatures of the HC. For instance, a clockwise circulation is predominant above 

~800hPa during DJF (figure 3.5(a)), while an anticlockwise circulation is 

predominant at the same level during JJA (figure 3.5(b)). The HC centre cannot be 

clearly made out in these figures for the reasons mentioned earlier. 

 

After estimating the MSF using radiosonde observations using the subsampling 

procedure detailed in section 3.2, the MSF were estimated from reanalysis 

datasets and is shown in figures 3.6(a-d) and 3.7(a-d) for boreal winter and 

summer, respectively.  The figures 3.5, 3.6 and 3.7 together draw a comparison of 

MSF obtained from the subsampling of the four reanalysis datasets - MERRA, 

JRA55, NCEP and ERA-I with the IGRA data for DJF and JJA, respectively.  From 

these figures, it is evident that the large-scale features in the subsampled 

reanalyses datasets are very much similar to that in the radiosonde dataset 

except for the sharp transitions in the observations. However, there are 

discrepancies in the magnitude of MSF derived from IGRA and reanalyses 

datasets. The circulation features in a subsampled dataset are, in fact, found to be 

weaker than that in IGRA for boreal winter. For boreal summer, the reverse is 

true. The features in the MSF obtained from subsampled datasets are also 

comparable among each other; and variations, if at all present, occur in terms of 

the magnitude. High resemblance of the subsampled reanalyses datasets with 

global radiosonde dataset, thus, substantiates the fact that reanalysis datasets 

employed in the present study can be a worthy tool for characterising the HC 

dynamics. As mentioned earlier, the use of reanalysis datasets for a given study 

should be substantiated by evaluating them with observations. For the first time,  
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Figure 3.6: MSF obtained from subsampled reanalysis datasets of (a) NCEP, (b) ERA-I, (c) JRA55 and (d) MERRA for 

boreal winter. 
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Figure 3.7: Same as figure 3.6, but for boreal summer. 
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the MSF estimated using MERRA, JRA55, NCEP and ERA-I are verified with 

observations for general circulation studies using the subsampling procedure 

outlined by Waliser et al., (1999). 

 

3.3.3 Interannual Variability and Trends in HC width 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Time series of anomaly in the total width of HC for the month of (a) 

January and (b) July obtained using four reanalysis datasets during 1979-2012. 

(a) 

(b) 
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As discussed in Chapter 1, there were many studies on estimation of trends in HC 

width using observations, reanalysis datasets and climate models. However, most 

of them have focused on trends in annual and seasonal mean HC width. The 

present study attempts to estimate the monthly trends in total width of HC using 

the procedure outlined by Santer et al. (2000). In order to identify this trend, 

interannual variability in the total width of the HC for 34 years and their anomaly 

is first calculated. Year to year variability in the total width of the HC sheds light 

upon the long term changes that have occurred to the meridional extent of HC 

over a 34 year period. Figure 3.8 shows an inter-comparison of the anomalies in 

the total width of HC for the months of January and July among four reanalysis 

datasets for a period spanning the years 1979 to 2012. Positive value for the 

anomaly shows expansion of the HC, and a negative value shows contraction with 

respect to mean width of the HC. 

 

It is clear from the figures 3.8(a) and 3.8(b) that the expansion in a given year is 

followed by a tendency towards contraction in the next year, and a further 

expansion in the succeeding year. This process repeats across all datasets 

although the magnitudes differ. Generally a tendency towards expansion has 

occurred in 34 years since 1979. The figures depict that the yearly transitions are 

smooth as well as consistent among the datasets during the month of January. 

However in July, the case is different. Interannual variability of the total width 

anomaly becomes larger, and the consistency amongst the datasets is reduced 

during the month of July. The deviations are pronounced in the case of NCEP data, 

wherein the width anomalies are showing large negative values. Still there is a 

net tendency towards expansion in NCEP data as well as in the rest of the 

datasets noticeable during the months of January and July. One more interesting 

aspect revealed by the interannual variation of total width anomaly shown in 

figure 3.8 is their periodic oscillations. A varying periodicity can be noticed 

during both January and July. To quantitatively know the periodicities in the 

observed oscillations, the time series of total width anomalies for each month 

derived from all the four datasets are subjected to Fourier analysis. It is noticed 

that the prominent periodicities varied from one season to other, and also varied 

among the datasets. However, most of the datasets showed a prominent 

periodicity with significant amplitude in the 4-8 year band during the boreal 
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summer and 2-3 years during boreal winter (figure not shown). The source 

mechanisms for the observed periodicity are not well known, except that the 2-3 

year band is close to quasi biennial oscillation which is prominently observed in 

the equatorial stratosphere.   

 

The time series of anomaly in the total width of the HC has been constructed for 

the each month and the linear trends are estimated using least-square fitting 

procedure. The trend (per decade) in the variability of total width of the HC for 

each month is quantitatively represented in figure 3.9. The vertical bars in the 

figure indicate the 95% confidence intervals estimated using the method of 

Santer, (2000).  

 

Figure 3.9: Monthly trend (in degrees per decade) in the total width of the HC 

calculated for NCEP, JRA55, MERRA and ERA-I datasets. Vertical bars represent 

the 95% confidence intervals of the estimated trend. 
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The trends estimated using four reanalysis datasets show consistent annual 

pattern with trends being positive during most of the months. Exceptions include 

the MERRA dataset, which shows negative trends during the months of February 

and November, and the JRA55 dataset, which shows negative trend during the 

month of October; all the other datasets show positive trend in the total width of 

the HC. The trend towards expansion is on the rise during the months of June and 

July for all the datasets.  During the month of June, all datasets other than NCEP 

show an expansion close to 10 latitude per decade. The NCEP dataset shows 

maximum expansion during the month of July, which is ~1.50 latitude per decade. 

This expansion rate is also consistent with all other datasets, except for JRA55. 

Thus from figure 3.9, it can be noted that maximum expansion of the HC is 

observed in the month of July, which is consistent in three reanalysis datasets 

(NCEP, MERRA and ERA-I). According to this trend pattern for the month of July, 

the HC has expanded ~5.1° in the past 34 years. The confidence intervals of trend 

obtained for few datasets include the zero, which indicates that null hypothesis 

cannot be neglected in these cases. However in the month of July, where 

maximum expansion of the HC is observed in three out of four datasets, the 95% 

confidence interval derived from all four reanalysis datasets show significant 

trend. The present study thus provides unambiguous climate change indicators in 

terms of the HC expansion, which is envisaged to have profound climate 

implication especially over subtropics.  

 

3.4  Summary 

The present study characterized the HC  in terms of its centre, NH and SH edges  

using relatively new JRA55 reanalysis dataset and three widely used reanalysis 

datasets (NCEP, MERRA and ERA-I) by employing MSF metric. Using subsampling 

technique, the MSF metric estimated using reanalysis datasets are evaluated with 

radiosonde observations as reference. The poleward expansion of the HC has 

been brought out by means of trend analysis. The following are the concluding 

remarks brought out from the present study: 

1. A qualitative comparison of MSF among all the reanalysis datasets for 

winter and summer solstices reproduces the well-known features of the 

HC. Annual cycle of the NH and SH edges, centre and total width of the HC 
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has been analyzed, and considerable consistency with present knowledge 

on the same has been found. This serves to validate the algorithm that has 

been developed to estimate the MSF as well as edges of the HC.  

2. It has been found that the annual cycle of HC edges in both hemispheres, 

its centre, as well as its total width are consistent among the datasets, with 

interannual variability also being comparable. These results brought out 

the consistency among reanalysis datasets in characterizing the HC. 

3. The maximum poleward extent of HC in NH (~40⁰ to 43⁰ latitude) is found 

during August and in SH it is found during February (~36⁰ to 38⁰ latitude). 

The annual cycle of HC centre is found to be in accordance with the 

seasonal shift in the latitude of average annual maximum of heating. The 

results showed that the total width of HC is maximum (~70⁰) during 

August-September and minimum (~55⁰) during May-June.  

4. The four reanalysis datasets has been compared with radiosonde 

observations from IGRA, for the first time, using the subsampling 

technique outlined by Waliser et al., (1999). Large scale features in the 

subsampled datasets show high resemblance with the IGRA dataset, 

reinforcing the fact that reanalysis datasets can be used for studies on the 

global circulation, and the HC in particular. 

5. Interannual variability in the total width of the HC has been charted out 

for each month in order to bring out the monthly trend towards expansion 

of the HC. It has been found that during the month of July, the trends 

obtained at the 95% confidence interval derived from all the four 

reanalysis datasets are significant, and that the observed expansion trend 

(1.5⁰ latitude per decade) is consistent for three among the four reanalysis 

datasets used, the exception being JRA55. 

Thus, the current study has brought out the poleward expansion indications in 

HC using JRA55, NCEP, MERRA and ERA-I datasets. It is envisaged that the 

present results will bring more credibility for the reanalysis datasets in 

evaluating the HC dynamics. 
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CHAPTER 4 

REGIONAL FEATURES OF THE HADLEY 

CIRCULATION: A TROPOPAUSE PERSPECTIVE 

 

4.1 Introduction 

As described in Chapter 1, the geophysical  parameters used for determining the 

tropical/Hadley cell expansion includes a wide range of atmospheric phenomena 

such as changes in precipitation patterns, shift in subtropical jet streams (STJ), 

shifts in the Hadley cell edges inferred from meridional mass stream function 

(MSF), changes in total column ozone, differences in the outgoing long-wave 

radiation (OLR), and tropopause height changes (Reichler 2009). Many of the 

above mentioned metrics have given evidence on tropical widening from a 

zonally averaged point of view. However in reality, the difference in land-sea 

distribution and topography can modulate diabatic heating, potentially causing 

the expansion rates to vary from region to region. For instance, Chen et al. (2014) 

have reported the HC expansion  rates over six locations viz., Africa, Indian Ocean, 

Atlantic, Eastern Pacific, Western Pacific, South American regions, using OLR, 

vertical and horizontal velocities and precipitation. The aim was to identify the 

regions which make the maximum contribution to the zonal mean HC expansion 

in both hemispheres. In the study, the authors identified that expansion of the SH 

zonal mean HC is mainly driven by the expansion of the South American regional 

HC. These kind of regional variations, largely arising due to the inherent 

topography differences and land-sea contrast along a longitudinal belt, are 

masked when one uses the zonal-mean metrics for identifying the HC expansion. 

The need of the hour is, thus, a zonally resolved metric that can be used globally 

to identify the longitudinal variability of the HC edges (Mathew and Kumar 

2018a). Again, the wind-based metrics such as STJ, MSF and velocity potential 

suffer from uncertainties inherent to reanalysis as there are no space-based 
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global wind measurements available for the tropical lower atmosphere. Although 

metrics such as OLR and precipitation are globally measurable, these have 

subjectivities in defining the HC edges in terms of the thresholds. A longitudinally 

averaged metric is therefore not adequate to derive reliable regional expansion 

trends of the tropics. There have been some attempts in the past to focus on a 

measurable metric that can be employed to investigate the regional features of 

the tropical belt (Baines 2006; Seidel and Randel 2007; Chen et al. 2014) which is 

still a poorly explored area of the HC dynamics. The present study is focused on 

inferring the regional features of width of the tropical belt using space-based 

observations of a measurable objective metric. 

In this context, the tropopause height seems to be one of the promising 

‘measurable’ metrics, with a global character and better accuracy, in order to 

study the width of the tropical belt and its expansion. However before it can be 

used to identify the edges of the HC, it needs to be justified whether the HC edges 

identified by means of the tropopause metric and that identified by the wind-

based MSF metric are one and the same. Earlier studies have used the edge of the 

tropics and that of the HC synonymously as both are theoretically related. For 

example, as the poleward branch of HC flowing from the tropical upper 

troposphere approaches the subtropical region, a subtropical jet stream develops 

at the flanks of the HC so as to conserve the angular momentum. The subtropical 

jet stream, on the other hand, is also related to the region of high baroclinicity 

where the tropopause break is observed. This aspect has been discussed in Davis 

and Birner (2016). Hence the edges of tropics and the HC are theoretically 

related. As of now, there are many studies which have used tropopause as a 

metric for inferring the width of the tropical belt (Seidel and Randel 2007; Birner 

2010; Wilcox et al. 2012; Davis and Birner 2013). However some studies have 

been skeptical on the co-variability of the tropopause-based and wind-based 

metrics to identify the HC edges (Solomon et al. 2016; Davis and Birner 2017). It 

will be shown later in this chapter that they co-vary and represent the same (see 

section 4.3.5). The current chapter, hence, use the words ‘tropical belt’ and 

‘Hadley Cell’ interchangeably.  
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Among the various definitions of tropopause, the Lapse Rate Tropopause (LRT) 

can be calculated from atmospheric temperature profiles and can be applied 

globally. Hence, it turns out to be a well suited parameter for tropical expansion 

studies. LRT is defined as the lowest point at which the lapse rate decrease to 2K 

per km or less, and the average lapse rate within the next higher 2km does not 

exceed 2K per km (WMO definition, 1957). Studies in the past have used the LRT 

in several ways to identify the tropical expansion. A simple LRT metric for 

tropical expansion studies makes use of the fact that the tropopause is bimodal in 

the subtropics, i.e., >15km in the subtropical locations closer to the equator and 

<13km in the subtropical locations closer to the mid-latitudes (Seidel and Randel 

2007). According to the tropopause height frequency (THF) methodology, if the 

frequency of occurrence of LRT height >15km for any subtropical latitude 

exceeds ‘x ’ days per year (x=200, typically), the given latitude is regarded as 

tropical (Seidel and Randel 2007). However, this method has a few shortcomings. 

Firstly, the method is sensitive to the choice of arbitrary thresholds (Birner 

2010). Secondly, these studies were based on radiosonde measurements of 

vertical profiles of temperature from various geographical locations. The sparsity 

of radiosonde observations for long term upper air measurements, especially 

over the oceans, limits the determination of a reliable expansion trend using the 

tropopause metrics. While the former shortcoming can be addressed by means of 

an objective approach to define the edge latitudes (Davis and Rosenlof 2012), the 

use of space-based observations such as Global Positioning System Radio 

Occultation (GPS-RO) soundings can help in case of the latter (Ao and Hajj 2013). 

In the past decade, GPS-RO soundings has become the best remote sensing 

measure of thermal structure of the tropopause region with its high vertical 

resolution (<1km), greater accuracy, long term stability, all weather capability, 

and above all, a good global coverage (Ao and Hajj 2013; Rieckh et al. 2014). The 

characteristics of various tropopause parameters using GPS-RO has been 

explored in detail by Rieckh et al. (2014), and the seasonal variations in LRT has 

been examined by Liu et al. (2014).  

In addition to providing a global coverage, high vertical resolution of the GPS-RO 

measurements also resolves the tropopause parameters in a better way. There 

are limitations in identifying the HC edges using tropopause metrics with 



Chapter 4 

96 

arbitrary thresholds (Birner 2010; Davis and Rosenlof 2012). These 

shortcomings were successfully addressed by Davis and Rosenlof (2012), Davis 

and Birner (2013) and Ao and Hajj (2013) in their studies. One of the objective 

approaches proposed by Davis and Rosenlof (2012) was an ‘extrema’ method 

using reanalysis data, wherein the latitude of maximum meridional gradient of 

LRT height is identified as the edge of the tropics. This metric will be referred as 

the ‘tropopause gradient (TpGr)’ in the present study. Davis and Birner (2013) 

introduced yet another objective tropopause-based metric known as the 

tropospheric dry bulk static stability (BSS) using GPS-RO measurements, which 

maximize near the subtropical tropopause breaks. The present study uses the 

TpGr metric as well as the BSS metric for delineating the zonally resolved features 

of the width of the tropical belt for the first time. 

The above discussion emphasizes the fact that space-based temperature profile 

observations in the lower atmosphere inferred by the GPS-RO technique is one of 

the most promising methods to investigate tropical belt characteristics using the 

tropopause metric. It has also emerged from the earlier discussion that there is a 

need for zonally resolving the width of the tropical belt in order to investigate its 

regional variations. The present study examines both these ideas by means of the 

tropopause-based metrics. Until this point of time, longitudinal variability of the 

HC edges have been reported using the OLR and precipitation metrics (Baines 

2006; Chen et al. 2014). The current study attempts to look into the zonal 

variations of the meridional HC from the perspective of tropopause height 

variations. Two of the existing metrics are used in this effort. These are (1) the 

latitude of maximum meridional gradient in tropopause height, called the 

‘tropopause gradient (TpGr)’ in the present study, and (2) ‘tropospheric bulk static 

stability (BSS)’ metric, which is the latitude of maximum tropospheric dry bulk 

static stability. As discussed before, these metrics have been already proven 

helpful in determining the long term changes to the zonal mean HC width. The 

present study attempts to point out the suitability of these metrics as indicators 

of regional HC width. In addition to TpGr and BSS metrics, the current study also 

proposes a new tropopause-based metric that can be a proxy to identify the 

longitudinal variations of the width of the tropical belt. The newly proposed 

metric is called the ‘tropopause annual oscillation (TpAO)’, which is the latitude of 
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maximum annual oscillation/variability in tropopause height. The motivation 

behind using three tropopause-based metrics is to verify their robustness in 

delineating the zonal structure of tropical belt edges. All the three metrics are 

evaluated by means of a comparison with the meridional mass stream function 

(MSF) metric, estimated from a reanalysis dataset. The central objective of the 

present study is thus to evaluate tropopause-based approach for studying the 

regional features of the width of the tropical belt/HC using radio occultation 

measurements. The data used and the method followed in the present study is 

provided in section 4.2, section 4.3 discusses the results, and section 4.4 

summarize the results. 

4.2 Data and Methodology 

The present study uses the GPS-RO data from the Formosa Satellite Mission#3 

(FORMOSAT3)/ Constellation Observing System for Meteorology, Ionosphere and 

Climate (COSMIC) mission. Details on the COSMIC mission and the GPS-RO 

technique for retrieval of atmospheric parameters have been given in Chapter 2. 

Basically, the GPS-RO technique involves measurement of time delay in receiving 

a signal transmitted by GPS satellite by a LEO satellite. The measured time delay 

is used to infer the bending angle of the signal by making use of orbital geometry. 

From the bending angle, atmospheric refractivity can be derived. Subsequently, 

geophysical parameters such as pressure, temperature and humidity are 

retrieved. However humidity is not an independent measurement of GPS-RO, but 

is constructed via a 1D-VAR scheme. As mentioned in Chapter 2, vertical 

resolution of the GPS-RO data is 100m, extending up to 40km in the atmosphere. 

The temperature profiles derived from COSMIC have an accuracy better than 0.5K 

(Kurisinski et al. 1997). Seven years of COSMIC derived temperature profiles 

(wetPrfdata) from 2007 to 2013 are used in the present study. In addition to the 

COSMIC data, ECMWF Reanalysis-Interim (ERA-I) data (resolution 1.5⁰ x 1.5⁰ x 37 

levels) from 2007 to 2013 are used for evaluating the proposed metrics.  

Based on the WMO definition (WMO 1957), the LRT height is derived from each 

of the COSMIC measured temperature profiles and grouped in 2.5° latitude X 10° 

longitude grids for each month and for a span of 7 years (2007-2013). It is 

observed that in a given month on 2.5° latitude X 10° longitude grids there are, on 
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an average, 30-40 temperature profiles in deep tropics (100S-100N), 60-90 

profiles in 20⁰N(S)-70⁰N(S) latitudes and 10-20 profiles in polar latitudes. These 

statistics have been obtained after removing some odd profiles, which show very 

large deviations from the mean profile. Latitudinal gradient of LRT heights are 

computed to derive the TpGr metric. The BSS metric is arrived at by taking the 

difference between the potential temperatures at the tropopause and the surface. 

The surface potential temperature is calculated by taking the temperature and 

pressure measurements of the lowest altitude for each profile, following Davis 

and Birner (2013). The newly proposed TpAO metric is identified based on the 

observed amplitude of the monthly LRT perturbation with respect to its annual 

mean. In order to derive this metric, the perturbations of monthly mean LRT 

height from its annual mean are determined for each 2.5⁰x10⁰ grid. The locations 

of maximum perturbation are then identified as the edge of the tropical belt. The 

zonally resolved width of the tropics is determined from all three tropopause-

based metrics. Further, the zonally averaged width of the tropical belt identified 

by means of these metrics are compared against the total width obtained from 

the zonal mean MSF metric using the ERA-I reanalysis dataset (Dee et al. 2011). 

The monthly meridional wind data from the ERA-I reanalysis is chosen for the 

period 2007-2013 and the zonally averaged MSF is calculated using the method 

described in Chapter 2. The first latitude poleward of the cell centre where MSF at 

500hPa becomes zero is taken to be the edge of the tropics (Hu and Fu 2007; 

Stachnik and Schumacher 2011), and are identified for each hemisphere by 

means of a linear interpolation scheme.  

4.3 Results and Discussion 

4.3.1 Global Tropopause Characteristics and its Seasonal Variability 

Seven years (2007-2013) of COSMIC measurements of temperature profiles over 

the entire globe are used to construct the mean climatology of LRT heights. 

Figure 4.1(a-d) shows the global variation of LRT height for four seasons, viz. 

boreal winter (DJF), vernal equinox (MAM), boreal summer (JJA) and autumnal 

equinox (SON) respectively. The well-known meridional gradient of tropopause 

height is discernible in these figures, with exceptions occurring based on 

geography and the season under perusal (Schmidt et al. 2005; Son et al. 2011). As 

expected, the LRT height >15km is mostly limited to the 20°S-20°N latitudinal 
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Figure 4.1: Global distribution of seven year mean LRT height (in km) for four seasons, viz. (a) DJF, (b) MAM, (c) JJA and 

(d) SON. 
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belt. The average LRT height during NH summer over the tropics is ~16km, 

whereas it is relatively high (~18km) over the region of Indian Summer 

Monsoon. These observations are consistent with earlier reports on LRT features 

using space-based observations. LRT heights are relatively less during summer 

than winter in the tropical latitude belt because of the decreased planetary wave 

activity over mid and high latitudes which results in a weak Brewer-Dobson 

circulation (Rieckh et al. 2014). However, LRT heights remain high over the 

Indian Summer Monsoon regime as a result of the high heating over the Tibetan 

Plateau and the resulting circulations and deep convection activities. One more 

interesting feature that can be noted in the LRT height variation during boreal 

winter depicted in figure 4.1(a) is that the latitudinal span of tropical LRT height 

>15km in the 100°W-130°W longitudinal belt is relatively very narrow as 

compared to other longitudinal belts. This feature is observed clearly in boreal 

winter and to some extent during vernal equinox, but not observed during the 

other two seasons. The reason behind this narrowing of LRT>15km region during 

boreal winter has not been explicitly reported earlier; further investigations are 

needed to address this issue. Beyond 50° latitude, in both hemispheres, the LRT 

heights are <10km. Confined between these latitudes and the tropics is the sub-

tropical zone, where LRT heights are usually between 12km and 14 km. 

To characterize the LRT variation as a function of latitude, seven years of LRT 

measurements are zonally averaged and is shown in figure 4.2. Vertical bars 

show the longitudinal as well as interannual variability for LRT height at any 

given latitude. In general, LRT heights are maximum in the tropics and relatively 

less over the mid-latitudes and poles, which is a well-known aspect of the 

tropopause. However slight variations to this pattern occur with respect to 

seasons. During boreal summer, the LRT is at lower heights (~15.9km) over the 

tropics as compared to boreal winter (~16.7km). Such kind of a pattern has also 

been observed by Reid and Gage, (1996) and several others for various tropical 

stations wherein the LRT is highest in winter, decreases thereafter and falls to a 

minimum in summer. Total variability over these latitudes has been observed to 

be ~1.5km. Similar to the tropics, a wintertime increase in LRT height can also be 

noticed in the SH polar latitudes (i.e., beyond 60°S), wherein the LRT height is 

~1.5km higher during austral winter as compared to that during austral summer; 
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LRT height of NH polar regions, on the other hand, follows the annual march of 

the Sun. This exclusive behaviour of the SH polar latitudes as compared to NH 

polar regions can be again attributed to the difference between the land and 

ocean distribution and the intensity of polar vortex in these regions. Because the 

SH polar latitudes is land dominated, variation of the LRT height during solstices 

will be more prominent in these regions as compared to their NH counterparts 

(Liu et al. 2014). 

 

 

Figure 4.2: Latitudinal variation of LRT height for four seasons averaged over the 

observational period (2007-2013). Vertical bars represent the longitudinal 

variability. 

The latitudes of prime importance in the present analysis turn out to be those 

locations where the height variations in LRT shift drastically from the 

characteristic ~16km of the tropics to the characteristic ~12km of the mid-



Chapter 4 

102 

latitudes, especially during the winter and summer seasons. As figure 4.2 shows, 

LRT height between 20°N and 40°N changes drastically from ~16km to a 

minimum of ~10.3km (in boreal winter) and maximum of ~12.8km (in boreal 

summer), which is typical of the subtropical locations. In the SH, similar variation 

in LRT height lies between ~11.5km (in austral winter) and ~14.5km (in austral 

summer) at 30°S. This shows that within the subtropics, LRT is higher during 

summer than winter in accordance with the annual variation of insolation. The 

summertime LRT of SH subtropics are at lower heights than that of the NH 

subtropics as it follows from the previous discussion. Subtropical LRT height 

during the equinoctial seasons also varies with hemisphere. While in the SH, LRT 

occur at the same height for both equinoctial seasons, in the NH (at 30°N), 

autumnal equinox LRTs are at higher heights than vernal equinox LRTs (by 

~1km). One of the striking features shown in figure 4.2 is the largest latitudinal 

variability of tropopause height at the region of transition from tropics to 

subtropics. This aspect of the latitudinal distribution of tropopause is employed 

in the present study to infer the width of the tropical belt by estimating the 

meridional gradient of LRT height (labeled as TpGr metric). 

4.3.2 Annual Cycle of Tropopause height as a function of latitude 

To further understand the LRT height variability over subtropics, the annual 

cycle of LRT height in the Northern Hemisphere (NH) and Southern Hemisphere 

(SH) is constructed at every 10° latitude and is shown in figures 4.3(a) and 4.3(b), 

respectively. It is noticeable from these figures that the annual cycle of LRT height 

in both hemispheres follows a pattern that is similar to the annual cycle of 

incoming solar radiation. However, exceptions occur in the latitudinal bands of 

10°N-20°N in the NH and 50°S-60°S in the SH, wherein an increase in LRT height 

during respective hemisphere’s winter is observed. In the 10°N-20°N bands, such 

an increase is probably due to the increased equatorial upwelling as a result of 

the strengthened Brewer-Dobson circulation during NH winter (Rieckh et al. 

2014). In the SH high latitudes (50°S-60°S), the increase in LRT during austral 

winter can be attributed to more intense polar vortex during that season. 

However, the mechanism by which LRT is shifted to higher heights during austral 

winter over the SH polar region are yet to be understood in detail. From figure 
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4.3 it is clear that the LRT heights over 30°-40° latitude in both hemispheres 

exhibit pronounced annual variation as compared to other latitudinal belts 

shown in the figure. The subtropical regions show extra-tropical LRT character  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Annual cycle of zonal mean LRT height for different latitudinal bands 

(each of width 10°) in (a) NH and (b) SH. 

during winter and tropical character during summer, thus exhibiting bimodal 

characteristics. The LRT height variability over this latitudinal belt ranges from 

(a)  

(b)  
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3km to 4km with respect to the annual mean, and therefore can be regarded as 

the transition region, as discussed earlier. This variability of the LRT height with 

respect to its annual mean is utilized in identifying the HC edge latitude using the 

TpAO metric (The methodology to derive TpAO metric has been described in 

section 4.2). 

4.3.3 Meridional Structure of Bulk Static Stability 

Tropospheric dry bulk static stability is defined as the difference in potential 

temperatures between the tropopause and the surface, and is a measure of the 

stability within a layer irrespective of its thickness (Davis and Birner 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Latitudinal variation of zonal mean tropospheric dry bulk static 

stability for January and July, 2013. 
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Being a function of temperature, the BSS parameter is expected to have a distinct 

meridional gradient, which is evident in figure 4.4. The latitudinal variation of the 

zonal mean tropospheric BSS for January and July months of the year 2013 is 

shown in figure 4.4, which shows that the BSS values exhibit a sharp peak over 

the subtropical locations in both January and July. The BSS magnitudes are 

observed to be higher in the winter hemisphere as compared to their summer 

counterparts. For instance, during July 2013, the peak BSS value is ~110K in the 

SH and ~85K in NH; whereas in January 2013, the peak BSS value is ~110K in NH 

and ~95K in SH. This is consistent with the reduced surface radiative heating and 

convective activity in the winter hemisphere. The hemispheric difference in the 

observed BSS is relatively more during boreal summer (~25K) as compared to 

austral summer (~15K). Though the peak values of BSS vary in magnitude, their 

positioning in the 30⁰-40⁰ latitudinal belt is extremely clear and represents the 

relatively stable sub-tropical locations. As mentioned earlier, Davis and Birner, 

(2013) has extensively validated this metric for identifying the zonal mean width 

of the tropical belt. 

4.3.4 Latitudinal Cross-Section of the Tropopause-based Metrics 

Figure 4.5(a-c) depicts the latitude-month projection of the zonal mean TpGr, 

TpAO and BSS metrics, respectively, for the year 2013 derived as detailed in 

section 4.2. The figures illustrate the maximum magnitude of each metric over the 

subtropical locations, thus identifying the transition region from tropics to 

subtropics. LRT height changes abruptly from the characteristic ~16km of the 

tropics to ~12km of the extra-tropics, leading to the maximum LRT gradient, i.e. 

maximum TpGr value, in the subtropical regions. This is depicted in figure 4.5(a). 

A pronounced annual cycle of the TpGr metric can be noticed in the NH as 

compared to the SH, which is probably due to the dominance of land areas in the 

NH. High heating of the land areas in the NH during summer causes the LRT 

heights to remain higher in the tropics and allows the latitude of the maximum 

tropopause gradient to move poleward during this season. Elevated intra-annual 

variations in the NH can be further noted in all the three metrics, clearly 

indicating the response of the tropopause height to the land- sea contrast 

between the two hemispheres. Figure 4.5(b) shows the latitude-month projection  
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. 

Figure 4.5: Latitude-month section of the zonal mean (a) meridional gradient in LRT height (TpGr), (b) amplitude of annual 

oscillation in LRT height (TpAO), and (c) tropospheric bulk static stability (BSS), for the year 2013. 
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of perturbation of the monthly LRT height with respect to its annual mean for the 

year 2013. This perturbation is called the annual oscillation of the tropopause, or 

the TpAO in short. The magnitude of TpAO is the largest over the subtropical 

regions, especially during the solstice months (~3km). This is again indicative of 

the bimodal character of the sub-tropical tropopause. Figure 4.5(c) brings out the 

meridional as well as annual variation in BSS values for the year 2013. It can be 

seen from this figure that BSS is ~70-80K in the tropical regions and ~40-60K in 

the extra-tropical regions. However, the BSS magnitudes are ~90-110K in the 

subtropical latitudes, which is higher than the other regions. Thus all the three 

metrics show distinct characteristics over the transition region from the tropics 

to the subtropics. 

 

 

Figure 4.6: Latitudinal variation of the normalized (to peak) value of the TpGr, 

BSS and TpAO metrics for the year 2013 (a) DJF and (b) JJA. 

 

Figure 4.6(a-b) shows the zonal mean latitudinal variation of the TpGr, BSS and 

TpAO metrics normalized to their peak values, for January and July of the year 

2013, respectively. The figures indicate strong meridional variations, with sharp 

peaks over the subtropics for the TpGr and TpAO metrics and gradually 

increasing BSS metric. The peak values for the TpGr metric follows a pattern 

(a) (b) 
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similar to that of the BSS metric, which shows larger magnitude in the winter 

hemisphere as compared to the summer hemisphere. However, the TpAO metric 

show peaks of larger magnitude always in the NH. Although differences occur 

among the metrics in terms of magnitude, it is encouraging to note that all the 

three metrics seem to locate the HC edges in a consistent manner. The observed 

consistency among the three tropopause-based metrics owes to the fact that the 

tropopause altitude is common to all the metrics. 

4.3.5 Validation of the Tropopause-based Metrics 

The annual cycle of the zonal mean width of the tropical belt located by each of 

these metrics is estimated and compared with the total width obtained from the 

MSF metric (derived from ERA-I dataset), as shown in figure 4.7. For all metrics  

Figure 4.7: Inter-comparison of the annual cycle of the width of the tropical belt 

estimated from the TpGr, BSS and TpAO metrics (obtained from COSMIC) with 

those derived from the MSF metric (obtained from the ERA-I reanalysis dataset). 

The x-axis is shifted by 0.05 for each metric for clarity. 
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the total width peaks during the two solstices; the peak value falls within 65⁰-70⁰ 

during February and within 70⁰-75⁰ during July-August-September. The MSF 

metric shows amplitudes closer to that of the TpAO metric. The amplitude of 

annual cycle of tropical width is minimum for the TpAO metric (~10⁰) and 

maximum for the BSS metric (~16⁰). Thus the annual cycle of the width of the 

tropical belt calculated from the tropopause-based metrics has been found to 

reproduce quite a majority of the features of those calculated from the MSF 

metric. However, it is not possible to substantiate from the present analysis 

which is the best tropopause-based metric for estimating the width of the tropical 

belt. 

To explore the co-variability of these metrics on inter-annual time scales, we 

compare the deseasonalized time series of the monthly mean tropical belt width 

obtained from the BSS and MSF metrics, as shown in figure 4.8(a). The 

deseasonalization removes the influence of the Sun. A 12-point running mean is 

applied to each so as to reflect the annual mean. We deseasonalize to remove the 

influence of the annual cycle, as done in Solomon et al. (2016) and Davis and 

Birner (2017). It is evident from this figure that the tropical belt width as 

measured by the BSS and MSF metrics co-vary during most of the observational 

period. We perform a regression analysis to further quantify this co-variability 

(figure 4.8(b)), finding that their correlation coefficient is 0.61, which is 

statistically significant at the 95% level. This correlation only decreases to 0.45 

when 3-month smoothing is applied. 

Solomon et al. (2016) and Davis and Birner (2017) report that both month-to-

month and interannual correlations between the tropical belt as measured by the 

tropopause break latitude and the Hadley cell edge derived from MSF are not 

statistically significant. It is to be noted that these studies have used reanalyses 

and climate models in which the tropopause heights are poorly resolved. The 

present study uses high vertical resolution COSMIC observations, which likely 

better resolves the tropopause height. Further, the present analysis performs 3 

and 12 month smoothing on the data, while both Solomon et al. (2016) and Davis 

and Birner (2017) examined the correlations on raw monthly data. Thus, it may 

also be possible that this connection between the tropical belt width measured by  
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Figure 4.8: (a) Time series of deseasonalized monthly mean tropical width 

anomaly estimated from the BSS and MSF metrics (12-point running mean is 

applied on both the time series) and (b) scatter plot of time series depicted in 

figure 4.8(a). The red line represents the linear-fit. 
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the tropopause and the Hadley cell edge only manifests on longer timescales. A 

detailed analysis with more high resolution tropopause observations may be 

required to further substantiate the co-variability of the BSS and MSF metrics, 

which is currently being pursued. Nevertheless, the present results show a very 

good degree of co-variability between the two metrics. A similar analysis has also 

been carried out using the TpGr and TpAO metrics, and it is found that the BSS 

metric exhibit the best co-variability with the MSF metrics. However regional 

features of the tropical belt are inferred using all the three metrics, and are 

discussed in the following section. 

4.3.6 Regional Features of the Width of the Tropical Belt 

Figure 4.9 shows the edges of the tropical belt identified for every 10⁰ longitude 

using the three tropopause-based metrics for January (left panel) and July (right 

panel), respectively, for a representative year (2009). The figures represent a 

striking similarity in the regional tropical belt edges identified by all three 

metrics. The poleward displacement of the edges over land areas for the 

respective hemisphere’s summer is clearly evident in all three metrics. The 

minimum tropical width is seen in the East Pacific region (150⁰W-110⁰W) during 

boreal winter. There are large variations in the longitudinal pattern of edges for 

the TpAO and BSS metrics as compared to the TpGr metric, especially in the 

winter hemisphere. Thus all the three metrics captures the longitudinal structure 

of tropical belt prominently. However, there seems to be some difficulty in 

defining the tropical boundaries over few sectors such as the Atlantic and the 

East Pacific. It can also be noted from figure 4.9 that the SH edges are much more 

consistently defined among the metrics. 

Seasonal mean of the edges of the tropical belt in both hemispheres is estimated 

for every 10° longitude, and is shown in figure 4.10(a-b), for boreal winter and 

summer, respectively. Seven years of COSMIC observations (2007-2013) are used 

to obtain the seasonal mean. The vertical bars represent the inter-annual 

variability of the edges of tropical belt. All the three metrics seems to be 

consistent in capturing the similar regional features of the width of the tropical 

belt. However, there are minor differences in the estimated edge latitudes over a 

few longitudinal sectors, as mentioned above. Also, edge latitudes identified from  
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Figure 4.9: (a) The meridional gradient in tropopause height identified at each 

latitude-longitude grid for January 2009. The latitude of peak TpGr value for each 

longitudinal grid is marked with white stars. (b) Same as (a), but for July 2009. (c) 

The monthly LRT height perturbations from the annual mean at each latitude-

longitude grid for January 2009. The latitude where the absolute magnitude of 

LRT perturbation peaks in each longitudinal grid is marked with white stars. (d) 

Same as (c), but for July 2009. (e) The tropospheric dry bulk static stability 

identified at each latitude-longitude grid for January 2009.  The latitude of peak 

BSS value for each longitudinal grid is marked with white stars. (f) Same as (e), 

but for July 2009. 
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Figure 4.10: Longitudinal variability of the tropical belt edges in the NH and SH 

for two seasons, (a) DJF and (b) JJA, estimated using the LRT-based TpGr, 

BSS and TpAO metrics. Vertical bars are representative of their inter-annual 

variability over a period of 7 years (2007-2013). 
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the metrics are seen to be consistent during both boreal winter and summer. In 

the NH, edges of the tropical belt identified for boreal summer is further north as 

compared to boreal winter. As Inter-Tropical Convergence Zone (ITCZ), which is 

considered as the centre of the HC, migrates towards NH low latitude during 

boreal summer, the tropical belt edge also moves further north. This observation 

again confirms the suitability of the tropopause-based metrics to delineate the 

longitudinal structure of the edges of the tropical belt. The desert regions, which 

form due to the descending branch of the Hadley cell, also can be identified in 

figure 4.10. There is a clear poleward excursion of the tropical belt edge latitude 

in these regions, indicative of a region of relatively high pressure and hence 

subsidence which is conducive to the maintenance of desert climates. 

It can be observed in figure 4.10(a) that in the SH during austral summer, 

longitudinal variations are more in the East Pacific (150⁰W-100⁰W) and the 

Central Pacific (150⁰E-150⁰W); the BSS metric show larger variations than rest of 

the two metrics over this region. Comparatively low inter-annual variability is 

observed for the edge locations identified from all the three metrics over the 

Australian region during Austral winter and over the subtropical locations of the 

South American and African continents during Austral summer. In the NH, over 

the Middle East and the South Asian regions, inter-annual variability of the 

tropical edges is relatively low during JJA. Recently, regional characteristics of the 

tropical expansion were reported by Lucas and Nguyen (2015) using global 

radiosonde observations. The study has used LRT metric to calculate the rate of 

tropical expansion over six continental-centred regions. The analysis revealed 

highest expansion rate over the Asian region in the NH and the Australia-New 

Zealand region in the SH. As discussed earlier, Chen et al. (2014) also reported 

tropical expansion rates over six locations using reanalysis datasets. In the study, 

the authors identified that expansion of the SH zonal mean HC is mainly driven by 

the expansion within the South American region.  

Figure 4.10 thus suggest that there seem to be certain specific sectors which 

contribute more to the zonal mean width of the tropical belt during both the 

solstices. To further elucidate this aspect, the contribution of each 100 degree 

longitudinal sector to zonal mean width of the tropical belt estimated using the 
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BSS metric is shown in figure 4.11. Negative (positive) values imply that the 

tropical belt width at the given longitude sector is narrower (wider) than the 

zonal mean tropical width. The figure brings out that the contribution to total  

 

 

Figure 4.11: Zonally resolved contribution to the zonal mean tropical width 

during boreal winter and summer estimated using the BSS metrics. 

 

width is largely positive in the Eastern hemisphere and negative in the Western 

hemisphere. An exception is the South American region (50⁰W-80⁰W) which has 

positive contribution to zonal mean tropical belt width during boreal winter, but 

only ~5%. During boreal winter, the tropical widths are significantly below the 

zonal mean over East Pacific (110⁰W-150⁰W) by ~30% and Atlantic (10⁰W-

40⁰W) by ~15% and above the zonal mean over West Pacific (100⁰E-150⁰E) by 

~15% and South American sector (50°W-80°W) by ~5%. During this season, 
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over Africa and the Indian Ocean the tropical width is wider than the zonal mean. 

During boreal summer, the tropical width is narrower than its zonal mean over 

East Pacific by ~15% and Atlantic by ~15%, and above the zonal mean over the 

West Pacific by ~12%. The Indian Ocean sector (40⁰E-100⁰E) also has a 

significant positive contribution of ~15% during boreal summer, indicative of the 

possible impact of the Indian Summer Monsoon circulations on the regional 

width of the tropical belt at this sector. Thus during boreal summer, zonal mean 

tropical belt width increases as a result of the contribution from the Indian sector 

and the West Pacific sector; and it decreases due to negative contribution from 

the East Pacific and the Atlantic sectors. Also, West Pacific sector contribute 

relatively more during DJF as compared to JJA to the zonal mean of the tropical 

belt. The figure thus yields important information on the regional contribution to 

the zonal mean width of the tropical belt. This result has important implications 

when compared with the zonal mean tropical widths estimated by using the 

radiosonde observations (which biases towards land). There could be an 

overestimation of the tropical width obtained from radiosonde data by not 

including the observations over the oceanic regions, especially from the East 

Pacific and the Atlantic regions which negatively contribute to the tropical belt 

width as shown in figure 4.11. However, this overestimation may be 

compensated by not including the observations over the Indian Ocean and 

Western Pacific, which positively contribute to the zonal mean tropical width.  

The observed longitudinal structure of width of the tropical belt and its seasonal 

variability can be associated with changes in the north-south movement of the 

ITCZ since the ITCZ forms the rising limb of the Hadley cell. We have used 

COSMIC observations of specific humidity profiles to estimate the location of the 

ITCZ following the method proposed by Laderach and Raible (2013). On average, 

it is observed that the tropical belt is wider when the ITCZ is displaced further 

from the equator. However, a one-to-one correspondence between the ITCZ 

latitude and tropical belt width is not observed in the present analysis; this 

aspect will be a topic for future investigations. The present study thus brought 

out the regional features of the width of the tropical belt using a globally 

measurable parameter for the first time using tropopause-based metrics. The 

expansion rates of the tropical belt for different regions can be quantified in a 
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reliable form using tropopause-based metric, once long-term GPS-RO 

measurements are available. 

4.4 Summary 

The present study delineated the regional features of the tropical belt using three 

globally measurable metrics, viz. TpGr, BSS and TpAO, based on the tropopause 

height derived from the high vertical resolution COSMIC GPS-RO temperature 

profiles. The sharp meridional gradient in tropopause height as well as the peak 

in tropospheric bulk static stability over the subtropics is employed in deriving 

the TpGr and the BSS metrics, respectively. In addition, pronounced amplitude of 

the annual cycle of tropopause height exhibited by the subtropics is utilized to 

identify the edge latitudes of the tropics using the TpAO metric. Since this newly 

proposed metric does not rely on a gradient or threshold calculation, it may be 

useful for the analysis in climate models with a poor tropopause structure.  

The annual cycle of the width of the tropical belt derived from the TpGr, BSS, and 

TpAO metrics were found to agree very well with that derived from the MSF 

metric. Further, to verify the co-variability between the tropopause-based and 

the MSF metrics at interannual time scales, the deseasonalized time series of the 

monthly mean tropical width derived from the BSS and MSF metrics were 

analyzed. The result showed that the BSS metric is correlated with the MSF 

metric at inter-annual time scales with a correlation coefficient of 0.61. This 

result assumes its importance as some of the recent studies using reanalysis and 

climate models stated that there is very less co-variability between the 

tropopause-based metrics and the MSF metric. The significant co-variability 

observed in the present results can be attributed to the improved vertical 

resolution of the COSMIC data around the tropopause as compared to reanalysis 

and climate models.  

The current study also derived regional features of the width of the tropical belt 

from the TpGr, BSS and TpAO metrics. All the three metrics were found to capture 

the longitudinal structure of the tropical belt edges in a consistent manner. 

Interannual variability in the seasonal mean of the regional tropical belt edges 

from these metrics were found to be lower in the Middle East and South Asian 
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regions during boreal summer, in the Australian region during austral winter, as 

well as in the South American and African continents during austral summer. 

These regions, where there is a consistent pattern of the width of the tropical 

belt, may be favourable for identifying the expansion rate of the tropics. On the 

other hand regions such as the East Pacific and the Atlantic regions, where there 

is considerable interannual variability, it may be difficult to identify the 

expansion rates. The study also discussed the zonally resolved contribution to the 

zonal mean width of the tropical belt in a quantitative manner. This analysis 

brought out that the Indian and West Pacific sectors increases the zonal mean 

tropical belt width during boreal summer, whereas the West Pacific and South 

American sectors increases zonal mean tropical belt width during boreal winter. 

On the other hand, Atlantic and East Pacific sectors decrease the zonal mean 

tropical belt width during boreal summer as well as winter seasons. The zonal 

structure of tropical belt shows some similarity with the seasonal changes in the 

movement of ITCZ, which need to be substantiated by means of further 

investigations in the near future. Thus the present study brings out the capability 

of the three tropopause-based metrics derived from the high vertical resolution 

GPS-RO technique to capture the zonally resolved width of the tropical belt as 

well as its variability in an effective manner. The study is envisaged to have 

potential application in investigating the longitudinal differences in the rate of 

expansion of the HC. 
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CHAPTER 5 

ROLE OF LATENT HEATING IN MODULATING THE 

STRENGTH AND WIDTH OF THE HADLEY 

CIRCULATION 

 

5.1 Introduction 

As discussed in Chapter 1, the differential heating of the Earth’s surface by the 

solar radiation from equatorial to polar latitudes is the principal component in 

driving the Hadley Circulation (HC). However, Riehl and Malkus (1958) proposed 

that the latent heating in the deep convective clouds over the tropics maintains 

the HC. The latent heat released during the process of adiabatic ascent of moist 

air parcels within the towering cumulonimbus clouds over the tropics plays a 

vital role in heating of the tropical troposphere. The latent heat released in the 

tropical troposphere maintains the meridional pressure gradient force necessary 

to sustain the vertical extent of the HC. A number of modelling studies have been 

carried out in the past to investigate the response of tropical atmosphere to the 

latent heat release associated with the moist convection. Many convective 

parameterization schemes have also been developed to explain the large scale 

flows due to latent heating and their role in transporting heat, momentum and 

moisture to the deficient regions (Bates 1972). These studies revealed that the 

altitudinal profile of heating associated with the latent heat release plays a major 

role in setting up the vertical extent of the HC (Webster 1994). In the middle 

troposphere, the latent heat release compensate significantly for the cooling 

effect arising from the enhanced vertical motion (Danard 1966). Release of latent 

heat reduces the tendency for vertical circulations to destroy the existing 

horizontal temperature contrasts. This process maintains the meridional 

temperature and pressure gradient throughout the troposphere, fuelling the HC 

to move to higher altitudes. As the vertical extent of the HC increase, its width 

and strength are also expected to vary accordingly. Thus the latent heating in the 

tropics influences the structure and dynamics of the HC.  
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As discussed in Chapter 1, studies have shown that HC has undergone an 

expansion of ~1-3⁰ latitude per decade (Seidel et al. 2008; Stachnik and 

Schumacher 2011; Nguyen et al. 2013; Lucas et al. 2014; Mathew et al. 2016), 

implying a dramatic shift in the locations of the arid and semi-arid zones on the 

earth (Shin et al. 2012). The possible causes and consequences of the HC 

expansion phenomena have been detailed in Chapter 1. It was brought out in this 

chapter that the contributors to the HC expansion includes the tropospheric 

warming due to greenhouse gas forcing (Hu et al. 2013), stratospheric cooling 

due to ozone depletion (Polvani et al. 2011; Waugh et al. 2015), SST variability 

within the tropics (Staten et al. 2012; Allen et al. 2014), as well as the inter-

hemispheric asymmetry of absorbing aerosols such as black carbon (Allen and 

Sherwood 2011; Allen et al. 2012). Though the HC expansion and the factors 

contributing to it is well reported,  atmospheric processes through which these 

factors influence the HC is not very clear. However, all the factors listed above can 

influence the thermal structure of the troposphere, which in turn can affect the 

cloud formation and latent heating distribution (Mathew and Kumar 2018b). This 

aspect reinforces the fact that quantification of the relationship between latent 

heat distribution and the HC dynamics is essential to understand the pathways 

through which various factors influence the HC expansion. The current chapter is 

thus oriented in this direction. 

 

A significant number of modelling studies were performed in the past to quantify 

the role of latent heat in controlling the strength and width of the HC. Using a 

simplified model for nonlinear axially symmetric circulation, Held and Hou 

(1980) investigated on parameters that controls the strength and width of the 

HC. This model based study clearly demonstrated the importance of latent 

heating and its distribution in controlling the structure of the HC. These authors 

proposed that moist convection can modulate the height of the momentum 

conserving flow through the modulations in tropical tropopause altitude, thus 

affecting the width of the HC. A study by Lindzen and Hou, (1988)  proposed that 

the intensity of winter cell increases remarkably for off-equatorial heating 

centred at 6⁰ from equator. Hack et al., (1989) using a numerical model 

investigated the sensitivity of the HC strength to the location and width of 

diabatic forcing. These authors reported that when the diabatic heating source is 
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centred on 120 off the equator, the strength of the winter HC is twice that of the 

summer cell. These simulations also showed that the half-width of the heating 

plays a vital role in shaping the meridional circulation. Hou and Lindzen, (1992) 

showed that a highly concentrated heating, such as in ITCZ, was found to 

strengthen the HC to values higher than that of observations. Their study showed 

that when the thermal forcing is displaced from the equator and is redistributed 

over the entire HC domain, rather than being concentrated in the narrow ITCZ, 

the mean meridional circulation was found to strengthen to values which were 

consistent with observations. These studies emphatically showed that even a 

small change in tropical heating distribution can profoundly alter the intensity of 

the HC.  

 

In addition to maintaining the horizontal temperature gradients at higher levels, 

the latent heat release in the mid-tropospheric levels can also slow down the HC 

by increasing the static stability of the tropical troposphere. While most of the 

modelling simulations predict this kind of a weakening of the circulation, studies 

using reanalysis datasets show a strengthening of the HC (Liu et al., 2012 and 

references therein). Mitas and Clement, (2006) attributed this difference to the 

ways in which tropical dynamics and thermodynamics are handled in modelling 

studies. These authors showed that the HC strength and diabatic heating in the 

ascending limb of the HC have a high degree of co-variability. Recently, Loeb et al., 

(2014) reported the interannual variations of atmospheric heat budget terms 

within the ascending and descending branches of the HC using satellite and 

reanalysis data in order to investigate the variability in the strength of the HC. 

These authors used the column-integrated divergence of dry static energy and 

kinetic energy derived from satellite observations of radiation, precipitation 

latent heating and sensible heat fluxes from reanalysis datasets. However, this 

study was more focused on the variability of various heating terms within the 

ascending and descending branches of HC rather than on their intensity and the 

width.  

 

It is evident from the above discussion that the earlier studies on HC have 

acknowledged the role of latent heating in modulating the vertical heating 

structure of the tropics, as well as in influencing the general characteristics of the 
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large-scale tropical circulations. Simulations have been carried out extensively to 

understand the extent to which latent heating can modulate the width and 

strength of the HC; however observations have been seldom used for the same. 

The observational evidences and quantification of relation among various HC and 

LH distribution parameters using observational data are the missing elements in 

understanding the influence of tropical latent heating on the HC dynamics. With 

the availability of the vertical profiles of precipitation latent heating derived from 

Precipitation Radar (PR) measurements on board the Tropical Rainfall Measuring 

Mission (TRMM), it is now possible to investigate the role of latent heat in 

controlling the strength and width of the HC using observational data.  

Parenthetically,  it is also one of the goals of the TRMM -“What is the role of LH 

released in the tropics in both tropical and extra-tropical circulations?” (Simpson 

et al.,1988). In this context, the present study aims at investigating the extent to 

which the distribution of latent heat can modify the spatial extent and strength of 

the HC, by using TRMM measurements and reanalysis data from the European 

Centre for Medium Range Weather Forecast (ECMWF). The current study is the 

first attempt to investigate the HC strength and width variability with respect to 

tropical latent heating using precipitation latent heating measurements derived 

from TRMM observations. The data used and the methods employed are 

described in section 5.2, results are discussed in section 5.3 and conclusions are 

provided in section 5.4.  

 

5.2  Data and methods 

The present study uses precipitation LH profiles retrieved from the Tropical 

Rainfall Measuring Mission (TRMM) observations using the Spectral Latent 

Heating (SLH) algorithm, originally introduced by Shige et al., (2004) as well as 

the meridional wind data of the European Centre for Medium Range Weather 

Forecast (ECMWF) Reanalysis- Interim (ERA-I) dataset (Dee et al. 2011).  TRMM 

is a joint US-Japan mission launched in 1997 to monitor the tropical and 

subtropical precipitation and to estimate the associated latent heating. 

Precipitation Radar (PR) on board TRMM is the first space-borne precipitation 

radar operating in the Ku-band frequency (13.8GHz or 2.17cm) and with 

sensitivity of 18dBZ. The vertical resolution of the TRMM PR is 250m, and the 
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spatial resolution is ~4.3km. PR measures the time delay of the precipitation 

backscattered return power, and hence can directly obtain the vertical 

precipitation profile over the tropical regions. The latent heating profiles are 

derived from the observed precipitation profiles by means of definite sets of 

retrieval algorithms (Tao et al. 2006), of which the Spectral Latent Heating (SLH) 

retrieval algorithm (Shige et al. 2004; Shige et al. 2007) is one. The details of 

TRMM PR and the SLH algorithm have been discussed in detail in Chapter 2. The 

present study uses the gridded (0.5⁰x0.5⁰) monthly mean spectral latent heating 

product of TRMM - version 7 (3H25 v7) with 1 km vertical resolution for the 

period 1998- 2013. It is to be remembered that the TRMM’s PR provides the 

precipitation latent heating alone and will not include the LH due to freezing and 

deposition as well as condensational heating in the non-precipitating clouds to 

which PR is not sensitive. However, it has been shown in the past that the 

TRMM’s SLH product reproduce majority of known features of the tropical 

diabatic heating. In the present study therefore we use the term LH synonymous 

with precipitation LH.  

 

In addition to the TRMM measurements, the study also uses the monthly mean 

meridional winds from the European Centre for Medium Range Weather Forecast 

(ECMWF) Reanalysis- Interim (ERA-I)  dataset (Dee et al. 2011) whose spatial 

resolution is 1.25⁰ X 1.25⁰ X 37 levels, as described in Chapter 2. The dynamic 

indicator -meridional Mass Stream Function (MSF) is chosen to determine the HC 

parameters, viz. HC centre, edges, and strength, from the monthly mean 

meridional winds. The MSF at a given pressure level is calculated using the 

method described in Chapter 2. As done in the previous chapters, the HC edges 

are defined as the first latitude poleward of the cell centre where MSF at 500hPa 

becomes zero. HC strength is defined as the maximum (minimum) value of the 

MSF in NH (SH) at 500hPa. HC total width is the total distance between the HC 

edges in either hemisphere. The region between the latitudes of maximum MSF in 

the NH and minimum MSF in the SH are the latitudes where large scale ascending 

motions prevail, and are of particular interest in this study.  

 

The zonal mean latent heating is averaged in the 4-17km height domain to focus 

on mid to upper tropospheric region, which has significant influence on the HC 
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dynamics. A Gaussian fit centred on maximum heating is applied to the latitudinal 

distribution of latent heating, and the latitude of peak LH is identified for different 

seasons. The width of LH is identified as the full-width-at-half-maxima of the 

Gaussian fit to the latitudinal distribution of LH. The total LH released in the 

ascending limb of HC is estimated by identifying the ascending region of HC from 

the latitudinal cross section of MSF and summing up the heating rates within this 

region. The correlation analysis of each of these LH parameters with the HC 

centre, total width and strength is carried out to quantify the extent of their co-

variability. The correlation analyses have been carried with and without 

deseasonalization. 

 

5.3  Results and Discussion 

5.3.1 Distribution of LH over the tropics and the meridional mass stream 

function 

The precipitation latent heating over the tropics is estimated for the period 1998-

2013 using TRMM measurements and its mean latitude-longitude section is 

shown in figures 5.1(a-b) for boreal winter and summer, respectively. The figures 

represent the average LH release within the tropical atmospheric column, 

enclosed within 4-17km. As the HC dynamics is more sensitive to mid-

tropospheric latent heating, the present study focuses on this altitude region 

(Diaz and Bradley 2004). It is clear from these figures that the LH release is 

primarily over the continental regions of the summer hemisphere, which can be 

attributed to the large convective activity over land during summer. LH release in 

SH during December-January-February (DJF) is largely over South America, 

Central and Southern parts of Africa, Australia and the warm equatorial Indian 

and south Pacific Oceans. On the other hand, during June-July-August (JJA), large 

LH release happens over Central and North America, Northern parts of Africa, 

Indian subcontinent and surrounding Oceanic regions and Western pacific region. 

Figure 5.1 thus clearly brings out the zonal asymmetries in the distribution of LH 

within the tropical atmosphere. The pattern of LH shown in figure 5.1 is 

consistent with present understanding of the movement of ITCZ and thus 

reassures the credibility of the TRMM’s LH measurements (Schumacher et al. 

2004). 
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Figure 5.1: The latitude-longitude section of the average LH within 4-17km 

altitude estimated from the TRMM PR measurements during the period 1998-

2013 for (a) DJF and (b) JJA. 

 

(a) 

(b) 
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As mentioned in section 5.1, the altitudinal extent of the HC depends on the 

profile of LH release in the atmosphere. Hence it is important to know the vertical 

profile of the atmospheric latent heating. Also, as evident in figure 5.1, the 

sources of LH release and the amount of heating due to LH release vary from 

region to region. To bring out the comprehensive relation between HC and LH 

distribution, zonal mean LH distribution and MSF are employed.  

 

Figure 5.2(a) and 5.2(c) shows the height- latitude section of the zonally averaged 

mean latent heating within the atmosphere over the tropics. These figures bring 

out the thermodynamics associated with the physical mechanisms of cloud 

formation as well as precipitation. As the air parcels rise through the atmosphere, 

they cool adiabatically, leading to saturation of water vapour and cloud 

formation. The condensation of water vapour as well as freezing of liquid water 

and deposition processes release LH into the atmosphere, which further fuels the 

atmospheric convection. Most of the LH released in the tropics within 1-3km as 

shown in figure 5.2(a) and 5.2(c) is due to the formation of marine stratocumulus 

clouds within this layer (Schumacher et al. 2004). The stratocumulus clouds are 

frequently formed under the descending branches of the HC. The figure also 

brings out the LH changes associated with the adiabatic ascent/descent within 

the rising/falling limb of the HC. In fact, the signature of the mean meridional 

circulation is clearly visible in the LH magnitudes above ~4km.  The signature of 

winter hemispheric HC is completely discernable, and the summer hemispheric 

cell partly in these figures. Large amount of LH release, extending up to 10-12km, 

can be seen in the 100S-100N latitude band and corresponds to the mean location 

of the ascending limb of the HC during both DJF and JJA.  The low amount of LH in 

the 200N-300N latitudinal belts during DJF and 200S -300S during JJA correspond 

to descending branches of HC. The peak heating due to deep convective clouds 

occurs within the 6-8km altitudinal range of the summer hemisphere. One more 

striking feature of latitudinal distribution of zonal mean LH is that the LH release 

is relatively intense and narrow in the NH  during boreal summer, whereas it is 

broadly distributed in the SH during austral summer. Thus figure 5.2(a) and 

5.2(c) brings out the salient features in the zonal mean latitude-height 

distribution of LH during DJF and JJA constructed using 16 years of TRMM 

observations.  
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Figure 5.2: The latitude-height section of zonal mean LH over the tropics 

estimated from the TRMM PR measurements during the period 1998-2013 for (a) 

DJF (c) JJA. Also, vertical cross-section of MSF estimated from ERA-I reanalysis 

data during the period 1998-2013 for (b) DJF (d) JJA. The HC boundaries are 

marked by dashed lines in (b) and (d). 

 

The vertical cross-section of the meridional mass stream function (MSF) in terms 

of height-latitude section, which is estimated using ERA-I reanalysis data for the 

observational period, i.e., 1998-2013, is depicted in figures 5.2(b) and 5.2(d) for 

DJF and JJA respectively. As mentioned in section 5.2, the MSF metric is used to 

(a) 

(c) 

(b) 

(d) 
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characterise the HC in the present study. The HC centre, edges and strength are 

extracted from these figures as outlined in the previous section. It can be noticed 

from these figures that the rising limb occur at ~10⁰S during DJF and at ~17⁰N 

during JJA. During DJF, the latitude of maximum positive intensity happens to be 

at ~10⁰N, and that of maximum negative intensity occur at ~20⁰S. The HC edges, 

where the MSF at 500hPa pressure level becomes zero, are also estimated from 

these figures. The edges occur near 30⁰N/S in both hemispheres during DJF as 

well as JJA. The figures also show a dominant winter hemispheric cell with 

intensity exceeding 2x1011kg/s during both solstices, which is consistent with the 

present understanding. Ascending motions prevail within the latitudes of 

maximum positive and negative intensities, i.e., between 20⁰S to 10⁰N for DJF; 

and between 10⁰S and 25⁰N for JJA. An inter-comparison of latitude cross 

sections of LH and MSF depicted in figure 5.2 shows that the LH release above 

~5km is positive within those regions of the HC where ascending motions prevail 

and negative in the regions where descending motions occur. For instance during 

DJF, ascending motions prevail within 25⁰S to 10⁰N latitudes (refer to figure 

5.2(b)) and relatively large LH is found in the 4-16km over this region (figure 

5.2(a)). Within 10⁰N to 25⁰N, where descending motion occurs in the winter cell 

(figure 5.2(b)), LH value is relatively low (figure 5.2(a)). Similarly, ascending 

motions prevail within 7⁰S and 20⁰N during JJA, where relatively large LH is 

found and descending motions of winter cell within 7⁰S and 25⁰N, wherein 

relatively low LH is found (figure 5.2(a, c). Hence it can be inferred that the 

vertical structure of LH derived from TRMM measurements exhibits the HC 

features, which are consistent with those inferred from the vertical cross-section 

of the MSF depicted in figure 5.2.  

 

5.3.2 Characterisation of zonal mean distribution of the LH and HC 

parameters 

Figure 5.3 represents the latitudinal structure of zonally averaged LH for boreal 

winter and summer seasons at a representative level of mid-troposphere, i.e., at 

~8km. This altitude is chosen as maximum latent heat is released at this altitude 

region (~6-8km) in the middle troposphere. This mean picture is obtained by 

averaging the TRMM observations during 1998-2013. During JJA, the peak LH 
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release occurs at ~9⁰N and is ~1.1K/hr. This relatively large value of LH is 

confined to a narrow latitudinal belt as compared to that of DJF, wherein the LH 

pattern is broadly distributed within the 15⁰S-5⁰N latitude belt. The peak heating 

rate at ~8km during DJF is ~0.85K/hr, which is 23% lower than that of JJA.  

 

Figure 5.3: Latitudinal distribution of zonally averaged LH at 8km height during 

the solstices; TRMM observations are averaged for the period 1998-2013. 

 

The locations of the peak LH magnitudes are in corroboration with the location of 

the annual march of the ITCZ. The unique features to be noted in this figure are 

that the LH release is limited to a narrow region during boreal summer, whereas 

it is spread over broad latitudinal band during austral summer. This is evidently 

due to the influence of land-ocean contrast in the NH and SH and the direction of 

the cross- equatorial flow. The cross-equatorial flow is from ocean-dominated SH 

to land-dominated NH during JJA, which brings in more moisture to the ascent 
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latitudes, and thereby leading to larger amount of LH release during this season. 

In addition, strong convection over land concentrates the ascent to a smaller area. 

On the other hand, the cross equatorial flow is from land-dominated NH during 

austral summer, thus bringing in air that is devoid of much moisture to the ascent 

latitudes in SH. Convection over the ocean dominated SH is also relatively weak,  

 

Figure 5.4: Annual cycle of the HC centre, NH/SH edges of the HC, and the latitude 

of max/min intensities, obtained using MSF metric from the ERA-I reanalysis data 

for the period 1998-2013. 

leading to a broad pattern in LH release. Thus, the latitude of peak LH is in the NH 

during boreal summer and in the SH during austral summer in the mid 

troposphere; the width of peak heating is less in boreal summer and is more in 

austral summer; and finally, the magnitude of LH is more during boreal summer 

than in austral summer. This forms a general pattern of the LH release in the 
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tropical latitudes. As mentioned in section 5.2, a Gaussian fit is applied to the 

zonal mean latitudinal distribution of latent heating averaged in 4-17km height 

domain for each month and the latitude of peak LH as well as  full-width at half-

maximum of LH distribution  are estimated. 

In order to discuss the variability of the LH distribution and its influence on the 

HC, the annual cycle of the HC centre, edges and the latitudes of maximum 

positive and negative intensities, which represents the boundaries of ascending 

limb of HC, are estimated from the zonal mean MSF averaged during 1998-2013 

and are shown in figure 5.4. The annual cycle of these parameters is in 

corroboration with the annual march of the Sun across the tropical latitudes. As 

expected, the maximum poleward movement of all the HC parameters is during 

the respective hemisphere’s summer season. The location of the HC centre 

translates from ~10⁰S during DJF to ~15⁰N during JJA. Again, it is consistent with 

the movement of ITCZ. The latitudes of maximum intensities also move by ~15⁰ 

from one solstice to another. The NH edge reaches its maximum poleward 

location during the month of August and SH edge, during the month of February. 

Figure 5.4 thus brings out the annual cycle in HC parameters. Over all, there 

seems to be a good degree of co-variability among various LH and HC parameters 

at a seasonal time scale.  A detailed discussion on this co-variability will be made 

in the forthcoming sections. 

 

5.3.3 Co-variability of the LH and HC parameters 

The preceding discussion brings out that three main parameters of LH can play 

an important role in determining the spatial structure and strength of the HC: 

1. Latitude of peak LH, which is the latitudinal position of peak latent heating 

2. Width of the LH distribution, which is the full-width at half maximum of the 

latitudinal distribution of LH 

3. Total LH within the ascending limb of the HC 

These three parameters are estimated for every month over the period 1998-

2013 and correlated with the HC parameters, viz. centre, intensity, and total 

width. The results are quantified in term of correlation coefficients along with 

their 95% confidence intervals.  
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5.3.3.1 HC centre and the LH parameters 

 

 

Figure 5.5: (a) Time series of the latitude of peak LH obtained from TRMM PR 

measurements and HC centre obtained from ERA-I reanalysis data, both for the 

period 1998-2013. (b) Regression analysis of the latitude of peak LH distribution 

and the centre of the HC. 
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To investigate the extent to which the latitude of peak LH  influence the location 

of the HC centre, a time series (from 1998 to 2013) of the location of HC centre 

and the latitude of peak LH is constructed as shown in figure 5.5(a). From this 

figure, it is evident that the HC centre is always farther than the latitude of peak 

LH in both the hemispheres. The figure shows that the two parameters vary hand 

in hand, suggesting a good co-variability between the HC centre and the latitude 

of peak LH. The maximum poleward location of the HC centre is at ~20⁰N in NH 

and at ~10⁰S in the SH. The latitude of peak LH rarely crosses 10⁰N in the NH and 

it lies between 3⁰S and 10⁰S in the SH. A correlation analysis between the two 

parameters is carried out as shown in figure 5.5(b), which indicates a very good 

linear correlation (correlation coefficient = 0.9) between HC centre and the 

latitude of peak LH that is significant at the 95% level. Even though the seasonal 

transitions are co-varying in both the parameters, the degree of variability in one 

parameter does not seem to be proportional to the other. This aspect will be 

further discussed in section 5.3.3.5. However, the annual cycle of the HC centre 

closely varies with that of the latitude of peak LH as shown in figure 5.5(a). 

 

Further, the co-variability of the HC centre with the width of the LH distribution 

is investigated to examine their interdependency. The correlation analysis 

between these two parameters is depicted in figure 5.6. The analysis is carried 

out separately for the HC centres located in SH (red colour circles) and NH (blue 

colour circles). As the width of LH distribution exhibits different shapes in NH 

and SH, the correlation analysis is carried out separately. From this figure it is 

evident that the width of LH and the HC centre are positively correlated. The 

correlation coefficient is 0.51 when HC centre is in NH, and is -0.38 (negative sign 

does not indicate anti-correlation, it is because of negative SH latitudes) when HC 

centre is in the SH. Both the correlation coefficients are significant at the 95% 

level. Correlations are found to be better when the heating is more concentrated, 

as in the case of the NH HC centre. Figure 5.6 shows that as the width of LH 

distribution is more concentrated, the NH HC centre moves as far as 20⁰ away 

from the equator. To be precise, the off-equatorial position of the NH HC centre 

shifts by 20⁰ when the heating is concentrated within a width span of two 

degrees, ranging from ~18⁰ to 20⁰. On the other hand, LH released during austral 

summer season is widely distributed. The location of the SH HC centre moves 
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from 5⁰S to 14⁰S with the width of LH changing from 16⁰ to 22⁰. The slope of the 

regression line is relatively high in NH as compared to SH indicating that HC 

centre response to changes in the width of LH distribution is relatively high in 

NH. Even though the degree of variability of width of LH and HC centre differs 

from one hemisphere to another, it can be generalized from figure 5.6 that the 

off-equatorial position of the HC centre is directly proportional to the width of 

LH.  

 

Figure 5.6: Regression analysis of the width of LH distribution and the centre of 

the HC. The analysis is carried out separately for the HC centre in NH (blue 

circles) and the SH (red circles). 
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The co-variability of the HC centre with the total LH released in ascending limb of 

HC is also investigated. The correlation between these two parameters shows a 

correlation coefficient of 0.58, which is significant at 95% level (figure not 

shown). The co-variability of the HC centre with the total LH release within the 

ascending limb of the HC is less than that between the HC centre and the latitude 

of peak LH, and comparable with that of the width of LH. However, the analysis 

emphasize that the LH released in the ascending region of HC is also an important 

factor which influence the position of HC centre. Thus it is envisaged that a 

combination of all the three LH parameters discussed above might be deciding 

the degree of variability of HC centre with respect to the LH-based parameters.  

 

5.3.3.2 HC intensity and the LH parameters 

As discussed in section 5.1, the modelling simulations show that the off- 

equatorial position as well as the distribution of heating significantly influences 

the HC strength and width (Hack et al., 1989). The present section discusses this 

aspect using LH observations. Figure 5.7(a) shows the time series of normalized 

latitude of peak LH along with normalized NH and SH HC peak intensities. As 

mentioned earlier, the peak intensities are estimated from the MSF at 500hPa 

level for each month. The pattern of peak intensities are observed to be similar to 

that noted by Oort and Yienger (1996). It is clear from figure 5.7(a) that the 

annual cycle of HC intensity in both NH and SH is anti-correlated with the latitude 

of peak LH. To further investigate this aspect the correlation analysis is carried 

out. Figure 5.7(b-c) shows the correlation of latitude of peak LH with the peak 

northward and southward intensities of the HC, respectively, during the period of 

study. The northward intensities are represented by positive sign and southward 

intensities by negative sign. An anti-correlation between the two parameters can 

be observed in both the figures with correlation coefficients of -0.85 and -0.78, 

respectively, for the northward and southward intensities. This implies that the 

maximum northward intensity is observed when the latitude of peak heating is in 

the SH, and the maximum southward intensity is observed when the latitude of 

peak heating is in the NH. Further, these results indicate that farther the latitude 

of peak LH from the equator in the summer hemisphere, stronger is the HC 

intensity in the winter hemisphere. The figure also shows that the latitude of  
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Figure 5.7: (a) Time series of the monthly mean latitude of peak LH, Northward 

intensity and Southward intensity of the HC. All the three quantities are 

normalized to their peak values to bring out their co-variability. The regression 

analysis of the latitude of peak LH with (b) Northward Intensity of the HC, and 

(c) Southward Intensity of the HC. 
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peak LH moves from 10⁰S to 10⁰N from the boreal winter to summer. This annual 

cycle is evident in figure 5.5(a) too. During boreal summer, the maximum off-

equatorial position of the latitude of peak LH is at ~10⁰N; the northward 

intensity during this time is ~0.2x1011kg/s, and the southward intensity is ~ -

2.5x1011kg/s. On the other hand, the latitude of peak LH is at ~10⁰S during boreal 

winter; the northward intensity is ~3x1011kg/s, and the southward intensity is 

~-0.5x1011kg/s. This confirms the fact that the strength of the winter 

hemispheric cell is more when the latitude of peak LH lies far off from the equator 

in the summer hemisphere. This observation is in support of the modelling 

simulation of  Lindzen and Hou, (1988), which showed  that the intensity of the 

HC  is enhanced when the heating latitude is displaced off the equator. Analysis of 

the correlation between the HC intensities and width of LH distribution showed 

low correlation and unexpected results (refer to Table 5.1 towards end of section 

5.3.3). The width of LH distribution negatively correlated with the Northward 

intensity whereas it positively correlated with the Southward intensity with 

correlation coefficients of -0.24 and 0.24, respectively (figure not shown). This is 

rather unexpected. As discussed earlier, the LH distribution is narrow in NH and 

relatively wider in SH, these differences in the LH distribution may partly explain 

the observed features. A narrow and well-defined distribution of LH in the NH, 

which is responsible for the observed large Southward intensity of the HC, shows 

positive correlation. On the other hand, a wider distribution of LH in the SH, 

which is responsible for the observed large Northward intensity, shows negative 

correlation. The influence of LH released in ascending region of HC on the HC 

intensity is also examined, which shows similar correlation as that of the width of 

the LH distribution, i.e., negative correlation (-0.20) with Northward intensity 

and positive correlation (0.29) with Southward intensity. However, the degree of 

co-variability is poor as compared to that of latitude of peak LH. These 

observations thus show that latitude of peak LH has a say in determining the HC 

intensity as compared to the other two LH parameters. As mentioned earlier, 

correlation analysis of deseasonalized time series of these parameters will be 

further discussed. 
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5.3.3.3 Total width of HC and the LH parameters 

The previous sections have discussed the role of various LH parameters in 

determining the strength and location of the HC centre. However, it is also 

necessary to look into influence of the LH parameters on the total width of HC. 

The correlation analysis of the three LH parameters with the total width of HC is 

carried out. The analysis has shown that the amount of LH released within the 

ascending region of the HC play a major role in determining the total width of the 

HC with a correlation coefficient of 0.52 as compared to the other two LH 

parameters discussed above (refer table 5.1). The latitude of peak LH shows a 

correlation of 0.41 and the width of LH distribution shows a correlation of 0.35 

with the total width of HC. This section thus focuses on the influence of total LH 

released in ascent region of the HC on the total width of HC as these two 

parameters show good degree of variability. Figure 5.8(a) shows an inter-

comparison of the mean annual cycle of total LH within the ascent area to that of 

the HC total width. It can be observed in figure 5.8(a) that the total width of the 

HC follows a pattern that closely follows the annual cycle of the sum of LH within 

the ascent region. The minimum in HC total width occurs during May, and is 

delayed by one month as compared to the time of occurrence of the minima in 

total LH within the ascent area. However, the time of occurrence of maximum of 

the two parameters falls in September. The inter-annual variability of the annual 

cycle, shown by the vertical bars in the figure, shows the largest value during 

August for the total LH release within the ascent area; while it is in June for the 

HC total width. The amplitude of annual cycle is more pronounced for the HC 

total width than for the cycle of the total LH within the ascent region. This implies 

that even a small change in the LH magnitude can lead to large changes in the 

total width of the HC. In order to clearly bring in the inter-annual variability 

among the two parameters, a time series of their anomalies from January 1998- 

December 2013 is constructed, and is shown in figure 5.8(b). The figure shows 

similar pattern of variations in the two parameters, especially after the year 

2003. However, the LH anomaly magnitudes are smaller than that of the anomaly 

magnitudes for total width as mentioned earlier. This suggests that the total LH 

released within the ascent region play a significant role in determining the total 

width of the HC. Again, this is in support of the modelling simulation which shows  
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Figure 5.8: (a) The mean annual cycle of total width of the HC (red line) and LH 

released within the ascending limb of the HC (black line) for the period of 1998-

2013. (b) Time series of anomalies (annual mean removed) of total width of the 

HC and LH released within the ascending limb of the HC (blue line). 
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that as the moist convections intensify, the amount of mid-tropospheric heating 

and the vertical extent of HC increase, leading to an increase in total width of the 

HC. The present results thus provide the observational evidence for previous 

modelling studies as well as quantify the degree of co-variability of LH and HC 

parameters using observational data of LH for the first time. The co-variability of 

HC centre, strength and width with the latitude of peak LH, width of LH 

distribution and  total LH released within the ascending limb of the HC has been 

quantified and their degree of correlation along with 95% confidence intervals 

are summarized in table 5.1.  

 

Table 5.1: Coefficient of correlation (along with the 95% confidence intervals in 

the brackets) between time series of different LH and HC parameters 

Quantity 
Latitude of peak 

LH 
Width of LH 

Total LH in 

Ascending limb of 

HC 

Centre of  HC 
0.90 

(0.87, 0.92) 

0.51 

(0.37, 0.64)* (NH) 

-0.38 

(-0.55, -0.17)*(SH) 

0.58 (0.48, 0.66) 

Northward 

Intensity 

-0.85 

(-0.88, -0.80) 
-0.24 (-0.37, -0.1) -0.20 (-0.34, -0.07) 

Southward 

Intensity 

-0.78 

(-0.83, -0.72) 
0.24 (0.1, 0.37) 0.29 (0.15, 0.41) 

Total Width 
0.41 

(0.28, 0.52) 
0.35 (0.22,0.46) 0.52(0.40 ,0.61) 

* Separately estimated for Southern and Northern Hemispheric Centres 

However, as discussed earlier, though the correlation among HC and LH 

parameters shows reasonable degree of co-variability, it may be entirely due to 

the seasonal variations in the insolation. To further investigate this aspect, the 

deseasonalized time series of LH and HC parameters are constructed and 

discussed in the following section. 

5.3.4 Correlation analyses of deseasonalized time series of LH and HC 

parameters 

The seasonal changes in solar radiation received at the surface can affect the 

correlation between the LH and the HC parameters. Hence it is important to 
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account for this factor too while evaluating the co-variability of the two 

parameters. The seasonal variations can be removed by way of deseasonalization. 

For example, deseasonalized value of an HC parameter during January equals the 

value obtained by subtracting the 16 years’ mean of this parameter for the month 

of January from that of each year’s January. The deseasonalized time series’ of the 

various LH and HC parameters are then correlated to investigate the influence of 

the former on the latter. To illustrate this aspect, the deseasonalized time series 

of all HC and LH parameters are constructed. The time series of the 

deseasonalized anomalies of the HC centre as well as the latitude of peak LH is 

shown in figure 5.9(a). A 5-point smoothing has been applied in these time series 

to reduce the noise and bring out a meaningful relationship between the two 

parameters. The two time series do not show high degree of co-variability as 

shown in figure 5.5(a) and significant deviations can be noticed. The 

deseasonalized time series of HC centre and latitude of peak LH have been found 

to correlate with correlation coefficient of 0.08, which is not significant. This 

analysis thus shows that the co-variations of HC centre and the latitude of peak 

LH are due to the apparent motion of the Sun across the tropical latitudes as their 

deseasonalized anomalies do not co-vary. It is an important observation as it 

shows for the first time that even though the mean positions of latitude of peak 

LH and HC centre co-vary but do not show same degree of co-variability at 

interannual time scales. The time series of deseasonalized HC centre and width of 

LH is shown in figure 5.9(b). The figure shows that both the parameters exhibit 

very good agreement, and has a reasonable degree of co-variability as compared 

to that in figure 5.9(a). In fact, the correlation analysis between the 

deseasonalized time series depicted in figure 5.9(b) shows that the width of LH 

distribution and the HC centre are correlated with regression coefficient of 0.53, 

which is significant at 95% level. Further, it is interesting to note the very good 

correlation between these two parameters, which were derived from two 

independent datasets. From the figures 5.9(a) and 5.9(b), it can be inferred that 

the deseasonalized HC centre is least correlated with the latitude of peak LH and 

well correlated with the width of LH distribution. An important result emerging 

from these observations is that the width of LH distribution plays a major role in 

the interannual variability of the HC centre as compared to latitude of peak LH. 

The results of correlation analysis among various HC and LH parameters after the  
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Figure 5.9: (a) Deseasonalized time series of the latitude of peak LH and 

the centre of the HC and (b) Deseasonalized time series of the HC centre 

and width of the LH. 

 

deseasonalization are summarized in table 5.2. Significant differences have been 

observed for the correlation between the LH and the HC parameters with and 

without deseasonalization. Table 5.2 brings out that the deseasonalized HC centre 

is least correlated with the latitude of peak LH and well correlated with the width 
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of LH distribution, which brings out that the breadth of heating plays a significant 

role in determining the location of the HC centre and its inter-annual variability 

as discussed earlier. Also, the NH HC intensity is significantly correlated to the  

 

Table 5.2: Coefficient of correlation between time series of different LH and HC 

parameters after deseasonalization of the series 

Quantity Latitude of peak LH Width of LH 

Total LH in 

Ascending limb of 

HC 

Centre of  HC 0.08 (-0.06, 0.22) 0.53 (0.41, 0.62) 0.30 (0.17, 0.43) 

Northward 

Intensity 
-0.40 (-0.51, -0.27) 

-0.36  

(-0.47, -0.22) 

-0.26  

(-0.39, -0.12) 

Southward 

Intensity 
-0.03 (-0.17, -0.11) -0.04 (-0.1, 0.18) 0.22 (0.08, 0.35) 

Total Width 0.40 (0.26, 0.50) 0.46 (0.34, 0.57) 0.60 (0.47, 0.70)# 

#LH Data during 2003 to 2013 are used 

 

latitude of peak LH (r= -0.40) upon deseasonalization, whereas the SH HC 

intensity does not show any significant correlation with the latitude of peak LH 

after deseasonalization. It is also evident from table 5.2 that NH HC intensities 

have reasonable co-variability with all the LH parameters. Thus it can be inferred 

that the latitude of peak heating as well as width of the LH distribution affects the 

intensity of the NH HC more strongly than the intensity of the SH HC on inter-

annual time scales. Further investigations based on model simulations may be 

required to explain why the NH HC intensity alone shows the reasonable co-

variability with LH parameters after deseasonalization. It can also be noted from 

table 5.2 that the total width of the HC has the highest correlation with total LH in 

the ascending region (r = 0.60), even after deseasonalization. This is again 

consistent with the modelling simulations that an increase in moist convection 

increases the LH release within the ascending limb of the HC, which in turn 

influences the vertical extent and total width of the HC. Thus it is inferred that 

upon deseasonalization, the HC centre co-varies with the width of the LH 

distribution, NH HC intensity co-varies with the latitude of peak LH, and the total 
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width of the HC co-varies with the total LH release within the ascending limb of 

the HC. 

 

5.4 Summary 

The present study quantified the influence of LH release on the spatial extent and 

intensity of the HC using the vertical profiles of LH derived from 16 years of space 

based observations of TRMM PR and MSF derived from the ERA-I reanalysis data. 

Observational data have seldom been used in establishing the influence of LH 

release on the strength and width of the HC, as most of the previous studies have 

relied upon modelling simulations for the same. The current study thus provided 

evidence for the results of these modelling simulations on how the HC is 

influenced by the LH release. The spatial distribution of the LH derived from the 

TRMM observations showed features of tropical convective activity consistent 

with the present knowledge, thus providing the credence for the TRMM LH 

measurements. While an analysis of the longitudinal distribution of LH brought 

out the zonal asymmetries associated with tropical atmospheric LH, vertical 

profiles of the zonally averaged LH revealed the thermodynamics involved in the 

process of cloud vertical development and sustenance. The vertical structure of 

zonal mean LH distribution also brought out the features of the HC, which are 

consistent with the present understanding on the tropical circulation. The LH 

profiles showed that peak latent heating occurs in the summer hemisphere, and 

there is marked seasonality above the ~4km level. Latitudinal distribution of the 

zonal mean LH during the solstice periods showed that the LH magnitudes are 

confined to a narrow latitudinal band in the NH during boreal summer, whereas it 

is broadly distributed in the SH during austral summer. This inter-hemispheric 

asymmetry seems to be an important character of the tropical LH distribution. 

The current study characterised the latitudinal distribution of column averaged 

(4-17km) and zonally averaged LH by means of three parameters, viz., the 

latitude of peak LH, width of LH distribution, and the LH released in ascent region 

of HC. The MSF estimated using ERA-I reanalysis data was used to characterise 

the HC parameters in terms of its centre, intensity and total width. The co-

variability of LH and HC parameters were investigated using correlation analysis 
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to quantify the extent of former’s influence on the latter. The significant outcomes 

from the correlation analysis are summarised as follows: 

1. The HC centre and the latitude of peak LH shows a very good correlation with 

correlation coefficient of 0.9 significant at 95% level. However the correlation 

was observed to be insignificant after deseasonalization of the two time 

series. Thus the seasonal migration of the Sun cross the latitudes is found to 

affect the degree of co-variability between the two factors. Investigation of 

correlation of the HC centre with the other two LH parameters shows that the 

width of the LH distribution has better co-variability with the HC centre (r = 

0.53) even after deseasonalization. The present analysis thus brings out the 

important result that the width of LH distribution plays a key role in 

modulating the location of the HC centre rather than the latitude of peak LH. 

2. The latitude of peak LH and the HC intensities show very good degree of co-

variability and are negatively correlated. The analysis shows that farther the 

latitude of peak LH from the equator in the summer hemisphere, stronger is 

the HC intensity in the winter hemisphere. This observation is consistent with 

the  modelling simulation of  Lindzen and Hou, (1988). Also the correlation 

analysis of HC intensities and the width of LH distribution show negative 

correlation with Northward intensity and positive correlation with 

Southward intensity. The correlation analyses of deseasonalized time series 

indicate that the latitude of peak heating as well as width of the LH 

distribution affects the intensity of the NH HC more strongly than the 

intensity of the SH HC on inter-annual time scales.  

3. It is observed that the co-variability of the total width of the HC with the total 

LH released within the ascent region of the HC is relatively more than that 

with the other two LH parameters. The time series of these parameters as 

well as their annual cycle show significant degree of co-variability. This is in 

support of the modelling studies, which report that the intense moist 

convections increase the vertical extent of the HC, and thereby increase the 

total width of the HC. The correlation between these two parameters was high 

even after the deseasonalization process. 

In a nutshell, the present study suggests that the LH distribution play a vital role 

in determining the strength and width of the HC. The position of the HC centre is 
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found to be influenced by the ‘latitude of peak LH’ before deseasonalization, and 

by the ‘width of the LH distribution’ after deseasonalization. In case of total width 

of the HC, the LH released in ascent region of the HC seems to play a major role as 

compared to the other two LH parameters. Most of the present results are 

consistent with that of the model simulations reported earlier. However, further 

studies are required to explore the discrepancies between modelled and observed 

influence of the different LH parameters on the HC strength and width, especially after 

the deseasonalization. 

 

As discussed in section 5.1, even though the expansion of the HC in recent 

decades has been reported by several researchers, there is no general agreement 

on the processes through which the HC dynamics is affected by the various 

climate change signals. Using observations of LH, the present study shows that 

how the LH distribution which is directly related to tropical convection influences 

the HC dynamics. Any changes in the tropical convection due to natural or 

anthropogenic processes will be reflected in the LH distribution and thus in the 

HC dynamics. In this context, the current investigation on the co-variability of the 

LH distribution and the HC dynamics assumes its importance. Determining the 

percentage contribution of different sources (natural/anthropogenic) in 

modulating the LH parameters by means of observations can be a next step in 

identifying the key factor behind the HC expansion phenomena. 
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CHAPTER 6 

LONG-TERM CHANGES IN HYDROLOGICAL 

PARAMETERS WITHIN THE ASCENDING AND 

DESCENDING BRANCHES OF THE HADLEY 

CIRCULATION  

 

 

6.1 Introduction 

As described in Chapter 1, the Hadley Circulation (HC) plays a key role in 

controlling the climate of tropics and sub-tropics. The tropical regions which fall 

under the ascending branches of HC are characterized by a wet climate, whereas 

the subtropical regions under the descending branches of the HC are either arid 

or semi-arid. Any change in the intensity or width of the HC will thus have 

paramount effects on the climate of the regions under the ascending and 

descending branches of the HC. Studies in the recent past have identified a 

poleward expansion of the HC (Fu et al., 2006;  Hu and Fu, 2007; Lu et al., 2007; 

Seidel et al., 2008;Stachnik and Schumacher, 2011; Nguyen et al., 2013; Lucas et 

al., 2014; Levine and Schneider, 2015; Mathew et al., 2016). A major implication 

of the HC expansion is that it leads to an increase in the arid and semi-arid zones 

near the subtropics (Shin et al. 2012). As the aridity index in these regions change 

in response to the changing circulation patterns, the life-forms adapted to the 

established rainfall patterns are put under threat. Consequences of the poleward 

expansion has been addressed by several studies (Allan and Soden 2007; Zahn 

and Allan 2011; Zhou et al. 2011; Cai et al. 2012). However, studies  have brought 

out that there is considerable longitudinal variability in the poleward shift of the 

dry zones in response to the changes in the HC (Chen et al. 2002; Cai et al. 2012; 

Post et al. 2014). Changes in strength of the HC has also been identified in the 

recent studies (Mitas and Clement 2005; Liu et al. 2012), which is again closely 

related to the changes in the extreme precipitation related events, such as floods 

and droughts, within the ascending and descending branches of the HC. In fact, 
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Chou et al., (2013) has reported an increase in the severity of such events 

associated with the intensification of the HC. Thus the changes in the strength and 

width of the HC are signalled in the parameters of the hydrological cycle too. 

 

Changes in the HC as well as hydrological cycle in a warming climate have been 

reported by observational as well as modelling studies. Though a consensus on 

the projected (Held and Soden, 2006; Lu et al., 2007) and observed changes 

(Mitas and Clement, 2005) in the tropical circulation in a warming climate is yet 

to emerge, the signature of strengthening of hydrological cycle in a warming 

scenario is robust in both climate model simulations as well as in observations. 

Strengthening of the hydrological cycle is generally indicated in observational 

datasets by means of an increasing trend in precipitation over the HC ascending 

regions and a decreasing trend in precipitation within the HC descending regions. 

Zhou et al., (2011) reported the trends in precipitation associated with the HC 

and showed that the subtropical dry zones have shifted ~20 per decade towards 

poles in the Northern Hemisphere (NH) during boreal summer and 0.30-0.70 per 

decade during Austral winter and autumnal equinox in the Southern Hemisphere 

(SH). In addition to this, the authors reported a poleward shift in the cloud 

boundaries as well as a narrowing of the high cloudiness region in the Inter-

Tropical Convergence Zone (ITCZ) as well. These results emphatically provide 

evidence for strengthening of the hydrological cycle with the wet regions 

becoming wetter and dry regions turning drier, as also reported by Chou et al., 

(2009). However, Allan and Soden (2007) reported large discrepancy between 

the model-simulated and observed precipitation trends in the ascending and 

descending branches of the HC. Strengthening of hydrological cycle associated 

with the HC in a warming climate has been given by several other studies too 

(Held and Soden 2006; Wang and Lau 2006; Wentz et al. 2007; Allan et al. 2010; 

Bony et al. 2013). Efforts are now being put to identify the relation between 

seasonal and inter-annual variability of regional precipitation and the poleward 

expansion of the regional HC (Zhou et al. 2011; Cai et al. 2012). Thus, although 

the climate models and observations show consistent features in long-term 

changes of the hydrological cycle, the physical processes and regional signatures 

show some discrepancies among model projections.  
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As pointed out before, observational data show a strengthening of the HC 

whereas the model projections in a warming climate show a weakening of the 

circulation. Held and Soden, (2006) put forward that the weakening of tropical 

circulation given by the model simulations is due to the different responses of 

precipitation and water vapour in a warming climate. Fasullo and Trenberth, 

(2012) showed by means of observations and model simulations that the tropics 

and subtropics are teleconnected through the seasonal variation of relative 

humidity (RH), which in turn affects the cloud formation and precipitation. 

Modelling simulations by Wright et al., (2010) and Sherwood et al., (2010) 

reported that the poleward expansion of HC can partly explain the changes in RH 

in a warmer climate. Hence it is presumed that the RH is closely related with the 

changes in the HC. Sherwood et al., (2010) emphasized that the role of the HC 

characteristics in controlling the subtropical moisture budget should be 

investigated, which they thought can explain the precipitation and cloud 

formation in association with the shifting of climate zones. Zahn and Allan, 

(2011) reported the long-term changes in water vapour transport associated 

with the HC using ERA-I reanalysis data. These authors showed a strengthening 

of the inward (at low levels) and outward (at mid- level) transport of water 

vapour in the ascending branch of the HC. Su et al., (2014) reported that both 

vertical and meridional structure of RH and clouds are closely associated with the 

large-scale circulations. Lau and Kim, (2015) studied the HC changes and their 

role in increasing global dryness in a warming scenario by means of 33 climate 

model simulations. The results showed a reduction in RH in the upper 

troposphere over the deep tropics and in the lower troposphere over the extra-

tropics. Thus there are strong evidences for the changes in RH associated with the 

poleward expansion of the HC in warmer climate, both in climate model 

simulations and in observations inclusive of reanalysis datasets. 

 

Climate models use the information on RH to parameterize the clouds and hence 

calculate their radiative effects, which in turn determines the atmospheric energy 

budget. Hence the changes in RH have an influence on the fraction of cloud cover 

in the atmosphere. The changes in cloud cover as well as their vertical structure 

over a given location play an important role in determining the surface 

temperature, the meridional gradient of which determines the generation of 
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atmospheric circulations. Many studies in the past have reported the interactions 

between large-scale circulations and clouds, especially between the HC and 

clouds. Studies by Tselioudis et al., (2016) inferred that high cloud cover of the 

mid-latitudes has significant correlation with the width of the HC in almost all 

regions and across all seasons. Eastman and Warren, (2012) identified a decline 

in the fraction of high and middle-level clouds at the mid-latitudes, as well as a 

poleward shift in the total cloud cover associated with the storm tracks of both 

the hemispheres. Decrease in mid-latitude cloud cover increases the outgoing 

long-wave radiation (OLR) amount, as discussed by Chen et al., (2002), and is 

hence related to the phenomena of expansion of the subtropical dry zones. Norris 

et al., (2016), using the observations on cloud cover from the International 

Satellite Cloud Climatology Project (ISCCP) and Extended Pathfinder 

Atmospheres (PATMOS-x) datasets, brought out that the high cloud top height 

has also increased at all latitudes, leading to a surface warming. Changes in the 

cloud fraction were observed not only in the subtropical regions, but in the 

tropical regions as well. For instance, Eastman and Warren, (2012) showed by 

means of surface observations that there is a strong northward shift of the cloud 

cover over the tropics, in addition to a decline in the amount of low cloud cover. 

Zhou et al., (2011) using ISCCP dataset reported a decreasing trend in the total 

cloud fraction over tropics. Recent modelling studies by Su et al., (2017) reported 

a decrease in high cloud fraction averaged over the tropics, in response to the 

increased surface warming due to CO2. The authors attributed this decrease in 

tropical high cloud cover to the decrease in the area of ascent of the tropics and 

consequent strengthening of the ascent in response to the surface warming. 

Greater loss of long wave radiation over the tropics and cooling is thus expected 

to accompany this high cloud shrinkage. Su et al., (2014) using 15 climate model 

simulations showed that the meridional structure of the HC will have weakening 

and strengthening regions within the tropics. These authors projected that there 

will be alternating ascending (50N-50S) and descending (50N-150N and 50N -150S) 

regions within the ascending limb of the HC. The changes in cloud fractions were 

observed to be consistent with this complex meridional structure of the HC. The 

vertical velocity projections showed weakening trend in the descending zones of 

the HC (15°N–30°N and 20°S–30°S) and strengthening trend at the flanks of the 
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descending zones (30°N to ~40°N and 30°S to ~40°S), which is consistent with 

the poleward expansion of the dry zones. However, it has to be remembered that 

these changes have been projected for the 2074-2098 period, and hence it is 

difficult to see its signature in the present day climate. Thus there exists ample 

evidence for changes in cloud fraction in association with the HC, and vice versa, 

in a warmer climate.   

 

From the above discussion, it is clear that the components of hydrological cycle 

are modulated by the HC dynamics, especially in a warmer climate. Researchers 

have mostly relied on climate model simulations to establish a clear signal of 

global warming on the HC dynamics as well as its role in modulating the 

components of the hydrological cycle. In fact, the studies on HC and its link to 

hydrological cycle using climate model simulations are outpacing those using 

observations and reanalysis datasets. It is thus necessary to reduce this gap. 

Moreover, simultaneous investigations on long-term changes in all the three 

components of hydrological cycle viz., moisture, clouds and precipitation, with 

respect to the ascending and descending branches of the HC are seldom available. 

In this regard, the present study focuses on analysing the long-term changes in 

relative humidity, cloud fraction (resolved into low, mid and high level clouds) 

and precipitation within the ascending and descending limbs of HC using 

observational (GPCP) and reanalysis (ERA-I) data. The ascending and descending 

limbs of the HC are identified using the meridional Mass Stream Function (MSF) 

metric, a metric that can easily track the mass motion in the atmosphere in the 

meridional direction. The study thus attempts to discuss the influence of HC on 

the patterns and trends in the three main components of the hydrological cycle. 

The simultaneous investigation of long-term changes in relative humidity (RH), 

cloud fraction (CF) and rainfall (RF) within the ascending and descending regions 

of HC (identified using the MSF metrics) by means of observational and 

reanalysis datasets is a relatively new component of the present study as 

compared to the earlier studies. The datasets used and methods followed are 

discussed in section 6.2, results are discussed in section 6.3, and summary is 

provided in section 6.4. 
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6.2 Data and Methodology 

The present study employs three components of hydrological cycle viz., RH, CF 

and RF, along with the HC parameters derived from MSF metric. The data on RH 

and CF is obtained from the ECMWF-Interim (ERA-I) reanalysis, and that on RF is 

obtained from the Global Precipitation Climatology Project (GPCP). A detailed 

description of GPCP and ERA-I datasets is given in Chapter 2. The GPCP rainfall 

dataset is constructed by combining various ground and satellite based 

observations of precipitation and gridding them onto 2.5°x2.5° grids (Adler et al. 

2003).  The monthly mean precipitation rates obtained from GPCP (version 2) for 

the period 1979-2016 are used in the present study. A zonal average of this 

monthly mean rainfall data from GPCP is used to construct the annual cycle of the 

magnitude as well as trend in RF.  

 

The moisture and cloud cover data is obtained from ERA-I reanalysis (Dee et al. 

2011). The zonal mean vertical profiles of RH obtained from the ERA-I reanalysis 

are used in the present study to investigate the RH trends in the ascending and 

descending branches of HC. The CF data from ERA-I is classified into low-, 

middle- and high- level clouds depending on the ratio of cloud top pressure to the 

surface pressure (defined as sigma). Sigma<0.45 represents high cloud cover, 

0.45<sigma<0.8 represents middle cloud cover, and 0.8<sigma<1 represents low 

cloud cover fraction. The current study utilizes the zonal mean of these individual 

CF for the present study. 

 

As mentioned in section 6.1, the ascending and descending branches of the HC are 

identified using the MSF metric. This metric is calculated from the meridional 

wind data obtained from the ERA-I reanalysis using the method described in 

Chapter 2. As previously done, MSF at 500hPa is chosen as the reference level to 

identify the HC parameters. The locations on either side of the equator where 

MSF becomes zero are marked as the HC edges; the location near to the equator 

where it has zero value is the HC centre; and the location on either side of the 

equator where MSF at 500hPa maximize(minimize) are defined as the centre of 

the hemispheric HC. The region between NH cell centre and the SH cell centre 

(which is inclusive of the HC centre) is the region where ascending motions 
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prevail. The region between cell centres and the HC edge for the respective 

hemispheres is identified as the region of descent.  

 

6.3 Results and Discussion 

6.3.1 Hadley Circulation: Ascending and Descending regions  

The zonal mean meridional MSF is estimated from the ERA-I reanalysis 

meridional winds using method outlined in Chapter 2 for the period 1979-2016 

for four seasons and are shown in figures 6.1(a-d) for boreal winter, vernal 

equinox, boreal summer and autumnal equinox, respectively. Positive values of 

MSF are indicative of a northward flow, whereas negative values indicate that the 

mass flow is southward. The MSF pattern shows strong winter cells and weak 

summer cells during solstices, which is consistent with the known features of the 

HC. The figure also shows that the SH cell is wider and stronger during autumnal 

equinox as compared to that during vernal equinox. This is one of the notable 

differences in the HC during the equinoxes. Ascending motions prevail within the 

latitude of maximum (positive) MSF and the latitude of minimum (negative) MSF, 

for example - between 20⁰S and 15⁰N during boreal winter. The region of descent 

in the NH extends from the latitude of maximum positive MSF (say, 15⁰N during 

boreal winter) up to the latitude where MSF changes its sign (at ~30⁰N during 

boreal winter). Similarly, the region of descent in the SH extends from latitude of 

minimum MSF (say, 10⁰S during boreal summer) up to the latitude where MSF 

changes its sign (at 25⁰S during boreal summer).  

 

Further, as mentioned in section 6.2, the boundaries of HC ascending and 

descending regions are estimated from MSF at 500hPa. Figure 6.2 gives a holistic 

view of the annual cycle of the various boundaries of the HC obtained from the 

zonal mean MSF metric. Vertical bars show their inter-annual variability. The 

blue line shows the annual cycle of the centre of the HC, which is more or less 

consistent with the annual cycle of migration of the ITCZ. The magenta and green 

lines show the southward and northward boundaries of the ascending branch of 

the HC respectively. The area enclosed between these boundaries is the 

ascending region of the HC. The variation of the hydrological parameters in these 

regions will be discussed in the succeeding sections. The black and red lines 



 

 
154 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) 

(c) (d) 

(b) 

kg/s kg/s 

 

kg/s 

 

kg/s 

 

Figure 6.1: Latitude- pressure level cross sections of the zonal mean meridional stream function for (a) boreal winter (b) vernal 

equinox (c) boreal summer and (d) autumnal equinox seasons estimated from ERA-I reanalysis for the period 1979-2016. 
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Figure 6.2: Annual cycle of the HC centre, HC edges and the NH (SH) cell centres. Vertical bars indicate the standard 

deviation corresponding to their inter-annual variability. HC ascending regions are defined as the region between the 

latitude of maximum MSF and the latitude of minimum MSF. HC descending regions are defined as the regions between the 

latitude of maximum (minimum) MSF and the NH (SH) HC edge. 
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represent the southward and northward edges of the HC respectively. The region 

between the boundaries of the ascending region and the edge of the HC represents 

the regions of descent associated with the HC in both the hemispheres. The distance 

between the southward and northward edges gives the total width of the HC. Figure 

6.2 shows that the descent regions are wider during winter than summer, which is in 

conjunction with the stronger winter cell that can be seen in figure 6.1. The 

descending region is narrowest during boreal summer in the northern hemisphere. 

The ascending region is wider during boreal winter as well as summer seasons. All 

the features observed in the annual cycle of HC parameters are consistent with the 

present understanding thus validating the procedure adopted to identify them. 

 

6.3.2 Zonal mean distribution of Relative Humidity, Cloud Fraction and 

Precipitation 

As discussed in section 6.1, the atmospheric relative humidity, cloud fraction and 

rainfall are important components of the hydrological cycle, and are modulated by 

the HC. Figures 6.3(a) and (b) show the zonal mean latitudinal distribution of 

relative humidity (RH), total cloud fraction (CF) and rainfall (RF), which are 

normalized to their peak values, for the month of January and July, respectively. The 

RH corresponds to that at the 500hPa pressure level. The datasets have been 

averaged for the study period. The vertical lines are indicative of the mean value of 

the HC boundaries derived from figure 6.2 for a given month. From this figure it is 

evident that the RH, CF and RF show their maximum values within the ascending 

regions of the HC and minimum values in the descending region. This is a general 

feature of the hydrological cycle. The normalized peaks of RF show its maximum 

within the ascending regions of the HC during both January and July months whereas 

the CF shows a maximum of ~0.77 in January and ~0.8 in July. The peak value of CF 

occurs over high latitudes during both January (at ~610S) and July (at ~880N) (the 

latitude axis in figures 3(a) and 3(b) have been limited to 500 to highlight the HC 

region). Thus the peaks observed in CF over the ascending regions of the HC are 

secondary peaks, and the latitude of their occurrence coincides with the peaks 

observed in the RF.  In the case of RH also the primary peaks are observed over high 
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Figure 6.3: Latitudinal distribution of zonal mean relative humidity (RH), total cloud cover (CF) and rain rate (RF), which are 

normalized to their peak values for the months of (a) January (b) July during the study period. Vertical dashed lines correspond to 

the average location of the HC edges, HC centre and the NH/SH cell centres. Colour codes same as for Figure 6.2. 
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latitudes. The RH also shows its secondary peak in the ascending region of the HC, 

with magnitudes 0.66 in January and 0.71 in July as shown in figure 6.3. The 

observed pattern of peaks over the tropics in all the three parameters show a 

narrower distribution in the month of July as compared to the broader distribution 

of these parameters in the month of January. This aspect can be attributed to 

relatively large land region to the north of the equator; the atmospheric convection 

is concentrated in narrow regions over land as compared to that over the oceanic 

regions in the south. The minimum values of RH, CF and RF are found in the 

descending regions of the HC with notable differences in January and July. Thus 

figure 6.3 depicts the distribution of RH, CF and RF in the ascending and descending 

branches of the HC. The long term changes in RH, CF and RF parameters with respect 

to the HC are discussed in the following sections. 

 

6.3.3 Long term changes in RH, CF and RF over the ascending and descending 

branches of the HC 

6.3.3.1 Relative Humidity 

Seasonal and regional changes in RH influence the cloud type and its distribution, 

which in turn can bring about changes in the radiative balance of the atmosphere. 

Since the HC largely depends on the amount of radiative imbalance between the 

tropics and the poleward latitudes, it is important to investigate the vertical 

structure as well as annual cycle of RH as a function of latitude. Figure 6.4(a) shows 

the annual cycle of zonal mean latitudinal distribution of RH at 500hPa averaged 

during the years 1979-2016, along with the various HC parameters. The black lines 

correspond to boundaries of ascending regions (dashed lines) and the edges (solid 

lines) of the HC. The magenta line corresponds to the annual cycle of the latitude of 

maximum (dashed line) and minimum (solid line) magnitudes of RH at 500hPa. The 

minimum in RH is estimated separately for Northern and Southern hemispheres. The 

standard deviations correspond to the inter-annual variations of respective 

parameters. As mentioned earlier, the region between the boundaries of ascending 

regions and the HC edges correspond to descending regions of the HC in either 

hemisphere. The RH at mid-troposphere is important, since the moisture at these 
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levels determine the ability of a parcel to remain saturated during the ascent. 

Theoretically, a RH of ~50-60% at middle troposphere is adequate to promote deep 

convection (Marks, 2015). It is clear from figure 6.4(a) that the deep tropics 

(between 10⁰N and 10⁰S) have RH ~53-65% at 500hPa, which is conducive for the 

formation of deep convection. The moisture content decreases on either side of the 

deep tropics, reaching the minimum value in the subtropical regions. The 

climatological RH of the subtropical dry zones is never >35%, as given by figure 

6.4(a). The inter-annual variability of the latitude of minimum (maximum) RH is well 

within the region of descent (ascent) given by the MSF metric. The latitude of 

minimum (maximum) RH resides approximately at the middle of the descent 

(ascent) region of HC. Also, the latitude of maximum and minimum RH exhibits a 

poleward migration from winter to summer in the respective hemisphere. The 

500hPa levels within the subtropical descent regions are drier during the winter 

season of the respective hemisphere. On the other hand, the 500hPa levels within the 

tropical ascent regions are moist during NH summer season (as compared to SH 

summer), wherein the low level inflow is primarily from the oceanic regions of the 

SH. From figure 6.4(a) it can be noted that the ascending region of HC derived from 

MSF metric clearly separates moist region from dry region and, thus, is very useful to 

investigate the long term changes in parameters associated with hydrological cycle 

with respect to the HC changes.   

 

Figure 6.4(b) shows the annual cycle of the trends in zonal mean RH at 500hPa as a 

function of latitude. The purple contours represent the trends which are significant 

at the 95% level. The white patches correspond to the regions which show no trends. 

The figure shows a general moistening pattern in the ascending limb of the HC, 

especially at the edges of the ascending regions in either hemisphere. The largest 

trends (~1 to 1.5% per decade) are found to be on either side of latitude of 

maximum RH in both the hemispheres, which indicates a strengthening of the HC. 

Regions between the latitude of minimum RH and the SH edge (the descending 

region of HC) show significant negative trends ~ -0.5% to -1% per decade 

throughout the year, except during austral summer. On the other hand, regions   
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Figure 6.4: (a) Climatology of the annual cycle of zonal mean RH at 500hPa as a function of latitude for the period 1979-2016 

obtained from the ERA-I dataset (b) Annual cycle of the trends in zonal mean RH at 500hPa as a function of latitude. Black solid lines 

show the HC edges, black dashed lines show the individual cell centres. Region confined between the black dashed lines is the HC 

ascending region. The region between the black dashed line and the black solid line, in both hemispheres, is the HC descending region. 

Dashed magenta lines is the latitude of maximum 500hPa RH, whereas the solid magenta lines represent the latitude of minimum 

500hPa RH. Purple contours in (b) show the trends significant at 95% level.
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between the latitude of minimum RH and the NH edge show negative trends during 

this time of the year. At the poleward edges of the HC in both the hemispheres, the 

RH shows decreasing trends (~ -0.5% to -1% per decade). Thus, a general positive 

trend in RH in the HC ascending regions and negative trend in the regions poleward 

of the HC edges point towards a mid-tropospheric moistening and drying process, 

respectively; this is presumed to be associated with the strengthening of the HC. 

Signature of poleward expansion of the HC can also be observed in the moistening 

(drying) of the equatorward (poleward) side of the latitude of minimum RH. Thus 

the long-term changes in the RH at 500hPa level are consistent with the 

strengthening as well as expansion of the HC.    

 

In order to investigate whether this moistening/drying trend is consistent at all 

levels, climatology and trends in RH for different pressure levels are delineated in 

figures 6.5 and 6.6, respectively. The climatology of vertical variation in RH is 

analysed separately for the January and July months so as to explore the seasonal 

variations. Figure 6.5(a) and 6.5(b) shows the zonal mean climatology of RH in terms 

of latitude-pressure level sections for the months of January and July, respectively. In 

the lower troposphere, the RH is relatively high (~85% or more) during both 

months over the ascending regions of the HC. In the month of January, the RH at the 

800-300hPa altitudes is ~30- 40% over the descending regions in the SH whereas it 

is below 30% in the NH. Thus NH descent regions are drier than that of SH in 

January. During the month of July also a similar pattern is observed; however, the 

descending branch of the SH is relatively drier (RH<20%) than its NH counterpart 

(RH is between 35% - 45%). The SH descending branch during July is in fact drier 

(RH <20%) than the NH descending branch (RH ~20% - 30%) during January. The 

mid-troposphere over the ascending region is relatively wetter during July (RH ~ 

65% - 80%) than in the month of January (RH ~ 60%). Thus figure 6.5 depicts the 

mean climatology of RH, in terms of latitude-pressure level sections, within the 

ascending and descending branches of the HC, and is found to be consistent with the 

present understanding. Further, vertical structure of the trends in RH is estimated 

and is depicted in figures 6.6(a) and 6.6(b) for the months of January and July, 

respectively. Trends significant at the 95% level are represented by means of purple   
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Figure 6.5: Climatology of the vertical distribution of RH as a function of latitude for (a) January (b) July during the period 1979-

2016.  
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Figure 6.6: Vertical distribution of the trends in RH as a function of latitude for (a) January (b) July during the period 1979-2016. 

Purple contours show the trends significant at the 95% level.  
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contours. During the month of January, deep tropics show negative trends in RH 

throughout the troposphere and are significantly negative in the 400-300hPa 

altitudinal region (~ -1.5% per decade). Trends are significantly positive between 

600-400hPa levels at the edges of ascending region (~0.5% – 1.5% per decade) and 

are the strongest in NH as shown in figure 6.6(a). However, the trends are positive 

throughout the troposphere at the edges of the SH ascending region. As mentioned 

earlier, a positive trend in RH in the mid troposphere at the edges of ascending 

region indicates the strengthening of the HC. Increased ascent due to strengthening 

of the HC is followed by a strengthening of the compensating return flow of the HC in 

the lower troposphere, which brings relatively more moisture to these levels. This 

feature can be noted from the significant positive trend ~0.75% per decade 

exhibited between 900hPa and 800hPa levels in SH (see figure 6.6(a)). However 

such a feature is not noticed at these levels in the NH. Stronger positive trend in 

lower tropospheric RH in SH is due to the dominance of oceanic region in the 

hemisphere. This aspect can be further confirmed from figure 6.5(a). This figure 

shows a relatively wetter lower troposphere in the SH subtropical region, from 

where the HC return flow begins, as compared to that in the NH. Figure 6.6(a) also 

brings out that the strongest drying is observed at the SH edge of the HC during the 

month of January (~ -1.5% per decade). A relatively weak drying trend (~ -0.5 to 1% 

per decade) is observed at the NH edges of the HC. During July, as shown by figure 

6.6(b), there is strong moistening trend (0.5% – 1.5% per decade) between 600hPa 

and 500hPa levels at the edges of ascending region, and drying trend both above and 

below these levels. In the lower troposphere, again, a positive trend can be noted at 

the edges of the HC ascending region in the SH corresponding to the strengthening of 

the HC return flow. This feature is absent in the NH due to obvious reasons discussed 

earlier. During this month, the strongest drying trend is observed at the poleward 

edges of the HC in the NH (~ -1% to 1.5% per decade). Figure 6.6(b) also brings out 

that the deep tropics also show significant drying trend throughout the troposphere, 

expect at the mid-troposphere (600-500hPa). During both the months, the RH trends 

are negative below 900hPa, which is consistent with the increasing trends in surface 

temperature. Thus the vertical structure of RH and their long-term variability across 
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the latitudes show that there is mid-tropospheric moistening at the edges of 

ascending regions of HC and drying at their poleward edges. Earlier studies, which 

employed vertical velocity for separating the ascending and descending branches of 

the HC, reported a moistening of the ascending region and drying of the descending 

region. However, these studies did not show where exactly within the ascending 

region does the moistening takes place, as the trends have been derived for the 

entire ascending and descending region. The present results show that the 

moistening takes place at the edges of the ascending region rather than in the entire 

region; same is the case in drying trends in the descending regions. 

 

6.3.3.2 Cloud Fraction  

Figure 6.7(a) shows the annual cycle of the total CF as a function of latitude in 

conjunction with the annual cycle of the HC parameters. The CF has been derived 

from ERA-I reanalysis and averaged for the period 1979-2016. Limiting the current 

analysis to the regions within the HC boundaries, the latitude of maximum cloud 

fraction is observed to be well within the region of ascent, and is generally confined  

between 10⁰N and 10⁰S latitudes (In fact, the maximum cloud fraction occurs over 

the Southern Ocean in the ~600S -650S latitudinal belt during all the seasons. 

However, as the present analysis is limited to the HC latitudes, the maximum cloud 

fraction is located in deep tropics). The figure shows that the cloud fractions are 

between 50% and 75% within the region of ascent. Within the deep tropics, the 

cloud cover is observed to be more during boreal summer (~75%) than winter 

(~68%). The total cloud cover fraction falls off on either side of the observed deep 

tropical maxima. Subtropical dry zones are defined as the regions between the 

latitude of maximum (minimum) MSF and the poleward edge of the HC in the NH 

(SH). These dry zones are characterized by the low amounts of cloud fraction 

~<40% since these are the regions under the descending limb of the HC. The cloud 

cover fraction is more or less uniform throughout the NH subtropical dry zone for all 

seasons except for boreal winter, wherein the cloud fraction is well below 30%. One 

more striking feature in figure 6.7(a) is that the cloud fraction over the descending 

region of the HC in SH is relatively more than that in NH, at least by 10%. This can be   
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Figure 6.7: (a) Climatology of the annual cycle of zonal mean total CF expressed as a function of latitude for the period 1979-2016. 

(b) Annual cycle of the trends in zonal mean total CF expressed as a function of latitude. Colour codes same as that of figure 6.4, but 

for HC parameters and total CF. Purple contours in (b) show the trends significant at the 95% level.  

CF CF/decade (a) (b) 
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explained by the relatively more oceanic region in SH subtropics as compared to NH. 

Under the descending branches of HC, especially over the oceanic regions, the 

stratocumulus clouds form persistently (Subrahmanyam and Kumar 2017). This 

aspect can be substantiated from figure 6.5, where the RH in the lower levels is 

comparatively more over the SH subtropical region than that in the NH during both 

January and July months.  Further, the annual cycle of CF shown in figure 6.7(a) is 

consistent with that of RH depicted in figure 6.4(a). Thus it can be inferred from 

figure 6.7(a) that the annual cycle of latitudinal distribution of the CF is consistent 

with the present understanding, and also provides insights into its variability with 

respect to the HC boundaries. The annual cycle of trends in zonal mean total CF as a 

function of latitude is shown in figure 6.7(b). The trends significant at the 95% 

confidence level are represented here by means of purple contours. The most 

significant feature of this figure is the null/insignificant trend in total cloud cover in 

the regions close to the latitude of maximum cloud cover (indicated by dashed 

magenta line). Similar to the trends in RH, the trends in cloud cover also show 

significant increasing trends at the edges of the ascending region in SH as well as in 

NH, with stronger trends in the latter. Thus the region of ascent contain both 

increasing and decreasing cloud cover regions, with positive trends being shown by 

the regions on either side of the deep tropics. Average trend in these regions is ~1% 

per decade. It can also be noted from figure 6.7(b) that within the HC descending 

regions identified by the MSF metric, there are regions of positive as well as negative 

trends, separated by the latitude of minimum cloud cover. This feature can be noted 

in both the hemispheres. Regions equatorward of the latitude of minimum cloud 

cover show significant increasing trend in total cloud cover fraction (~1% - 2% per 

decade), and those poleward of the latitude of minimum cloud cover shows either 

null or negative trend. Positive trends in the NH subtropical zones equatorward of 

the latitude of minimum cloud cover are stronger during boreal winter (~2.5% per 

decade) than summer (~1% per decade). A decreasing trend ~0.5% - 1% per decade 

is observed at the poleward edges of HC in both the hemispheres as shown in 
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Figure 6.8: Annual cycle of the trends in (a) low (b) middle and (c) high level cloud fractions, expressed as a function of latitude, 

within the HC ascending and descending regions. Outermost solid black lines in both hemispheres show the HC edges, inner dashed 

black lines show the boundaries of the HC ascending region. Purple contours show the trends significant at 95% level.  

CF/decade (a) (b) (c) 
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figure 6.7(b), which is consistent with the trends observed in RH. The decreasing 

trends in total cloud cover in the extra-tropical regions which lie close to the 

poleward edge of the HC is suggestive of the expansion of the HC and the subtropical 

dry zones. As discussed in section 6.1, the ‘type of cloud’ also plays a role in the 

radiative balance of the atmosphere. Hence the trends in low level, middle level and 

high level cloud fractions are estimated to examine their contributions to the trends 

in total cloud fraction, and is shown in figure 6.8(a-c), respectively. The latitude of 

maximum and minimum cloud fraction is not indicated in these figures. However, 

the HC boundaries corresponding to the ascending and descending regions are 

provided. From these figures, it can be noted that the long-term changes in low level 

clouds with respect to the HC boundaries do not show any significant trend. An 

exception to this is at the poleward edges of HC in both hemispheres, wherein the 

trends are negative. In the deep tropics, the middle level cloud fractions depicted in 

figure 6.8(b) show strong positive trends (~2% per decade) in contrast to the strong 

negative trend in high cloud cover fraction (~-1% per decade) depicted in figure 6.8 

(c). Such a decrease in deep tropical high cloud cover is in conjunction with the 

modelling studies, and is attributed to the increase in mean surface temperature 

over the tropics (Su et al. 2017). The striking feature of figure 6.8, however, is the 

similar pattern of trends in the high level cloud fraction shown in figure 6.8(c) and 

the total CF shown in figure 6.7(b), especially in the ascending region of the HC. The 

decreasing trend in total cloud cover in the near-equatorial regions is found to be 

consistent with the strong negative trend in high cloud cover in these regions. Again 

as in the case of RH and total cloud fraction, the increasing trends in the high cloud 

cover are found to be at the edges of the ascending branches in both the hemispheres 

and is ~1.5% per decade. The descending region of the HC in the SH shows slight 

increasing trend in the high cloud fraction; however this feature is not prominently 

seen in the total cloud fraction. This is because the significant decreasing trend in 

low cloud fraction in the descending region of the HC compensates the increasing 

trend in the high cloud fraction in the same region. Only low level clouds are 

expected on the poleward side of the subtropical dry zones because of the strong 

descent in these regions. Decreasing trend in low cloud fractions and hence, total 

cloud amount in these regions can reduce the amount of short-wave reflection to 
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space, increasing the surface temperature to higher values than before. This is 

consistent with the observed decreasing trends in RH at the poleward edges of the 

HC. From figures 6.7 and 6.8, it can thus be reiterated that the trends in total CF are 

contributed by high clouds in the ascending region (increasing trend) and by low 

clouds in the descending region (decreasing trend). 

 

6.3.3.3 Precipitation  

Many studies in the recent past have employed the precipitation metric to study the 

consequences of HC expansion on the tropical and sub-tropical climate. Figure 6.9(a) 

depicts the annual cycle of zonal mean RF derived from GPCP observational dataset 

(1979-2016) along with the HC boundaries. The figure shows that the latitude of 

minimum (maximum) RF lies well within the region of descent (ascent). This 

observation again justifies our choice of the MSF metric to distinguish the ascending 

and descending branches of the HC. RF falls below ~2.5mm/day in the descending 

regions for most time of the year, whereas it exceeds this value within the ascending 

regions. Subtropical regions are the driest during winter months, in both 

hemispheres. The annual cycle of precipitation maxima is consistent with the 

movement of ITCZ. The precipitation rate peaks in the NH during boreal summer. 

The zonal mean RF climatology depicted in figure 6.9(a) is thus consistent with the 

HC dynamics, especially within its ascending and descending branches. 

 

In order to bring out the long term changes in precipitation rate with respect to the 

HC, monthly trends in the zonal mean RF is estimated as a function of latitude and is 

shown in figure 6.9(b) along with the HC boundaries. Purple contours show the 

trends significant at the 80% level (The 95% significant contours were also 

computed for RF trends, however the regions covered by these contours are 

relatively less as compared to RH and CF. In this regard, 80% significant level 

contours are shown instead of 95% in the figure 6.9(b)).  This figure shows that as in 

the case of high cloud fraction, there is a general negative/null trend in RF within the 

deep tropics. Also, strong positive trends are observed in the regions to the north of 

the latitude of maximum RF. These observations indicate a northward migration of  
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Figure 6.9: (a) Climatology of the annual cycle of zonal mean RF expressed as a function of latitude for the period 1979-2016 (b) 

Annual cycle of the trends in zonal mean RF expressed as a function of latitude. Colour codes same as that of figure 6.4, but for HC 

parameters and RF. Purple contours in (b) show the trends significant at the 80% level. 

(a) (b) mm/day mm/day/decade 



Chapter 6 

 
172 

the precipitation maxima. One more striking feature of figure 6.9(b) is the location of 

maximum trend in precipitation at ~80 N -100N during most time of the year, except 

in June. The trend in RF recorded for these regions are ~0.2mm/day/decade. Note 

that these regions lie along the northward limit of the HC ascending region. This 

particular feature is also observed in RH and as well as in total CF trends shown in 

figures 6.4(b) and 6.7(b) respectively. In SH, positive trends ~0.05mm/day/decade 

are observed at the edges of ascending regions, especially during austral summer. It 

is interesting to note that strong positive trends are observed at the northern limit of 

HC ascending region during boreal winter, whereas slight decreasing trends are 

observed at the southern limit of the HC ascending region during austral winter. 

Most of the earlier studies have reported an overall increasing trend in precipitation 

within the ascending region of the HC; the present study clearly shows that the 

observed precipitation trend within the ascending region is not uniform. Positive 

trends are dominant in the northward part of the ascending region than in the 

southward part. Interestingly, increasing trends in precipitation ~ 

0.06mm/day/decade is seen in the SH descent regions during austral summer and 

fall seasons. Drying trends (~ -0.4mm/day/decade) in the SH descent regions is seen 

during the hemisphere’s winter and spring seasons. The descent regions poleward of 

the latitude of minimum RF in the NH show negative precipitation trends (~ -

0.1mm/day/decade) for most time of the year, except during May-June, and in Nov-

Dec. Precipitation trends within the NH descent regions is positive, but weak, in the 

regions equatorward of the latitude of minimum precipitation. The very same 

regions, however, show significant negative trends (~ -0.1mm/day/decade) in RF 

during October-November-December period. The significant negative trend 

observed at the NH edges of the HC are consistent with the HC expansion, similar to 

that observed for the case of RH and CF trends. However, in the SH, a consistent 

pattern in trends is not seen at the edges of the HC, except for a weak decreasing 

trend shown during austral winter and autumnal equinox seasons. Thus there is an 

indication of expansion of dry zones towards poles in both the hemispheres, 

especially during their respective winters. Overall, from figure 6.9(b) it can be 

inferred that ascending region of the HC as a whole has moved northward and also, 
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has intensified. However, it should be remembered that there are factors other than 

the HC changes which can influence the precipitation patterns, especially the 

regional factors. The long-term trends in the parameters associated with 

hydrological cycle, thus show consistent trends in the ascending and descending 

regions of HC as evident from figure 6.4(b), 6.7(b) and 6.9(b). 

 

6.4 Summary 

The present study investigates the influence of HC dynamics on the hydrological 

cycle parameters by estimating the long term changes in RH, CF and RF within the 

ascending and descending branches of the HC using reanalysis and observational 

data. The study has employed MSF metric calculated using the meridional wind 

component of the ERA-I reanalysis data so as to identify the HC boundaries. 

Preliminary analysis showed that the seasonal pattern as well annual cycle of the HC 

parameters is consistent with the present knowledge, thus substantiating the use of 

the MSF metric for identifying the HC parameters. Region between the latitude of 

maximum MSF (centre of the NH HC) and the latitude of minimum MSF (centre of the 

SH HC) was identified to be the HC ascending region. Regions between the latitude of 

maximum (minimum) MSF and the NH (SH) edge of the HC were identified as the 

regions of descent. An analysis of the zonal mean distribution of RH, CF and RF 

reveals that each of these parameters have a maximum in the HC ascending region, 

and minima in the HC descending region. The climatology and trend of each of the 

hydrological parameters, viz. RH, CF, and RF, within the ascending and descending 

regions of the HC are analysed in order to bring out the changes in these parameters 

occurring as a result of the changes in the strength and width of the HC. The study 

delineated the spatial distribution of the trends in RH, CF, and RF within the HC 

ascending/ descending regions. The following are the important observations drawn 

from the present study. 

1. In the HC descending regions: 

i) There is a mid-tropospheric drying trend in the regions poleward of the 

latitude of minimum RH as well as at the HC edges. The mid-tropospheric RH 
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trend is positive in the regions equatorward of the latitude of the minimum 

RH.  

ii) Regions equatorward of the latitude of minimum CF exhibit positive trends, 

whereas those poleward of it show either negative or null trends. The 

increasing total CF trends are stronger during boreal winter than during 

summer. The decreasing trend in total CF at the HC edges is attributed to a 

decrease in the fraction of low level clouds in these regions.  

iii) Regions poleward of the latitude of minimum precipitation shows negative 

trends, whereas those equatorward of the latitude of minimum precipitation 

shows increasing trends in precipitation. 

2. In the HC ascending regions: 

i) The observed trends in mid-tropospheric RH indicate the moistening within 

the region of ascent, especially at the edges of the ascent region. 

ii) Region of ascent contain both increasing and decreasing CF regions, with 

positive trends being shown by the regions on either side of the deep tropics. 

The decrease in CF over the deep tropical regions is attributed to the 

decreasing trend in the high cloud cover in these regions. 

iii) Precipitation trends are positive at the edges of the ascent region, except in 

SH during austral winter and spring. In and near the latitude of maximum 

precipitation, there is a decreasing/null trend in RF.  

iv) An analysis of the annual cycle of trend in RF indicates that the ascending 

region of the HC as a whole has moved northwards.  

Thus RH, CF and RF parameters showed positive trend in and near the edges of the 

HC ascending regions. On the other hand, within the HC descending regions, these 

parameters showed both positive and negative trends. In fact, the trends are mostly 

negative near the poleward edges of the descending regions, and positive in the 

regions equatorward of it. Again, all the three parameters of hydrological cycle 

considered in the present study showed consistent trends in both ascending and 

descending regions of the HC. These results are in accordance with the observed 

phenomena of poleward expansion of the HC and the strengthening of the 

hydrological cycle associated with it. However, it is possible that the hydrological 
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cycle can be influenced by factors other than the HC. Hence the present study 

brought out the long term changes in all three parameters of the hydrological cycle, 

simultaneously, using reanalysis and observational data. It is for the first time that 

concurrent investigation of long term changes in all three parameters of the 

hydrological cycle has been reported with an emphasis to establish the link between 

the HC changes and their influence on the hydrological cycle in the present day 

climate. It is envisaged that the results discussed in the present study may be helpful 

in interpreting and evaluating model simulations of HC as well as hydrological cycle 

in warmer climate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 

 
176 

 



 

177 
 

CHAPTER 7 

SUMMARY AND FUTURE SCOPE 

 

7.1 Summary 

Hadley Circulation (HC) is a planetary scale circulation characterized by 

ascending motion in the tropics and descending motion in the subtropics. This 

tropical atmospheric circulation is responsible for the wet and dry climate of the 

tropical and the subtropical latitudes, respectively. HC is characterized using 

different parameters such as the meridional mass stream function (MSF), 

tropopause height, total column ozone, outgoing long-wave radiation, position of 

subtropical jet stream, cloud amount, and precipitation. Using these metrics, 

recent observational studies have shown that the HC has undergone a poleward 

expansion as well as strengthening over the past few decades. As observed by the 

climate scientists, such an expansion will have serious consequences due to the 

associated shift in precipitation patterns, poleward movement of jet streams and 

storm tracks, changes in distribution of climatically important trace gases in the 

stratosphere as well as changes in the ocean circulation. Owing to its direct 

impact on subtropical climate, many researchers across the globe are focusing on 

quantifying the variability in the width and strength of the HC. The present thesis 

discuss various facets of the phenomena of poleward expansion of the HC using 

four major atmospheric reanalysis datasets (NCEP, ERA-I, JRA55, and MERRA), 

network of global radiosonde observations (IGRA), satellite-based observations 

(COSMIC GPS-RO, TRMM SLH), as well as a combination of ground-based and 

space-based observations of precipitation (GPCP).  

 

Although reanalysis provide spatially homogenous and long term data that can 

detect the trends in HC, these datasets combine model fields with sparsely 

distributed observations to form a spatially complete gridded meteorological 

dataset. Thus it has become the need of the hour that these datasets are validated 

using observations for global circulation studies. It is also important to evaluate 
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the newer reanalysis datasets for investigating HC dynamics. In this regard the 

current thesis characterized the HC using MSF metrics obtained from relatively 

new JRA55 reanalysis dataset and three widely used reanalysis datasets, viz., 

NCEP, MERRA and ECMWF. The four reanalysis datasets have been compared 

with radiosonde observations from IGRA using the subsampling technique. Large 

scale features in the subsampled datasets show high resemblance with the IGRA 

dataset, reinforcing the fact that reanalysis datasets can be used for the studies on 

the global circulation, and HC in particular. It is for the first time that MSF from 

four major reanalysis datasets are validated against global network of radiosonde 

measurements for use in atmospheric general circulation studies. A qualitative 

comparison of MSF among all the reanalysis datasets for winter and summer 

solstices reproduced the well-known features of the HC. Annual cycle of the 

northern and southern hemispheric edges, centre and total width of the HC has 

been analyzed, and considerable consistency with present knowledge on the 

same has been found. This confirmed the correctness of the algorithm that has 

been developed to calculate the MSF as well as edges of the HC. It has also been 

found that the annual cycle of HC edges in both hemispheres, HC centre, as well as 

its total width is consistent amongst the datasets, with comparable interannual 

variability also. Interannual variability in the total width of the HC has been 

charted out for each month in order to bring out annual cycle of the HC expansion 

rates. It was found that the trends obtained at the 95% confidence interval 

derived from all the four reanalysis datasets are significant during the month of 

July, and that the expansion trend (~1.50 latitude per decade) is consistent among 

these datasets.  

 

The tropical heating is closely tied to the land-sea distribution and hence, the 

expansion rate also varies from region to region. Hence it is necessary to 

delineate the regional features of the HC. The thesis brought out the regional 

features of the zonally averaged circulation using a measurable metric- the 

tropopause. Atmospheric temperature measurements obtained from highly 

resolved COSMIC GPS-RO observations were used for the same. Zonal mean HC 

edges defined by the meridional gradient in tropopause height (TpGr) and the 

meridional gradient in tropospheric dry bulk static stability (BSS) were extended 

to zonally resolve the features of the tropical belt. In addition, a third metric was 
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proposed to delineate the regional features of the HC- the amplitude of the annual 

oscillation of the tropopause height over the subtropical region (TpAO). The TpAO 

metric has potential use in climate models with a poor tropopause structure since 

it does not rely on any gradient/threshold calculation. Width of the tropical belt 

derived from the TpGr, BSS, and TpAO metrics were evaluated against the width 

estimated using the well-known MSF metric derived from ERA-I reanalysis data, 

and were found to be consistent. Analysis of interannual variability in the 

seasonal mean of the regional tropical belt edges brought out that the tropical 

belt widths are consistent in the Middle East and South Asian regions during 

boreal summer, in the Australian region during austral winter, and in the South 

American and African continents during austral summer; hence favoring to 

identify the expansion rate of the tropics. The thesis also quantified the 

contribution of every 10ᵒ longitudinal zone to the zonal mean tropical width. The 

analysis brought out that Indian and West Pacific sectors play a significant role in 

increasing the zonal mean tropical belt width during boreal summer, whereas the 

West Pacific and South American sectors increases zonal mean tropical belt width 

during boreal winter. The Atlantic and East Pacific sectors were found to 

decrease the zonal mean tropical belt width in boreal summer as well as winter 

seasons. It is envisaged that the present results will have potential applications in 

investigating the zonally resolved trends in the tropical expansion. 

 

Climate model simulations have identified that tropospheric warming due to 

greenhouse gas forcing, stratospheric cooling due to ozone depletion, SST 

variability within the tropics, inter-hemispheric asymmetry of absorbing aerosols 

such as black carbon etc. can lead to expansion of the HC. However, the 

atmospheric processes through which these factors influence the HC is not very 

clear. But these factors can influence the thermal structure of the troposphere, 

which in turn can affect the cloud formation and latent heating distribution 

within the HC ascending branches. The thesis thus investigated the role of mid-

tropospheric latent heat (LH) release in modulating the strength and width of the 

HC. The space-based observations of LH from TRMM were used for the same. 

Spatial distribution of LH derived from TRMM observations showed features of 

the tropical convective activity and its zonal asymmetries, consistent with the 

present knowledge. It was also found that the zonal mean LH during the solstices 
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is confined to a narrow latitudinal band in NH during boreal summer, whereas it 

is broadly distributed in SH during boreal winter. This inter-hemispheric 

asymmetry is an important character of the tropical LH distribution. The zonal 

mean latitudinal distribution of column averaged LH was characterized by means 

of three parameters, viz., the latitude of peak LH, width of LH distribution and the 

LH released in ascent region of HC. The MSF estimated using ERA-I reanalysis 

data was used to characterize the HC parameters in terms of its centre, intensity 

and total width. Co-variability of the LH and HC parameters were investigated to 

quantify the influence of LH release on the spatial extent and intensity of the HC. 

The results showed that the latitude of peak LH significantly influences the 

position of the HC centre as well as strength. The present analysis also revealed 

that the total LH within the ascending limb of the HC substantially influences the 

total width of the HC.  Marked changes were observed in the covariability of the 

time series of the LH and the HC parameters after deseasonalization, and the 

same were quantified in the thesis. The current thesis, for the first time, provides 

observational evidence on the role of latent heating in modulating the width and 

intensity of the HC. 

  

Proper adaptation strategies can be formulated to deal with the consequences of 

the HC if only the pattern of changes in the hydrological cycle associated with the 

expansion and intensification of the HC in the present warming climate is 

correctly identified. However a clear signature of the HC changes in moisture, 

cloud and precipitation is far from understating in the present day climate. This is 

partly because most of the research focusing on the role of HC dynamics in 

modulating the components of hydrological cycle relied on climate model 

simulations for a future state of the climate. The present thesis thus evaluated the 

long term changes in relative humidity (RH), cloud fraction (CF) and precipitation 

parameters of the hydrological cycle, simultaneously, using reanalysis and 

observational data. RH and CF data were obtained from the ERA-I reanalysis and 

precipitation measurements from GPCP. The study analysed the long term trends 

in the hydrological cycle parameters within the ascending and descending 

branches of the HC, which were identified using the MSF metric calculated from 

ERA-I reanalysis. The study brought out that all the three parameters of the 

hydrological cycle show positive trend in and near the poleward edges of the HC 
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ascending regions and negative trends near the poleward edges of the descending 

regions. Unlike earlier studies which reported the trends in precipitation within 

the ascending/descending regions of HC as a whole (assuming that the trends are 

uniform in these regions), the present study delineate the trends within the 

ascending and descending regions of HC. The results were observed to be in 

accordance with the observed phenomena of the poleward expansion of the HC 

and the strengthening of the hydrological cycle associated with it. It is for the first 

time that concurrent investigation of long term changes in all three parameters of 

the hydrological cycle has been reported with an emphasis to establish the link 

between the HC changes and their influence on the hydrological cycle in the 

present day climate. 

 

7.2 Future Scope 

The current thesis depicted that the zonal mean HC exhibits significant poleward 

expansion even on a seasonal basis, which is presumed to have significant 

influence of the climate of the tropics/subtropics and the biodiversity which 

depends on it. The thesis brought out that the zonal mean width of the HC is 

contributed by different longitudinal regimes in a specific manner. This suggests 

that regional variability in the rate of expansion should be addressed using 

observational data. Such a quantification of the regional HC expansion rates and 

concurrent analysis of the factors contributing to the HC expansion in these 

regions shall pave way to bring out the core reason behind the HC expansion 

phenomena. Having identified in the thesis that the tropical latent heating and its 

distribution plays a significant role in controlling the HC dynamics, determining 

the percentage contribution of different sources (natural/anthropogenic) in 

modulating the latent heating distribution by means of observations can be a next 

step in identifying the key factor behind the HC expansion phenomena. Once the 

right forcing factors are available, a future projection of the HC expansion using 

climate models or an ensemble of these models (such as CMIP5) will produce 

results that are consistent with observations. This shall once again confirm the 

“driver(s)” of HC expansion, and shall also help us to formulate the right kind of 

adaptation strategies. The strengthening of the hydrological cycle in line with the 

HC expansion phenomena observed by the analysis in the present thesis is 
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suggestive of an intensification of the HC itself. It is envisaged that changes in the 

strength of the HC can have significant influence on the stratospheric BD 

circulation. It is also quite possible that the intensification of the HC is related to 

the changes in the width of the Inter Tropical Convergence Zone (ITCZ) since the 

ascending limb of the HC has been theoretically found to be related to the breadth 

of ITCZ. Exploring the relationship between HC intensification and the changes in 

ITCZ as well as BD circulation can thus be a topic for future research, in addition 

to the investigation on the drivers and future projection of the HC expansion 

phenomena. 
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