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Why ITCZ Dynamics is Important for Understanding 
Indian Monsoon Rainfall? 

Recall: 

Ø  Indian monsoon is a manifestation of seasonal 
migration of the ITCZ during northern summer. 

Ø  Indian monsoon rainfall è ITCZ rainfall 

Ø  Large-scale part of ITCZ is governed by large-scale 
convergence and ascending motion of the global ITCZ 

Ø  The small-scale part of monsoon ITCZ is controlled by 
regional factors like land-ocean contrast, orography etc. 

è Today’s lecture: What maintains the large scale global 
ITCZ? 



Recall that low level winds over tropics tends to converge to a 
location known as the ITCZ producing ascending motion. On 

annual mean, it happens around 6oN, in northern summer 
~10oN and northern winter ~5oS  



The ITCZ has very large zonal scale and could be seen in 
monthly mean  cloud pictures with some inhomogeneity. 

The ascending motion is the ascending branch of the 
Hadley cell. Thus ITCZ and Hadley cell are synonymous.  





Although ITCZ is largely zonal, there are some 
inhomogeneity as seen below  



Mean January rainfall and surface wind convergence 



Climatological Annual variation of the ITCZ (Rain band) 

Adler et al., 2003: v.2-GPCP, J. Hydrology, 4, 1147 



Adler et al., 2003: v.2-GPCP, J. Hydrology, 4, 1147 



Waliser and Gautier, 1993: 
A satellite derived 
climatology of the ITCZ, J. 
Climate, 6, 2162- 2174 
 
 
Highly reflective clouds 
(HRC) created from daily 
visible and infrared 
mosaics, analysed into 1o 
x 1o grids between 
January, 1971 and 
December 1987. 
 

à No. of days such HRC 
occurs in a grid box per 
month. 
 



Meridional 
Migration of the 
ITCZ 



 

•  Today, better data is available. Can we construct the 
meridional structure and association with SST with 
rainfall data? 

•  For this, you may take daily TRMM 3B42 rainfall data 
(1998- 2019).  Create monthly means. And plot the 
long term mean at different latitudes like in slide 13 
over Indian Ocean, western Pacific, central Pacific and 
east Pacific   



Similar to the 
Waliser and Gautier 
work, northward 
migration of the 
ITCZ from daily 
TRMM data over 
different sectors. 



Why the mean ITCZ location also tends to be location of the zonal 
mean SST maximum?  



Lindzen R S and S. Nigam, 1987: On the Role of Sea Surface 
Temperature Gradients in Forcing Low-Level Winds and Convergence in 
the Tropics, J. Atmos. Sci., 44, 2418- 

SST with a zonal 
Maximum leads to a 
Low pressure at SST 
maximum 

SST with a zonal 
Maximum leads to a Low 
pressure at SST maximum 
leading to 

Convergent winds to the 
location of SST maximum 
à moisture convergence 
and uplift 

Organized convection, 
rainfall and the ITCZ 

L 



What drives the ITCZ & Hadley Circulation? 
 

u Hadley circulation is thermally direct, +heat input in 
tropics (ascent)è-ve heat input polar region (descent) 

è Resultant motion is Angular momentum conserving, 
thermally forced 

u But the ITCZ is a region of intense convection è large 
ascending motionè Modified by latent heating in tropics 

Other Questions: 
Ø  On annual mean sense, the ITCZ is located at ~6oN. What 

determines the location of the ITCZ? 

Ø  Width of the ascending branch of the Hadley circulation is 
much narrower than that of the descending branch. What 
determines it and how do we define the ‘intensity’ and 
‘width’ of the Hadley circulation?  



 
It is determined by the angular momentum conserving flow 
forced by the heating gradients, thermal plus latent heating. 
Foundation for Hadley circulation dynamics was set by the 
following pioneering studies, 
 
Schneider, E and R. Lindzen, 1977: Axially symmetric steady 
state models of the basic state for Instability and climate 
studies, Part-I, Linearized calculations, J. Atms.Sci. 34,263 
 
Schneider, E, 1977: Axially symmetric steady state models of 
the basic state for Instability and climate studies, Part-II, 
Nonlinear calculations, J. Atms.Sci. 34,280 
 
Held I. M. and A. Y, Hao, 1980:Nonlinear axially symmetric 
circulation in a nearly inviscid atmosphere, J. Atmos. Sci., 37, 
515 
 
 



Held and Hou, 1980, JAS, 37.3 (1980): 515-533 
 

The Model Equations: Axisymmetric, nearly inviscid 
 



Steady State equations are 

Forcing 



Radiative 
equilibrium θ 



Decreasing 
Viscocity ν  



Decreasing 
Viscocity ν  



Width of the Hadley Cell 

Leads to… 



Where, 



Meridional mass flux stream function description of  Hadley 
Circulation 



Climatological 
annual mean 
MMC from 
NCEPv3 
reanalysis 
(1901-2015) 

Trend of strength 
of annual mean 
Hadley circulation 
as defined by 
maximum Ψ from 
ERA5 between 
1979-2020. 



Byrne et al., 2018: Current climate change reports  

Vertically integrated annual and zonal mean meridional mass stream 
function (700-300 hPa mass weighted). 

Location 

Width 

Area 

Intensity 

An Alternative definition of ITCZ width using meridional 
stream function 



There is no standard definition of ‘width’ of the ITCZ or 
Hadley circulation.  Another example.. (Byrne and Schneider, 
2016, J. Climate) 

where 



Dependence of the Width of the ITCZ on Global mean temperature 
(Global warming) 

Byrne and Schneider, 2016 

The width of the ITCZ is also being 
explained through energy constraints 

An idealized GCM forced by energy balance at 
TOA with infrared optical thickness τ = ατref 
 
α =0.4 è Tg = 269K ècold climate 
α = 1.0è Tg = 286K èEarth like 
α = 6.0è Tg = 314K èHot climate 
 
 
 



 Width of the ITCZ vs width of the Hadley circulation 

Byrne and Schneider, 2016 

 
α =0.4 è Tg = 269K ècold climate 
α = 1.0è Tg = 286K èEarth like 
α = 6.0è Tg = 314K èHot climate 
 
 
 

An idealized GCM forced by 
energy balance at TOA with 
infrared optical thickness τ = 
ατref 
 



What determines the location of the ITCZ on annual 
mean and seasonal time scales?  

For a long time we had no clear theory why the the ITCZ on annual 
mean is ~6oN? Association with maximum of SST has been noted but 
does not provide a closed theory. Ocean-atmosphere interaction was 
proposed for the eastern Pacific (Xie and Philander, 1994, Tellus). 
Recently a theory based on Energy constraints has been proposed. We 
discuss the Energy constraint based theory. 

Annual 

Seasonal 



Some Recent References: 
(Energy Constraints on ITCZ Global monsoon and Hadley Circulation) 
Ø  Biasutti, M et al, 2018: Global energetics and local physics as drivers of 

 past, present and future monsoons, Nature Geoscience, 392, 392–400 
Ø  Bischoff T and T. Schneider, 2014: Energetic Constraints on the Position of the 

 Intertropical Convergence Zone, J. Clim., DOI: 10.1175/JCLI-D-13-00650.1 
Ø  Bischoff T and T. Schneider, 2016: The Equatorial Energy Balance, ITCZ Position, 

 and Double-ITCZ Bifurcations, J. Climate, Vol. 29, DOI: 10.1175/JCLI-
 D-15-0328.1  

Ø  Wei, H.-H., & Bordoni, S. (2018). Energetic constraints on the ITCZ position in 
 idealized simulations with a seasonal cycle. Journal of Advances in Modeling 
 Earth Systems, 10, 1708–1725. https://doi.org/10.1029/2018MS001313 

Ø  Ho-Hsuan Wei, Simona Bordoni, 2020:  Energetic Constraints on the ITCZ 
 position in the Observed Seasonal Cycle from MERRA-2 Reanalysis, GRL, 
 doi: 10.1029/2020GL088506 

Ø  Schneider Tapio, Tobias Bischoff1,& Gerald H. Haug, 2018: Migrations and 
 dynamics of the intertropical convergence zone, Nature, 513, doi:10.1038/
 nature13636 

Ø  Byrne and Schneider, 2016: Energetic contraints on the width of the Intertropical 
 Convergence Zone, J. Climate, 29, 4709 

Ø  Geen, Bordoni, Batistti&Hui, 2020: Monsoons,ITCZ &concept of Global 
 Monsoon, Rev Geophysics 

 
 



Recall the energy 
balance at top of 
atmosphere (right) 
 
 
Excess heat balance in 
tropicsè ascent 
Deficit heat balance in 
polar regionè descent 
è Hadley Circulation 

è Energy Constraint 
based Theory of ITCZ 



Theory : 
Atmospheric Energy Balance and Energy Transport 

(Bischof and Schneider, 2014;J. Climate) 

Zonal mean moist static energy equation integrated over the column is 
given by (Neelin and Held, 1987, MWR, 115)  

Where, Sànet incoming SW radiation, Sà net outgoing LW radiation 
and Oànet energy uptake by the Ocean (at surface), hà moist static 
Energy. 
 

At the ITCZ, low level winds converge and upper level winds diverge. 
Therefore, the location of the ITCZ and latitude δ at which the (vh)δ 
changes sign (also called the Energy Flux Equator, EFE)  must be close, 
if not identical. 
 

Expanding the atmospheric energy flux at low latitude δ around the 
equatorial flux, we obtain, keeping only first order of δ terms,  



Where, subscript  0 denotes quantities evaluated at the equator. Solving 
for δ, we get the latitude location of the  ITCZ as 



Required Heat Transport across latitude Φ1 

∫−=+
2/

1

cos2
π

φ

φφπ dFrTT
TAOA

Atmospheric 
transport Oceanic transport 

The net heat 
balance at the 
TOA also indicates 
that, for the 
earth’s climate to 
be in equilibrium, 
there must be 
mechanisms in 
place that 
continuously 
transports heat 
from equatorial 
regions to the 
polar regions. 

FTA 



Required and observed energy transport across latitudes  

Black curve is the combined heat transport by the atmosphere and ocean; red, 
atmosphere heat transport (AHT); and blue, ocean heat transport (OHT). Units: PW; 1 
PW = 1015 W. Each solid curve represents the mean heat transport during the LGM period 
(22–20 ka). Light color curve shows the spread of corresponding heat transport since the 
LGM. The data source is the CCSM3 TraCE-21 K simulation. Dotted curves are the 
corresponding heat transports based on present-day observations1 

Most of 
polewards 
transport of 
energy at 
extratropics is 
achieved by 
transient eddies 
(Weather)! 



Schneider T. et al., 2014: Nature 



Bischoff and 
Schneider, 2014 

Energy Flux 
Equator (EFE) 



Wei and Bordoni, 2018 

Aquaplanet model simulations support the EFE and MSE 
transport at equator and the Latitude of Pitcz 



However, 

Gross Moist Stability 

GMS could be influenced by 
 

Ø Climate Change, 
Ø  Solar constant change due to astronomical factors 

èThe GMS must be factored in to interpret ITCZ location in the 
‘Past’ as well as in ‘Future’. 

From Geen et al., 2020: Rev. Geophy.   https://doi.org/10.1029/2020RG000700 



Could the same Energy Constraints explain the position of 
Regional ITCZ like the the Indian summer Monsoon?  

Ø  Indian monsoon ITCZ located ~ 23ON 

Ø  It is seasonal, Boreal summer 

Ø Monsoon Hadley circulation is ‘sector 
specific zonal mean’  

 
However, 
 
The relationship between EFC and PITCZ , is 
based on 
 
Ø Annual mean, zonal mean MSE balance 
 



First, let us see how does the EFE and ϕitcz relationship work 
on ‘global zonal mean Seasonal Cycle’ 

Wei and Bordoni, 2018, JAMES 

Idealized Aquaplanet with mixed 
layer Ocean, they introduce   

Aqua20m 

Aqua10m 

Aqua0.2m 

Red dots,è Φpmax 
 
Blue thick lineèEFE 
 
Green open circlesè 



The ITCZ always lags the EFE, 
even in the simulation with the shallowest mixed 
layer depth, making it possible for the EFE and the 
ITCZ to reside on opposite sides of the equator. At 
these times, which occur as the winter cross-
equatorial Hadley circulation retreats from the 
summer hemisphere, the required energy balance is 
achieved not through shifts of the Hadley cell’s 
ascending branch and ITCZ to track the EFE but 
through changes in the cell’s vertical structure into 
one of negative gross moist stability (GMS). 

It  is noted that, 



As land-ocean distribution, orography etc influence GMS, 
how applicable the results from idealized aquaplanet 
simulations are in observations. 
 
Therefore, let us examine the potential relationship in 
observations (Reanalysis) 
 
This is an area of active research currently 
 
Ø  Biasutti et al., 2018: Nature Geoscience 

Ø  Wei and Bordoni, 2020, GRL 



Biasutti et al, 2018: 
Nature Geoscience 

Green line èITCZ position 
While patchè EFE 
Shadedè Vertically 
integratted energy flux 

Indicates, 
3° ITCZ shift per 1 PW  
energy flux 



Wei and Bordoni, 2020, GRL 
Uses MERRA-2 Reanalysis data, 2002-2016 



Seasonal evolution of 
(a)zonal mean P and EFE 
while (b) MSE at lowest 
level (σ =0.985) 

Meridional stream 
function for two pentads 
around black lines in (a). 
Green line-EFE, blue line 
–ITCZ location 

Note, bottom heavy 
Ψ makes the GMS 
negative during 
these times.   



Critique of the Energy constraint Theory of the ITCZ 
  

Ø  It is great concept but applicable Only for Annual Global Mean 
ITCZ or Global Monsoon!   

 
Ø  There are also difficulties in closing the MSE budget exactly 

from observations (or reanalysis) and suggest that conclusions 
based on energy constraints should be interpreted with caution. 

Ø  Even when ITCZ is defined on global zonal mean, clear offset 
exist between EFE and Φp during both Boreal summer and 
winter. Therefore, there are significant difficulty in applying the 
energy constraints to relate to seasonal location of the ITCZ 

 



Challenges in applying to Indian monsoon ITCZ or Monsoon HC 

Ø  Even when ITCZ is defined on global zonal mean, clear offset 
exist between EFC and Φp during both Boreal summer and 
winter. 

 

Ø  Therefore, it is unclear how the energy constraint could be 
applied to Indian monsoon ITCZ or monsoon Hadley circulation 
which is a sectorial zonal mean seasonal Hadley circulation! 

Ø  Is it possible to close MSE budget for the sectorial mean? 
Unless that could be done, we may not be able to use the 
concept for Indian monsoon ITCZ. 

Ø However, the Monsoon HC is quite strong and contributes to 
MSE transports within the sector. In the IO too, the shallow 
MMC contributes to transports of considerable energy. Together, 
could they lead to some sort of MSE closure over the sector? 



Thank You 



Wei and Bordoni, 2018, 
JAMES 
 
Simulated the Summertime  
ITCZ in an Aqua Planet with 
a mixed layer ocean with 
mixed layer of 20m 
(Aqua20m) , 10m 
(Aqua10m) and 0.2m 
(Aqua0.2m) respectively. 
 
EFEè Energy flux equator 
 
 









Energy in Atmosphere 




