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The tropics are homing the Hadley circulation : ascending motion 
near the equator l'équateur, descending motion at 30 N/S and trade 
wind  easterlies near the ground.
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The tropics are the region 
where the radiative budget is 
positive 



  
5



  
6

Solid: zonal wind
Dotted: meridional wind at 250 hPa
Hash: temperature à 500 hPa

Distribution in latitude of wind 
and temperature

- reinforcement of winter jets
- easterlies on the equator
- transport to the summer 
hemisphere
- weak temperature gradient in the 
tropical zone

Webster

Observations (1)
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Meridional section of the temperature
Very weak gradient in the tropical zone

Peixoto & Oort, fig7.7

Observations (2)
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Méridian section of the temperature variance
Weak variations in the tropical zone 

Peixoto & Oort, fig7.8

Observations (3)
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Surface pressure variations are small and 
dominated by tides

Webster, fig9.10

Observations (4)
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In the extra-tropical regions, adiabatic motion along isentropic surfaces can 
move air parcels between the ground and the tropopause. Within the tropics, 
horizontal temperature gradients are small and any vertical motion must be 
associated with heat exchange as it crosses isentropic surfaces 

Tropical 
tropopause 
at 100 hPa 
(380K ou 
17,5 km)



  
12 Relative moisture H=r/rS
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Injection of the air by convection in the upper troposphere. 
Moisture in the middle tropical troposphere is regulated by the 
descent of the air detrained by clouds, evaporation of 
precipitations and exchanges with the mid-latitudes.

T∽200K

Folkins and Martin, 2005

Deep convection in the tropics

TTL



  
14 ECMWF ERA-Interim 1989-2008

Water vapour
25 kg/m2

on average

Liquid water
80 g/m2

on average
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Radiative, evaporative and radiative mass 
flux (over 20S-20N)

Folkins et Martin, JAS, 2005

 Radiative, evaporative and convective 
divergence (over 20S-20N)

ω r=
Q r
σ ω e=

−Le
c pσ

ω c+ω r+ω e=0

Qr : radiative heating
e : evaporation

σ : static stability =−
(Γd−Γ)
ρ g

=Tθ
∂θ
∂ p

=1
c p

∂
∂ p

(c pT +g z)

=−∂
∂ p
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ECMWF ERA-Interim 1989-2008
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E ~ C |V| (1 – H) rS where H is relative moisture  r/rS above the surface. 
E is contrained by the net radiative flux at the surface.
E is mainly distributed in the winter subtropical domain
Transport towards the ITCZ and convergence due to the trade winds and of 
the lower branch of the monsoon circulation. 
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II.3 Meridian Hadley circulation 
in the tropical region Vertical velocity

w = Dp/Dt
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OLR in January and July

January 
2001

July
2001
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●Small horizontal temperature variations 

●Geopotential fluctuations and vertical velocities (excluding 
convective systems) are an order of magnitude lower than at 
temperate latitudes 

●Strong convection/mesoscale/large-scale circulation interaction 

●In convective zones, precipitation of the order of 2 cm / day or 20 kg 
per m2, or (with L = 2.5 106 J kg-1), a heating of the column of 5 107 J 
m-2 day-1. Assuming this heat is evenly distributed in the mass 
column p0/g ≈ 104 kg m-2, the heating per unit mass of air is J/cp ≈ 5 
K day-1. In practice, the unevenly distributed heating is 2 to 4 times 
larger, resulting in average speeds of the order of 3 to 5 cm s-1, much 
stronger than outside convective systems. Locally, within convective 
towers, the ascent can reach several m s-1

●Convergence of moisture in the convection zone (precipitation far 
exceeds local evaporation)

The special conditions of the tropical region (15S-15N) (1) 
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The monsoons, in  Asia, Australia and Africa
Surface pressure and winds at 935 hPa 935 hPa. In blue : OLR < 200 W/m2. 
Line of semi-permanent surface depressions in red 
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Wind and heat transport induced in the surface layer of the ocean 
(Ekman effect)

Webster
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Divergent circulation of the monsoons in Asia and Australia 

Webster
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Monsoon circulation : coupling with 
subsidence and energetic conversions
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Fluctuations of rain 
over India : 
alternation of 
active and inactive 
phases. 
Quasi bi-weekly 
modulation.
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Bi-annual variability of the monsoon coupling the sea surface temperature (SST) and 
the snow cover of the Tibetan plateau (TP)
A : winter, warm SST, jet moved to the north,  little amount of snow on the TP
B : summer, low pressure enhanced by dry and warm TP, intense monsoon, formation 
of cold surface water 
C : winter, cold SST, jet moved to the south,  au sud, a lot of snow over the TP
D : summer, low pressure weakened by moist and cold TP, weak monsoon, formation of 
warm surface water 
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Webster

Warm event in the 
Indian ocean 
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Coupling between the Asian monsoon and the African monsoon via the easterly jet
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Anticyclone in the upper troposphere

Temperature and geopotential 

Ventilation of the convective 
sources

Park et al., 2006, 2008

Geopotential 150 hPa

Trapping of ground emitted compound
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Bi-weely oscillation of the Asian monsoon anticyclone

Wei et al., GRL, 2019
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Asian tropopause aerosol layer

Vernier at al., 2015
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South Oscillation Index
SOI=P(Tahiti) – P (Darwin)
normalized

Sir Gilbert Walker
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SOI= normalized pressure difference between Tahiti et Darwin (AU)
In red warm episodes (El Nino) , in blue cold episodes
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Ocean temperature during a El Nino 
– La Nina cycle. 
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The effect of ENSO on the 
Indian monsoon and food 
productivity

Gagil, 2005, 
DOI : 
10.1146/annurev.earth.31.100
901.141251 
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Madden-Julian Oscillation

60_90 days 
Towards the 
east
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Zhang, 2005 
doi:10.1029/2004RG000158
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Structure of the MJO
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Composite of the  MJO during winter

Anomaly : OLR / wind 
grey : - / -
hatched : + / +
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Wave propagation in the tropics
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Ern et al, ACP, 
2008

Ondes tropicales dans les observations 
satellitates (à 20 km)
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●Small horizontal temperature variations

●  Geopotential fluctuations and vertical velocities (excluding 
convective systems) are an order of magnitude lower than at 
temperate latitudes

●  Strong interaction convection / mesoscale / large scale circulation

●  In the convective zones, precipitation of the order of 2 cm/day, i.e. 
20 kg per m2, or (with L=2.5 106 J kg-1), heating of the column for 5 107 
J m-2 day -1. Assuming this heat is uniformly distributed in the column 
with mass p0/g ≈ 104 kg m-2, the heating per unit mass of air is J/cp ≈ 
5 K day-1. In practice, this unequally distributed heating is 2 to 4 times 
greater, resulting in average speeds of the order of 3 to 5 cm s-1, much 
stronger than outside convective systems. At th ecore of the 
convective towers, vertical speed of several m s-1  are recorded.

●  Convergence of humidity in the convection zone (precipitation 
greatly exceeds local evaporation) 

The special conditions of the tropical region (15S-15N) (1) 
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The fluctuations of the geopotential δ Φ
are of the same order as the advection term

δ Φ≈U 2≈100 m2 s−2

Following the hydrostatic relation, the temperature
fluctuations are ≈δ Φ/R≈U 2/R≈0,3 K

The heating term, which can be of the order
of J /c p≈1 K /day ,
is balanced by the vertical transport and
determines ~w , hence W≈0,3 cm s−1

for N 2 H /R≈3 K km−1

The special conditions of the tropical region (15S-15N) (2) 

 
●f ≤ 10-5 s-1

● Vertical scale of motion = 
atmospheric thickness (H)

● Moisture is an essential 
ingredient of the energetics

The equations of motion (in log-pressure)

(∂t+ v⃗⋅∇⃗h+~w∂~z ) v⃗+ f k⃗× v⃗=−∇⃗hΦ
∂~z Φ=RT /H

∇⃗ h⋅V⃗ +∂~z
~w−~w / H=0

c p(∂t+ v⃗⋅∇ h)T +
~w N 2 H

κ =J
where J is the total heating (radiative + condensation)

Scales of motion
vertical motion D≈H≈104 m
horizontal motion L≈1000 km
horizontal speed U≈10 ms−1

vertical speed W⩽DU / L
Rossby number Ro≥1

deformation radius H
N
f
≥10000 km
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The modes of the tropical variability 
(shallow water version, no vertical dependency)

The linearized basic equations
Approximation of the equatorial β  plane ( f =β y )

∂t u−β y v=−g∂x η
∂t v+β y u=−g∂ y η

∂t η+H (∂x u+∂ y v )=0

H+
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Free modes: case of the Kelvin wave
(no meridian velocity: v=0)

In the case of the Kelvin wave, the equations are
reduced to

∂t u=−g∂x η
∂t η+H ∂x u=0
β y u=−g∂ y η

Assuming u=û( y)exp i(k x−ω t )  et
η=η̂( y)exp i (k x−ω t )

We obtain ω û=g k η̂  et −ω η̂+k H û=0
hence ω2=c2 k 2  with c2=g H
The sign of ω/k  is fixed by the third relation

∂ y η̂=−β y k
ω η̂

ω/k  must be positive for the wave to be confined

under the shape η̂=η0 exp(−βk
2ω

y2)=η0 exp(−β y2

2c
)

The Kelvin wave propagates eastward
For c≈30 m s−1 ,   the width of the wave
is given by |2c /β|1/2≈1600km
In the ocean, c  is much smaller,
c≈0,5−3m s−1 ,  hence a width
of 100-250 km
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Kelvin 
mode
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Example of atmopsheric kelvin mode
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Free modes: general case

After a few manipulations, one gets an equation for the sole variable v

∂t {
1

c2 (∂t2 v+β2 y2 v )−(∂x2 v+∂y2 v )}−β∂x v=0

Assuming now v=v̂ ( y)exp(i (k x−ω t )) ,  we obtain

d y
2 v̂+(ω

2

c2 −k 2−
βk
ω −

β2 y2

c
²) v̂=0

The solutions of this equation are kown under the form

v̂=H n((
β
c
)

1 /2

y)exp(−β y2

2 c
)

where H n  is a Hermite poynomial and the dispersion relation is

ω2

c2 −k 2−
β k
ω =(2 n+1)

β
c
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Dispersion relation for the free equatorial waves

 Rossby modes

n=-1 : Kelvin mode 
n= 0: Rossby-gravity mode

Gill, 1980

Gravity modes

 Kelvin mode

 Rossby-Gravity  
mode
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Kelvin mode

Rossby-gravity mode
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Rossby mode 
Symétrique with respect to the equator, propagating westward
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The continuity equation is replaced by
∂u
∂ x

+ ∂ v
∂ y

+ 1
ρ 0

∂ ρ 0 w
∂ z

=0

and the temperature equation
∂
∂ t

∂ϕ
∂ z

+w N 2=0

where ρ 0(z)=ρ S exp(−z /H )  and N  is the Brünt-Vaissala
frequency, assumed to be constant. Combining the two equations to eliminate w

leads to ∂
∂ t

L [ϕ ]−N 2( ∂u
∂ x

+ ∂ v
∂ y

)=0  with L= 1
ρ 0

∂
∂ z

ρ 0
∂
∂ z

.

We then assume that ϕ  has a vertical structure which is an eigenfunction of L ,

that is L[ϕ ]=−λ ϕ . Then the equation for ϕ  is 
∂ϕ
∂ t

+ N 2

λ ( ∂u
∂ x

+ ∂ v
∂ y

)=0

Hence the shallow-water theory applies by replacing H  by N 2

gλ
.

( because in the shallow-water model ϕ=gη  )

Now the effect of moisture can be accounted by adding a heating in the temperature

equation: ∂
∂ t

∂ϕ
∂ z

+w N 2=Q . If Q=α w N 2 , then the effect is to replace N 2  by

(1−α )N 2 ,  that is to reduce the effective stability.

HINTS ON THE 3D EQUATORIAL WAVES AND THE EFFECT OF MOISTURE 
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This analysis used the CLAUS dataset of brightness temperature at 10.8 µm 
produced from the belt of geostationary satellites. The two panels show modes 
symmetric to equator on the left and antisymmetric on the right.
The theoretical curves are plotted for several values of the equivalent depth H.
 Kiladis et al., Rev. Geophysics, 2009.
Notice that the MJO propagation is much too slow to be explained by dry waves.

SPECTRAL TIME-SPACE ANALYSIS OF OLR IN THE TROPICAL REGION 
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Forced waves, stationary response

We add a forcing and a damping.  
The forcing can be interpretated 
as convective heating. The damping 
can be interpreted as a friction or 
a thermal damping. Same 
coefficient for a matter of 
simplicity. 

The equations are reduced to
∂
∂ t

=−α

−αu−β y v=−g∂x η

−αη+H (∂x u+∂ y v)=−Q

N 2

with w= Q

N 2
 at mid-troposphere

Solution for a forcing centered on the equator.

Gill, 1980, fig.1

2H η
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anticyclones

Convection (heating)

67

theory

observations

  geopotentiel and wind à  100 hPa 

The monsoon anticyclone as a response to heating



  
68

L

L

H

H
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Pairs of tropical cylones as Rossby wave packets
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Westerly burst
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Quasi-biennal oscillation
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Méchanism of the quasi-biennal oscillation
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Mechanism of the QBO 
Eastward propagated waves are provided by the Kelvin mode, 
westward propagating waves are provided by the Rossby-garvity 
mode. Gravity waves provide both directions.
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76 DINA  - 22 January 2002
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Typical life-cycle of an atlantic cyclone

NOAA
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M.D. Leroux, Météo France
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Probability distribution of 
the intensity uniform until 
max value   (not good) 
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Category1

Category 2

Category 3

Category 5
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Précipitations 
obtained from the 
13 Ghz radar of 
TRMM. 
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Composite images of the 
cyclone Rita measured 
by the airborne radar 
ELDORA.
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Motion of a cyclone

COMETS

The low and high 
perturbations are 
generated by advection 
of planetary potential 
vorticity. 
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Cloud wall inside the eye of the cyclone (photo from a  
« huricane hunter » plane)
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The cyclone eye does not stay always symmetric

200 km

Rozoff et al., 2006

Cyclone Isabel
12/09/2003
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Regeneration of the cyclone wall and intensification

M.D. Leroux

Dora
9-11/10/2008
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Vertical motion in a tropical cyclone
Pr

es
su

re
 (
hP

a)

Radial distance (km)

Température 
potentielle
équivalente

Ascending motion Tangential speed
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The cyclone as a Carnot machine

isotherme
chauffage par 

évaporation

ad
iab

ati
que

ad
iab

ati
que

isotherme
refroidissement radiatif
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Intensity index of 
tropical cyclones

K. Emanuel, Nature, 2005
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CLIMATIC PROJECTIONS
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Knutson & Tuleya, J. Climate, 2004
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Emanuel, 2017
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