
8 Mechanisms for tropical rainfall responses to equa-
torial heating

More reading:

1. Hamouda, M. and Kucharski, F. (2019) Ekman pumping Mechanism driving
Precipitation anomalies in Response to Equatorial Heating, Clim Dyn, DOI:
10.1007/s00382-018-4169-4

In section 7.2 we have discussed the basic large-scale circulation adjustment
mechanisms to a localized SST anomaly. In this section mechanisms for regional
rainfall responses to a localized equatorial sea surface temperature (SST)-induced
heating anomaly will be discusses (e.g. ENSO-induced as shown in Fig. 28). It is
mainly based on the paper Hamouda and Kucharski (2018) and references therein.
This is an important topic as rainfall modifications due to, for example, ENSO can
have substantial positive and negative effects and the understanding of the physical
mechanisms for such responses is important to assess seasonal predictability. In the
literature, several mechanisms have been proposed for rainfall responses to ENSO
and other tropical SST-induced heating anomalies (e.g. see Fig. 28). These include:

a) Destabilization in the region with strong SST anomalies, stabilization of the
atmosphere in the surrounding regions. This leads to increased convective
rainfall in the regions with substantial SST anomalies, and to reduced convec-
tive rainfall outside. The stabilization is induced by the upper-level tropical
wave propagations (equatorial Rossby and Kelvin waves) discussed in section
6, which spread the signal in the tropical belt.

b) Upper-level convergence in the region surrounding the heating, which compen-
sates for the upper-level divergence in the heating region. This may, according
to the continuity equation in pressure coordinates, 134, induce vertical veloci-
ties driven from the upper-levels.

c) Flow induced by the heating in remote regions which may be forced to rise
because of orography.

d) Ekman pumping induced by remote atmospheric responses (e.g. Gill response
discussed in section 7.3) to the heating.

e) Changes of the tropical meridional temperature gradients induced by land
masses that drive monsoons. These changes are also communicated from re-
gion with the SST perturbation to other tropical regions by equatorial wave
propagation.

There are more mechanisms which have been proposed in the scientific litera-
ture for rainfall responses to an SST anomaly, but the above list contain the most
commonly used hypothesis. Here we will use an idealized aquaplanet (explain!)
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modelling approach that eliminates the hypothesis c) and e), and leaves the hypoth-
esis a), b) and d). Such an aquaplanet setting has the advantage that some of the
complexities in the real world (e.g. land-surface interactions) that make understand-
ing of the responses very difficult, are removed, while the basic dynamical feedbacks
are retained. Fig. 40 shows the ICTPAGCM (SPEEDY) models climate in such an
aquaplanet setting. All fields shown are annual means.

Figure 40: Aquaplanet annual mean climatologies of a) precipitation [mm/day], b)
mean sea level pressure [hPa], c) surface winds [m/s] and d) 200 hPa zonal winds
[m/s]

Now, the response to a gaussian Gill-type SST anomaly is analysed. For this pur-
pose an additional experiment is performed in which such an anomaly is added to the
aquaplanet SST field (Fig. 41). The responses of mean surface pressure, zonal wind,
200 hPa velocity potential, 200 hPa eddy streamfunction, precipitation and 850 hPa
pressure vertical velocity are shown in Fig. 42. This response may be interpreted
as the Gill-type response reproduced by an Atmospheric General Circulation Model
(AGCM). Indeed, in the surface pressure we can identify off-equatorial Rossby-gyres
to the west and high pressure at the equator resembling the Kelvin-wave type re-
sponse. The precipitation and 850 hPa pressure vertical velocity response match
each other quite closely, which may not be surprising because on one hand upward
motion will lead to condensation (section3.4). On the other hand, as discussed in
section 7.2, in the tropics there is an approximate equilibrium between the diabatic
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heating (cooling) and the adiabatic cooling (warming) term (see equation 195)

−Spω ≈
Q

cp
. (216)

Figure 41: Aquaplanet annual mean SST distribition and Gill-type SST perturba-
tion. Units are K.

Also this leads to a good agreement between precipitation (e.g. vertical in-
tegrated heating) and the vertical velocity field. Note, however, that in the Gill
solution there is no precipitation, and the vertical velocity field is very different
from the one shown in Fig. 42 (there we have sinking motion everywhere outside
the heating region). These differences are a weakness of the simplified equations
used in the Gill solution (essentially modified shallow water equations) rather than
a weakness of the AGCM solution, which essentially solves the full Navier-Stokes
equations. Another important difference with respect to the traditional Gill solution
is that there is an infinite zonal domain is assumed, whereas in reality it is periodic.
This leads to differences in the atmospheric adjustments to the heating. For exam-
ple, to the east of the heating, we do find off-equatorial anticyclonic Rossby gyres in
the surface pressure, which resemble the cyclonic ones to the west. We may interpret
these as response to the upper-level convergence (maximum in velocity potential)
at around 60W to 30W. However, we do note that in the regions with the imposed
SST anomaly (around 180E), we get increased rainfall (heating) due to the desta-
bilization of the atmosphere. The rainfall structure appears to be related to the
meridional zonal wind gradient (main component of vorticity), which is cyclonic in
the off-equatorial regions to the west, and anticyclonic in the off-equatorial regions
to the east of the heating (explain!), which should induce rising and sinking motion
respectively, which we know from the equation of Ekman pumping that you derived
the the GFD course

w(De) ≈ ξg
√
Km

2f
, (217)

However, since we are using a numerical model to simulate the effects of Ekman
pumping, it is best to use the model’s boundary-layer parameterization, which is
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Figure 42: Response to Gill-type SST perturbation of a) mean sea level pressure
[hPa], b) surface zonal wind [m/s], c) 200 hPa velocity potential [106 m/s2], d) 200
hPa eddy streamfunction [106 m/s2], e) precipitation [mm/day] and d) omega at
850 hPa [10−3 Pa/s].

slightly different. Using the definition

|v0| =
√
u2 + v2 + V 2

gust (218)

where u, v are near surface winds (representative for the mean wind in the whole
depth of the boundary-layer of the model), Vgust = 5ms−1 is representing the effect
of sub-grid scale gusts, the equations in the planetary boundary layer become for
the AGCM:

−Cu
√
u2 + v2 + V 2

gust + f(v − vg) = 0 (219)

−Cv
√
u2 + v2 + V 2

gust − f(u− ug) = 0 (220)

where C = CD
h , CD = 1.8 × 10−3 is the drag coefficient over sea, h = 1000m is the

depth of the boundary layer, and the geostrophic wind is ug, vg. Also, the AGCM
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is posed in the pressure coordinate system, and since we want to assess solutions
including the equator it is convenient to use the geostrophic forcing in terms of
geopotential height gradients using the geostrophic relation:

vg = f−1k×∇Φ (221)

in pressure coordinates. Since Eqs. 219 and 220 are nonlinear, they are solved
numerically for the near surface winds, given the geopotential at 850 hPa (by re-
introducing the time derivative). Note that in Eqs. 219 and 220 the near surface
winds are non-zero. Once the solutions are found, the divergence of the near surface
wind is calculated and the continuity equation in pressure coordinates, 134, is verti-
cally integrated (assuming the near surface winds are constant) to find the vertical
velocity, ωek, induced by Ekman pumping in the model (1000 m corresponds ac-
cording to the hydrostatic equation approximately to a pressure change of 100 hPa).
The resulting Ekman vertical velocity is shown in Fig. 43, and shows very good
agreement with the vertical velocity field at 850 hPa shown in Fig. 42 outside the
region where the SST perturbation is present. This indicates that Ekman pumping
is indeed a very powerful mechanism to induce vertical motion outside the heating
region. Also, the upper-level convergence field is calculated for comparison (Fig.
44). There is also some correspondence of this field with 850 hPa vertical velocity
and thus rainfall, but it should be noted that the upper-level convergence field and
the ωek field are not independent (e.g. Ekman pumping could induce vertical veloc-
ity, this induces convection and thus upper-level divergence). The thermodynamic
mechanism a) turns out to be relevant only in the region with SST perturbation and
seems to be largely irrelevant outside that region.

Figure 43: Ekman pumping induced ωek [10−3 Pa/s].
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Figure 44: Response in 200 hPa divergence [1/s].
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9 The general circulation

The general circulation of the atmosphere is usually considered to include the to-
tality of motions that characterise the global-scale atmospheric flow. Climate dy-
namics is one if the main topics of the study of the general circulation. Here we
are interested in the temporally (i.e. monthly) averaged fields of wind, temperature,
humidity, precipitation, and other meteorological variables and their long-term vari-
ations (also called low-frequency variability). For example, monsoon systems are
a very important feature of the general circulation. For example, on the web-page
http://users.ictp.it/∼ kucharsk/speedy8 clim.html we find some features relevant to
the general circulation.

Figure 45: Schematic of some features of the general circulation.

9.1 Zonally averaged circulation

The aim of this section is to analyse the zonal mean circulation. The basis for the
following analysis are the thermo-hydrodynamic equations in pressure coordinates
Eqs. (131, 133, 134 and 135)

We apply in the following an averaging operator to these equations

A ≡ 1

2πrcosφ

∫ 2π

0
A rcosφdλ . (222)

All quantities are then expressed as the zonal mean plus a deviation from the zonal
mean A = A+A′.

For the total derivative of a quantity A

dA

dt
=

(
∂

∂t
+ u

∂

∂x
+ v

∂

∂y
+ ω

∂

∂p

)
A+A

(
∂u

∂x
+
∂v

∂y
+
∂ω

∂p

)
, (223)
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where we added zero on the rhs according to the continuity equation. Therefore we
may write the total derivative (in pressure coordinates!) as

dA

dt
=

(
∂A

∂t
+
∂Au

∂x
+
∂Av

∂y
+
∂Aω

∂p

)
, (224)

Application of the zonal operator (222) yields

dA

dt
=

(
∂A

∂t
+
∂(Av +A′v′)

∂y
+
∂(Aω +A′ω′)

∂p

)
, (225)

because ∂()∂x = 0 and

ab = (a+ a′)(b+ b′) = ab+ ab′ + a′b+ a′b′ = ab+ a′b′ ,

because the quantities () are independent of x and a′ = b′ = 0. Applying the zonal
average to the continuity equation leads to

∂v

∂y
+
∂ω

∂p
= 0 . (226)

Note that with Eq. 226 we can define a streamfunction:

Ψ =

∫ p

0
vdp , (227)

so that

v =
∂Ψ

∂p
;ω = −∂Ψ

∂y
. (228)

To show 228 will be an Exercise! From Eq. (225) we can also derive

dA

dt
=

d

dt
A+

∂A′v′

∂y
+
∂A′ω′

∂p
, (229)

where
d

dt
=

∂

∂t
+ v

∂

∂y
+ ω

∂

∂p
(230)

is the rate of change following the mean motion. Averaging the zonal component of
the momentum equation 131 and the thermodynamic equation 135 leads to

∂u

∂t
− f0v = −∂u

′v′

∂y
(231)

∂T

∂t
− Spω = −∂v

′T ′

∂y
+
Q

cp
(232)
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Here several further approximations have been introduced which are all consistent
with quasi-geostrophic scaling. A similar scaling shows that the meridional momen-
tum equation is in quasi-geostrophic balance. For the zonal averaged meridional
momentum equation, the first order geostrophic approximated balance is

f0u = −∂Φ

∂y
. (233)

Together with the zonal average of the hydrostatic equation 133 this leads to the
thermal wind equation for zonal averaged motion

∂u

∂p
=

R

f0p

∂T

∂y
. (234)

This equation is similar to equation (??), but for zonal averages. Equations (231)
and (232) tell us that in order to get a steady-state meridional, vertical circulation
cell (v, ω) we must have the balances

Coriolis force f0v ≈ divergence of eddy momentum fluxes

Adiabatic cooling ≈ diabatic heating plus convergence of eddy heat fluxes

Also note that any v and ω separately induces the other due to continuity 226.
Analysis of observations shows that outside the tropics these balances appear to

be approximately true above the boundary layer. Close to the equator we have that
the heating is mainly balanced by mean vertical motion, driving the Hadley Cell,
whereas in the extratropics the meridional, vertical circulations are mainly driven
by the convergence of eddy momentum and eddy heat fluxes. These cells are called
Ferrell Cells. Discuss that the (angular) momentum fluxes should be toward the
extratropics because of the absolute (angular) momentum loss af the atmosphere in
the extratropics and gain in the tropics (Fig. 47, upper panel). Also discuss effect
of tilt of waves, and the fact that Rossby waves radiate energy away from the jet
(baroclinic zone), means at the same time that they carry momentum towards the
jet (see Fig. 48) One can use the radiation condition considering the meridional
energy propagation Eq. 146, suggesting kl > 0 (and l > 0) north and kl < 0 (and
l < 0) south of jet, implying k > 0 in both cases)! Also discuss how the shear
induced by the jet as well as β(y) may modify the tilt of the phases of waves, with
the latter one responsible for the dominance of poleward eddy momentum transport
south of the jet.

Exercises

1. Show that with the streamfunction definition Eq. 227, the relationships 228
are fulfilled.
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Figure 46: Illustration of the Hadley cell by a (v,−ω) vector plot. left panel: Boreal
winter, right panel: boreal summer.
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Figure 47: Upper panel: u (contours), and u′v′, middle panel: T (contour) and v′T ′,
lower panel v.
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Figure 48: Sketch of why the eddy momentum flux is always towards the Jet.

86


