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1. Introduction

The Intertropical Convergence Zone (ITCZ) is observed
to undulate and break down into a series of tropical dis-
turbances. Some of the tropical disturbances may grow
into tropical cyclones and move to higher latitudes while
others dissipate. After that, a new ITCZ may re-form at
the same location. The timescale of this process is on
the order of 10 days. This process may be an important
mechanism to pool vorticity in the tropical atmosphere.

When diabatic heating is present in the vertical col-
umn, a positive potential vorticity (PV) anomaly is created
below the maximum heating and a negative PV anomaly
is created above the heating. The background PV is a
monotonic function of latitude, increasing from close to
zero at the equator to a maximum at the pole in the North-
ern Hemisphere (NH), and decreasing from the equator
to a minimum at the pole in the Southern Hemisphere
(SH). Thus, the created PV anomalies may produce a
meridional PV gradient reversal on the poleward side of
the heating at lower levels and on the equatorward side
of the heating at upper levels. The timescale of produc-
ing a reversal of the PV gradient with realistic heating is
on the order of a day or two. The PV reversals satisfy
the Charney-Stern theorem of necessary conditions for
combined barotropic/baroclinic instability. At lower lev-
els, the induced flow due to the PV anomaly is west-
erly on its equatorward side and easterly on the pole-
ward side. At upper levels, the opposite applies. The in-
duced flows then satisfy the Fjørtoft theorem which states
that the PV gradient should be positively correlated with
the zonal mean flow (easterlies should be present when
���� ���� � � and vice versa). When this condition is
met, the ITCZ becomes unstable and break down.

Barotropic aspects of ITCZ breakdown were exam-
ined thoroughly by Nieto Ferreira and Schubert (1997) ,
hereafter NFS, using a high-resolution shallow water
model on the sphere. The most intriguing results of their
study involve experiments with ITCZs of limited zonal ex-
tent (elliptic shape). They use a zonally extended (ap-
proximately 80Æ longitude) mass sink to simulate the ef-
fect of convection in the lower troposphere in the ITCZ,
letting the mass sink act during the first five days of sim-
ulation, then turning it off and watching the subsequent
evolution of the flow. In the first such experiment, the
mass sink was symmetric in longitude. Subsequent evo-
lution of the flow produced three vortices, of which the
central one was the most intense. All of them were lo-
cated poleward of the forcing region, which is consistent
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with observations of tropical cyclones (Gray 1968) . In
the second experiment, they applied a mass sink that was
zonally elongated, but that was slightly wider at both ends
(irregular shape). Even though the mass sink was sym-
metric about its central longitude, the evolution of the flow
on each side was very different. This may have been due
to Rossby waves propagating from the western bulge of
the PV anomaly that lead to the breakdown of the west-
ern part of the ITCZ into several small vortices while the
easternmost part of the anomaly has a chance to axisym-
metrize into one strong vortex. The asymmetry may be
due entirely to Rossby wave dynamics.

We have regenerated the results of NFS by using a
shallow water model developed from the Reading spec-
tral model. We used a resolution of T106, and T170 for
the experiments with irregular shape of heating (Note that
NFS used T213). Other parameters, such as fluid depth,
were set to be the same as in NFS. The results we got are
similar to those of NFS. We are now extending the shal-
low water experiments to three dimensions in a primitive
equation model to include baroclinic processes.

2. Model and Forcing

2.1 Model design

The Reading spectral primitive equation model was de-
veloped by Hoskins and Simmons (1975) . The model
was run at horizontal resolution of T106 or T170, with
10 equally spaced sigma levels (0.05, 0.15, 0.25,...,0.95)
in the vertical. The mean temperature for each layer is
the climatological temperature at 15ÆN. The model has
�� hyperdiffusion added to the vorticity, divergence and
temperature tendency equations with a decay rate of 10
day�� for the smallest resolved horizontal scales. In all
simulations, the model is started from rest. The vertical
profile of heating is designed by two parabolas connected
at the pressure level of the maximum heating. The hori-
zontal and the temporal variations of the heating are given
by
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and ���� � �������	�. The constants 
�	 �	 �	 ��	 �� deter-
mine the latitude where the forcing is centered, its zonal



and meridional extent, duration, and magnitude, respec-
tively. � is the distortion parameter. Changing the vari-
ables, �	 �, and �, in (3) will result in a different horizontal
profile.

2.2 Sensitivity test

We did two types of experiments to determine the sen-
sitivity to heating. The horizontal profile of heating in all
sensitivity experiments is an elliptic shape (� � 	), cen-
tered at 10ÆN, approximately 80Æ longitude in length, and
5Ælatitude in width. The horizontal resolution is T106. The
heating is applied during the first five days in all simula-
tions.

FIG. 1: Left panel: The vertical heating profiles for the
first set of experiments. The height of the maximum heat-
ing rate is from 350 hPa to 850 hPa. Maximum heating
rate is fixed at 5 K/day. Right panel: The vertical heating
profiles for the second set of experiments. The value of
the maximum heating rate is from 5 K/day to 15 K/day.
The height of maximum heating rate is fixed at 650 hPa.

The first set of experiments examines the sensitiv-
ity of the model to different heights of maximum heating
(350, 450, 550, 650, 750, and 850 hPa, as shown in the
left panel of fig.1). The maximum heating rate is fixed at 5
K/day. The PV field on the 310 K isentropic surface on the
fifth day for the first set of experiments is shown in fig.2
(The 310 K surface corresponds approximately to the 800
hPa pressure surface). Since the PV anomaly at upper
levels is weak, we will only focus on the PV anomaly at
lower levels. The PV anomaly appears slightly north of
the heating region and its magnitude increases when the
height of maximum heating decreases. The reason is that
the generation of PV is related to the vertical heating gra-
dient (� �����). In the region below the maximum heating,
the gradient is positive. Therefore, when the vertical heat-
ing gradient below the maximum heating becomes larger,
the PV anomaly will become stronger and the process
of breaking is accelerated. The meridional cross-section
of � through the central longitude of the heating on day
5 is shown in fig.3. The 345 K surface in the figures is
at about 250 hPa. Fig.3 shows that the horizontal wind
shear is much larger than the vertical wind shear which
implies the barotropic processes are more dominant in
ITCZ breakdown.

The second set of experiments examines the sensi-
tivity of the model to different heating rates (5, 10, and 15

FIG. 2: The PV fields on the 310 K isentropic surface
on the 8th day for the first set of sensitivity experiments.
The region is from 10ÆS to 30ÆN. Contour interval is 10��

s��. Positive PV is shown in solid contour and negative
PV in dash contour. Zero contour is thicker.

FIG. 3: The meridional cross-section (latitude vs. po-
tential temperature) through the central longitude of the
heating for zonal wind from 10ÆS to 30ÆN, 300K�345K
on the fifth day for the first set of sensitivity experiments.
Contour unit is m/s. Westerlies are shown in solid line
and easterlies are shown in dash line. Zero contour is
thicker.



K/day, as shown in the right panel of fig.1). The height
of maximum heating is fixed at 650 hPa. The heating
rate of 5 K/day corresponds to 1 cm precipitation per day
which is a reasonable climatological average number in
the tropics. However, the heating rate for a limited area
and for shorter time period can be considerably larger.
The effect of increasing heating rate is pretty much the
same as the effect of lowering the heating peak in the ver-
tical. With stronger PV anomaly at lower levels, the ITCZ
breaks faster. The zonal wind field in this set of experi-
ment also shows that horizontal wind shear is much larger
than the vertical wind shear, implying that barotropic pro-
cesses are more important than baroclinic ones.

3. Results

We have examined two different horizontal shapes of the
heating, elliptic and irregular, in the primitive equation
model. The heating rate was 5 K/day and the height of
maximum heating was at 550 hPa in both cases. For the
irregular shape of heating, T170 resolution is required for
simulating the thin PV filament.

FIG. 4: PV field on the 10th day for the shallow water
experiment with irregular horizontal heating profile. Con-
tour interval is 10�� s��. Positive PV is shown in solid
contour and negative PV is shown in dash contour. Zero
contour is thicker.

Comparing our shallow-water and baroclinic experi-
ments, the most significant difference is found in simula-
tions with irregular shape of heating. The eastern half of
the PV strip seems unable to axisymmetrize into a well
organized vortex in some of the baroclinic experiments.
We have examined different vertical heating gradients be-
low the maximum heating by changing the bottom of the
vertical heating profile or lowering the maximum heating
height. Fig.4 shows PV field on the 10th day for the
shallow water experiment with irregular horizontal forc-
ing profile. Fig.5 shows the corresponding baroclinic ex-
periments with different vertical heating gradients (Note
that the PV strips shown in fig.4�5 are from the time of
breakdown and are therefore not from the same time in
all cases). The vertical heating region for the experiment
on the top panel is from 950 to 150 hPa with the maxi-
mum heating at 550 hPa, on the middle panel from 860
to 140 hPa with the maximum heating at 550 hPa, and on
the lower panel from 950 to 150 hPa with the maximum

heating at 850 hPa (see fig.1 for vertical structure of heat-
ing rate). These results show that the eastern half of the
PV strip tends to break apart when the vertical heating
gradient is sharp.

When using higher heating rate (10 K/day) instead of
changing the slope of vertical heating profile, we did not
see the breakdown happen on the eastern half of the PV
strip. Also, this behavior is not seen in the shallow water
experiments with three different forcings (0.8, 1.2 and 1.5
times the normal forcing which is 55.2 m/day mass sink).
This result shows that the breakdown on the eastern half
of the PV strip is not due to the value of the PV anomaly
at lower levels but rather that it is the vertical heating gra-
dient that is critical for breakdown.

FIG. 5: PV field on 310 K isentropic surface for the
experiment with irregular horizontal heating profile. Top
panel: The vertical heating region is from 950 to 150 hPa
with the maximum heating at 550 hPa. Middle panel:The
vertical heating region is from 860 to 150 hPa with the
maximum heating at 550 hPa. Lower panel: The vertical
heating region is from 950 to 150 hPa with the maximum
heating at 850 hPa. Contour interval is 10�� s��. Positive
PV is shown in solid contour and negative PV is shown in
dash contour. Zero contour is thicker.

We computed global energetics and energy conver-
sions for the experiment of elliptic shape of heating fol-
lowing the energy cycle as defined by Pearce (1978) with



some modifications by Blackburn (1983) . The most im-
portant difference between this energy budget and that
defined by Lorenz (1955) is that the available potential en-
ergy (APE) is separated into three terms associated with
two different physical phenomena. The first two are de-
fined as the baroclinicity component (the sum of NZ and
NE), which only depends on the isobaric variance of the
temperature. The third one is defined as the static stabil-
ity component (NS), which is associated with the vertical
average of temperature deviations of each level from a
global 3-dimensional average.

Fig.6 shows the evolution of global energetics and
energy conversions for an experiment with elongated
elliptic shape of heating (extending over approximately
300Æ longitude and 5Æ latitude, centered at 10ÆN). KE,
KZ and NE are eddy kinetic energy, zonal kinetic energy
and eddy available potential energy, respectively. NS is
not shown in this figure because its value is much larger
than others, from 19730�	�� J/m� on the first day and
gradually increasing to 19920�	�� J/m� on the sixth day
when it reaches a steady state. CSE, CEE, CKZE, and
CNZE are the energy conversions between NS and KE,
NE and KE, KZ and KE, and NZ and NE, respectively.
CNZE (solid line), CEE (dot line) and CSE (dot-dash line)
represent the baroclinic energy conversion while CKZE
(dash line) represents the barotropic energy conversion.
Both CSE and CEE increase sharply in the beginning of
the simulation and bounce back and forth after the fifth
day when the prescribed heating is turned off. Obviously,
these two energy conversions are closely related to the
prescribed heating. KE and NE are showing a wavy fluc-
tuation and out of phase which corresponds to the en-
ergy conversion between them through the baroclinic pro-
cesses (CEE and CSE) due to the diabatic heating. With
the growing of KZ and NZ, the barotropic energy conver-
sion (CKZE) from KZ to KE also increases, but the baro-
clinic energy conversion (CNZE) is almost zero through
the whole process of breakdown. It shows the barotropic
instability is the main instability in ITCZ breakdown while
baroclinic instability remains unimportant. This confirms
our earlier findings regarding the importance of horizontal
wind shear compared to vertical wind shear.

4. Conclusion

The Reading spectral primitive equation model is used
to simulate ITCZ breakdown in a baroclinic atmosphere.
We regenerate the results of NFS by using the Reading
shallow water model and compare them with the results
of baroclinic experiments. In sensitivity experiments, low-
ering the maximum heating height can generate a larger
PV anomaly and accelerate the breakdown. The case of
irregular horizontal shape of heating shows, with different
vertical heating gradients, that the eastern half of the PV
strip does not always axisymmetrize into one strong dis-
turbance as was seen in shallow water experiments. This
behavior cannot be produced by using a larger heating
rate and was not seen in shallow water experiments with
stronger forcing. This shows that processes in the verti-

FIG. 6: Upper: The evolution of global energetics. KE,
KZ, NE, and NZ are the eddy kinetic energy, zonal ki-
netic energy, eddy available potential energy and zonal
available potential energy, respectively. The unit is
1�10�J/m�. Lower: The evolution of energy conversions.
CSE, CEE, CKZE and CNZE are the energy conversions
between NS and KE, NE and KE, KZ and KE, and NZ and
NE, respectively. The unit is 1�10��W/m�.

cal play an important role in ITCZ breakdown The global
atmospheric energetics show that ITCZ breakdown is
mainly due to barotropic instability while the baroclinic
energy conversions remain unimportant. However, other
baroclinic processes, such as vertical heat flux related to
the diabatic heating, have very significant signals and do
affect the breakdown.
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