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Numerical Study of the Intertropical Convergence Zone
Over the Indian Ocean During the 1997 and 1998
Northeast Monsoon Episodes

ORBITA ROSWINTIARTL! SETHU RAMAN,! and U. C. MOHANTY?

Abstract— The hydrostatic Naval Research Laboratory/North Carolina State University (NRL/
NCSU) model was used to study the mesoscale dynamics and diurnal variability of the Intertropical
Convergence Zone (ITCZ) over the Indian Ocean in the short-range period. To achieve this objective the
initial conditions from two northeast monsoon episodes (29 January, 1997 and 29 January, 1998) were run
for 48-hour simulations using a triple-nested grid version of the model with 1.5° x 1.5°, 0.5° x 0.5° and
0.17° x 0.17° resolutions. The 1997 case represents a typical northeast monsoon episode, while the 1998
case depicts an abnormal monsoon episode during an El Nifio event.

Comparisons between the model-produced and analyzed mean circulation, wind speed, and associated
rainfall for different spatial scales are presented. During the active northeast monsoon season in 1997, the
major low-level westerly winds and associated high rainfall rates between 0° and 15°S were simulated
reasonably well up to 24 hours. During the 1998 El Niifio event, the model was capable of simulating weak
anomalous easterly winds (between 0° and 15°S) with much lower rainfall rates up to 48 hours. In both
simulations, the finest grid size resulted in largest rainfall rates consistent with Outgoing Longwave
Radiation data.

The model performance was further evaluated using the vertical profiles of the vertical velocity, the
specific humidity and temperature differences between the model outputs and the analyses. It is found that
during a typical northeast monsoon year, 1997, the water vapor content in the middle troposphere was
largely controlled by the low-level convergence determined by strong oceanic heat flux gradient. In
contrast, during the 1998 El Nifo year moisture was present only in the lower troposphere. Due to strong
subsidence associated with Walker circulation over the central and eastern Indian Ocean, deep convection
was not present. Finally, the diurnal variations of the maximum rainfall, vertical velocity and total heat
flux were noticeable only during the 1997 northeast monsoon year.

Key words: ITCZ, Indian Ocean, Northeast monsoon, El Nino, NRL/NCSU model.

1. Introduction

The Intertropical Convergence Zone (ITCZ) is one of the most important and
dynamic components of the tropical atmosphere, where the northeasterly trade winds
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from the Northern Hemisphere converge with the southeasterly trade winds from the
Southern Hemisphere. Lying in the rising branch of both meridional Hadley and
zonal Walker circulations at the equatorial trough, the ITCZ is characterized by
enhanced convection, cloudiness, and rainfall and persist almost continuously
around the globe throughout the year. The ITCZ plays an important role on heat
budget and weather/climate not only in the tropics but in the extratropics as well.
The excessive amount of heat absorbed at the surface from the tropical oceans is
transported to higher altitudes through convection and latent heat release and to the
extratropics through the Hadley circulation. Enhanced cloudiness associated with
convective systems, moreover, contributes significantly to the planetary albedo and
absorptivity of the incident solar radiation and ultimately to the regional weather
and climate.

The Indian Ocean is a unique region in the world because of its largest seasonal
reversing winds of the Asian-Australian (AA) monsoon phenomenon. The driving
mechanisms of this monsoon circulation result from the combination of differential
heating between land (orographic effect of the Tibetan Plateau and land processes
such as snow cover, soil moisture, and surface albedo) and ocean, the Coriolis
force and the hydrological cycle. Previous studies have encompassed a wide range
of spatial and temporal scales of variability of the ITCZ and convection observed
over the Indian Ocean. On the interannual time scale, anomalous warming of the
sea-surface temperature (SST) in the central and eastern tropical Pacific Ocean
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Figure 1
Model simulation domains for the Coarse-Grid Mesh (CGM), the Medium-Grid Mesh (MGM), and the
Fine-Grid Mesh (FGM).
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Figure 2
Distributions of SST difference (°C) between the 1998 minus 1997 simulation periods.

associated with an El Nifio episode has been linked to a weakening of the AA
monsoon with anomalous surface easterlies and suppressed convection over the
Indian Ocean (NICHOLLS, 1989; Li, 1990; MEEHL and ARBLASTER, 1998). The sign
of these changes is generally reversed during La Nifio episodes. On the annual time
scale, the movement of the ITCZ over the Indian Ocean is mainly caused by the
difference between the land and ocean temperature (MEEHL 1987; GAUTIER et al.,
1998). On the interseasonal time scale, the migration of convection over the Indian
Ocean is dominated by the 40-50 day Madden-Julian oscillation (MADDEN and
JuLiAN, 1971, 1972; LAu and CHAN, 1985; BANTZER and WALLACE, 1996). On a
day-to-day basis, the mesoscale dynamic and thermal forcings over the Indian
Ocean exert a significant control over the diurnal variations of vertical velocity,
cloudiness and rainfall (SHARMA et al., 1991; CHANG et al., 1995). The nocturnal
cooling over the open ocean results in enhanced convection, with maximum
activity occurring generally during early morning, then decreasing throughout the
day.

Although a large number of numerical simulations have been made for the
southwest summer monsoon (ZWIERS, 1993; KRISHNAMURTI ef al., 1998), similar
studies for the northeast winter monsoon are somewhat limited (DUDHIA, 1989;
KiTOH, 1992). The northeast monsoon plays an important role not only for regional
weather and climate in the Southeast Asia and Australia regions, but also for the
tropical-extratropical interactions (KRISHNAMURTI et al., 1973). During a typical
northeast monsoon, the main heating source is located over the equatorial belt where
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the divergent component of the motion reveals itself more prominently (LAU and
CHANG, 1987). From December to January heavy rainfall and considerable latent
heat release occur between the equator and 10°S when a dramatic southward shift
accompained by the sudden establishment of lower-tropospheric westerlies occurs.
Due to high frequency variability related to its internal dynamics, short-range
monsoon forecasting has been a difficult task. Most regional forecast models over the
AA monsoon region are known to have useful skill for only about 2-3 days. This
rapid deterioration can be attributed to a number of factors such as uncertainly in the
initial conditions, deficiencies in the internal model components, parameterization of
physical processes in the forecast models and representation of orography and
surface boundary conditions, such as SST variations, snow cover etc. (KRISHNAM-
URTI et al., 1998). Although some models can predict the mean features during the
period up to three days ahead, they are unable to predict monsoon onset
characterized by the sudden appearance of low-level westerly winds beyond two
days. For the short-range forecast, a key problem in the tropics is reduction in spinup
which requires a close balance between the initial divergence, temperature and
moisture fields (PURI, 1994).

As pointed out amongst others by Bony et al. (1997) and Lau et al. (1997),
water vapor and clouds are not only affected by local SST changes through the
activation of thermodynamics processes within the atmospheric column, they are
also sensitive to many other factors that may depend only partly on the local SST.
Among those factors is the large-scale atmospheric circulation, which transports
heat and moisture and affects the thermodynamic stability of the atmosphere in
large spatial scales. In this study, a hydrostatic model was used to simulate
mesoscale circulations and associated rainfall over the Indian Ocean during a
normal and an abnormal northeast monsoon episode. The model was run for 48-
hours with triple-nested grids of 1.5° x 1.5°, 0.5° x 0.5° and 0.17° x 0.17° resolu-
tions. The main objective of this study is to obtain better understanding of the
maintenance and development of the interaction between the large-scale and
mesoscale circulations, SST and the atmospheric convection activity, particularly
for a short-range period.

This paper is organized in the following manner: Section 2 gives a brief
description of the numerical model and the experiment design used in the study.
Section 3 provides an overview of the synoptic initial conditions for both simulations.
Comparisons between the model results and verifying analyses are presented in
Section 4. Summary and conclusions of this study are given in Section 5.

<
Figure 3
The analyzed wind circulation patterns and wind speeds at 995 hPa (initial conditions) and associated
OLR distributions over the CGM domain for 00 UTC 29 January 1997 (a and b) and 00 UTC 29 January
1998 (c and d).
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2. Description of the Model and the Experiment Design

a. Numerical Model

In this study the Naval Research Laboratory/North Carolina State University
(NRL/NCSU) regional model (MADALA et al., 1987) was used for the numerical
simulation experiments. The primitive equations with a hydrostatic approximation
are written in a non-dimensional pressure o-coordinate system defined by o = p/p;,
where p is the pressure and p; is the surface pressure. By definition ¢ is equal to one at
the surface and zero at the top of the atmosphere. This coordinate system allows the
lower levels to follow the terrain and upper levels to progressively flatten as the
pressure decreases toward the top of the atmosphere. There are 16 non-uniform o
levels between the surface and 50 hpa. Seven levels are located in the lowest 850 hpa
and nine levels above it.

The prognostic equations included in the primitive equations are the zonal and
meridional momentum equations, thermodynamic equation, moisture continuity
equation and surface pressure tendency equation. The diagnostic equations exist for
the vertical motion (continuity equation) and geopotential height (hydrostatic
equation).

The time differencing scheme used in this model is a split-explicit method. This
method utilizes different time steps for slow-moving Rossby modes and fast-moving
gravity modes in the prognostic equations. Fast-moving modes use smaller time steps
than do slow-moving modes. Appropriate time steps satisfying Courant-Fredrichs-
Levy (CFL) criteria are used for the fast-moving modes.

A type-C Arakawa staggering is applied for the horizontal velocity variables with
respect to the non-velocity variables. The surface pressure, specific humidity,
temperature, geopotential height and vertical velocity ate specified at the same
horizontal points, while zonal and meridional winds are interlaced between them.
The spatial differencing scheme used for the conservation of energy, mass, and
momentum equations is of second-order accuracy.

The latest version of this model contains a multiple nesting capability of up to
three domains run simultaneously with a one-way nesting mode. One-way nesting
involves prescribing boundary values for a sub-domain from its mother domain
interior, while no feedback occurs to the mother domain. The horizontal grid size
and time step used for each sub-domain are one-third of its mother domain. For this
study the grid size for the Coarse Grid Mesh (CGM), the Medium Grid Mesh
(MGM) and the Fine Grid Mesh (FGM) were 1.5° X 1.5° (~166 km x 166 km),

<
Figure 4
The analyzed and simulated streamlines and wind speeds at 995 hPa over the CGM domain with
1.5° x 1.5° resolution for 00 UTC 30 January 1997 (a and b) and 00 UTC 30 January 1998 (c and d).
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0.5° % 0.5° (~55 km x 55 km) and 0.17° x 0.17° (~19 km x 19 km) with time steps
of 300 sec., 100 sec. and 33 sec., respectively.

The lateral boundary conditions for the three domains are calculated by the
Davies scheme (DAVIES, 1976, 1983). In this scheme, any independent variable a can
be written as

a=(1—-ao)a, + oap

where the subscript m represents mode-computed values and subscript b represents
the boundary layer values obtained either from observations or a coarser version of
the model. The merging is done over six grid points at the boundaries of three
domains. The o is defined as a quadratic function of the minimum distance from the
lateral boundary in units of the grid spacing. At each time step, the boundary values
ay, for the coarse grid are obtained through a linear interpolation in time from the
input data at 24-hour intervals. For the FGM domain, lateral boundary conditions «,
are obtained through a linear interpolation in time and space from the CGM domain.
At the model top and bottom, boundary conditions for vertical velocity ¢ is zero.

In the model, the surface layer is parameterized by a similarity theory (MONIN and
YAGLON, 1971), while the mixed layer is parameterized by the turbulence kinetic energy
and its dissipation rates (E — ¢€) closure scheme (HOLT and RAMAN, 1998). Moreover,
the ground temperature is modeled using two-layer soil slabs (BLACKADAR, 1976).

For this study, the convective precipitation is parameterized by the Kuo-Anthes
cumulus parameterization scheme (Kuo, 1974; ANTHES, 1977), while the non-
convective precipitation is based on MANABE et al. (1965). In addition to the cumulus
parameterization scheme, the model physics includes grid-scale precipitation, dry
convection, diffusion processes, latent heat, sensible heat, and momentum exchange
between the boundary layer and the underlying surface using the similarity theory of
BUSINGER et al. (1971). The soil-vegetation parameterization scheme of NOILHAN
and PLANTON (1989) is used. The short- and longwave radiative processes in the
atmosphere are not included in this model.

b. Experiment Design

The model domains for the CGM, MGM and FGM are shown in Figure 1. The
CGM domain covers from 30°E to 120°E between 26°N and 46°S, the MGM domain
from 48°E to 102°E between 8°N and 28°S and the FGM domain from 60°E to 90°E
between 2°N and 22°S. The latter is located over the Indian Ocean.

Two northeast monsoon events selected for this study are that of 00 UTC 29-00
UTC 31 January, 1997 and 00 UTC 29-00 UTC 31 January, 1998. These periods

|
Figure 5

The analyzed (a) and simulated streamlines and wind speeds at 995 hPa for 00 UTC 30 January 1997 over
the FGM domain for 1.5° x 1.5°(b), 0.5° x 0.5° (c), and 0.17° x 0.17° (d) resolutions.
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were chosen because they exhibited the main features of a typical northeast monsoon
episode during a normal year and during an abnormal episode in an El Nifio year.

Inputs for this model can be categorized into three types: 1) Meteorological data
consisting of zonal and meridional components of wind, temperature, humidity,
surface pressure, eigenvalues for each level, SST, and boundary conditions for the
coarse domain; 2) surface data of topography, albedo, roughness length, soil type,
surface ground water and subsurface ground water; and 3) vegetation data of land
use type, vegetation cover, leaf area index, and minimum stomatal resistance of
vegetation. We utilized meteorological data sets from the European Centre for
Medium-Range Weather Forecasts (ECMWF) analyses of 2.5° x 2.5° grid at 15
pressure levels on 00 UTC 29 January, 1997 and on 00 UTC 29 January, 1998 to
specify the initial conditions. The surface topography distribution was obtained from
the Navy 5" global topography data set. The SSTs were taken from the weekly
averaged optimum interpolation data sets. These data were available at 1° x 1°
resolution. During the model integration, the SSTs were kept constant. Surface and
vegetation properties were obtained from various data archives at the National
Center for Atmospheric Research (NCAR) with resolutions ranging from
0.17° x 0.17° to 1° x 1°. These data were then interpolated into the model’s grid
sizes using a bicubic polynomial technique.

Since direct measurements of rainfall are scarce in the tropical ocean regions, we
used daily Outgoing Longwave Radiation (OLR) data as the indicator of deep
convection and thereby rainfall. In the tropics, OLR is governed primarily by cloud-
top temperatures. Therefore, low OLR values related to high cloud tops are
correlated with deep convection and thus with the ITCZ while high OLR values with
clear conditions (MEEHL, 1987; VINCENT, 1994). The OLR data were obtained from
the NOAA-CIRES Climate Diagnostic Center at a resolution of 2.5° x 2.5°,

3. Overview of Synoptic Initial Conditions

The main difference between the 1997 and 1998 northeast monsoon conditions
over the Indian Ocean was due to the differences in the distribution and location of
maximum SST values. Figure 2 shows the spatial distribution of the SST difference
between the 1998 minus 1997 simulation periods. During the 1998 EI Nino event
warmer SSTs with a maximum magnitude of about 2.4°C occurred over the western
Indian Ocean region.

The analysed streamlines and wind speeds at 995 hPa for 00 UTC 29 January,
1997 and for 00 UTC 29 January, 1998 used as the initial conditions and the

<

Figure 6
As in Fig. 5, except for 00 UTC 30 January 1998.
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corresponding OLR distributions over the CGM domain are shown in Figures 3a—d.
The low-level flow fields at 00 UTC 29 January, 1997 (Fig. 3a) were dominated by
the southeasterly trade winds over the southern Indian Ocean and the northerly/
northeasterly trade winds over the southern Asia land mass. These winds converged
near 5°S resulting in westerly winds (with amplitudes of 6 to 12 ms™"). It should be
noted that the strongest winds did not occur where the winds were convergent.
During this day, the ITCZ was best developed over the southern Indian Ocean from
the equator to 15°S as confirmed by the OLR distribution with OLR < 240 Wm ™
(Fig. 3b). Within the next two days, winds and the convective activity intensified,
indicating an active northeast monsoon period.

In contrast, the surface convergence winds (with amplitudes from 6 to 10 ms™)
over the equatorial Indian Ocean on 29 January, 1998 were mainly westward
(Fig. 3c). From Figure 3d, it is apparent that the ITCZ over this region during this
time was least organized. These low-level easterlies and weak convection persisted
until 00 UTC 31 January, 1998. During an El Niflo event an eastward displacement
of the ascending branch of the Walker circulation over the eastern Indian Ocean
induces subsidence and consequent dry conditions. The rising motion and convec-
tion, on the other hand, are located over eastern Africa and western Indian Ocean.
Therefore, anomalous easterlies are generally observed over the equatorial Indian
Ocean during an El Nifio event, particularly in boreal winter (WRIGHT et al., 1988;
WEBSTER et al., 1999; SAI et al., 1999). Weakening of the easterly winds over the
Indian Ocean commonly follows the weakening of the easterly winds over the eastern
Pacific Ocean (LAu, 1982).

4. Discussion of Results

In order to understand the dynamic and thermodynamic processes associated
with the ITCZ in two contrasting oceanic environments, simulations of wind fields,
precipitation and surface fluxes are examined. Results of numerical simulations from
the 1997 normal and the 1998 abnormal El Nifo years are presented and compared.

a. Streamlines and Wind Speeds

Figures 4a—d illustrate the large-scale analyzed and simulated streamlines and
wind speeds at 995 hPa for day 1 of simulations (00 UTC 30 January, 1997 and 00
UTC 30 January, 1998) over the CGM domain. A reasonable correspondence

|
Figure 7

The analyzed and simulated streamlines and wind speeds at 995 hPa over the CGM domain with
1.5° x 1.5° resolution for 00 UTC 31 January 1997 (a and b) and 00 UTC 31 January 1998 (c and d).
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between the simulated and analyzed flow features exists, which includes the low-
level convergent westerly winds between 5°S and 15°S at 00 UTC 30 January, 1997,
the surface convergent easterly winds from the equator to 5°S at 00 UTC 30
January, 1998, and the high-pressure system over the subtropical Indian Ocean for
both cases. The model was also able to simulate the wind speeds of roughly 6 to
12 ms™! for 00 UTC 30 January, 1997 and 6 to 10 ms™' for 00 UTC 30 January,
1998. However, northeasterly winds over the Arabian Sea were not simulated
properly in both cases.

In order to evaluate the effect of different model resolutions, simulations from
1.5° % 1.5°, 0.5° x 0.5°, and 0.17° x 0.17° nested grids are presented only over the
FGM domain, i.e., over the Indian Ocean. Figures 5a—d show the analyzed and
simulated streamlines and wind speeds at 995 hPa for 00 UTC 30 January, 1997 over
the FGM domain with different horizontal grid resolutions. Although there were
minor differences, it is clear from these figures that the locations of the surface
westerly convergence (with amplitudes of 6 to 12 ms™") over the southern equatorial
Indian Ocean, in the domain (17°S, 61°E) to (12°S, 89°E), were simulated reasonably
well in all resolutions. As the resolution increased, the model was able to predict
cyclonic eddies near 12°S. Nevertheless, since the location of a cyclonic circulation at
2.5°N was not accurately predicted, the forecast for the westerly winds between
62.5°E and 72°E near 6°S was quite different from the analysis.

The overall circulations and wind speeds at 00 UTC 30 January, 1998 were also in
good agreement with the analysis (Figs. 6a—d). The main feature to note is that the
easterly low-level flows (with amplitudes of 6 to 10 ms™') were dominant in this
region at this time. These easterly flows provide an indication that the ascending
branch of the Walker circulation was located over eastern Africa and the western
Indian Ocean.

Figures 7a—d exhibit the analyzed and simulated streamlines and wind speeds at
995 hPa for day 2 integration of the model (00 UTC 31 Jaunuary, 1997 and 00 UTC
31 January, 1998) over the CGM domain. It is found that at 00 UTC 31 January,
1997 the convergent westerly winds (with amplitudes of 8 to 10 ms™') were not
properly simulated. Instead, the model tended to produce easterly winds (with
amplitudes of 4 to 8 ms™"). These indicate the inability of a coarse resolution regional
model to generate and maintain the low-level westerly winds reaching 48 hours of
integration. Additionally, eddies of low-pressure systems were missing from this
simulation. As mentioned earlier, a major problem in monsoon forecasting is the spin
up of the model. Spin up time is generally larger for the tropics as compared to mid-
latitudes. Moreover, as the winds strengthened, the model is not able to maintain the

|
Figure 8
The OLR distribution (a) and simulated accumulated rainfall for a period of 24 hours ending at 00 UTC
30 January 1997 over the FGM domain for 1.5° x 1.5° (b), 0.5° x 0.5° (c), and 0.17° x 0.17° (d)
resolutions.
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balance between dynamic and thermodynamic processes. On the other hand, the
streamlines and wind speeds (with amplitudes between 6 and 8 ms™") for 00 UTC 31
January, 1998, in general, were simulated reasonably well. Since the winds did not
strengthen or weaken, the model could handle low-level easterlies reasonably.
Notable differences between the simulation and the analysis are again the northerly/
northeasterly winds over the Arabian Sea.

b. Rainfall

Past studies have shown that the forecast of monsoon rainfall in the tropics is
very sensitive to the cumulus parameterization and its coupling with other model
physics used in the model (SLINGO ef al., 1998 and ZANG, 1994). The Kuo-Anthes
scheme used in this model accounts for the effect of changes in the large-scale
humidity and temperature fields on the cumulus convection (ANTHES, 1997).

The simulated accumulated rainfall valid for 00 UTC 30 January, 1997 along
with the OLR distribution over the FGM domain are shown in Figures 8a—d.
Overall, the model captured the maximum rainfall over the eastern regions of the
FGM domain centered around (8°S, 84°E). This is consistent with the low values of
observed OLR. Considerable increase in maximum rainfall, 8 mm for CGM to
200 mm for FGM, was predicted as the model resolution increased. Moreover,
rainfall distributions exhibited a clear rain band structure along the I'TCZ which
appears to be more realistic.

Figures 9a—d illustrate the OLR distribution and simulated accumulated rainfall
at 00 UTC 30 January, 1998. It is clear from these results that overall magnitude were
considerably less than those for 00 UTC 30 January, 1997. The rain location was
mainly in the western part of the FGM domain close to the east coast of Africa. The
heaviest rainfall for the CGM was only 0.5 mm, while it was 10 mm for the FGM.
Though the SSTs over this region were relatively higher, the decrease in rainfall is
mainly attributed to the absence of the ITCZ and increased subsidence over the
central-eastern Indian Ocean generated by the strong rising motion over western
Africa. Such circulation is typical during El Nifio years due to a shift in Walker
circulation as discussed earlier.

The OLR distribution and simulated accumulated rainfall for 00 UTC 31
January, 1997 and 00 UTC 31 January, 1998 are given in Figures 10a—d and Figures
11a—d, respectively. For day 2 stimulation at 00 UTC 31 January, 1997, rainfall
reaching 200 mm occurred in the eastern Indian Ocean and was in good agreement
with low OLR values. Although the low-level winds were not simulated well at this
time, there was definitely an improvement in the rainfall prediction. At 00 UTC 31

<

Figure 9
As in Fig. 8, except for 00 UTC 30 January 1998.
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January, 1998 the area of rain had moved slightly to the south compared to the day
before. Considerably more rainfall in the order of 50 mm was simulated during this
time, consistent with the observed OLR values.

c¢. Spatial Distribution of Mean Kinetic Energy and Total Heat Flux

To understand the effect of mesoscale circulations and the SST on the rainfall
distribution over the ITCZ region, the spatial distribution of simulated mean kinetic
energy and total surface heat flux (latent plus sensible heat flux) for day 1 simulation
are presented.

Figures 12a—b display daily mean (obtained by averaging values simulated every
hour) kinetic energy predicted over the FGM domain for 00 UTC 30 January, 1997
and 00 UTC 30 January, 1998, respectively. Strong gradients of kinetic energy (with
amplitudes of 10 to 90 m? s™2) simulated over the ITCZ regime at 00 UTC 30
January, 1997 (Fig. 12a) corresponded to strong wind speed gradient along a band of
the ITCZ. As the spatial resolution in the model domain was increased, this kinetic
energy gradient became stronger (not shown). The generation of kinetic energy
gradient in this region is a manifestation of sharp contrasts in pressure difference
between subtropical high-pressure and equatorial low-pressure systems. During the
1998 El Niiio event, gradient of the kinetic energy was not simulated in any domain
excepting a small area in the western FGM domain (Fig. 12b). An overall reduction
of kinetic energy over the entire domain is also apparent. These results suggest that a
uniform high-pressure system over the central-eastern Indian Ocean produced more
moderate wind speeds.

Figures 13a—b show daily mean simulated total surface heat flux for 00 UTC 30
January, 1997 and 30 January, 1998, respectively. There is a general similarity
between the heat flux (in the range of 100 to 250 Wm™>) and the kinetic energy
patterns for 00 UTC 30 January, 1997. The strong surface heat flux gradient
indicated substantial transport of heat and moisture form ocean to atmosphere. This
strong heat flux gradient, combined with strong kinetic energy on either side of the
ITCZ, obviously played an important role in stimulating strong convection and
rainfall along the ITCZ region. In contrast, the magnitudes of total heat flux for 00
UTC 30 January, 1998 (Fig. 13b) in general were relatively higher (maximum
value = 280 Wm™?) than those for 00 UTC 30 January, 1997, although with a
weaker horizontal gradient. It is obvious that the direct response of local heating
induced by increased SST during the El Nifio event resulted in higher heat flux.
However, lack of strong convergence (Fig. 12b) resulted in reduced rainfall
simulation particularly over the eastern Indian Ocean.

<

Figure 10
As in Fig. 8, except for 00 UTC 31 January 1997.
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d. Diurnal Variation of Rainfall, Vertical Velocity and Total Heat Flux

The previous sections discussed how the dynamic and thermodynamic spatial
variations impact the tropospheric moisture and temperature changes in the ITCZ
region. In this section hourly values of maximum rainfall, minimum vertical velocity
o and maximum total heat flux as a function of Local Solar Time (LST) are
examined to study the diurnal cycle. Figures 14a—c and 15a—c summarize these cycles
for 29-31 January, 1997 and 29-31 January, 1998, respectively.

In general, distinct diurnal variations were found during a typical northeast
monsoon (Figs. 14a—c) as compared to El Nifo year (Figs. 157a—c). During a typical
northeast monsoon with distinct ITCZ features, enhanced rainfall activity (minimum
w) is predicted during early morning hours, with a maximum rate of 55 mm hr™!
around 05 LST and a suppressed rainfall rate (maximum w) at nearly 17 LST
(Figs. 14a—b). This result is in agreement with previous studies (e.g., EMANUEL and
RAYMOND, 1994). Although simulated maximum total surface heat flux experienced
similar variations (Fig. 14c), its fluctuations are not correlated with variations in
rainfall. One possible reason is that the difference between sea and air temperatures is
directly proportional to the sensible heat flux across the air-sea interface, however
variations of latent heat flux depend on variations of wind speeds. The simulated heat
flux maximized around 20 LST when the sea-air temperature difference reached the
maximum and lowest around 09 LST. During the El Nifio event no significant
diurnal cycles were found over the central Indian Ocean where strong large-scale
subsidence was present. Rainfall started after 34 hours of simulation corresponding
to minimum o (Figs. 15a—b). In general, larger surface heat flux with a maximum
value on the order of 525 Wm™ was observed over the Indian Ocean during the 1998
El Nifio event.

5. Summary and Conclusions

This paper presents simulations of major circulations and associated rainfall of
the northeast monsoon during January, 1997 and January, 1998 using a hydrostatic
model. In this study the objective is to simulate the dynamic and thermodynamic
processes associated with enhanced and suppressed convection.

In general, the model was able to predict major westerly winds and associated
rainfall over the central-eastern Indian Ocean during an active 1997 northeast
monsoon with well established ITCZ extending to 24-hour simulation. Overall,
rainfall was also simulated reasonably well consistent with OLR data. The
distribution of rainfall indicated strong relationships between low-level convergence,

<

Figure 11
As in Fig. 8, except for 00 UTC 31 January 1998.
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a) DAY—1 1997 FCST FGM

b)

Figure 12
Distributions of simulated mean kinetic energy (m?s?) at 995 hPa over the FGM domain with 0.17° x 0.17°
resolution for 00 UTC 30 January, 1997 (a) and 00 UTC 30 January, 1998 (b).

rising motion and moisture content. While gradient of surface heat flux provided
moisture near the surface, the low-level convergence is an important mechanism for
the moisture supply in the upper troposphere. For the 48-hour simulation, the
model failed to simulate strengthened westerly winds. A number of factors could be
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a) DAY-—1 1997 FCST FGM

1]

b) DAY—1 1998 FCST

Figure 13
Distributions of simulated mean surface totoal (latent plus sensible) heat flux (Wm™2) over the FGM
domain with 0.17° x 0.17° resolution for 00 UTC 30 January, 1997 (a) and 00 UTC 30 January, 1998 (b).

responsible for this failure, among others are the deficiencies in diabatic heating
which lead to heat sources developing at incorrect locations and times (PURI, 1994).
Although the mean circulations were not correctly simulated, the rainfall could still
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(a) Maximum Rainfall
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Figure 14
Diurnal variations of simulated maximum rainfall (a), minimum vertical velocity (b) and maximum
total heat flux (c) as a function of Local Solar Time (LST) for 29-31 January, 1997 as derived from
the FGM domain.

be predicted fairly well. Prominent diurnal cycles over the Indian Ocean were
apparent in the convective zone.

During the northeast monsoon episode in the 1998 El Nifio event, the model was
able to simulate anomalous easterly winds and rainfall quite accurately up to a 48-
hour simulation. Steady mean wind circulations during the simulation period could
be attribute to a better performance of the model. Lack of surface kinetic energy
and heat flux gradients over the central-eastern Indian Ocean, due to a strong
subsidence branch of the Walker circulation, strongly affected low rainfall rates.
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(a) Maximum Rainfall
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Figure 15
As in Figure 14, except for 29-31 January, 1998.

Moreover, in the region of very little convective activity, diurnal variations were not
significant.
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