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Abstract

The impact of surface hydrological processes in the simulation of tropical climate by the Community
Climate Model Version 2 (CCM2) has been studied. Two ten year climate simulations have been ana-
lysed to study the effect of surface hydrology feedback. In one of the simulations the surface moisture
was determined interactively (VAR_HYD), while in the other simulation the surface moisture was fixed
to annual climatological values (FIX_HYD). The simulated values of soil moisture in the VAR_HYD
simulation are higher than the annual climatological values, both during northern summer and winter
seasons. The impact of surface hydrology on precipitation was larger during northern summer than
during the northern winter season. The impact of surface hydrology specification was found to be not
entirely local in the model. It appears to have a remote impact on the other parts of the tropics. The
precipitation increased over the Indian region, and off-equatorial West Pacific in the interactive hydrol-
ogy simulation (vis-a-vis FIX_HYD) and reduced over the equatorial West Pacific regions. The simula-
tion of precipitation also improves over the East Pacific region with the incorporation of interactive
hydrology. The differences in precipitation between the VAR_HYD and the FIX_HYD simulations are
associated with differences in vertical moist static stability and 500 hPa vertical velocity.

From harmonic analysis of OLR it was found that the power and frequency in the intraseasonal
scales is simulated more realistically with the incorporation of interactive surface hydrology. The inter-
active hydrology was found to be necessary for the simulation of meridional propagations of convective
zones over the Indian region (on intraseasonal time-scales). The meridional migration is not observed
in the simulation with fixed surface hydrology, and is on account of non-monotonic variation of ver-
tically integrated moist static energy. The specification of continental surface hydrological processes
did not however have a significant impact on the simulation of the equatorially trapped waves, such
as the Madden-Julian Oscillation (MJO), though the propagations are discontinuous in the FIX_HYD
simulation.

1. Introduction

Surface hydrological processes play a key
role in modulating atmospheric convection. The
amount of moisture available in continental
regions for evaporation is limited by the soil
moisture (in contrast to oceans where it is al-

most unlimited for all practical purposes), and
plays a crucial role in determining surface
temperature and locally available moisture for
sustaining moist convection. Most studies in-
volving surface hydrological effects focus on the
issue of interannual variability and the inter-
action between surface hydrological effects and
interannual variation of SST. Yang and Lau
(1998) suggest that surface hydrological effects
occur in conjunction with warm SST events.
They find that during warm SST events there
is higher snow cover, and more soil moisture
over the Eurasian region. This leads to the
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weakening of the monsoon. Shen et al. (1998)
have studied the impact of land-surface pro-
cesses on the interannual variability of the
large-scale Asian monsoon with the CCSR/
NIES AGCM. They conclude that the ENSO
related changes to predominate over the land-
surface processes. Goswami (1998) suggests
that internal feedbacks, such as surface hydro-
logical effects, give rise to a Quasi-Biennial
Oscillation (QBO) in the GFDL model’s simula-
tion.

Bras (1999) has suggested that over conti-
nental regions, surface-hydrological feedback is
perhaps the most important factor in deter-
mining the mean seasonal precipitation. His
results indicate (Fig. 9, Bras 1999) clearly that
when soil moisture specified from observations
is used, a realistic mean seasonal pattern of
precipitation is obtained over the continental
USA. He has also shown that if soil moisture
is specified from climatology, there are large
errors in the simulation of precipitation in the
mid-western region of the USA.

The impact of surface hydrological specifica-
tion on the seasonal mean simulation of the
tropical climate, and its intraseasonal variation
has, however, not been extensively studied with
GCMs. Most such studies have been conducted
with simple phenomenological models. These
studies (Webster 1983; Gadgil and Srinivasan
1990; Nanjundiah et al. 1992) showed that
specification of surface hydrology has a strong
impact on the intraseasonal variations. Web-
ster (1983) suggested that the poleward gradi-
ent of sensible heat flux was the cause of pole-
ward propagations of rainbands over the Indian
monsoon region. Nanjundiah et al. (1992) and
Gadgil and Srinivasan (1990) showed that it
was the poleward gradient of vertical atmo-
spheric instability, rather than the poleward
gradient of sensible heat flux, that was respon-
sible for the occurrence of poleward propaga-
tions of rainfall bands.

In this paper we study the impact of surface
hydrology specification on the simulation of
tropical climate on seasonal and intraseasonal
scales with the NCAR CCM2. Simulations with
two versions of the NCAR CCM2 model have
been performed. One with hydrology fixed to
annual mean climatological values (referred to
as FIX_HYD) and the other with an interactive
surface hydrology (referred to as VAR_HYD).

While more sophisticated atmosphere-land
surface interchange models, such as BATS and
SiB are available, we have used the simple
bucket scheme of Manabe et al. (1965). The
work of Robock et al. (1998) has shown that
more complicated surface hydrological models
(including multi-layer models) do not imply
better simulations.

The ability of a model to reproduce the intra-
seasonal variations is related to its simula-
tion of the seasonal mean climate (Slingo et al.
1996), and therefore we first study the mean
simulated climate over the tropics, followed by
a discussion of intraseasonal variations. In this
paper, section 2 describes the model, data and
the methodology, including the design of the
experiments. In section 3, we discuss the simu-
lation of seasonal mean climate over the trop-
ics. The effect of surface hydrology specification
on the seasonal cycle is presented in section 4.
The simulation of intraseasonal oscillations by
the two versions of the model is given in sec-
tions 5 and 6, respectively. In section 7, we
summarize the results.

2. The model, data and methodology

2.1 The model
A scalable parallel message-passing imple-

mentation of the National Centre for Atmo-
spheric Research Community Climate Model,
Version 2 (NCAR CCM2), developed by Ar-
gonne and Oak Ridge National Laboratories
(Drake et al. 1995) has been used in this study.
This model (CCM2) has been widely used for
various climate studies (Hack et al. 1994; Kiehl
et al. 1994; Lieberman et al. 1994; Zhang et al.
1994; Hahmann et al. 1995 and others). The
detailed documentation of the model can be
found in Hack et al. (1993).

Since the difference between the two simu-
lations is the prescription of surface hydrology
over the continental regions, we include a brief
discussion of the simple bucket hydrology used
in the VAR_HYD simulation. In the FIX_HYD
simulation, the surface wetness is specified to
its annual mean climatological value.

The surface hydrology parameterization
scheme (based on Manabe et al. 1965) used in
the VAR_HYD simulation is the simple, bucket
model of Holloway and Manabe (1971). In this
scheme, the land surface at each grid point
is represented by a single layer that fills with
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precipitation, empties by evaporation and over-
flow producing runoff. In this single-layer
scheme, the wetness factor ðDwÞ is determined
from a budget of evaporation, precipitation and
runoff. Over ocean, and over snow cover, the
wetness factor ðDwÞ is set to 1, i.e., evaporation
is assumed to be from a saturated surface.

Over land, the soil moisture is forecast by
adding rainfall and snow melt to the existing
soil moisture and subtracting evaporation and
runoff. The precipitation from convection is as-
sumed to be rain if either the surface tempera-
ture or the temperature in either of the first
two atmospheric layers above the surface is
greater than or equal to 273.16 K. Otherwise,
the precipitation is assumed to be snow.

In the simplified bucket model, the soil mois-
ture value, ‘W ’ is modified after each time step
using the computed evaporation, and precipita-
tion during that time step:

qW

qt
¼ P � E þ Sm;

where, P is the total rainfall rate, E is the
evaporation rate and Sm is the rate of snow
melt.

When the soil moisture reaches the soil field
capacity ðWFC

Þ, the maximum amount of water
that can be stored in the soil, the excess above
the field capacity is assumed to form runoff ðrf Þ.
If W > WFC

, the runoff over a given time step is
given by rf ¼ W � WFC

and W is then reset to
WFC

. The filed capacity is taken to be WFC
¼ 15

cm. This runoff does not affect any other neigh-
boring grid-points.

The new wetness value is computed as,

Wnew ¼ Wold þ qW

qt
Dt:

The wetness factor, Dw, which is used in the
computation of evaporation rate (E) is deter-
mined from the soil moisture following the
‘tilted bucket’ scheme as,

Dw ¼

1 if W b WC

exp

2
664

1 � W
WFC

� �2

1 � W
WFC

� �2
� 1

3
775

1:25

if W < WC;

8>>>>><
>>>>>:

where, WC is a critical fraction of the soil field
capacity given as WC ¼ 0:75 WFC

, at which the

evaporation rate becomes equal to its potential
value.

2.2 Data
The sea surface temperature (SST), and sea

ice distributions, are specified from the clima-
tological data and updated in the middle of
each month. The SST data set used in the
model is from Shea et al. (1990) and interpo-
lated for each model time step between the
mid-month values. Thus, the model is basically
forced by the seasonal change of SST, and the
daily change of the solar declination angle with
a fixed solar insolation of 1370 W m�2 at the
top of the model atmosphere. The model inte-
gration is started from the initial conditions
corresponding to 1st September 1987 (an anal-
ysis data set provided by NCAR), and is in-
tegrated for 10 model years. The first three
months of integrations are not considered for
analysis, to remove the model spin-up effects.
Since the two sets of 10 year model integrations
have been performed with climatological SST,
each of the climate simulations can also con-
sidered to be equivalent to a set of 10 ensem-
bles of one year duration (with identical exter-
nal and boundary forcing, but differing initial
conditions).

For comparison with model simulated pre-
cipitation, observed monthly precipitation data
sets, based on the CPC (Climate Prediction
Center) merged analysis of precipitation (Xie
and Arkin 1997, henceforth referred to as ‘Xie-
Arkin’) were used. In addition, the GPCP daily
rainfall estimate (Huffmann et al. 2000), and
MSU daily rainfall (Spencer 1993), has also
been used for comparison on the intraseasonal
scales. Over the Indian region, we have ana-
lysed the rainfall data at 366 meteorological
observatories, supplied by the India Meteoro-
logical Department (IMD), which is henceforth
referred to as IMD data. The observed interpo-
lated (Liebmann and Smith 1996) outgoing
longwave radiation (OLR), obtained from the
Advanced Very High Resolution Radiometer
(AVHRR) on National Oceanic and Atmo-
spheric Administration (NOAA) polar orbiting
satellite, as daily data from 1979 to 1997 on a
2.5� latitude-longitude grid (Gruber and Win-
ston 1978; Gruber and Krueger 1984), has also
been used. For validation of circulation fields,
and for the computation of moist static energy,

K. RAJENDRAN, R. S. NANJUNDIAH and J. SRINIVASAN 1359December 2002



NCEP/NCAR daily and monthly reanalysis
products (Kalnay et al. 1996) have been used.

For spectral analysis, global datasets on
daily scales for long periods (about 10 years)
are required. But such datasets are not avail-
able for precipitation, hence we have used OLR
as proxy for rainfall. For consistency we have
compared model-generated OLR with observed
OLR.

2.3 Methodology
Simulated seasonal, and intraseasonal varia-

tion, have been studied using harmonic analy-
sis in both spatial and temporal dimensions.
The ability of the model to simulate the intra-
seasonal variation has been examined by iden-
tifying dominant periodicities through power
spectrum analysis. The simulation of the MJO
propagation characteristics has been assessed
using OLR and 200 hPa circulation fields after
applying 20–70 day Lanczos band-pass filter
(Duchon 1979), and their spectral character-
istics using the space-time spectral technique
(Hayashi 1977, 1982). The time-lagged correla-
tion analysis has been used to identify the sim-
ulation of meridional propagation of convective
zones. We also have attempted to understand
the association between surface moist static
enthalpy, and the simulation of propagations in
the two versions of the model.

3. Simulation of seasonal mean climate
over the Tropics

The model simulated 10 year mean tropical
average OLR (0–360�; 30�S–30�N) for the
summer (JJA) and winter (DJF) months, and
the annual mean, have been compared with the
long term mean (1980–1995) observed OLR in
Table 1. The two versions of the model simulate
lower OLR during winter than in summer. It is
seen that in both seasons the simulated OLR is
higher than the observed OLR. The seasonal,

and the annual average OLR values, are com-
parable between the two simulations. The dif-
ference between the observed and simulated
values are of the order of 10 W m�2 in both the
simulations.

The total OLR consists of OLR from clear sky
and from clouds, and hence depends on the
fraction of area covered by clouds. Fraction of
cloud cover in the model is estimated through
a cloud scheme (Kiehl et al. 1994, a modified
version of Slingo 1987) using convective precip-
itation rate, specific humidity and temperature
in the model. The comparison of model simu-
lated total cloud cover with the International
Satellite Cloud Climatology Project (ISCCP)
data (Rossow and Schiffer 1991) averaged for
1983–1991 show that the model underesti-
mates the percentage of total cloud cover over
the tropics in both winter and summer seasons.
The total cloud cover from both versions of the
model are lower than the estimates based on
ISCCP C2 data (Table 2). The difference in the
observed, and simulated OLR values, can be
partly due to the lower fraction of cloud cover
over the tropics in the model.

The observed and VAR_HYD simulated win-
ter mean (10 year December-January-February
mean) OLR and the difference between VAR_
HYD and FIX_HYD winter mean OLR, are
shown in Fig. 1. In the seasonal mean pat-
terns, the regions with OLR values less than
240 W m�2 are shaded. It is well established
that in tropics, the OLR flux less than 240
W m�2 indicates the presence of deep clouds
(e.g., Waliser et al. 1993). In northern winter,
the observed OLR in the tropics is less than
220 W m�2 over a very large region extending
from around 60�E to the dateline and roughly
from 5�N to 5�S (Fig. 1a). The regions with si-
mulated OLR less than 220 W m�2 is much
smaller, and restricted to Indonesia and Brazil
(Fig. 1b). The model underestimates the con-

Table 1. Seasonal and annual mean OLR
(W m�2) averaged over the tropics (0–
360�; 30�S–30�N).

JJA DJF Annual

Observation 252.1 248.3 250.6
VAR_HYD 264.4 259.9 262.4
FIX_HYD 264.1 258.4 261.4

Table 2. Seasonal and annual mean total
cloud cover (%) averaged over the trop-
ics (0–360�; 30�S–30�N).

JJA DJF Annual

ISCCP C2 58.1 57.9 58.0
VAR_HYD 47.3 49.8 48.7
FIX_HYD 48.4 50.4 49.4
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vective activity over the tropical southern In-
dian Ocean. But the location and intensity of
convective activity over the southern African,
and South American regions are simulated re-
alistically by both versions of the model.

During northern winter, the regions of deep
convection is centered over southern Africa, a
broad region of convection extending from
60�E, to dateline over the north Australia-
Indonesian region, and over northern parts of
South America (Fig. 1a). The simulation gives
a reasonable OLR distribution over the regions
north of 35�N, though these are not related to
deep convection. The model is unable to simu-
late low OLR values over the oceanic regions of
South Indian Ocean and South Pacific Ocean.
During winter, the difference between the sim-

ulations are much smaller over most of the
tropics except over the southern Indian Ocean
and the northern parts of Australia (Fig. 1c).
The impact of changes in surface hydrology is
most pronounced over the maritime continents
of the West Pacific and over the seasonal con-
vective centres of South America, and parts of
Africa.

The observed, and VAR_HYD simulated
northern summer mean (10 year June-July-
August mean) OLR, and the difference between
VAR_HYD and FIX_HYD summer mean OLR,
are shown in Fig. 2. In boreal summer, the
observed organized deep convection is mainly
confined to the Asian monsoon region and over
the western Pacific warm pool region with an
eastward extension to the Inter-Tropical Con-

Fig. 1. Mean OLR for Northern Hemispheric winter (DJF) season for: (a) observation; (b) VAR_HYD
simulation; and, (c) the difference between the winter mean VAR_HYD and FIX_HYD OLR simu-
lations.
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vergence Zone (ITCZ) in the eastern Pacific and
central America (Fig. 2a). Deep convection over
the northern parts of Africa and South America
is simulated reasonably well by both the ver-
sions of the model (Fig. 2b). Over the Indian
subcontinent, the observation shows large re-
gions with low OLR (i.e., less than 220 W m�2)
associated with the Indian summer monsoon,
but the model simulation does not capture
this feature realistically. The OLR values are
greater than 260 W m�2 in the southern Indian
Ocean, the north eastern and south eastern
Pacific, and north and south Atlantic regions
indicating cloud free regions. In the simulation,
the ITCZ over the Pacific east of the dateline is
absent. The simulated OLR over the Northern
Hemispheric land mass is larger than the ob-
servation. This could be due to the persistent

warm surface temperature bias in the model
especially over the Northern Hemispheric land
regions as shown by Kiehl et al. (1994).

Figure 2c shows the difference between sum-
mer mean OLR from VAR_HYD and FIX_HYD
simulations. In summer, the regions with max-
imum difference between the two simulations
(Fig. 2c) is located over the Indian region, West
Pacific and over northern parts of Africa and
South America. This shows that in the variable
hydrology case, the strength of deep convec-
tion increases over the off-equatorial Asia-West
Pacific, and South American regions, and de-
creases over the north African and near equa-
torial West Pacific regions.

We note that the impact of surface hydrology
specification is more over the seasonal convec-
tive centres (Asia-Pacific region, northern parts

Fig. 2. Mean OLR for Northern Hemispheric summer (JJA) season for: (a) observation; (b)
VAR_HYD simulation; and, (c) the difference between the summer mean VAR_HYD and
FIX_HYD OLR simulations.
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of Africa and South America in summer; mari-
time continents of West Pacific and southern
parts of Africa and South America in winter) of
the tropics, with deep convection being stronger
in the variable hydrology case.

3.1 Vertical stability and precipitation
Although the variable hydrology specification

changes the surface hydrology only over the
continental regions, the differences (Figs. 1c &
2c) in the simulated OLR patterns show that
the impact of the surface hydrology is not en-
tirely local. This fact is established by the large
increase in the simulated convection over the
warm oceanic regions of the Bay of Bengal, and
off-equatorial West Pacific and decrease over
the southern Indian ocean and near equatorial
West Pacific in the variable hydrology case
during summer. This is on account of the exis-
tence of teleconnections between convective
activity over the Indian and West Pacific re-
gions (Joseph and Srinivasan 1999).

Comparing the Vertical Moist Static Stability
(VMS, defined as the difference in the layer-
averaged moist static enthalpy between the
upper and the lower troposphere, lower layer
being 1000 hPa–400 hPa, upper layer being
400 hPa–50 hPa), we note that the difference
in VMS (Fig. 3c) between the two simulations
has the same pattern as the difference in or-
ganized large-scale convection (Fig. 3a). This
can be understood with the simple model de-
veloped by Neelin and Held (1987) based on
moist static energy budget. Nanjundiah (2000),
Nanjundiah and Srinivasan (1999) and Zhang
(1994) have used this simple model to demon-
strate association between variations in VMS
and precipitation.

We can write the relationship between VMS
and precipitation in the following way (Zhang
1994):

DP

P
A�Dm

m
: ð1Þ

Here m, is the vertical moist static stability
(VMS) and P, the precipitation. This implies
that increase in rainfall, P, is associated with
decrease in VMS, m.

We note that the decrease in VMS over the
Indian Region and increase in VMS over
the near-equatorial West Pacific Region in the
VAR_HYD simulation vis-a-vis FIX_HYD is

consistent with the changes in precipitation
over these regions (i.e., increase in rainfall over
the Indian region and decrease in rainfall over
the West Pacific region) during the JJA season.
Similar differences are also seen over South
America and equatorial Africa. As discussed
earlier, we note the non-local effect of surface
hydrological changes between the two simu-
lations especially over oceanic regions, such as
the West Pacific. The change in VMS can be
understood in terms of changes in the circula-
tion patterns. Figure 3b shows the 500 hPa
JJA vertical velocity. We note that the regions
of increase (decrease) in VMS are associated
with regions of weaker (stronger) ascent in the
variable hydrology simulation vis-a-vis the
fixed hydrology simulation. The weaker ascent
(or stronger descent) causes the atmosphere to
be more stable thus inhibiting organized con-
vective activity. In the VAR_HYD simulation
the moist ground increases the moisture in the

Fig. 3. The difference between the
summer (JJA) mean VAR_HYD and
FIX_HYD simulated: (a) precipitation
(mm day�1); (b) 500 hPa vertical veloc-
ity (cm sec�1); and, (c) VMS (kJ kg�1).
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air-column above (due to enhanced evapora-
tion) reducing its static stability. Associated
with this reduced stability is the enhanced
convective activity over the Indian Monsoon
region. This in turn changes the circulation
pattern causing reduced ascent (and thus in-
creasing the stability and reducing the asso-
ciated precipitation), over the equatorial West
Pacific region. It is interesting to note that a
similar pattern of increased ascent over the In-
dian region and reduced ascent over the West
Pacific region can be seen in the 500 hPa verti-
cal wind anomaly pattern for the year 1961,
which had experienced the highest rainfall
over the Indian monsoon region during the 20 th

century. It is also noteworthy that an increase
in rainfall in the VAR_HYD simulation over
the Indian monsoon region is associated with
an increase in precipitation over the off-
equatorial West Pacific. Similar changes have

also been observed during certain years (e.g.,
1988).

The remote impact can also be understood
through the differences in circulation. Figure
4a shows the 850 hPa wind patterns, and the
differences between the VAR_HYD and FIX_
HYD simulations. In Fig. 4b we show the 200
hPa winds. These two figures show that in
VAR_HYD simulation the prominent features
of summer monsoon circulation such as the
low level westerlies, are more organized along
the east African coast, stronger over the Indian
peninsular region and penetrates deeper into
the West Pacific compared to the FIX_HYD
simulation. This in turn increases the ascent
and convection over the Indian region, and off-
equatorial West Pacific (as seen in Fig. 3). This
enhanced circulation over northern India-West
Pacific region is also evident in the upper level
easterlies and associated divergence.

Fig. 4a. Climatological 850 hPa winds from (top) NCEP analysis, (middle) VAR_HYD and (bottom)
difference between VAR_HYD and FIX_HYD for JJA season.

Fig. 4b. Climatological 200 hPa winds (arrows) and divergence (shaded) for (top) NCEP reanalysis,
(middle) VAR_HYD and (bottom) difference between VAR_HYD and FIX_HYD simulations for JJA
season.
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3.2 Pattern correlation
To study the effect of changed surface hy-

drology on the simulation of mean precipitation
pattern over the tropics, we have compared the
Pattern Correlation Coefficient (PCC) with re-
spect to observations from the two simulations
over different regions of the tropics. The re-
gions have been selected so that they represent
the major convective centres during Northern
Hemispheric summer and winter seasons. Fig-
ure 5 shows the PCC of summer and winter
mean precipitation (with respect to Xie-Arkin
precipitation) from VAR_HYD and FIX_HYD
simulations for the selected regions. (The re-
gions selected and their geographic locations
are given in the figure caption.) For both sea-
sons, the PCCs for the regions where the dif-
ference in correlation between VAR_HYD and
FIX_HYD simulations is significant at 90%
level are hatched. A student’s t-test is applied

after a Fisher’s Z transformation of the corre-
lations to test the significance of the difference
in correlation.

During summer, the simulations are corre-
lated reasonably well with the observation over
the whole tropics. The difference in correlations
are significant at 90% level except for the Bay
of Bengal (where the PCCs are negative) and
East Pacific. Over North Africa, Monsoon Zone,
Arabian Sea and East Pacific, the VAR_HYD
simulation shows higher pattern correlation
with observations than the FIX_HYD simula-
tion. However, over the Bay of Bengal, the
South Indian Ocean and West Pacific, both
the simulations are poor and the change in the
surface hydrology specification does not have
any positive impact on the PCC. Thus, the PCC
values for Northern Hemispheric summer sea-
son suggest that the simulated precipitation
pattern has improved globally and regionally in

Fig. 5. Pattern correlation coefficient of June-July-August (top) and December-January-February
(bottom) average precipitation with respect to observed Xie-Arkin precipitation for VAR_HYD
and FIX_HYD simulations. PCCs for the regions where the difference in correlation between
VAR_ HYD and FIX_HYD simulations is significant at 90% level are hatched. The selected regions
are: Global tropics (0–360�, 30�S–30�N); North Africa, NAFR (10�E–30�E, 0–12.5�N); Monsoon
Zone, MZ (70�E–85�E, 15�N–27.5�N); Bay of Bengal, BOB (80�E–95�E, 7.5�N–17.5�N); Arabian
Sea, AS (55�E–70�E, 7.5�N–17.5�N); South Indian Ocean, SIO (67.5�E–92.5�E, 12.5�S–0); West
Pacific, WPAC (120�E–142.5�E, 5�N–17.5�N); East Pacific, EPAC (90�W–130�W, 0–15�N); South
Africa, SAFR (15�E–35�E, 15�S–2.5�S); Australia, AUS (122.5�E–142.5�E, 25�S–15�S); and, South
America, SAMR (45�W–67.5�W, 15�S–2.5�S).
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the VAR_HYD version (except over the three
oceanic regions of BOB, SIO and EPAC).

In boreal winter, the simulated precipita-
tion over most of the tropics is correlated better
with observation for both simulations compared
to that in boreal summer. Significant correla-
tion difference occurs only over the East Pacific
(where VAR_HYD simulation is better corre-
lated with the observation) and the South
Indian Ocean (where FIX_HYD simulation is
better correlated). Over other regions the dif-
ference in correlation is small (e.g., Global
tropics, SAFR, AUS, WPAC and SAMR). One
noticeable feature is the improvement in the
East Pacific precipitation simulation by the
VAR_HYD version in both the seasons, al-
though the changes in hydrology specification
were implemented over the land regions. The
precipitation patterns simulated by VAR_HYD
is more realistic (in both seasons) than those by
the FIX_HYD over most of the tropics.

3.3 Simulation of soil moisture
In the interactive hydrology simulation, soil

moisture is allowed to increase whenever rain-

fall exceeds evaporation and vice-versa. In Fig.
6a and Fig. 6b we show the soil wetness (non-
dimensionalised with the field capacity) for
DJF and JJA respectively. We note that the
VAR_HYD reproduces the general features of
high wetness over centres of convection such
as the African, Indian (peninsular) and the
East Asian regions (as compared to the results
of Schemm et al. 1992). We also find that dur-
ing both DJF and JJA, FIX_HYD simulation
has lower surface wetness vis-a-vis VAR_HYD.
During DJF, the largest impact of evolving
surface hydrology is seen to be over southern
Africa, Australia, and the American regions
and during JJA maximum differences in wet-
ness are seen over equatorial Africa, East Asia
and Central American regions. The regions of
increased convection activity (Figs. 2a and 2b),
such as the equatorial and southern African
region, the Australian region during DJF and
the peninsular Indian region during JJA are
well associated with regions of increased sur-
face wetness (Figs. 6a and 6b) in the VAR_HYD
simulation. We note that the wetness over
Australia is overestimated (during DJF), and

Fig. 6a. Surface Wetness (non-dimensionalised by the field capacity, 15 cm) for DJF season: (top)
climatology from the calculations of Schemm et al. 1992, (middle) VAR_HYD and (bottom) differ-
ence between VAR_HYD and FIX_HYD simulations.

Fig. 6b. Same as Fig. 6a but for the summer season (JJA).
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over the parts of northern India underesti-
mated (during JJA) in the VAR_HYD simula-
tion, when compared with Scheme et al. (1992).
However, while comparing with Schemm et al.
(1992), it should also be borne in mind that
these results are output of a bucket model and
not a true observational dataset. Notice that
the model systematically underestimates the
convection over central India, and overesti-
mates the convection over continental Austra-
lia during the respective summer seasons (e.g.,
simulated seasonal mean OLR patterns shown
in Fig. 1 & Fig. 2). These can be due to the
multiple interaction among the surface param-
eters such as the soil moisture, surface temper-
ature and precipitation resulting from different
physical parameterizations used in the model.

4. Simulation of seasonal cycle over the
Tropics

Simulations of seasonal and intraseasonal
variations have been studied by applying har-
monic analysis to the observed and simulated
OLR datasets. The observed and simulated
OLR datasets for each year have been sepa-
rated into three different classes based on the
frequency bands by applying harmonic analy-
sis. The sum of the first four harmonics repre-
sents the ‘seasonal cycle’, (corresponding to
time periods up to 90 days) and the sum of 5
to 12 harmonics constitutes the ‘intraseasonal
cycle’, (comprising periods 30 to 70 days) and
the residual represents the transient eddies in
the harmonic analysis. i.e., for any variable, V,

VðtÞ ¼ V þ SðtÞ þ ISðtÞ þ HFðtÞ þ Residual;

where,

SðtÞ ¼
X4

m¼1

Vm exp i
2pm

T
t

� �
;

ISðtÞ ¼
X12

m¼5

Vm exp i
2pm

T
t

� �
;

HFðtÞ ¼
X72

m¼13

Vm exp i
2pm

T
t

� �
:

Here, V represents the annual mean for a
particular year, Vm denotes the amplitude of
mth harmonic and T is 365 days. SðtÞ repre-
sents the seasonal cycle, ISðtÞ represents the

intraseasonal cycle, and HFðtÞ represents the
higher frequency components and ‘Residual’
represents harmonics with timeperiods less
than 5 days.

Harmonic analysis was applied to each year
separately for both the observed OLR data from
1980 to 1989, and the 10-year simulations of
two versions of the model. For assessing the
performance of the two versions of the model in
simulating the mean climate over the tropics,
we had used observed OLR data for the period
1980–1995. But, it was found that the struc-
ture of the harmonics were largely insensitive
to periods of the OLR data. e.g., the structure
was largely similar for the OLR datasets of
1980–1989, and 1980–1995.

To assess the simulation on a smaller spatial
scale, different regions have been selected
based on seasonal mean amplitudes of observed
OLR and centres of organized convection. The
selected regions are shown in Fig. 7 and the
regions are located over the Monsoon Zone
(MZ), Arabian Sea (AS), Bay of Bengal (BOB),
South Indian Ocean (SIO), West Pacific
(WPAC), East Pacific (EPAC), Northern Africa
(NAFR), Southern Africa (SAFR), Australia
(AUS) and South America (SAMR). The domain
for each box is given in the panel for the model,
and for the observation. Harmonic analysis was
applied to the box averaged OLR. The recon-
structed seasonal cycle in these regions does
not exhibit much year to year variation. Figure
8 shows the observed and simulated mean sea-
sonal cycle for all the ten regions. Based on
harmonic analysis, monsoon onset (in the Mon-
soon Zone, denoted by MZ) can be identified
with a change in sign of SðtÞ from dry winter
phase (positive) to wet summer phase (nega-
tive) (Murakami et al. 1986). The withdrawal
occurs with the phase transition from negative
to positive. In Fig. 8 we have shown the mean
of the 10 years of the first four harmonics for
the individual years. For the model, temporal
standard deviation of the seasonal cycle is very
small, and the analysis of the mean of the 10
years seasonal cycle (Fig. 8) can be justified
(though there exists a slight year to year varia-
tion in the onset which corresponds to the time
at which SðtÞ ¼ 0). In Fig. 8, the solid line rep-
resents the observation, the dashed line is for
variable hydrology simulation, and the dotted
line is for fixed hydrology simulation. Over the
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oceanic regions, and over the monsoonal re-
gions corresponding to the Monsoon Zone over
India, Australia and North Africa the simula-
tions not only vary from the observation, but
differ from each other as well.

Over the Monsoon Zone (MZ), both the simu-
lations have late onset and early withdrawal
of Indian summer monsoon. In addition, there
exists a lag in the time of occurrence of the
peak between the simulations. Over the Bay of
Bengal (BOB), the simulation of the onset in
the fixed hydrology case is in better agreement
with the observation. But, over the Arabian Sea
(AS), the simulation of seasonal mean precipi-
tation (and also the onset), is more realistic for
the variable hydrology case. Over these two re-
gions, the models have a tendency to simulate
early withdrawal of monsoon. Over the South
Indian Ocean (SIO), the simulations are out
of phase, and differ in amplitude compared to
the observation. On the contrary, over the West
Pacific (WPAC) the simulations show an early
onset and early withdrawal compared to obser-
vation. But, the phase of the seasonal cycle si-
mulated by fixed hydrology case is closer to the
observation. Over Australia (AUS), South Af-
rica (SAFR) and South America (SAMR), both
the models are in good agreement with the ob-
servation. The simulations are out of phase
with the observation during spring and autumn
over the EPAC region.

Fig. 7. The regions selected for power spectrum analysis. The domain for each region (denoted by
respective abbreviation) is given for observation and model.

Fig. 8. Observed and simulated 10 year
mean seasonal cycle [SðtÞ] for the 10
regions showed in Fig. 7.
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5. Simulation of intraseasonal variability
over the Tropics

5.1 Power spectrum analysis
Power spectrum analysis of OLR has been

performed to identify the impact of surface
hydrology on the simulation of intraseasonal
variation. The power spectrum analysis has
been conducted by considering harmonics be-
yond wavenumber three (i.e., wavenumbers 0,
1, 2 and 3 corresponding to the annual and
seasonal cycles are not considered). Power
spectrum analysis has been applied to all the
ten regions for which the results of harmonic
analysis were presented in the last section. The

spectrum of ‘red noise’ is computed based on
lag-one auto correlation (Mitchell et al. 1966).
Figure 9 shows the power spectra of the 10 year
averaged daily OLR for the 10 regions ana-
lysed. The averaged spectra of observed, and
simulated (by both models) OLR anomalies,
show dominant spectral peaks above the re-
spective red noise spectra in the 20–70 day
time scales in all the 10 regions, except over
SAFR for the fixed hydrology simulation. Over
two regions i.e., AS and SIO, the spectral peak
for the variable hydrology simulation matches
well with the observation. Since there is large
fluctuation from year to year in the intra-
seasonal scales, we have shown the significant

Fig. 9. The power spectral density (solid curves) of daily OLR anomalies for the 10 regions. The
spectra are for the 10 year average of OLR (after detrending) anomalies for each region. The cor-
responding red noise spectra (dotted curves) are also shown.
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spectral peak for both VAR_HYD, and FIX_
HYD simulations for each of the individual
years in Fig. 10. We note that over MZ, the role
of variable hydrology is to increase the energy
in intraseasonal time-scale (20–70 days) vis-
a-vis the fixed hydrology (Fig. 10, the signifi-
cant peak for individual years for the FIX_
HYD simulation is above 70 days in most of
the years). Over Australia (AUS), two spectral
peaks around 60 and 20 days are captured by
the variable hydrology simulation which are
nearly absent in the fixed hydrology simulation
(FIX_HYD showing peaks around 25 days and
16 days, Fig. 9). Over the BOB, the variable
hydrology simulation has a spectral peak cor-
responding to slightly lower frequency com-
pared to the observation, but the power asso-

ciated with the primary peak is comparable.
Generally, over the warm oceanic regions the
dominant peak shifts towards lower frequency
in the variable hydrology simulation (compared
to the fixed hydrology simulation), and becomes
closer to the observation (e.g., the BOB &
WPAC). Thus, over land regions the role of
interactive hydrology is to transfer energy into
the 20–70 day time-scale, while over oceanic
regions (BOB & WPAC) it is to move the spec-
tral peak to lower frequencies. The simulation
by the variable hydrology case is much closer
to observation when compared to the fixed hy-
drology case over all the continental regions
(MZ, SAMR, NAFR, SAFR). Over the Monsoon
Zone, the fixed hydrology simulation does not
show a spectral peak in 20–70 days in any of

Fig. 9 (continued)
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the years (Fig. 10). Whereas, the variable hy-
drology version of the model simulates signifi-
cant intraseasonal peak in 4 years, and a sig-
nificant peak is found in this interval for 9
years in the observation.

It is interesting to note that while FIX_HYD
had simulated the seasonal cycle quite realisti-
cally over BOB (Fig. 8), on the intraseasonal
scale VAR_HYD simulates more realistically
the variation both in amplitude and periodicity,
with a peak around 40 days (Fig. 10). Over the
North African region low-frequency variability
(30–70 day timeperiods) is low in the observa-
tions (Fig. 9). The high frequency (less than 20
days) variability is much lower in the FIX_HYD
case, while the secondary peak in the VAR_
HYD is closer to the observed values of around
15 days. In SAFR and AUS, soil moisture vari-
ation introduces a peak at the lower frequen-
cies as compared to the fixed hydrology simula-
tion. In contrast, over Northern Africa (NAFR)
it introduces a peak at the higher frequency.

Over the West Pacific too, variable hydrology
performs better than the fixed hydrology simu-
lation, the dominant one with the spectral
peak at around 60 days, which is close to the
observed peak at 70 days; in contrast the fixed
hydrology simulation has a peak around 30
days. Even over the Southern Indian Ocean
(SIO), a predominantly oceanic region (where
impact of surface hydrological surface involving
variation in soil moisture is expected to have
the least impact) shows significant improve-
ment in the amplitude of the dominant peak
(reduced by almost 50% in the VAR_HYD case
in contrast to the FIX_HYD case). In summary,
the impact of surface hydrological changes has
been found over both the continental regions,
and oceanic regions in the seasonal as well as
in the intraseasonal variation.

5.2 Wavenumber-frequency spectral analysis
In the previous section we have studied the

intraseasonal variation as an averaged quan-
tity over a region without specific reference to
the nature of these variations, i.e., whether
these are standing oscillations, zonally prop-
agating waves or meridionally migrating con-
vective systems. In this section we study the
impact of surface hydrological variations on
the equatorially trapped, eastward migrating
waves, such as the Madden Julian Oscillation.

The space-time spectral technique is useful
for the study of the zonally propagating waves
as it decomposes a variable dependent on time
and longitude into wavenumber (spatial), and
frequency (temporal) components for eastward
and westward propagating waves as well as
zonal mean fluctuations (Hayashi 1982). The
procedure and the algorithm for the space-time
spectral analysis is explained in detail by Haya-
shi (1977, 1982). The data sets are seasonally
detrended before applying the space-time spec-
tral analysis. This was done by first generating
the 10 year mean for each day of the annual
cycle, and then computing the annual mean
and the first three harmonics from this time
series. The mean, and the first three harmonics
were then removed from the 10 year time
series. The space-time power spectral analysis
is applied to OLR from observation and the
simulations. The spectral power density is
computed for each year using the anomaly data
averaged between 10�S–10�N.

Fig. 10. The frequency corresponding to
the significant maximum power of ob-
served and simulated OLR (in the time
series of 10 years) over a) the land re-
gions of Monsoon Zone (MZ) and South
America (SAMR), and b) the oceanic re-
gions of the Bay of Bengal (BOB) and
West Pacific (WPAC).
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The average space-time spectra for wave-
numbers 1–4 in observed and simulated OLR
are shown in Fig. 11. The average spectra for
observed OLR were estimated by excluding
years with a secondary higher period spectral
maximum for wavenumber 2. In some years,
large variance occurs at the higher period
(greater than 90 days) as a secondary maxi-
mum corresponding to the spatial scale of
wavenumber 2 in observed OLR spectrum. It is
to be noted that the NOAA satellites were oc-
casionally unable to provide OLR observations
for certain periods of the year (e.g., in year 1992
& 1994). These missing values have been filled
by linear interpolation in OLR observations,
using the preceding and succeeding days mea-
surement (Liebmann and Smith 1996). We
have found that the large variance for wave-
number 2 at higher periods occur during these
years due to this interpolation in the observed
NOAA (interpolated) OLR dataset. Hence, we
have excluded these years (1992 & 1994) from
our analysis.

For wavenumber 1, while observation shows
a peak in the 35–45 day time-scale, both fixed

and variable hydrology simulations show an
eastward peak in this timescale, though the
energy is much smaller. It is also interesting
to note that while in observations the maxi-
mum energy is at wavenumber 1, and reduces
rapidly at higher wavenumbers, the energy at
wavenumbers 1, 2 and 3 are comparable in the
two simulations. The energy in wavenumbers
1 and 2 in the simulations are much smaller
than that in the observations. In wavenumber
3, VAR_HYD has a eastward peak at around
90 days, and westward peak at about 45 days,
while FIX_HYD has only a westward peak.
Both the simulations have higher power at
higher wavenumbers vis-a-vis observations.

5.3 Characteristics of equatorially trapped
eastward propagating modes

Global eastward propagations associated
with the Madden Julian Oscillation (MJO) con-
stitute one of the major components of intra-
seasonal variation. The simulation of the pri-
mary characteristics of MJO has been studied
using longitude-time cross section of OLR,
averaged between 10�S–10�N for the 10 year
period. Since the seasonal cycle dominates the
field, the observed and simulated datasets are
seasonally detrended. This was done by first
generating the 10 year mean for each day of
the annual cycle. Then computing the annual
mean, and the first three harmonics, from this
time series. The mean and the first three har-
monics were then removed from the 10 year
time series. Further, a 120 point, 20–70 days
band pass Lanczos filter (Duchon 1979) was
applied to isolate intraseasonal time scales.

Figure 12 compares the Hovmöller diagram
of OLR for a representative year (year with
prominent propagations) from the VAR_HYD
and FIX_HYD simulations with observation.
The negative anomalies (<�5 W m�2 is
shaded) denote enhanced convection and posi-
tive anomalies denote reduced convection. In
observation, the enhanced convection origi-
nates from the western Indian Ocean, and
moves towards the central Pacific and decays
over the colder SST regions east of the dateline.
These anomalies show much slower, or little
eastward migration over central to eastern
Pacific. In observation, the intraseasonal activ-
ity is more pronounced during the Northern
Hemispheric winter and spring, with coherent

Fig. 11. Average wavenumber-frequency
spectra for 10�S–10�N OLR from ob-
servation (NOAA), from variable and
fixed hydrology simulations for wave-
numbers 1 to 4.
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eastward propagations of organized convection
compared to the summer. This seasonal behav-
iour of the MJO has been explained by Salby
et al. (1994) in terms of the response of the
atmosphere to the latitudinal position of the
tropical heat sources.

The longitude-time patterns for the models
show that the propagations in both simulations
are faster, and are not as continuous, as the
observed propagation in the zonal direction.
This is consistent with the findings of previous
studies (e.g., Park et al. 1990; Slingo et al.
1996) that the models which have a reasonably
realistic simulation of MJO, have relatively
more power at higher frequencies than the ob-
served. Also, the simulations capture the slow-
ing down of eastward propagations around the
date line. Despite being forced with climatolog-
ical SST, the simulations show year to year

variation in the propagation characteristics of
MJO.

The propagations in the fixed hydrology case
are discontinuous, and there are some west-
ward propagations between 30�E–90�E. Also,
in the variable hydrology case, there are some
events of continuous eastward propagations.
Although both the simulations fail to show any
clear seasonality in the MJO activity, there is
a weakening of eastward propagation in the
variable hydrology case during summer. It was
seen that in the wavenumber-frequency spectra
of fixed hydrology version, there was some
power at intraseasonal time scales associated
with westward moving waves (Fig. 11).

6. Intraseasonal variation over the
Indian region

Organized convection over the Indian re-
gion exhibits intraseasonal variation. Over the
heated continental landmass there exist active-
break cycles in precipitation. Gadgil and Asha
(1992) have shown that these active-break cy-
cles can have a strong impact on the seasonal
mean precipitation being above, or below, nor-
mal. The daily central Indian rainfall, based on
the IMD data in Fig. 13a, shows that the below-
normal monsoon of 1972 is characterised by
long breaks while there are fewer breaks in the
above-normal monsoon of 1975. Since these
active-break cycles in organized convection

Fig. 12. Hovmöller diagram of 20–70 day
band pass filtered daily OLR averaged
over 10�S–10�N from: a) Observation;
b) VAR_HYD; and, c) FIX_HYD simu-
lations.

Fig. 13a. Daily observed IMD rainfall
averaged over central India for two
representative years (1972 and 1975).
The solid line represents the daily long-
term mean.
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occur over the continental region, it is neces-
sary to examine the role of surface-hydrological
feedbacks in modulating organized convection
on the intraseasonal time-scales. Polcher (1995)
has suggested that the role of surface hydro-
logical changes is to modify the frequency
of occurrence of organized convection, rather
its magnitude. Their study however, did not
include the Indian summer monsoon region.
However, our spectral analysis (Figs. 9 and 10)
suggests that both magnitude and frequency
could be affected by the change in the surface
hydrology specification.

Examining the daily rainfall over the central
Indian region (75�E–90�E, 15�N–25�N), we no-
tice (Fig. 13b) that while the VAR_HYD simu-
lation shows higher intraseasonal activity, the

same appears to be attenuated in the FIX_HYD
case. In the FIX_HYD simulation we notice
only one or two epochs of strong precipitation
during a season. In contrast there appear to be
more spells of intense rainfall in the VAR_HYD
simulation. Other years of simulation also ap-
pear to have a very similar pattern. The VAR_
HYD simulation appears to capture the active-
break cycles over the central Indian region,
than the FIX_HYD simulation. We have shown
the precipitation for two representative years
of the two simulations (Fig. 13b). Similar pat-
terns are repeated in almost all the other years
of these simulations (i.e., VAR_HYD simulates
much more vigorous intraseasonal activity than
the FIX_HYD simulation).

The super-synoptic scale rainfall fluctuation
in VAR_HYD is a persistent feature in all 10
years. In addition, there are also realistic year
to year variation in the distribution of daily
rainfall within a season. This is evident from
the difference between the two years shown
in Fig. 13b. The daily 10-year mean (dashed
curve) is also different compared to those for
the two years. Whereas for FIX_HYD, the dis-
tribution of rainfall is almost similar for the
two years, and the daily long term mean. There
is not much difference in the daily rainfall dur-
ing the pre-monsoon season and the monsoon
season. This difference between the two simu-
lations is related to the fact that in variable
hydrology the soil moisture is allowed to vary
with the rainfall. It was found that the intra-
seasonal variation in VAR_HYD is similar to
that obtained when the model is forced with
schemm soil moisture climatology (not shown).
It was also found from additional experiments
that the intraseasonal variation over the mon-
soon zone is not improved by fixing the soil
moisture at a higher value alone (not shown).

While the precipitation pattern over the
central Indian region (Figs. 13a and 13b)
clearly shows the presence of considerable in-
traseasonal activity, the same cannot be per-
ceived from the averaged power spectrum of
Fig. 9. While comparing the two, we should
bear in mind that while the active-break cycle
exists only during the months of strong con-
vective activity (i.e., JJA period), the peak of
the spectrum shown in Fig. 9 represents varia-
tions over the entire year, and is the average
of the spectra over the 10-year period. How-

Fig. 13b. Simulation of daily precipita-
tion over the central Indian region by
a) VAR_HYD and b) FIX_HYD simula-
tions. The dashed line represents the 10
year daily mean for the respective sim-
ulation.
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ever, we do find that peaks in the intraseasonal
frequencies are noticeable in individual years
(Fig. 10), whose magnitude is reduced due to
averaging over the 10-year period in Fig. 9.

6.1 Meridional propagation of convective
zones

The monsoon over South Asia is one of
the most vigorous and energetic large scale
weather phenomenon and has a major impact
on the global circulation during the northern
summer. In addition to the pronounced sea-
sonal cycle, the thermal contrast between the
Asian continent, and the adjacent Indian and
Pacific Oceans and the typical orographic fea-
tures are also responsible for the formation and
maintenance of the Asian summer monsoon.
The monsoon is thus closely linked to the sea-
sonal cycle, and displays remarkable spatial
and temporal consistency. Despite this consis-
tency of the seasonal cycle, there is substan-
tial intraseasonal variability in its strength.
This intraseasonal variability may affect the
monthly or seasonal mean of the monsoon for
any particular year (Gadgil and Asha 1992).
Over the Indian region, the active-break cycles,
which characterise the monsoon intraseasonal
variability, are associated with two preferred
locations of the TCZ (Tropical Convergence
Zone), one over the continent and another over
the equatorial Indian Ocean (e.g., Sikka and
Gadgil 1980; Yasunari 1979). Related to the
transition from the oceanic to the continental
regime, northward propagation of the oceanic
TCZ has been observed and widely studied
(Yasunari 1979, 1981; Sikka and Gadgil 1980;
Krishnamurti and Subrahmanyam 1982). Over
the Indian region, in general, northward prop-
agations of the oceanic TCZ leading to a revival
of the continental TCZ occur at intervals of 2–
6 weeks. Poleward propagations account for
about 50% of revival of the continental TCZ
from break condition. This phenomenon is
considered to be a regional component of the
global eastward propagation (e.g., Julian and
Madden 1981; Wang and Rui 1990). During
boreal winter, the equatorial eastward propa-
gation dominates, whereas during boreal sum-
mer the northward propagations in the Indian
and western Pacific regions, (along with west-
ward propagation in the western Pacific off-
equatorial region) are more active.

The northward propagations of coherent con-
vective structures from the equatorial oceanic
zone to the continent over the Indian longi-
tudes has also been investigated by various
theoretical studies. Pioneering studies by Web-
ster and Chou (1980a, b), and Webster (1983)
identified that the ground hydrology as a cru-
cial factor in generating intraseasonal variation
of the Tropical Convergence Zone (TCZ) in a
simple phenomenological climate model. Gadgil
and Srinivasan (1990), and Srinivasan et al.
(1993), modified this model to make the simu-
lation more realistic and studied the sensitivity
of the period of the propagating events to the
specification of ground hydrology. They sug-
gested that the poleward gradient of vertical
instability rather than surface hydrological ef-
fects to be the prime cause of poleward prop-
agations. Nanjundiah et al. (1992) investigated
the sensitivity of simulation of poleward prop-
agations, and the length of the active phase
over the continental region to the model’s
dynamical system, and to surface hydrological
effects.

Figure 14 shows time-latitude diagram of
observed GPCP precipitation along 95�E for a
representative year (1997). Similar structure
of intraseasonal variation have been observed
over the Indian region during the monsoon
season of almost all the years (Sikka and
Gadgil 1980). Substantial intraseasonal vari-
ability is noted in the precipitation with the
rainbelt making successive propagations from
the oceanic zone to the heated continent. The
evolution and intensity of the precipitation
events exhibit difference from year to year.

Fig. 14. Time latitude diagram of GPCP
precipitation over 95�E for a represen-
tative year (1997).
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Figure 15 shows the diagram of simulated pre-
cipitation over 95�E for four different years. In
variable hydrology simulation there are clear
northward propagations of rainbelts which are
prevalent and active during the monsoon
season. An important feature in the variable
hydrology simulation is the persistence of the
rainbelt over the continent until the occurrence
of a northward shift of the rainbelt from the
oceanic zone. In the fixed hydrology simulation,
coherent poleward propagation are not simu-
lated, instead persistent rainbelts occur over
two preferred locations, one around 10�N and
another around 30�N, without much interac-
tion between them during the whole season.

a. Time-lagged correlations
In order to distinguish the northward prop-

agating events from other components of in-
traseasonal variation, time-lagged correlations
of precipitation (averaged between 92.5�E–
97.5�E) between each individual point and all
the other points in the latitudinal band 5�S–
35�N, were computed for the simulations. Fig-
ure 16 shows the time lagged correlation of
simulated precipitation at the point 12�N with
all the other points for a representative model
year-4. In the variable hydrology simulation
(Fig. 16a), the northward tilting of the positive
correlation area indicates northward propaga-
tion. The average speed of propagation is about

Fig. 15. Time-latitude diagram of precipitation over 95�E for different years simulated by the model
with a) variable hydrology and b) fixed hydrology. The lowest contour represents 10 mm day�1.
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twice as fast as the observed speed of about 1�/
day (as estimated by Gadgil (1990) based on
OLR observations). The time-lagged correlation
for other years (not shown) also show clear
northward propagation over the latitudinal belt
between 7�N and 20�N in the variable hydrol-
ogy case. Similar time lagged correlation pat-
tern, for fixed hydrology simulation (Fig. 16b),
shows an area of negative correlation near to
10�N at initial lead times ( just after lead time
of two days). This implies the absence of clear
meridional propagation in this version of the
model. Thus, the simulation of meridional
propagation in the model is found to be strongly
dependent on the treatment of surface hydrol-
ogy in the model, with the interactive hydrol-
ogy improving the meridional propagations
over the Indian longitudes.

6.2 Intraseasonal variations and
moist static energy

Webster (1983) suggested that the poleward
gradient of sensible heat flux was the principal
cause of northward propagations of the cloud-
bands. However, Gadgil and Srinivasan (1990),
and Nanjundiah et al. (1992) showed that pole-
ward propagations occurred even in the ab-
sence of poleward gradient of sensible heat flux
and that the poleward gradient of stability
(poleward region being less vertically stable
than the region equatorward of the convec-
tive band) caused poleward propagations in
their model. Srinivasan et al. (1993) have
shown using ECMWF analysis that such gra-
dients occur in observations also. The major
reason for the occurrence of this is the increase
in moisture in the lower layers of the atmo-
sphere, which changes the vertical stability
profile from strongly stable during the pre-
monsoon season, to near-neutral during the
monsoon period (and thus more amenable to
convection). Hence moist static enthalpy in the
lower troposphere is a good measure of vertical
stability.

The latitudinal variation of vertically inte-
grated (over 1000–400 hPa) moist static en-
ergy (ml) averaged over a longitudinal band
during the time of an active northward propa-
gation, have given further insight on the
absence of northward propagations in the
FIX_HYD simulation. Figure 17 shows the
latitudinal variation of observed (based on
NCEP/NCAR reanalysis) and simulated (by
VAR_HYD and FIX_HYD simulations) ml

averaged over 92.5�E–97.5�E during a given
month (when both the observation and the
VAR_HYD simulation have the meridional
propagations). The major difference between
the latitudinal variation of ml from the fixed
and variable hydrology simulations (which is
similar to the observed variation) is the ab-
sence of meridional variation of ml over a lat-
itudinal band from 10�N–25�N in the fixed hy-
drology version. Higher ml implies a larger
amount of water vapour in the lower tropo-
sphere which is favourable for sustaining
stronger convection. The presence of counter
gradient of ml over a region (as in the case of
fixed hydrology simulation) causes it to be less
conducive for the poleward movement of con-
vective zones over that region.

Fig. 16. The time-lagged correlation of
precipitation at the point 12�N with all
the points in the latitudinal band 5�S–
35�N for a) variable hydrology and b)
fixed hydrology simulations averaged
over 92.5�E–97.5�E.
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6.3 Meridional propagations over the
western Pacific

Srinivasan and Smith (1996) have shown
that meridional propagations of organized
convection is a feature that is not unique to
the Indian longitudes, but occurs over other
tropical regions such as the western Pacific
(120�E–140�E). Comparing MSU rainfall with
simulations from VAR_HYD and FIX_HYD
schemes, we notice that (Fig. 18a) observed
rainbands originate near the equatorial west-
ern Pacific and quickly propagate polewards.
The latitudinal variation of vertically inte-
grated moist static energy (in the layer 1000–
400 hPa) over the West Pacific region (aver-
aged over 120�E–140�E) is shown in Fig. 18b
for a representative month. Over this region,
northward propagation of convective bands was
found to occur throughout the year. Consis-
tent with the latitudinal variation of precipita-
tion, ml increases with the latitude for FIX_
HYD simulation. There is a counter gradient
for VAR_HYD simulation limiting the prop-
agations after around 15�N.

7. Conclusions

In this paper, the effect of surface hydrology
specification by two versions of the NCAR
CCM2 model, which differ in the treatment of
surface hydrology, has been studied. The two

Fig. 17. The latitudinal variation of ver-
tically integrated moist static energy
(in the layer 1000–400 hPa) averaged
over 92.5�E–97.5�E in a given month
(when an active propagating event
exists) from: NCEP/NCAR reanalysis;
VAR_HYD; and, FIX_HYD simulations.

Fig. 18a. Time-latitude diagram of pre-
cipitation (mm/day) over western Pa-
cific (120�E–140�E) for: a) observation;
b) VAR_HYD; and, c) FIX_HYD simu-
lations during the northern summer
season.

Fig. 18b. The latitudinal variation of
vertically integrated moist static energy
(in the layer 1000–400 hPa) averaged
over 120�E–140�E for a given month
from: NCEP/NCAR reanalysis; VAR_

HYD; and, FIX_HYD simulations.
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ten year climate simulations (first with an in-
teractive surface hydrology, VAR_HYD and the
second with hydrology fixed to annual clima-
tological values, FIX_HYD) showed that the
model captures the locations of major centers of
convection and circulation over the tropics. On
regional scale, during boreal summer, the sim-
ulations of mean convection showed marked
difference between the two simulations, and
hence demonstrated the impact of surface hy-
drology specification. During boreal winter, the
impact of surface hydrology was found to be
less. During both DJF and JJA, annual mean
surface wetness prescribed in the FIX_HYD
simulation, is lower than wetness simulated by
VAR_HYD.

It was found that the impact of surface hy-
drology specification was not entirely local in
the model as seen in the difference patterns of
OLR and precipitation (Fig. 2c). The changes in
the surface hydrological interactions over con-
tinental regions appeared to affect the circula-
tion and precipitation patterns over other parts
of the tropics. The difference patterns of pre-
cipitation, circulation, and VMS between the
two simulations were seen to be closely asso-
ciated, i.e., regions with higher precipitation
in one of the simulation had lower VMS and
higher ascent at 500 hPa (and vice-versa). This
association and the non-local nature of im-
pact of soil hydrology was explained through
changes in moist static energy budget using the
simple model of Neelin and Held (1987).

Harmonic analysis of simulated OLR re-
vealed the model’s ability to simulate the sea-
sonal convective centers. The impact of speci-
fication of hydrology on the evolution of the
seasonal cycle was found to be large over the
Asian summer monsoon region (especially over
the Bay of Bengal and the Monsoon Zone, Fig.
8). The fixed hydrology version simulated the
seasonal cycle more realistically than variable
hydrology simulation over the Bay of Bengal.
We notice that the impact of changes in surface
hydrology specification is not similar over all
the regions. In certain regions higher fre-
quencies are introduced, while in certain
other regions lower frequencies become prom-
inent, with the introduction of interactive soil
hydrology.

The active-break cycle in precipitation over
the central Indian region could be simulated

only with interactive surface hydrology. Simu-
lation of meridional propagations of convective
zones over the Indian region were more realis-
tic in VAR_HYD. The variable hydrology ver-
sion was able to simulate all the major features
such as: the amplitude of the meridional mi-
gration; the persistence of convective bands for
a short time when it reaches the northern most
location; and, occurrence of coherent propaga-
tions only during the summer season. The
active-break cycles over the Central Indian re-
gion were also realistically simulated by the
VAR_HYD simulation. The simulated meri-
dional propagation of precipitation was found
to be faster than the observed meridional prop-
agation. The ability of VAR_HYD to simulate
poleward propagations were associated with
latitudinal gradient of vertical stability. VAR_
HYD simulations and observations showed
decreased poleward vertical stability, while
FIX_HYD simulated a counter-gradient not fa-
vourable for poleward propagation. In contrast,
we find that poleward propagations were more
noticeable in the FIX_HYD simulation over the
western Pacific region. We also find that speci-
fication of surface hydrology over continental
regions has little impact on the simulation of
MJO. The specification of surface hydrology
over the continental regions has a significant
impact on the simulation of tropical climate in
both continental and oceanic regions on both
seasonal and intraseasonal scales.
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