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Abstract Propagation of convective systems in the merid-
ional direction during boreal summer is responsible for
active and break phases of monsoon over south Asia. This
region is unique in the world in its characteristics of mon-
soon variability and is in close proximity of mountains like
the Himalayas. Here, using an atmospheric general circu-
lation model, we try to understand the role of orography
in determining spatial and temporal scales of these convec-
tive systems. Absence of orography (noGlOrog) decreased
the simulated seasonal mean precipitation over India by
23 % due to delay in onset by about a month vis-a-vis the
full-mountain case. In noGlOrog, poleward propagations
were absent during the delayed period prior to onset. Post-
onset, both simulations had similar patterns of poleward
propagations. The spatial and temporal scales of propagat-
ing clouds bands were determined using wavelet analysis.
These scales were found to be different in full-mountain and
no-mountain experiments in June–July. However, after the
onset of monsoon in noGlOrog, these scales become sim-
ilar to that with orography. Simulations with two different
sets of convection schemes confirmed this result. Further
analysis shows that the absence (presence) of meridional
propagations during early (late) phase of summer mon-
soon in noGlOrog was associated with weaker (stronger)
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vertical shear of zonal wind over south Asia. Our study
shows that orography plays a major role in determining the
time of onset over the Indian region. However, after onset,
basic characteristics of propagating convective systems and
therefore the monthly precipitation over India, are less sen-
sitive to the presence of orography and are modulated by
moist convective processes.

1 Introduction

Orography plays a major role in determining the location
of wet and dry regions on the earth. Presence of moun-
tains modifies the spatial pattern of diabatic heating and
atmospheric circulation. In their pioneering study, Hahn and
Manabe (1975) used a global model to show that south
Asian monsoon weakens in absence of global orography.
In subsequent studies, Manabe and Broccoli (1990) and
Broccoli and Manabe (1992) had shown that arid climate
seen over most of the midlatitude belts are due to the
presence of mountains. In their simulation with orogra-
phy, midlatitude arid climates were well captured. However,
when mountains were removed, those regions became more
wet. They had concluded that the presence of huge moun-
tains like the Tibetan Plateau and the Rockies generates
large amplitude stationary waves which are responsible for
this dry climate of midlatitudes.

The importance of Tibetan Plateau as an elevated heat
source and its effect on south Asian summer monsoon circu-
lation has been discussed by numerous authors (e.g., Flohn
1957, 1960, 1968; Yeh 1981; Luo and Yanai 1983, 1984;
Chen et al. 1985; He et al. 1987; Li and Yanai 1996). The
effect of Himalayan orography in the context of paleocli-
mate has been investigated by Prell and Kutzbach (1992,
1997). An et al. (2001) have studied the effect of phased
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uplift of the Himalayas on summer monsoon over south
Asia. Their simulations show that rainfall increased only
after the upliftment of Western part of Tibet. Using 14-year
observed data sets, Li and Yanai (1996) have shown that sen-
sible heating over the Tibetan Plateau during spring leads
to a meridional temperature gradient, which is concurrent
with the onset of the Asian summer monsoon. Experiments
using a coupled general circulation model (GCM) by Kitoh
(2004) show that monsoon over east Asia goes through a
drastic change when mountain height in the model is set to
at least 60 % of the present. A recent study by Boos and
Kuang (2010) has shown that although the elevated heat-
ing of the Tibetan Plateau affects local precipitation, the
primary mechanism by which the Himalayas affects Indian
summer monsoon is by mechanically insulating midlatitude
cold-dry air from warm-moist air over the subcontinent,
confirming the earlier results of Chakraborty et al. (2006).

Slingo et al. (2004) used an atmospheric GCM and
European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis data sets to study the impact of east
African highlands on the climate of western Indian Ocean
and surrounding areas. Their study indicates that these
apparently not-so-high mountains have a large impact in
redistributing precipitation pattern over India and east Asia.
Moreover, the presence of east African highlands could
increase upwelling along west Indian Ocean and thereby
cool the ocean surface. Chakraborty et al. (2009) showed
that absence of east African highlands can increase mon-
soon precipitation over Indian region due to stronger wind
that enables higher convergence of moisture. It was shown
that the low-level jet near the coast of Somalia can exists
even without the east African mountains on account of
Gill type response due to convective heating over Bay of
Bengal.

Chakraborty et al. (2002), using a global GCM had
studied the seasonal mean changes in Indian summer mon-
soon due to absence of global orography. It was shown
by Chakraborty et al. (2006) that in absence of orography,
atmosphere becomes more stable during early parts of the
monsoon (June–July).

That the intensity of boreal monsoon precipitation is
determined by active and break spells of monsoon has
been shown by many previous studies (Krishnamurthy and
Shukla 2007). This, in turn, is related to northward propa-
gation of convective zones over the northern Indian Ocean
(Krishnamurti et al. 1976; Sikka and Gadgil 1980). There-
fore, it is required to study the spatial and temporal scales of
this northward propagation over the Indian longitudes quan-
titatively and comprehensively. For example, one needs to
know how the spatial scales differ during years of good and
weak monsoon. Hence, it will be of great interest to study
how orography influences the temporal and spatial scales of
northward propagation of convection.

Temporal and spatial scales of a propagating waves can
be analyzed using fast Fourier transformation (FFT). Many
studies used this technique to calculate the time period
and wave number of atmospheric waves. Hayashi (1982)
and Wheeler and Kiladis (1999) used two-dimensional FFT
analysis to study zonally propagating equatorial waves in
the atmosphere. This technique decomposes the wave into
space and time to obtain time period of oscillation at every
spatial wave number. However, since this technique is based
on FFT, this cannot be used to study northward propaga-
tion of convection over the south Asian region because the
spatial scales of these waves are space bounded usually
between 10◦ S to 30◦ N.

Wavelet analysis is a tool to study time series of data
(or a sequence of data in space). This method is relatively
recent compared to the traditional tools like the Fourier,
Bessel’s, Legendre, or maximum entropy, etc.—with the
added advantage that localized variation of power can
be studied using wavelets (Daubechies 1990). A detailed
description of the theory of wavelet analysis can be found,
for example, in Daubechies (1992) and in Percival and
Walden (2000). The wavelet was used as a tool to analyze
geophysical time series by many authors (Weng and Lau
1994; Gu and Philander 1995; Wang and Wang 1996;
Gamage and Blumen 1993; Baliunas et al. 1997; Meyers
et al. 1993; Liu 1994; Farge 1992; Foufoula-Georgiou and
Kumar 1995; Kailas and Narasimha 2000). A practical
guide to wavelet analysis in atmospheric and oceanic sci-
ences can be found in Torrence and Compo (1998). The
analysis method adopted in this study was originally from
Shanker and Nanjundiah (2004).

Recently, Chakraborty and Nanjundiah (2012) have sug-
gested a technique to quantify the spatial and tempo-
ral scales of northward propagation of convection over
south Asia using Tropical Rainfall Measurement Mission
(TRMM) data sets. A new index, termed as the Index for
Spatial Extent of Convection (ISEC) was introduced as a
measure for the spatial extent of the meridionally propagat-
ing convection bands. It was seen that the value of ISEC
were high (low) during above (below) normal monsoon
years. Moreover, this index varies during active and break
phases of monsoon much in the same way as during good
and weak monsoon years.

Primary goal of this study is to understand the role of
orography in determining these spatial and temporal scales
of propagation of convection in the meridional direction.
Moreover, we try to understand the role of orography in
determining the frequency distribution of daily precipitation
over south Asia at various precipitation ranges. We have
performed perturbed orography experiments using a GCM
for this purpose. The model used is described in Section 2.
Section 3 lists the experiments done with the model. The
methodology adapted in this study is detailed in Section 4.
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Section 5 illustrates the results in detail followed by major
conclusions of this study.

2 Model used

We have used the National Centre for Medium-Range
Weather Forecasts (NCMRWF) GCM, which is a modified
form of the research version of National Meteorological
Center (now National Center for Environmental Prediction)
global spectral model (Sela 1982, 1988). The model has
a triangular truncation at 80 waves, which corresponds
to about 1.4◦ resolution in grid space near the equator.
It has 18 vertical sigma levels with more closely spaced
levels near the surface and near the tropopause. Simplified
Arakawa–Schubert (SAS) scheme (Grell 1993) was used
for convection parameterization. We also used the Kuo
convection scheme (Anthes 1977) for comparison with the
result obtained from the SAS scheme and, therefore, taking
care of the possibility of any change due to the cumulus
parameterization scheme in the model. This model was
previously used for various studies related to convection
schemes (Das et al. 2001, 2002) and onset of monsoon
(Chakraborty 2002, 2006), among others.

3 Experimental details and data sets

We have performed two sets of experiments. The first is the
control experiment that used mean orography as obtained
in the NCEP/NCAR (National Center for Atmospheric
Research) reanalysis data sets. In the second set of experi-
ments, orography was removed from the entire globe. This
will be termed as noGlOrog in this paper.

Ensemble simulations with five different initial condi-
tions corresponding to 00 GMT of 1–5 March 1998 were
performed for both the experiments, and the model was inte-
grated up to 30 September 1998. Initial conditions were
created from NCEP/NCAR reanalysis data sets. Surface
boundary condition over the ocean were obtained from
Reynolds and Smith (1994) monthly mean data sets, and the
SST was linearly interpolated to model run time. Output fre-
quency of the model was once daily (mean), and output of
first 2 months were not considered for analysis considering
it as model spin-up time. It was seen that (not shown) tem-
perature, moisture, and surface pressure of the model get
stabilized within this period.

In considering monthly mean results, we have taken
mean among the five members of the ensemble. To study
intraseasonal oscillations, it was not possible to do ensem-
ble mean of a parameter prior to any analysis since usually
ensemble members were out of phase on a daily scale and
any averaging between them removes the variability in time

and space. Therefore, to study intraseasonal variability, we
have used two different approaches. To study time–latitude
variations, only one ensemble member corresponding to
initial conditions of 00 GMT of 1 March 1998 was used for
Hovmoller diagrams (Fig. 4). The broad features of intrasea-
sonal variation were similar across ensemble members.

Further to determine the scales of propagation, wavelet
transformation was applied to each of the members sepa-
rately, and the ensemble mean of the wavelet spectra are
shown in this paper.

TRMM 3B42 data sets were used for observational anal-
ysis. The time resolution of this data set is 3-hourly, and
spatial resolution is 0.25◦ × 0.25◦. This data set for the year
1998 was regridded in space and time to the model reso-
lution using area average method that preserves total water
content.

4 Methodology

This study uses Morlet wavelet, a complex valued function,
which can be written as

ψ0(η) = π−0.25 eiω0η e−η2/2 (1)

=
√

2

π
eiω0η

1√
2π

e−η2/2

where the first term is a plain wave and the second term
is a Gaussian PDF. We have used a value for ω0, the non-
dimensional frequency, as 6.

Wavelet transform of the time series xn can be written
as the convolution of a scaled and translated version of this
wavelet function:

Wn(s) =
N−1∑
n′=0

xn′ ∗ ψ∗
(
(n′ − n)δt

s

)
(2)

where the “∗” implies complex conjugate. It is possible to
study the amplitude of a time series at various scales by
varying the wavelet scale s and the translation time index n.
The convolution of Eq. 2 was done in Fourier space to save
computational time. We have calculated Fourier wavelength
for a particular scale s using the following relation:

Fourier wavelength = 4πs

ω0 +
√

2 + ω2
0

(3)

Therefore, this Fourier wavelength is very close (1.0330
times) to the wavelet scale for ω0 = 6.

Two-dimensional wavelet transform was performed on
a field f (x, t) which is a function of space (x) and time
(t). In doing so, at first, one dimensional transform was
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performed over space at every time point to obtain the
three-dimensional field y(sx, x, t):

y(sx, x, t) = f (x, t) ∗ 1√
sx

ψ0

(
x

sx

)
(4)

where sx represents the spatial scale. The time average of
the above three-dimensional field for the period N1 to N2 is:

Ŷ (sx, x) = 1

N2 −N1 + 1

N2∑
N1=1

|y(sx, x, t)|2 (5)

This represents the spatial scale over that time period.
Next, wavelet transform along time dimension gives the

four-dimensional field w(sx, x, st , t):

w(sx, x, st , t) = y(sx, x, t) ∗ 1√
st

ψ0

(
t

st

)
(6)

where st represents the time scale.

4.1 Significance testing

We have performed significance testing of the wavelet trans-
formed coefficients against a red noise spectrum based on
the assumption that the data are purely univariate lag-1
autoregressive [AR(1) or Markov]:

f (x, t) = αf (x − 1, t)+ zn

s(sx , x, t) = βss(sx , x, t − 1)+ zn

where α is the lag-1 correlation coefficient over space
domain at a particular time instant, βs is the lag-1 correla-
tion coefficient in time at a particular location, and zn is a
white noise process. For computational purposes, we have
regridded the model data sets to 1◦ × 1◦ spatial grid boxes
and then applied this methodology. This is consistent with
the fact that the speed of northward propagating waves is of
the order of 1◦ per day in latitude. The results are not sensi-
tive to the choice of time-lag (Chakraborty and Nanjundiah
2012).

A chi-square distribution with the following number of
degrees of freedom was used to calculate significance level:

D.O.F = 2(N2 − N1 + 1) (7)

The factor 2 arises due to the fact that Morlet wavelet
is a complex valued wavelet function that has real and
imaginary components and they are normally distributed
(Torrence and Compo 1998; Shanker and Nanjundiah
2004). A detailed methodology of the two-dimensional
wavelet transform used in this paper is provided in
Chakraborty and Nanjundiah (2012) and Shanker and Nan-
jundiah (2004).

Figure 1a shows a theoretical wave traveling from 10◦ S
to 30◦ N given by the equation:

z = 10sin2π(x/40 − t/30), (8)

where x is in degrees and t is in days. The time period of this
wave is 30 days and spatial scale is 40◦ with amplitude 10.
The northward extent of these propagating waves follows an
envelope of a sine wave with half wavelength of 122 days
(June–September) and amplitude 40◦. This envelope mim-
ics the onset and withdrawal phases of Indian summer
monsoon and the waves embedded inside are representative
of northward propagating convective bands in the intrasea-
sonal time scales. The corresponding wavelet transform is
given in Fig. 1b. The cone of influence (COI), beyond which
edge effects become important due to the finite length of
the data, is shown as thick black line. Note that the high-
est amplitude of this theoretical transformation is centered
at 10◦ N with a spatial scale of around 40◦. This is con-
sistent with the equation of the wave considered here. The
second theoretical data were similar to that of the first one
but without any intraseasonal oscillation embedded inside
the seasonally migrating envelope (Fig. 1c). The difference
in spatial scales between these two data sets will show if
the intraseasonal oscillation has any effect on the scale of
propagation as proposed in the paper. Note that, when the
intraseasonal oscillation (ISO) is embedded within the sea-
sonally varying onset-withdrawal envelope, a distinct scale
of propagation is seen. However, once the ISO is removed
(Fig. 1c), the spatial scale disappears (Fig. 1d). This shows
that the dominant spatial scales selected by our algorithm
are indeed representative of ISO of convection. The location
of the dominant spatial scale does not depend on the choice
of the domain. Rather, it is the center of the extent to which
the wave propagates. We have studied this using the same
theoretical wave but using a different domain size and found
that the center of propagation coincides with the location of
the dominant spatial scale of transformation (not shown).

5 Results

Figure 2 shows mean precipitation over south Asian region
from observational estimates (TRMM) and NCMRWF sim-
ulation during the summer months of 1998. The model
simulations include the full-orography (control) and no-
orography (noGlOrog) scenarios both for SAS and Kuo
cumulus convection. Ensemble mean precipitation during
June–July and August–September were shown separately to
distinguish the impact of orography during the first and sec-
ond half of the season. The averaged precipitation over the
Indian region (70◦ − 90◦ E, 8◦ − 28◦ N, land part; region
shown as dashed box in Fig. 2a) for all these cases are
indicated by numbers at the top-left corner of correspond-
ing panels. This figure shows that the control simulation
of the model with SAS convection was able to capture the
magnitude and variation of subseasonal precipitation over
the Indian region when compared to the TRMM data set.
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a) Theoratical Data, Z = 10*sin 2π(x/40 − t/30)
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Fig. 1 a A theoretical wave with time period 30 days and wavelength
40◦ traveling between 10◦ S and 30◦ N within an envelope of a sine
wave representing the onset and withdrawal of Indian monsoon. Dark
area corresponds to wave activity and light-shaded regions correspond
to quiescent state. b Corresponding Morlet wavelet spectrum showing

maximum energy at about 40◦ spatial scale centered at around 10◦ N.
c A theoretical data similar to that (a) above but without any intrasea-
sonal oscillation embedded in it. d Wavelet spectrum corresponding to
data in (c)

Control simulation with the Kuo cumulus convection also
shows a similar variation of subseasonal precipitation. How-
ever, the magnitudes were higher by 2 to 4 mm day−1

compared to the observational estimates.
Figure 2g–j show that precipitation over the Indian region

during June and July in the noGlOrog simulation were
reduced by more than 50 % when compared to the con-
trol. This is true for both SAS and Kuo cumulus convection.
Inside these panels, we have also indicated the significance
level (using a t test) at which the mean of the noGlOrog sim-
ulation differs from the corresponding control simulation.
This reduction was due to intrusion of midlatitude cold-
dry air into the Indian subcontinent that reduced convective
available potential energy and increased vertical stability
of the atmosphere (Chakraborty et al. 2006). On the other
hand, precipitation over the Indian region increased dur-
ing August–September to 169 % in SAS (145 % in Kuo)
when orography was removed all over the globe vis-a-vis its

June–July value. Due to this increase, the August–
September mean precipitation in noGlOrog simulation
became comparable to that from the control with SAS con-
vection scheme. However, the mean value during August–
September in Kuo simulation without orography was still
about 2.5 mm day−1 lower than the corresponding control
value.

Comparing subpanels f and j of Fig. 2, we find that
most of the differences between control and noGlOrog sim-
ulations during August–September was near the regions of
large orography. Kuo scheme is based on large scale mass
convergence in the lower troposphere and gives high pre-
cipitation over the regions of orographic uplift (compare
Fig. 2a, c and d, f). When orography was not present in
the model, the forced uplift of moist air near the mountains
was missing in the Kuo scheme and, hence, the precipitation
reduced substantially compared to its full-mountain simu-
lation. This makes the mean precipitation from noGlOrog
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a) b) c)

d) e)

g)

i) j)

h)

f)

Fig. 2 Precipitation over the south Asian region during June–July
and August–September 1998 from TRMM data sets (left panels), and
model simulation with full (control) and no orography (noGlOrog)
using SAS (middle panels) and Kuo (right panels) cumulus con-
vection. Area mean precipitation (only over the land part) between

70◦−90◦ E, 8◦−28◦ N (shown by dashed box in panel a) is indicated by
numbers at the top-left corner of each panel. The latitude band through
the center of the Indian peninsular (75◦−80◦ E), shown by dashed lines
in panel (d), was used for analysis of spatial and temporal scales of
propagation of convection

simulation with Kuo convection during August–September
2.5 mm day−1 less compared to the control and closer to
the observed value (Fig. 2d, j). However, note that these
simulations show a substantial increase in precipitation over
the Indian region from June–July to August–September
even without orography. Overall, these results show that

removal of orography reduces the monsoon precipitation
substantially during the first half of the monsoon season
(June–July). However, orography does not have a large
impact on the intensity of monthly mean precipitation dur-
ing the later half of the season (August–September), i.e.,
in the post-onset phase. Similar reduction in monsoon
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precipitation during June–July was noticed when orog-
raphy was removed only over the Asian continent (not
shown). The ensemble mean results from SAS and Kuo
cumulus convections for control and noGlOrog simulations
shown above were very similar to that from individual
members. Using a student’s t test, we have found that these
differences between control and noGlOrog simulations in
ensemble mean precipitation during June–July averaged
over the Indian region were significant at more than 99 %
level.

5.1 Intraseasonal variation

Time series of daily precipitation over the Indian region
from TRMM estimates, and ensemble mean control and
noGlOrog simulations of the model are shown in subpanels
a and b of Fig. 3 for SAS and Kuo cumulus convections,
respectively. Note that the rate of daily precipitation was
similar in the TRMM data sets and control simulation of the
model with SAS cumulus convection. If all-India precipita-
tion onset date (this date could be different from onset over
Kerala) is defined as the day when all India daily mean pre-
cipitation exceeds 4 mm day−1 and stays above this value
for at least five consecutive days (Chakraborty et al. 2006),
then the onset date in the TRMM data set was 18 June and in
control simulation with SAS convection the onset date was
6 June. Figure 3a shows that daily precipitation rate from

noGlOrog simulation was mostly around 1–2 mm day−1 up
to 15 July, after which it increased sharply. Using the same
definition of onset date, it was found that in noGlOrog sim-
ulation with SAS cumulus convection the onset date was 18
July, 42 days later than the control run.

The basic characteristics of daily precipitation over this
region remains unchanged when Kuo convection was used.
Fig. 3b shows the results with Kuo cumulus convection.
Monsoon onset was in the beginning of June with orography
(5 June) and was delayed by about 44 days in its absence
(19 July). However, Kuo convection produces more varia-
tion in daily precipitation compared to the SAS convection
(Fig. 3a, b).

It was found that the standard deviation of onset dates
between individual members were much smaller compared
to the difference in (ensemble mean) onset dates between
the control and noGlOrog simulations. For example, the
standard deviation of onset dates between control (noGlO-
rog) members for SAS convection was 8.4 days (18.9 days).
These values were much smaller compared to the difference
in ensemble mean onset dates between these two exper-
iments (42 days). Therefore, it can be stated that these
differences in onset dates between control and noGlOrog
simulations are statistically significant.

This delay in onset without orography was due to the
delay in northward propagation of convection north of
13◦ N over the Indian land region as can be seen from

Fig. 3 Time series of daily
precipitation rate over the Indian
region (70−90◦ E, 8◦−28◦ N)
from TRMM estimates, and
control and noGlOrog
simulations using (top) SAS and
(bottom) Kuo convection
schemes
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Figs. 4 and 5. These figures show the time–latitude cross
section of precipitation averaged over 75◦− 80◦ E (along
the center of Indian land) from TRMM estimates, and
model simulation with and without orography using SAS
and Kuo cumulus convections, respectively. In general, the
model could simulate northward propagation of convection
over this longitude belt albeit the phase in the model was
not same as that in the TRMM data set. Another major
difference between model and observation was that model
showed more frequent low-intensity precipitation (2–6 mm
day−1) as compared to TRMM estimates. Note that this kind
of low intensity precipitation in model is common (e.g.,
Chakraborty 2010) owing to the fact that the convection
scheme generally smoothen subgrid scale precipitation over
the larger scale grid.

Convection reached north of 20◦ N during the middle of
June in control simulation (Figs. 4b and 5b). This was simi-
lar to that observed in the TRMM data sets (Figs. 4a and 5a).
However, for noGlOrog simulations, propagating convec-
tive system did not cross 15◦ N latitude until the beginning
of July with SAS convection and middle of July with Kuo
convection schemes. This delay was responsible for the

Fig. 4 Northward propagation of convection over the longitude belt
75◦−80◦ E from TRMM estimates, and control and noGlOrog simula-
tions using SAS convection scheme

delay in onset over the Indian region without orography.
After the onset phase, the convective systems propagated all
the way up to 25◦ N from near the Equator irrespective of
the presence of orography (Figs. 4c and 5c). These results
confirm that global orography has a major role to play dur-
ing the onset of summer monsoon over the Indian region.
However, after the onset, precipitation is independent of the
presence of orography.

The above analysis gives only a qualitative picture of the
change in the intraseasonal pattern. We use wavelet analy-
sis to obtain a quantitative view of the temporal and spatial
scales associated with these propagating systems and the
impact of orography on intraseasonal variations.

5.2 Spatial scales of northward propagation of convection

Northward propagation of convection systems in the model
with and without orography was studied over the longitude
band 75◦−80◦ using wavelet analysis. From Figs. 4 and 5, we
know that the reduction in precipitation in noGlOrog sim-
ulation over the Indian region during June and July was due
to the lack of northward propagating systems penetrating

Fig. 5 Northward propagation of convection over the longitude belt
75◦−80◦ E from TRMM estimates, and control and noGlOrog simula-
tions using Kuo convection scheme
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north of 15◦ N both for SAS and Kuo convection schemes.
Figure 6 shows the time-averaged scalogram along 75◦−80◦
E during the period June–July (top panels) and August–
September (bottom panels) from NCMRWF simulations
with (left) and without (right) orography. To generate this
figure, we have first calculated the two-dimensional (space–
time) wavelet spectra for each member of the ensemble and
then averaged them. To find robustness of the results, we
have also calculated the location of the dominant spatial
scale for every member separately. The mean location (in
two dimensions) of the of dominant spatial scales of five
ensemble members are shown by the “star” symbol on the
plot. Also shown, by solid lines around the mean, are the one
standard deviations of this location between ensemble mem-
bers. note that, for five member ensemble (4 df ), this length
is nearly equal to the 95 % confidence band using t test.
Figure 6 shows that the ensemble mean location of the dom-
inant spatial scales from different members almost coin-
cides with the location of dominant spatial scale found after
averaging spectra from individual members. This is possible
due to the fact that all the individual members have similar
wavelet spectrum. We did not calculate this ensemble mean
location of spatial scale for noGlOrog simulation during

June–July because it was not possible to find the dominant
spatial scale for the members due to delay in onset. The
COI, beyond which edge effects become important due to
the finite length of the data, is shown as solid line. It can
be noticed that in control simulation, the dominant spatial
scale was 24◦ along this longitude both during June–July
and August–September. However, the center of the domi-
nant spatial scale was shifted southward by about 3◦ during
August–September from its location during June–July
(13◦ N).

For the noGlOrog simulation, there was no dominant
spatial scale during June–July along 75◦− 80◦ E signify-
ing that there was no meridional propagation. This result
was consistent with that shown previously (Fig. 4). Dur-
ing August–September, the 24◦ spatial scale of propagation
was centered at 10◦ N in this simulation. This shows that
meridional propagation was present over this longitude in
this period (Fig. 4). Also noticeable is the similarity in
the dominant spatial scale (24◦) in control and noGlO-
rog simulations after the establishment of monsoon over
the Indian region. The spatial scale of northward propaga-
tion of convection was independent of orography after the
onset.

Fig. 6 Time-averaged
scalogram for the period
June–July (top) and
August–September (bottom) of
rainfall data with SAS cumulus
convection averaged over the
region 75◦ E–80◦ E [units (mm
day−1 degree−1)2]. Also shown
is the cone of influence by solid
line
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The results were similar for the Kuo convection scheme
(Fig. 7). For the control simulation, the dominant scale was
24◦ centered at 10◦ N in June–July. The spatial scale was
around 30◦ centered at 7◦ N during August–September in
the control simulation (Fig. 7c). For the noGlOrog simula-
tion, during June–July, the dominant spatial scale was about
18◦ centered at around 2◦ N. This shows that there was no
northward propagation of convection up to the Indian lati-
tudes during the first half of the monsoon season in absence
of orography. During the later half of the season (August–
September), the dominant spatial scale appeared to be as 24◦
for the noGlOrog simulation centered north of 11◦ N. This
was consistent with the frequent propagation of convective
bands over the Indian region with the removal of orography
during this period (August–September) in the model using
Kuo convection scheme (Fig. 5).

5.3 Vertical shear of zonal wind

Jiang et al. (2004) have proposed that a presence of
strong vertical shear of zonal wind over Indian longitudes
can help northward propagation of convection over this

region. We have tested this hypothesis in explaining the
difference in ISO during early and later parts of the mon-
soon season in noGlOrog experiments. The wind shear is
defined as the difference in zonal wind between 200 and
850 hPa. Figure 8 shows zonal wind shear averaged between
70◦−100◦ E from control and noGlOrog experiments dur-
ing June–July (left panels) and August–September (right
panels) both from SAS (top panels) and Kuo (bottom pan-
els) cumulus convection schemes. In June–July with SAS
convection scheme (Fig. 8a), magnitude of vertical shear
of the zonal wind north of 7◦ N (Indian latitudes) was 5–
15 m s−1 lower in noGlOrog experiment as compared to
control. This weaker shear in noGlOrog experiment inhib-
ited northward propagation that was consistent with the
delay in monsoon onset over Indian region (Chakraborty
et al. 2002). In August–September, magnitude of shear in
noGlOrog experiments north of 7◦ N increased and became
comparable to the control values (Fig. 8b). However, there
was not much change in the value of shear in control sim-
ulation from June–July to August–September over Indian
latitudes. Similar results are found with Kuo convection
scheme (Fig. 8c, d). In June–July, zonal wind shear in

Fig. 7 Time-averaged
scalogram for the period
June–July (top) and
August–September (bottom) of
rainfall data with Kuo cumulus
convection averaged over the
region 75◦ E–80◦ E [units (mm
day−1 degree−1)2]. Also shown
is the cone of influence by solid
line
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Fig. 8 Vertical shear of zonal
wind (u200−u850) averaged
between 70◦−100◦ E from SAS
(top) and Kuo (bottom) cumulus
convection schemes during
June–July (left) and
August–September (right)

a) b)

c) d)

noGlOrog simulation was much weaker consistent with
short spatial scale of northward propagation of convection
(Fig. 7). However, in August–September, this vertical shear
of zonal wind increases in magnitude that was associated
with larger scales of propagation of convective zones over
Indian region.

5.4 Temporal scales of northward propagation of convection

Next, we study the temporal evolution of the dominant
spatial scales associated with the two cumulus schemes
for the ensemble member starting on 1 March 1998. In
doing so, the dominant spatial scale (sx ) was chosen from
the time-averaged scalogram for each case. Now, the four
dimensional field w(sx, x, st , t) of Eq. 6 was averaged over
space (x) around the location of maximum power to get
a two-dimensional field which is a function of the time
scale and time. Hence, this quantity represents the time evo-
lution of dominant spatial scale over the chosen location.
Figure 9 shows the time evolution of the dominant spa-
tial scales with and without global orography using SAS

cumulus convection (corresponding to Fig. 6). The 24◦
spatial scale for the control simulation over 15◦− 20◦ N,
75◦−80◦ E was with the time period of 12 days in the begin-
ning of the summer season. The time period increased to
about 20 days during second half of June. During July, the
power was divided between time period of 10 and 16 days.
In August–September over the Indian region, the 24◦ spa-
tial scale was dominant and the corresponding time period
was about 15 days. With the removal of global orogra-
phy, the convection increased over the Indian region during
August–September and the temporal evolution of the domi-
nant spatial scale had a 4-week time period associated with
it. Absence of this temporal scale in the early parts of the
season resulted in the reduced precipitation over the 70◦−90◦
E, 8◦−28◦ N in the noGlOrog simulation.

For Kuo cumulus scheme (Fig. 10), over the Indian
region (15◦− 20◦ N, 75◦− 80◦ E), the 24◦ spatial scale
was associated with a time period of around 9 days during
late May to late June. After the establishment of mon-
soon over the Indian region in the middle of June, the time
period was found to be around 22 days at this spatial scale.

Fig. 9 Evolution of 24◦ spatial
scale over 75◦−80◦ E, 15◦−20◦
N for control and noGlOrog
experiments during
May–September 1998 in the
NCMRWF model with SAS
cumulus convection. The left
and right panels are in control
and noGlOrog simulations,
respectively. The cone of
influence is shown as solid line
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Fig. 10 Evolution of 24◦ spatial
scale over 75◦−80◦ E, 15◦−20◦
N for control and noGlOrog
experiments during
May–September 1998 in the
NCMRWF model with Kuo
cumulus convection. The left
and right panels are in control
and noGlOrog simulations,
respectively. The cone of
influence is shown as solid line
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The 24◦ spatial scale was absent over this region in the
noGlOrog simulation during the earlier part of the season. It
appeared with about 16 days time period in the late June to
early July and shifted to about 20 days time period during
August. Hence, the absence of 9 and 22 days temporal scale
associated with the 24◦ spatial scale in the early part of
the season was responsible for reduction in precipitation
over the Indian region with the removal of global orography
using Kuo cumulus convection.

5.5 Frequency distribution of precipitation

Precipitation over south Asia occurs in spells of inten-
sity varying from light to heavy. Various factors such
as locally generated systems and propagating convective
systems of different size and intensity (e.g., land–sea
breeze, meridionally/zonally propagating systems, diur-
nally varying convection) cause variation in rainfall.
This variability on the intraseasonal scale contributes
to the interannual variation of seasonal mean precipi-
tation. Thus it is necessary to understand the role of
orography in modulating the frequency distribution of
rainfall rate.

Figure 11 shows histogram of precipitation over south
Asian (60◦ − 110◦ E, 10◦S − 30◦ N) landmass from
TRMM observations, and from model simulations with
and without mountains (control and noGlOrog respectively)
using both SAS and Kuo cumulus schemes. Frequency
distribution during June–July and August–September are
shown separately to understand the differences before and
after onset in noGlOrog simulations. Distribution from
TRMM 3B42 precipitation is shown for June–September
combined because we did not find any notable difference
in its frequency between June–July and August–September.
The first interval (0–0.01 mm day−1) can be considered
for “zero-precipitation.” This figure suggests that number
of grids with zero precipitation is highest in TRMM data
over land (∼ 23 %). This value decreases continuously
with higher intensity of precipitation. However, the con-
trol experiment (open circle) shows higher frequency of
precipitation from 3–15 mm day−1 range as compared to
0.01–3 mm day−1 with SAS convection scheme (Fig. 11)
both during June–July and August–September. The noGlO-
rog experiment had most of the grid points (∼ 48 %) with
no-precipitation in June–July and the frequency decreases
sharply as intensity of precipitation increases, consistent

Fig. 11 Frequency distribution of precipitation at different inter-
vals over south Asian land from control (open circle) and noGlO-
rog (filled circle) experiments during June–July (solid line) and

August–September (dashed line). Corresponding values from TRMM
3B42 data set during June–August 1998 is shown as open
square
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Fig. 12 Frequency distribution of precipitation at different inter-
vals over south Asian ocean from control (open circle) and noGlO-
rog (filled circle) experiments during June–July (solid line) and

August–September (dashed line). Corresponding values from TRMM
3B42 data set during June–August 1998 is shown as open
square

with low mean precipitation over this region. However,
in August–September, both control and noGlOrog experi-
ments show similar frequency distribution. This shows that
orography has no impact in determining frequency

distribution of precipitation after onset of monsoon with
SAS convection scheme.

The control simulation of the model shows higher
frequency of precipitation in moderate range (3–10 mm

Fig. 13 Time-averaged
scalogram for the period
June–July (top panels) and
August–September (bottom
panels) of precipitation with
SAS cumulus convection with
(left panels) and without (right
panels) orography averaged over
the region 115◦ E–125◦ E [units
(mm day−1 degree−1)2] for the
member of the ensemble starting
on 1 March 1998. Also shown
are the 95 % significance
regions by dashed contour and
cone of influence by solid line
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Fig. 14 Vertical shear of zonal
wind (u200− u850) averaged
between 115◦−125◦ E from
SAS cumulus convection
schemes during June–July (left)
and August–September (right)

a) b)

day−1) as compared to TRMM estimates in both June–July
and August–September. Model simulated frequency in low
precipitation ranges (≤ 3 mm day−1), on the other hand,
was much smaller as compared to TRMM. This is con-
sistent with earlier findings with ECMWF model that
tends to precipitate too much drizzle (Chakraborty 2010).
Figure 11b also shows that in noGlOrog experiment during
August–September, the number of grid points with precip-
itation higher than 3 mm day−1 has increased as compared
to its June–July value. However, these frequencies are still
smaller than the corresponding August–September value of
control experiment. This could be related to the fact the Kuo
Scheme is based on low-level convergence and tend to show
high precipitation close to regions of orographic uplift.

Figure 12 shows the frequency distribution over the
oceanic region around India. Note that the model with both
convection schemes tend to underestimate frequency of light
precipitation and overestimate frequency of heavy precipita-
tion. However, there was no notable difference in June–July
vs August–September distribution of frequencies in either
control or noGlOrog simulations. The above results sug-
gests that both in SAS and Kuo schemes, frequency distribu-
tion of precipitation over south Asia is largely independent
of orography after the onset of monsoon. Differences over
land part using Kuo schemes could be related to its strong
association with upliftment of moisture and precipitation
along orographic slopes. It is also interesting to note that the
model does not simulate the increase in rainfall at very high
intensities (> 28 mm day−1) that is seen in TRMM data
both over ocean and land.

5.6 Propagation over West Pacific Ocean

Contrary to the impact of orography over the Indian longi-
tudes, it did not have any impact on northward propagation
over the west Pacific Ocean. Time-averaged scalogram
along 115◦−125◦ E for the period June–July and August–
September are shown in Fig. 13. The dominant spatial scale
in control in June–July was 24◦ centered at 9◦ N. The

spatial scale remained same during August–September,
but the center was shifted to 12◦ N. Similar to con-
trol, in noGlOrog simulation, the dominant spatial scale
was 24◦ and centered around the same latitude in June–
July. During August–September, in the noGlOrog sim-
ulation, the scale and center of convective propagation
remained unchanged. However, note that the power of
propagation in noGlOrog experiments was higher dur-
ing June–July as against August–September. This is con-
sistent with the fact that in noGlOrog simulation, west
Pacific Ocean was more convectively active in June–
July as compared to during August–September, sug-
gesting a seesaw with the Indian region (not shown).
These results were similar with Kuo convection scheme
as well.

Figure 14 shows vertical shear of zonal wind averaged
over 115◦− 125◦ E from control and noGlOrog simula-
tions. In June–July, the noGlOrog experiment had slightly
stronger shear over this region as compared to control.
This explains the nearly equal scale of northward prop-
agation in control and noGlOrog experiments (Fig. 13a,
b). In August–September, both the simulations show very
similar shape and intensity of wind shear, consistent again
with the similar scale of propagation over this region.
These results show that orography does not have large
impact on the propagation of convection over west Pacific
Ocean either during early or late part of the monsoon
season.

6 Conclusions

A large proportion of the interannual variability of sum-
mer monsoon over south Asia is associated with meridional
propagation of convective zones from near the equator up
to the foothills of the Himalayas. It has long been proposed
that presence of orography, especially the Tibetan Plateau,
determines the observed characteristics of monsoon precip-
itation over this region. Here, using an atmospheric general
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circulation model, we quantify the role of orography on
northward propagation of convective zones over south Asia
during boreal summer.

Two sets of experiments were performed, one with full
orography and another with no orography over the globe.
In the full orography experiments, seasonal mean precipita-
tion and its intraseasonal variation was close to the TRMM
estimates. However, without orography, the seasonal mean
precipitation over the Indian region decreased by about
23 %. These results were significant at more than 99 % level
when a t test was used. This decrease was due to a delay in
onset of monsoon by about 1 month. This delay in onset was
associated with absence of northward propagating convec-
tive systems over this region that otherwise brings moisture
over the Indian land from equatorial Indian Ocean. We find
that occurrence of poleward propagations are related to the
meridional variation of vertical shear of the zonal wind.
This meridional variation is significantly different during
June–July (pre-onset) and August–September periods in the
noGlOrog simulations.

Two-dimensional (continuous space–time) wavelet anal-
ysis were performed to understand and quantify the tem-
poral and spatial scales of these oscillations with and
without orography. Our results showed that the dominant
spatial scale of propagation along 75◦−80◦ E was 24◦ in
control simulations during June–July. There was no dom-
inant spatial scale in the no-mountain simulation in this
period. Whereas, in August–September, both control and
no-mountain simulations showed dominant spatial scale of
24◦ centered around 10◦ N. It was found that the absence
of 10–30 days time period oscillation over Indian longitude
in no-mountain experiment when compared to control was
responsible for the reduced rainfall over the Indian region
during June–July.

Over West Pacific Ocean (120◦ E), the dominant spa-
tial scales were found to be 24◦ in control and no-mountain
simulations. This scale did not vary from June–July to
August–September in no-mountain experiment, indicating
that orography does not have a major role to play in deter-
mining northward propagation over west Pacific. Moreover,
frequency distribution of precipitation at different intensi-
ties are found to be dependent on the convection scheme
used in the model. However, orography does not play a
major role in determining such distribution after the onset
of monsoon.

Our study shows that presence of orography can increase
summer monsoon precipitation over Indian region by
advancing the date of onset. However, after onset, the
basic characteristics of meridionally propagating convec-
tive systems and frequency of precipitation at different
intensities are largely independent of the presence of orog-
raphy and are essentially modulated by moist convective
processes.
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