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Abstract It is proposed that, land—atmosphere interaction
around the time of monsoon onset could modulate the first
episode of climatological intraseasonal oscillation (CISO)
and may generate significant ‘internal’ interannual varia-
tion in the Indian summer monsoon rainfall. The regional
climate model RegCM3 is used over Indian monsoon
domain for 27 years of control simulation. In order to
prove the hypothesis, another two sets of experiment are
performed using two different boundary conditions (El
Nifio year and non-ENSO year). In each of these experi-
ments, a single year of boundary conditions are used
repeatedly year after year to generate ‘internal’ interannual
monsoon variability. Simulation of monsoon climate in the
control model run is found to be in reasonably good
agreement with observation. However, large rainfall bias is
seen over Arabian Sea and Bay of Bengal. The interannual
monsoon rainfall variability are of the same order in two
experiments, which suggest that the external influences
may not be important on the generation of ‘internal’
monsoon rainfall variability. It is shown that, a dry (wet)
pre-onset land-surface condition increases (decreases)
rainfall in June which in turn leads to an anomalous
increase (decrease) in seasonal (JJAS) rainfall. The phase
and amplitude of CISO are modulated during May—June
and beyond that the modulation of CISO is quite negligi-
ble. Though the pre-onset rainfall is unpredictable, signi-
ficant modulation of the post-onset monsoon rainfall by it
can be exploited to improve predictive skill within the
monsoon season.
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1 Introduction

The interannual variability (IAV) of Indian summer mon-
soon plays a dominant role on the economy, agriculture
and day-to-day life of people in the region. Unlike in most
part of the tropics, the predictability of seasonal rainfall in
the Indian summer monsoon region is limited by the
‘internal’ IAV or climate noise (Sperber and Palmer 1996;
Sugi and Kawamura 1997; Goswami 1998; Ajayamohan
and Goswami 2003; Goswami and Xavier 2005; Kumar
et al. 2005; Krishnan et al. 2009). Understanding the
physical processes responsible for the ‘internal’ IAV is the
key towards developing improved forecast methodology.
Vigorous intraseasonal oscillations (ISOs) that manifest in
active and break spells of the Indian monsoon and arise
from convective feedback (Goswami and Shukla 1984)
may be responsible for generating the ‘internal’ AV
(Goswami and Ajayamohan 2001; Goswami and Xavier
2005). There is, however, considerable gap in our under-
standing of how the ISOs generate the internal IAV. While
seasonal bias of the ISO anomalies contributes to the sea-
sonal mean, it explains only one half of the amplitude
of internal TAV (Goswami and Xavier 2005). Here, we
propose another mechanism through which ISOs could
generate internal IAV of the monsoon and demonstrate it
from an internal IAV simulation with a regional climate
model (RCM).

Some of the monsoon ISOs are locked with the annual
cycle and form the climatological intraseasonal oscillation
(CISO) (Lau et al. 1988; Wang and Xu 1997; Kang et al.
1999). CISO of monsoon rainfall represents a predictable
component of the monsoon ISO and accounts for up to
20-40% of ISO amplitude (Suhas and Goswami 2008).
Changes in the amplitude and phase of the CISO could also
contribute to the seasonal mean and lead to a component of
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Fig. 1 Monthly composite of ‘internal’ rainfall anomaly (mm day~') based on IMD daily gridded data (1951-2007). ‘Internal’ rainfall is
calculated by removing first four harmonics (including mean) from daily data and then averaging over the months
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Fig. 2 Correlation between May and June ‘internal’ rainfall based on
IMD daily gridded data (1951-2007). Correlation is significant at
99% level except for a few points marked in green color. White
dashed contour represent correlation value of —0.5

‘internal’ TAV of the monsoon. The northward propagation
of CISO can be seen clearly in the monthly composite of
‘internal’ rainfall during the month May-July (Fig. 1).
Here the ISOs whose phase and amplitude vary randomly
from year to year are nullified by each other in the monthly
composite. But the ISOs which are phase locked with
annual cycle remain and hence represents the CISO. The
negative phase of CISO arrives over central India (CI)
during the month of May and it becomes positive during
June over the same region.

We propose that internal variability through land-
atmosphere interaction can modulate the first episode of
monsoon CISO around the transition period from pre-onset
to post-onset and could generate significant ‘internal’ IAV.
For example, pre-onset convective rain can reduce the
land—ocean temperature gradient and hence the strength of
the low-level wind. Therefore, a delayed onset and/or
reduction in June rainfall may be expected. Similarly, a
drier pre-onset (May) is likely to lead to an early onset and/
or stronger low level moisture convergence and higher rain
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in June. If this is true, a negative correlation between
‘internal’ component of May and June rainfall anomalies
may be expected. This is indeed true as shown in Fig. 2. In
most of the area the correlation is significant at 99% level.
It shows indeed an increase in June rainfall due to decrease
in May rainfall and the vice versa. We hypothesize that
land—atmosphere feedback through pre-onset rainfall vari-
ability can modulate the phase and amplitude of CISO and
the strong negative correlation between May and June
rainfall anomaly is primarily due to the modulation of
CISO. Thus a part of ‘internal’ interannual monsoon rain-
fall variability may arise due to pre-onset rainfall
variability.

To test the hypothesis, a RCM forced by observed and
reanalysis data is used. The ideas behind selection of a
RCM for this study are the following: (a) it can isolate the
influences generated out of the monsoon region. Otherwise,
the external influences, generated in the remote region by
the local feedback processes may interact with the internal
monsoon dynamics and may produce more variability.
Probably it was one of the reasons behind the large mon-
soon rainfall variability (of the order of natural variability)
generated in internal simulation experiment by AGCM
(e.g. Goswami 1998; Krishnan et al. 2009). (b) High reso-
lution simulation can be performed using limited compu-
tational resources, where the regional-scale feedback
processes are also included.

Control simulations of about 27 years are carried out to
validate the model monsoonal climatology. Boundary data
of 1982 and 1989 are used in two separate simulations,
each for 31 years. Detailed descriptions of model and
experiment design are given in Sect. 2. Methodology and
observed data used for this study are described in Sect. 3.
In Sect. 4, results from control simulation and comparison
with observations are given. Results from fixed boundary
condition are described in Sect. 5 and the conclusions are
stated in Sect. 6.
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2 Model and experimental design

The RCM RegCM3 (Pal et al. 2007) is used in this study.
The dynamical core of RegCM is equivalent to the
hydrostatic version of the fifth-generation Pennsylvania
State University National Center for Atmospheric Research
(NCAR), US, Meso-scale Model (MMS5). The physical
parameterizations employed in the simulations include the
radiative transfer package of the NCAR Community Cli-
mate Model version 3 (CCM3, Kiehl et al. 1996), the non-
local boundary layer scheme by Holtslag et al. (1999) and
mass flux cumulus cloud scheme of Grell (1993) with
Fritsch and Chappell (1980) closure. Land-surface pro-
cesses are described using biosphere—atmosphere transfer
scheme (BATS) (Dickinson et al. 1993). For this study, the
standard model configuration with 18 vertical levels in the
atmosphere (sigma coordinate) and 60 km horizontal reso-
lution with Normal Mercator map projection is used.
The model domain covers the Indian subcontinent and
its surrounding land and ocean part (40.2°-116.3°E,
10.8°S-47.7°N).

In the lateral boundary and lower boundary NCEP
reanalysis (Kalnay etal. 1996) data and Reynolds
weekly sea surface temperature (SST) (Reynolds et al.
2002), respectively, are used to force the model. Control
simulations of about 27 years (01-11-1981 to 31-12-
2008) are carried out to validate the model climatology.
Control run is initialized once at the beginning (00OGMT
01-11-1981) and then continued up to the end of
December 2008. In order to test our hypothesis, we have
used two sets of boundary forcing (1982, 1989) for two
separate simulations each for 31 years. At a time one of
these boundary conditions is used year after year suc-
cessively to get one set of simulation. The year 1982
(1989) was drought (normal) and El Nifio (non-ENSO)
year. Though there is no established link between pre-
onset rainfall variability and the large scale external
influences like ENSO, the choice of such two different
boundary conditions is expected to shed light on the
statistics of the ‘internal’ IAV generated due to external
influences (if any). In principle, any boundary conditions
which produce sufficiently large interannual pre-onset
rainfall variability over CI can be used to test the
hypothesis. The model is initialized with the boundary
condition of 0OGMT Ist January and for the successive
runs, restart files of preceding run are used. In our study
we have used data of May-September months only.
Therefore, the first 6 and 4 months of the control and
FBC runs, respectively, are automatically discarded from
our analysis with no further simulations being discarded
as spinup. This setup allows the slowly varying field
such as soil moisture to evolve and carry information
from one year to another. Hereafter these simulations

will be referred to as fixed boundary condition (FBC)
run. The primary conditions to prove this hypothesis are:
(a) there should be large pre-onset monsoon rainfall
variability over CI, (b) monsoon simulation should be
reasonably realistic in the model.

3 Observed data and methodology

Asian precipitation-highly resolved observational data
integration towards evaluation (APHRODITE) water
resources rainfall data (0.5° x 0.5°) for the year 1980-2002
(http://www.chikyu.ac.jp/precip/index.html) and India
Meteorological Department (IMD) generated gridded
(1° x 1°) daily rainfall data (1951-2007) (Rajeevan et al.
2006) are used to validate the model rainfall over land. GPCP
(Adler et al. 2003) pentad rainfall data for the period
1979-2008 are used to validate the large scale rainfall pattern
in the model.

Central India (75.30°-86.63°E, 16.92°-26.43°N) repre-
sents a homogeneous summer monsoon rainfall region and
hence the average rainfall over this region can be used for
the monsoon climate study (Goswami et al. 2006). The
observed pre-onset rainfall (CI averaged) shows large IAV
with mean and interannual variance of 12.82 and
109.99 mm?, respectively. Here pre-onset rainfall is taken
as accumulated rainfall in the past 15 days from the onset
date over Kerala (defined by IMD). The year to year vari-
ation of accumulated pre-onset rainfall is within the range
of 0.94-76.82 mm. Since the monsoon rainfall covers
whole CI after about 2 weeks from the onset date (over
Kerala), the accumulated rainfall considered here repre-
sents rainfall of previous 3—4 weeks from the actual onset
date over CI. Due to very hot and dry summer conditions, it
is also expected that the soil moisture will loose its memory
of any rainfall event which may have occurred sufficiently
prior to the onset date. Furthermore, if we consider the
accumulated rainfall of past one month instead of 15 days,
the statistics also does not change much. Therefore, accu-
mulated rainfall over CI during 15 days time length prior to
the onset over Kerala may be defined as pre-onset rainfall.

The monthly composites of ‘internal’ rainfall (Fig. 1)
are calculated wusing gridded daily rainfall data
(1951-2007) from IMD in the following steps: (a) daily
rainfall anomalies are created by removing the first four
Fourier harmonics (a smoothed annual variation) from the
daily rainfall data. This method is often used for calculat-
ing daily anomaly (e.g. Wang and Xu 1997; Ajayamohan
and Goswami 2003), (b) monthly anomalies are created by
averaging daily anomalies and then, these 57 years of
monthly anomalies are used to create monthly composite.
Following Xavier et al. (2007), the north—south tropo-
spheric temperature gradient (TTG) is calculated using
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vertically averaged (200-600 hPa) temperature difference
between a northern box (40.2-100°E, 5-35°N) and south-
ern box (40.2-100°E, 10°S—5°N). Since the southern limit
of model domain is 10.8°S, we use southern box starting
from 10°S, instead of 15°S as used in Xavier et al. (2007).

The pre-onset rainfall and its interactions with the first
phase of CISO through variation in soil moisture are con-
sidered here as ‘internal’ to the monsoon system rather than
simply land—atmosphere interaction. In general, the varia-
tion of soil moisture takes place on monthly to seasonal time
scale and its interaction with atmosphere is considered as
external influence. However, in the present context the pre-
onset rainfall is quite unpredictable and the time scale of
possible interactions with the first phase of CISO is short.
The mean and interannual standard deviation of pre-onset
rainfall are also in the same order and cannot be predicted.
Therefore, the pre-onset soil moisture variability and its
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interaction with CISO may be considered as ‘internal’
influence.

4 Control simulation

In the past, many studies have been carried out to simulate
the Indian monsoon using RCM (e.g. Bhaskaran et al.
1996; Ratnam and Kumar 2005; Dash et al. 2006; Chow
et al. 2006; Ratnam et al. 2009; Ashfaq et al. 2009).
However, most of those studies used few years of model
simulation. Here we investigate the mean and variability
of monsoon climate using 27 years of control simulation
by RegCM3. Figure 3d—f shows the JJAS averaged
(1982-2008) rainfall from IMD, APHRODITE and
RegCM3, respectively. The model is able to capture the
rainfall maxima regions of western-ghat, central and north-
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Fig. 3 a Seasonal (JJAS) averaged GPCP rainfall in mm day '
(1979-2008). b JJAS averaged rainfall (mm day_l) in RegCM3
control simulation (1982-2008) for the whole domain. ¢ Correlation
between May and June ‘internal’ rainfall based on RegCM3 control
simulation (1982-2008). d JJAS averaged rainfall (mm day_l) based
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on IMD gridded data (1951-2007). e JJAS averaged rainfall
(mm day~") from APHRODITE (Asian precipitation-highly resolved
observational data integration towards evaluation) water resources
rainfall (1980-2002). f JJAS averaged rainfall (mm day’l) in
RegCM3 control simulation (land part only)
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east India and foothill of Himalayan region. The pattern
correlation between model and APHRODITE rainfall is
0.73 over the model domain. Furthermore, correlation
between May and June ‘internal’ rainfall (Fig. 3c) reveals
the fact which is similar to the observation where the May
and June rainfall are inversely correlated. In general, the
rainfall pattern simulated by the model over land is quite
good compared to the observations. However, the model
overestimates rainfall over south-east Arabian sea and
north Bay of Bengal as compared to GPCP (Fig. 3a, b),
which is similar as shown by Ratnam et al. (2009). Also
the equatorial maxima rainfall region is shifted towards
east. This rainfall bias has been shown to be linked with the
lack of ocean—atmosphere coupling (Ratnam et al. 2009)
and the choice of convective parameterizations (Chow
et al. 2006) in RegCM3. In a coupled ocean—atmosphere
system, the warmer SST supports the convection and
convection brings rainfall which eventually cools the SST.
Since the SST in RegCM3 is prescribed, above feedback is
absent. Therefore the warmer SST continuously supports
the convection despite heavy rainfall and this may enhance
the rainfall in the model.

The locations of low level jet over Arabian sea, cross
equatorial flow and the easterly wind at the south of

Fig. 4 JJAS averaged wind at (a)
850 and 200 hPa levels from
NCERP reanalysis and RegCM3
control simulation.

a RegCM3 at 850 hPa, b NCEP
reanalysis at 850 hPa, ‘
¢ RegCM3 at 200 hPa, d NCEP 2N
at 200 hPa. The color shading 20N
represent the magnitude of wind 1SN
(m s™") and arrow represent the 10N ‘/
wind direction SN
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equator are well captured by the model (Fig. 4). However,
the wind speed is slightly stronger, which is consistent with
the rainfall bias over ocean. The pattern correlation
between simulated wind and the NCEP reanalysis at
850 hPa is 0.85. The strength of upper level (200 hPa)
westerly Jet at about north of 30°N and easterly Jet over
equatorial Indian Ocean are also well captured by the
model. The pattern correlation between model simulated
and NCEP reanalysis wind at 200 hPa is 0.96.

The ability of RegCM3 to simulate the evolution of Indian
summer monsoon can be examined by analyzing the time
evolution of kinetic energy (KE) of low level wind over
Arabian Sea and the time evolution of rainfall as a function of
latitude (Goswami and Xavier 2005). In a recent study, the
strength of zonal wind over southern Arabian Sea has been
used as an index to define the onset date of monsoon (Wang
et al. 2009). According to definition of Wang et al. (2009)
(Wang index), the onset date is the first day of the period
when area averaged (5°-15°N, 40°-80°E) zonal wind con-
tinuously exceeds 6.2 m s~ for more than 7 days (including
the onset day). The basic idea behind such a choice is that the
onset of Indian summer monsoon is linked with the rapid
increase of low level wind. At the same time the tropical
convergence zone moves towards the north, over Indian
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Fig. 5 Temporal evolution of 70°-100°E averaged rainfall

(mm dayfl) as a function of latitude (thin black contour). Kinetic
energy (m” s2) at 850 hPa of daily climatology wind, averaged over
50°-65°E, 5°-15°N are represented by red and thick line in each
panel with scale on the right. a GPCP rainfall and NCEP wind,
b RegCM3 control

subcontinent. Therefore, area averaged winds over a box
(50°-65°E, 5°-15°N) as defined by Goswami and Xavier
(2005) are used to calculate KE. A sharp increase in KE
around Ist June (Fig. 5a)is seen in NCEP reanalysis data and
that date happens to be the climatological summer monsoon
onset date over Kerala. The KE on 1st June using NCEP
(RegCM3) data is 31.6 (83.7) m? s2. Thin contour in
Fig. 5a, b shows the daily climatology rainfall, averaged
over 70°~100°E as a function of latitude. Both, the model and
GPCP data show a preferred location of maximum rainfall at
around 15°N during the month June—September. However,
the model rainfall is twice that of observation (GPCP) and it

is primarily due to the excessive rainfall over oceanic
region. Based on Wang index, the monsoon onset in the
model is advanced as compared to the NCEP reanalysis data
(Fig. 6a). The correlation between the time series of model
and NCEP onset dates is 0.41 and the climatological onset
day in NCEP (RegCM3) is 31.40 (19.22) with interannual
standard deviation of 8.30 (8.31) days. Here Ist May is
counted as day 1. The north—south TTG over Indian mon-
soon region is also closely linked with the onset and with-
drawal date (e.g. Xavier et al. 2007). The early positive
reversal of TTG in the model (Fig. 6b) is associated with the
early onset. During post-onset time the TTG in the model is
also higher than that of NCEP. The systematic rainfall bias
over Arabian Sea and Bay of Bengal may be linked with the
enhanced TTG in the model. Using Xavier et al. (2007)
criteria of onset (TTG index), the climatological onset day in
NCEP (RegCM3) is 31.59 (19.59) with interannual standard
deviation of 7.65 (7.56) days. Though the model is able to
capture the IAV of Indian summer monsoon onset day, the
climatological onset takes place in advance by about
10 days.

Since the calculated onset statistics using the methods of
Wang et al. (2009) and Xavier et al. (2007) are very simi-
lar to each other, any one of them can be used for defining
the onset date. The large-scale model simulated pre-onset
(15 days average before the onset date) and JJAS averaged
2m air temperatures are reasonable as compared to the
NCEP reanalysis (Fig. 7). Here onset dates defined by TTG
index are used. The pattern correlation between NCEP and
RegCM3 pre-onset and JJAS 2m air temperature are 0.96
and 0.95, respectively. Though the JJAS averaged model
rainfall over India is reasonably realistic, it has cold bias in
the 2m air temperature by about 3°C. The cold bias is
probably linked with the land-surface schemes in the model
and also some of the differences are due to different hori-
zontal resolution of the model and NCEP reanalysis data.
The pre-onset land—ocean temperature gradient is about
5°C in both NCEP and RegCM3, while the land—ocean
temperature gradient is almost disappeared during the
monsoon season (JJAS averaged).

Fig. 6 a Onset dates [based on (a)

Wang et al. (2009) criteria] 50 -
using NCEP reanalysis data 451 p correlation=0.41
(black) and RegCM3 control 40 -

simulation (red). The onset 35 4

dates are counted from Ist May 2 30

(1st May = 01,..., 1st T 95

June = 32,...). b Daily ° 20 4
climatological mean 2 15
(1982-2008) tropospheric o 104
temperature gradient using 5

NCEP (black) and RegCM3

control simulation (red) 01

1985 1990
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Fig. 7 Pre-onset (15 days average prior to the onset date) and JJAS
averaged 2 m/near-surface air temperature (1982-2008) in °C. a Pre-
onset NCEP, b pre-onset RegCM3 control simulation, ¢ difference

Lead/lag regressed rainfall anomaly, averaged over 70°—
90°E as a function of latitude from GPCP and RegCM3 are
shown in Fig. 8a, b, respectively. Rainfall anomalies are
calculated by removing first 4 harmonics and retaining
periodicity between 20 and 100 days by using Lanczos
filter (Duchon 1979). The reference time series for
regression is computed based on the averaged filtered
precipitation anomalies over a box (12°-22°N, 70°-95°E)
in the primary zone of maximum rainfall. The northward
propagation of rainfall anomaly or ISO, which starts at
about 10°S and ends at around 25°N is also seen in the
model. Though the primary rainfall maxima is captured by
the model, the secondary maxima situated about south of
the equator is not captured well. The phase-speed of
northward propagating ISO can be estimated from Fig. 8.
In GPCP data, the phase speed of ISO is about 1° day
and in RegCM the phase speed between equator and 15°N
is about 0.75° day~'. Beyond 15°N, the phase speed is
about 1.34° day~'. Since the southern boundary of model
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45E 60E 75E 90E 105E

T

45E 60F 75E 90F 105F

-4 -3 -2 -1 0 1 2 3

S

45E 60F 75E 90F 105F

-4 -3 -2 -1 0 1 2 3 4 5

between NCEP and RegCM3 (a, b) pre-onset temperature, d JJAS
averaged NCEP, e JJAS averaged RegCM3 control simulation,
f difference between NCEP and RegCM3 (d, e)

domain is around 10°S, the ISO variability south of equator
is constrained by the boundary forcing. A very distinct and
continuous northward propagation of ISO is evident in
some particular years of RegCM3 simulation. Year 1983 is
one of them where, continuous propagation of rainfall
anomaly starting from equator to 25°N is seen (Fig. 8c).

5 Fixed boundary condition simulation

The motivation behind the FBC run is to quantify the
interannual monsoon variability generated by the internal
feedback within this region and to identify the possible
reasons. If there is large pre-onset rainfall in the control
simulation of a particular year, the boundary condition of
that particular year may produce significant pre-onset
rainfall in each and every year of FBC run. The large-scale
events, like high rainfall during pre-onset time over CI may
be due to the boundary forcing. Furthermore, IAV in the
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Fig. 8 Regressed anomalies (20-100 filtered) of rainfall (mm day_l)
averaged over 70°-90°E as a function of latitude and lead/lag days
a from GPCP, b from RegCM3 control. Contour interval is 0.2.

pre-onset rainfall due to nonlinear land—atmosphere feed-
back is also expected in the FBC run. Thus choice of such
boundary condition for FBC run will shed light on the
monsoon ‘internal’ IAV, generated due to pre-onset land-
surface condition. Since, CI is the representative area for
monsoon climate, the summer monsoon rainfall statistics
over this region are calculated to compare the FBC runs
with the control simulation. Here we have used first
27 years of FBC simulations for the comparison of statis-
tics with the control simulation. The climatological onset
date in FBC 1982 and FBC 1989 runs, using Wang index
(TTG index) are 27.37 and 14.25 (31.19 and 17.67),
respectively, with interannual standard deviation of 2.58
and 1.23 (0.59 and 0.53) days, respectively. The onset date
in the NCEP reanalysis for the years 1982, 1989 are 32 and
21, respectively. Therefore, the onset dates in both FBC
runs are advanced by maxima of 5-7 days, which are
within the range of mean onset bias in the control simu-
lation. Using Wang index (TTG index) the accumulated
pre-onset rainfall over CI for FBC 1982 and 1989 are 74.76
and 20.87 mm (63.94 and 25.27 mm), respectively, and the
respective interannual variances are 55.89 and 7.51 mm?®
(44.94 and 14.92 mm?). The pre-onset rainfall over CI is
primarily due to the non-monsoon convective activity and
there is little possibility that it is mixed with onset or post-
onset monsoon rainfall because the monsoon rainfall over
CI starts later than the onset date used here (onset date over
Kerala).

Since the boundary forcing remains same for each year,
the IAV generated in ‘internal’ simulation using a RCM
will be less compared to that of global atmospheric general
circulation model (e.g. Krishnan et al. 2009). Figure 9
shows the normalized seasonal (JJAS) rainfall anomaly in
the FBC runs over CI. The FBC 1982 and 1989 runs show
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Fig. 9 Normalized seasonal (JJAS) rainfall anomaly (cm) over CI
from FBC 1982 (red) and FBC 1989 (blue) runs. The deviations of CI
averaged JJAS rainfall from 27 years mean have been normalized by
interannual standard deviation

seasonal mean rainfall of 90.13 and 83.57 cm with inter-
annual standard deviation of 2.88 and 2.53 cm, respec-
tively. The CI averaged mean rainfall in the control
simulation is 86.24 cm with standard deviation of 8.08 cm.
Therefore, the IAV of rainfall in FBC 1981 and 1989 runs
are about 35 and 31% of control simulation. In principle,
one-way nesting of RCM restricts the modulation of large-
scale component of monsoon circulation. Otherwise it will
modulate the circulation of the scale larger than the current
model domain and probably, that would generate more
‘internal’ IAV. Furthermore, above two FBC runs show
that, it is primarily the boundary conditions which generate
large pre-onset rainfall over CI.

Where does the ‘internal’ IAV arise from in the model
simulation? Is this variability related to the land—atmo-
sphere feedback around onset time? To answer these
questions we have calculated interannual standard devia-
tion of monthly rainfall for the months June—September. If
the IAV of seasonal rainfall is due to noise, the interannual
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Fig. 11 Interannual variance of CI averaged rainfall (mm?> day~2) in
FBC 1982 (red) and FBC 1989 (blue) simulations

monthly variability will be evenly distributed in all four
months. It turns out that the month June produces largest
IAV (Fig. 10) over CI as well as over coastal part of
Arabian Sea. The interannual variance of CI averaged daily
rainfall shows the largest variability during the month June
(Fig. 11) and the maximum values for FBC 1982 and 1989
are ~11 and ~4 mm? day 2, respectively. Therefore, the
IAV in the model is not totally due to climate noise, but
there are some systematic variations and that is large in
June. Furthermore, a relatively larger pre-onset rainfall
variability around 17th May in FBC 1982 run is followed
by very large rainfall variability around middle of June.
The largest June rainfall variability clearly indicates a link
with the pre-onset rainfall, through ‘internal’ land—atmo-
sphere feedback. On the other hand, the FBC 1989 run
shows larger rainfall variability compared to FBC 1982
during July—September. Though the July—September rain-
fall variability are smaller, their contribution towards
the interannual variability in FBC 1989 run cannot be
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Fig. 12 a Time evolution of CI averaged accumulated rainfall in cm
(FBC 1982). Wet and dry year composites are shown in red and blue
color, respectively. b Magnified view of box in a

neglected (CI averaged rainfall standard deviation in FBC
1982, 1989 are of same order). Since the pre-onset rainfall
variability in FBC 1989 run is very small, it cannot be used
for testing the hypothesis. Therefore, we present here the
detail analysis of FBC 1982 run. To gain further insight,
out of 31 years of FBC 1982 run, we have identified
6 years as excess rainfall years (>0.9 standard deviation)
and another 6 years as deficit rainfall years (<—0.9 stan-
dard deviation). Hereafter the excess and deficit rainfall
years will be referred as “wet” and “dry” years, respec-
tively. Here, the meaning of “wet” and “dry” years are
different from the actual definition of Indian summer
monsoon dry and wet years. The former is based on
‘internal’ model simulation where interannual standard
deviation of rainfall is about 30% of observations.

We have created a time series of CI averaged accumu-
lated rainfall (land part only) for all “wet” and “dry”
years. Figure 12 shows the composite of “wet” and “dry”
year accumulated rainfall. Above (below) normal rainfall
in May decreases (increases) the rainfall in June and
beyond June, the two composites are almost parallel.
Therefore, the largest IAV in June rainfall (Fig. 10) is
arising primarily due to internally generated pre-onset
land-surface conditions and that variability (i.e. June rain-
fall) determines whether a year is going to be “wet” or
“dry”. Pre-onset to onset phase of monsoon is unstable and
weak compared to its mature phase. Therefore in that
phase, the monsoon can get perturbed easily due to the
feedback arising from land-atmosphere interactions.
Model indeed shows largest variability during transition
period.
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Fig. 13 CI averaged 20-100 days filtered rainfall anomaly (mm
day™") from FBC 1982 run (normalized by their own standard
deviation). a Composite of all years (31 years). b Composite of wet
years. ¢ Composite of dry years

However, from the above it is not clear whether the
CISO has been modulated. We will now examine if there
was any modulation of CISO, particularly during “wet”
and “dry” years. To do so, time series of 20-100 days
filtered rainfall anomaly, averaged over CI land part has
been constructed for all 31 years. Figure 13a shows the
composite of 31 years normalized (by May—September
rainfall standard deviation) rainfall anomaly from 1st May
to 30th September. This composite shows nothing but the
CISO. The planetary scale background condition of 1982
has produced three active and two break events. Here
active (break) condition is identified when the anomalous
rainfall is greater (less) than or equal to +1 (— 1) standard
deviation. Similarly, the composite of rainfall anomalies
for “wet” and “dry” years are shown in Fig. 13b, c,
respectively. Major changes in phase as well as in the
amplitude of CISO are seen between middle of May to end
of June. Other than this period, phase and amplitude of
CISO in Fig. 13a—c are very similar to each other. During
“wet” years, a negative rainfall anomaly is appeared
between 17th and 31st May followed by an enhanced
active condition for 15 days. On the other hand, during
“dry” years, an anomalous positive rainfall is appeared
between 10th and 27th May, followed by a much weaker
positive anomaly.

Pre-monsoon land—ocean temperature gradient primarily
drives the low-level moist wind into the continent and
initiates the monsoon circulation. A notable change in pre-
onset low-level moisture convergence is also seen between
“dry” and “wet” years (Fig. 14). These changes are due to

2
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unpredictable internal dynamics. An increase (decrease) in
low level moisture convergence during pre-onset condition
vigorously decreases (increases) the moisture convergence
(significant at 95% level) during the onset phase. It may be
noted (Fig. 14) that, moisture convergence is largely con-
fined to the lower layers.

The surface temperature and soil moisture condition
before and after the onset are examined in Fig. 15. The CI
averaged difference in 2m air temperature between “dry”
and “wet” years changes sign within 1-2st June (Fig. 15c¢).
Pre-onset 2m air temperature is warmer (colder) during the
“wet” (“dry”) years and the vice versa. Naturally, the
warmer (colder) pre-onset 2m air temperature is due to
decrease (increase) in pre-onset rainfall, which is evident
from the surface soil moisture (Fig. 15a). The color shaded
area in Fig. 15a, c are significant at 95% level. Using onset
date of individual years (defined by TTG index), 15 days
averaged (prior to onset) soil moisture and 2m air tem-
perature are calculated to examine the spatial distribution
of pre-onset “wet” and “dry” years land-surface condi-
tions. The CI averaged total pre-onset and June—September
monthly rainfall during “wet”, “dry” and all 31 years are
summarized in Table 1. The differences between “wet”
and “dry” years accumulated rainfall during pre-onset and
during the month of June are 9.50 and 87.57 mm, respec-
tively. Other months (July—September) do not show sig-
nificant difference in accumulated rainfall among “wet”,
“dry” and all years average. The average pre-onset surface
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Table 1 CI averaged total rainfall composite for “wet”, “dry” and
all 31 years during pre-onset (15 days), June, July, August and
September

Pre-onset  June July August  September
All year 42.97 204.25 24156 289.52  166.65
“Wet” year  39.49 250.05 24193 28796 164.57
“Dry” year  48.99 162.48 24049 287.24 166.43

Onset dates are defined using TTG index

temperature is significantly (95% significance level) war-
mer during “wet” year compared to “dry” year over
large part of the CI with maximum of 3°C (Fig. 15d). A
relatively dry pre-onset land-surface condition (Fig. 15b)
during “wet” years is also consistent with the decrease in
pre-onset rainfall. Therefore, the pre-onset land—ocean
temperature gradient is relatively larger during the “wet”
years compared to “dry” years and that leads to enhanced
low level moisture convergence. A strong moisture con-
vergence leads to an anomalous cooling in the surface and
produces anomalous dry condition. This anomalous dry
condition creates a favourable condition for convection and
hence moisture convergence increases. The net moisture
convergence (or rain) during June is high (low) due to low
moisture convergence during pre-onset time. Therefore,
though the pre-onset conditions are not predictable, there is
certain predictability of June rainfall based on pre-onset
condition.

6 Conclusions

Long control simulations (27 years) are carried out using
regional climate model RegCM3 to investigate the mon-
soonal climate in the model. Though the seasonal rainfall
(JJAS averaged) over Arabian Sea and Bay of Bengal is
overestimated, the model is able to capture the rainfall
pattern over land part quite well. The location of low level
and upper level monsoon Jets and their magnitude are also
nicely reproduced. On the intraseasonal time scale, the
simulated northward propagation of ISO is reasonably
good in the model. The IAV of CI rainfall and onset date
in the control simulation of RegCM3 are close to the
observations.

Understanding the mechanism of ‘internal’ TAV is the
key towards improving seasonal prediction of Indian
summer monsoon. Here we have proposed that the pre-
onset land—atmosphere interaction can give rise to ‘inter-
nal” TAV through the modulation of CISO. Observations
indeed show that increase in ‘internal’ May rainfall is
followed by a decrease in June rainfall and the vice versa.
To test our hypothesis we have used the RCM RegCM3,
successively forced with two different boundary condition
(1982, 1989) in two separate simulations each for 31 years
(FBC runs) over the Indian monsoon region. Hence the
IAV generated in the model is not connected with the IAV
of external influences but, mainly due to the internal land—
atmosphere feedback.

Using FBC 1982 run, it has been shown that the land-
atmosphere interaction modulates the phase and amplitude
of CISO during the months May—June. A dry (wet) pre-
onset (May) land-surface condition increases (decreases)
rainfall in June while the remaining months of the season
do not show much change. The June anomaly leads to an
anomalous change in seasonal rainfall. Thus, the IAV of
seasonal rainfall is connected with the pre-onset land-
surface condition which is unpredictable and generates
internally. Though the pre-onset rainfall spells are unpre-
dictable, it plays a deterministic role on the anomalous
seasonal rainfall and can be used for improving the fore-
casts within the season.

While the IAV of seasonal rainfall in FBC 1982 and 1989
runs are of the same order, the mean and interannual vari-
ability of pre-onset rainfall in the FBC 1989 run are very
small. Therefore, the impact of pre-onset rainfall on the first
phase of CISO could not be seen very clearly. Hence, the
generation of ‘internal’ summer monsoon rainfall variabi-
lity may not be related with the external influences. How-
ever, the interannual rainfall variability in FBC 1989 run is
relatively larger during the months July—September. Prob-
ably the variability in land-surface conditions during mon-
soon season also contributes to the ‘internal’ variability.
The ISO may interact with the prevailing land-surface
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conditions and create certain rainfall changes within the
monsoon season. Observational and modeling study in the
past have shown strong negative correlation between soil
moisture and rainfall at 10-15 days lag. The memory of
past rainfall during ISO active phase may prevail in the soil
and interact with the next active phase of ISO. Therefore, it
will be interesting to investigate whether the ‘internal’
variability particularly in FBC 1989 run are generated due
to the interactions between 10 and 20 days mode of ISO and
the land-surface processes.

Though a large amplitude of pre-onset rainfall is the
necessary condition for proving our hypothesis, this study
could not bring out appropriate methods of boundary
condition selection. Thus, the choice of boundary condi-
tions remains trivial. Furthermore, the strength of land—
atmosphere coupling are different in different model.
Therefore, similar experiments with other climate model
may also increase our confidence in this finding.

This is the first time that a clear link between pre-onset
and seasonal monsoon rainfall variability is demonstrated
using a RCM. Our result suggests that the initialization of
soil moisture with realistic data may improve the seasonal
forecast of Indian summer monsoon rainfall.
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