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Abstract

The present study examines the mean features ddnrglimmer
monsoon and the boreal summer intra-seasonal atgwils (BSISO) as
simulated by the Weather Research and ForecasiMBF] regional
atmospheric model. For this the WRF model at 30Harizontal resolution
is forced with NCEP-II reanalysis as the initiabdadmoundary condition and
integrated for a period of 8 years. The simulag=sults are compared with
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Kolusu TRMM rainfall as well as with the reanalysis datasef NCEP-II and
Email: seshukolusu@gmail.com ERA-Interim. Analysis reveals that the WRF modedlide to reproduce the
observed characteristics of large scale mean festamd spatial variations
Received: 11/05/2014 of rainfall and winds at 850hPa and 200hPa. Theha@rd propagating
intra-seasonal oscillation (ISO) components over rtionsoon trough and
Revised: 23/06/2014 the equatorial Indian Ocean is reasonably simulbayethe WRF model and

shows some promise in understanding the regiorerbcteristics of Indian
summer monsoon and its ISO components. WRF modehciaas suitable
tool for predicting the 1SO's over the Indian summgonsoon region.
Further, the results presented here suggestsahatlysis with a realistic
basic state and proper representation of northwerdng 1SO's is required
to force a regional model. This study elucidateWiRF regional model has
shown a reasonable representation of BSISO.
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1. Introduction of the regional hadley circulation and has a binhoda
Asian summer monsoon is the most vigorousstructure in convection with two preferred locatiof

weather system in the world, profoundly affectingsn convection, one over the Indian continent and other
of the nations of South and Southeast Asia. Actioss Over the equatorial Indian Ocean (Sikka and Gadgil,
region, over 75% of the total annual rainfall oscur 1980).

during the summer monsoon season. Nearly 60% of the The intra-seasonal oscillations (ISO's) of the
planet’s population relies on the soaking monsadamsr ~ Indian  summer monsoon represent a broadband
to support agricultural production, to provide agatg  SPectrum with periods between 10 and 90 days but
drinking water for humans and livestock and to have two preferred bands of periods (Krishnamunti a
generate hydroelectric power that drives agricaltur Bhalme, 1976; Krishnamurti and Ardunay, 1980;
and industrial production (Fein and Stephens, 1987)Yasunari, 1980), one between 10 and 20 days and the
Indian summer monsoon has vigorous intra-seasondther between 30 and 60 days. The two oscillations
oscillations in the form of “active” and “breakspells ~ such as northward propagation of the TCZ with a
of monsoon rainfall within the summer monsoon periodicity of 30-60 days and the westward
season (Ramamurthy, 1969), associated withPropagation of synoptic scale convective systeras th
fluctuations in tropical convergence zone (TCZz) orOriginates over the warm waters of Bay of Bengal
zonally oriented belt of precipitation from its egarial ~ (Gadgil, 2000), with a periodicity of 10-20 days
position to continental position (Yasunari, 19798Q; contributes equally to the intra-seasonal active an
1981; Sikka and Gadgil, 1980). The TCZ over thebreak cycles of the monsoon rainfall. Active phase

Indian monsoon region represents the ascendingran Monsoon is characterized by the clustering of tve |
pressure systems over the warm waters surrounded by
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the subcontinent. Relatively very few systems formet al., 1996) and 6 hourly ERA-Interim at a spatial
during the break phase. The strength of monsoomesolution of 1.5 X 1.5 degree (Simmoetsal., 2006)
activity has inverse (direct) relationship with \skr have been used for evaluating the performance ef th
30-60 (faster 10—20) day mode (Kripalahal., 2004). model. The study utilised the observational datéset
The prediction of Indian monsoon mean rainfall the monsoon months (JJAS; June to September) of
and the intra-seasonal variability of Indian summer(2000-2007) eight years. Daily precipitation andesl
monsoon are the uttermost important for Indianaegi  are calculated by removing the daily mean climajplo
In the past there were many attempts to demonstrat€2000-2007) from the daily actual precipitation.esh
the skill of the regional models embedded in a GGM anomalies are then filtered using a Lanczos filter
simulate the Indian summer monsoon climatology(Duchon, 1979), by retaining periodicities betwenh
(Bhaskaranet al., 1996; Jacob and Podzum, 1997; and 100 days to obtain intra-seasonal anomaliessélh
Vernekar and Ji, 1999; Lee and Suh, 2000; Dssih, intra-seasonal anomalies are hereafter referred as
2006). All these studies reported that the regionalfiltered anomalies”.In addition to this, the Asian
models were able to produce an improvement in thePrecipitation-Highly Resolved Observational Data
spatial and temporal distribution of monsoon Integration Towards Evaluation of Water Resources
precipitation, which was attributed by the incrahse (APHRODITE) at a spatial resolution of 0.25X0.25
resolution of these models. Hence, we conducted adegree gridded daily data (Yatagaial.,, 2012) are
experiment with the WRF model at a horizontal used for the comparison of rainfall over Indiandan
resolution of 30-km over the South Asian domaine Th region.
prediction of active and break cycles of the monsoo
rainfall is very crucial for agriculture planningiater 2.2 Description of the WRF model
management etc. Moreover, it also controls andtdimi The Advanced Research WRF (WRF-ARW)
the predictability of seasonal mean. Studies cdrmi@  model version 3 is a fully compressible, Euler non-
for simulating monsoon features using WRF modelhydrostatic equations model from the NCAR
(e.g. Ashrit and Mohandas, 2010; Srnieasl., 2012,  Mesoscale and Microscale Meteorology division.
Raju et al., 2013) found that the WRF model able to Arakawa-C grid staggering is used for the horizbnta
capture mean monsoon circulation patterns andathinf discretization. Detailed description of WRF-ARW is
Bhaskaranet al. (1998) studied I1SO using a general available in Wanggt al. (2008), and Skamaroait al.
circulation model (GCM) and a nested regional ctena (2005). The microphysical sub grid scale processes
model (RCM) in the Indian summer monsoon. Theyrepresented by the scheme described by Thomgson
suggested that the ISO's in the RCM was modulaged bal. (2004) and the Betts Miller Janjic scheme (Betts,
the driving GCM circulation via the lateral boungar 1986; Betts and Miller, 1986; Janjic, 1996; 200) i
forcing on the 30-50 daytime scale. Hence, a betteused to represent the cumulus parameterization.
representation of not only the monsoon climatolbgy ~ Mukhopadhyayet al. (2010) conducted sensitivity
also the intra-seasonal oscillations is very muchsimulations by changing different convective
required for a dynamical model to predict the mamso parameterizations in order to represent the mean
accurately. The present study is therefore aimed atlimatological precipitation. They found that thé\B
investigating the capability of a regional climatedel,  convective parameterization scheme is able to m®du
Weather Research Forecast (WRF) regional climatex reasonable mean monsoon pattern in the WRF model.
model in simulating the Indian summer mean monsoorMoreover, earlier study for comparing the perforcean
circulation features, rainfall and intra-seasonalof three different convection parameterization seche
oscillations, when observed boundary conditions arén simulating contrasting monsoons (Ratnam and

provided. Krishna Kumar, 2005) reveal that the BMJ scheme has
simulated less rainfall during the drought yearl 687

2. Data, Model and Experimental Design and the circulation features comparable with the
observations. Hence, we selected BMJ convective

2.1 Data parameterization scheme in our simulation. The Noah

TRMM (Tropical Rainfall Measuring Mission) land surface model (Chen and Dudhia, 2001) and

rain rate at a spatial resolution of 0.25X0.25 @egr Yonsei University PBL parameterization scheme
grid boxes (~30X30 km) with a 3-hour resolution and (Hong et al., 2006; Hong and Dudhia, 2003) are used
precipitation and winds (at 850hPa and 200hPa)jn these simulations. Rapid Radiative Transfer Mode
obtained from the reanalysis datasets namely 6nour (RRTM, Mlawer et al., 1997) is used for long wave
NCEP-NCAR (National Centers for Environmental radiation parameterization. The short wave radatio
Prediction—National Center for Atmospheric Resegrch Parameterization described by Dudhia (1989), isluse
at a horizontal resolution of 2.5 X 2.5 degree (&3l
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to represent short wave radiation interactionshia t is well simulated. The upper level (200hPa) windsrf
atmosphere. NCEP-II reanalysis clearly show the tropical edgter

The model domain bounded by°4P0°E and jet stream with maximum winds along the equatorial
20°S-40°N, covering South Asian monsoon regionsregion of southern tip of Indian peninsula. The
have been selected for the present study. A hamton presence of the Tibetan anticyclone can be notitld.
resolution of 30 km and 28 sigma levels in vertigdh tropical easterly jet is well simulated. Howevar,the
model top at 10hPa is chosen so that the model caequatorial region, the maximum strength of meardwin
capture monsoon features embedded in the planetarat 200hPa is underestimated by the WRF model. The
scale monsoon system. The initial conditions angela  monthly variation of winds in the lower and upper
scale lateral boundary conditions obtained from thetroposphere also has a better representation in WRF
NCEP-Department of Energy (DOE) (NCEP-DOE) model (figure not shown). When the monsoon is agtiv
Reanalysis Il data (Kanamitsl al., 2002) is used to the lower level (850hPa) south-westerly winds get
force the model. Observed Reynolds sea surfacstronger over the Indian peninsula and eventuéidy t
temperature (SST) weekly data with a spatial cayeera precipitation becomes positive and while the monsoo
of 1.0 degree latitude x 1.0 longitude global fi80 x  is in the break phase the lower level (850hPa)hsout
360) are used in this simulation. The lateral bamd westerly winds get weaker over the Indian peninsula
conditions (LBCs) are updated every six hours 88l S and eventually the precipitation becomes negative.
updated at weekly in the model frame work. We Therefore, circulation features are one of the most
simulate the model for 8-year period (2000-200thwi important components of monsoon simulation. The
a time step of 180 seconds. Each WRF-ARWWRF model has shown a reasonable representation of
simulation was initialized from the®1May and ran large scale circulation.

until 30" September for 8 year period. Rainfall is an important parameter in many
operational and research activities, ranging from
3. Results weather forecasting to climate research. A comparis

To have a better monsoon simulation in theOf JJAS rainfall Climat0|ogy simulated by the WRF
modeL the model must have a better representaﬁon model with that of observed dataset of APHRODITE,

the monsoon climatology at the first instance. enc @nd TRMM can be obtained from (Fig 2). The
the large scale features of monsoon as simulatetery APHRODITE data are used for the better comparison
model is compared with that of the observationwels  Oof land region over the model domain. The
as with the NCEP-II reanalysis (forcing field faret ~APHRODITE data has a better representation of heavy
WRF model). Before investigating the model's apilit rainfall over the Western Ghats, the foot hills of
in simulating monsoon intra-seasonal oscillatioas, Himalayas and the monsoon trough region by the use

detailed discussion on the climatology and largeesc ©Of ground truth gauges network compared to TRMM
features are provided in the following section. data. The observed TRMM rainfall also show a

maximum rainfall over west coastal regions near the

3.1. Simulation of mean monsoon spatial Western Ghats, eastern Bay of Bengal and overreaste
rainfall and circulation features. equatorial Indian Ocean. Analysis shows that thePFNVR

The important characteristics of the Indian model captures the general features of the JJAS

summer monsoon is the circulation features sudheas S€asonal climatologyo of r?infall ooverothe Asian
Findlater jet at 850hPa (Findlater, 1969), the ezgst 1ONSOON Tegion (40°E-120°E, 20°S-40°N). A few
jet at 200hPa (Koteswaram, 1958). The seasonal mea(ilfmC'enc'eS to note are the _overest|mat|0n of fediin
characteristic of the flow pattern in the model is ovzr th_e _equatorlalh Ind|an| I(g_ceand fandhm the
compared with corresponding fields from NCEP-II and underestimation over the central India and foct
ERA-Interim reanalysis (Fig 1). The reanalysis data Himalayas. The underestimation of precipitation rove

show 850hPa wind maximum along northwest Indianthe core monsoon _(Qentral India) r.egion (Rajeestan
Ocean over the latitudinal belt of°-55°N. ERA- al., 2010) is quantified by computing the mean and
Interim (Fig 1c) has stronger winds at 850hpastandard deviation in rainfall over the centraliémd

: . i Cl: averaged over the region bounded b¥69°
compared to NCEP-II (Fig 1a). The maximum strengthre%'On ( . X oS
of the mean westerly wind at 850hPa is well simadat 88°E ano_l 18 N'ZS N). T_here_ is discrepancy among the
by the WRF model, but with a slight overestimation observations while estimating the mean (standard

: : : deviation) of rainfall over the CI region. When TRM
the wind speed (Fig 1e) compared to NCEP-II (Fip 1a .
and underestimation when compared to ERA-Interimhas shown mean monsoon (JJAS) Cl rainfall of 7.89

: ) : /day with a standard deviation of 2.16 mm/daye Th
(Fig 1c). The figure shows that the cross equdtorlamm .
flow at 850hPa in the Arabian Sea over the WholeAPHRODITE data show mean rainfall of 5.76 mm/day

peninsular region, easterlies over Indo-Gangetiinpl with a standard deviation of 1.93.
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Fig 1: Climatology of monsoon circulation (JJAS)rizontal winds at 850 (a, ¢ and e) and 200 (mdl fx hPa from NCEP (a
and b), ERA-Interim (c and d) and WRF model (e §rfdr the period (2000-2007).

Fig 2: Summer monsoon (JJAS) rainfall (mm/day) eliobogy from a) APROHDITE b) TRMM, and c) WRF
model for the period (2000-2007).
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However, the data covers only land points. Thesimulating the day to day variation of monsoon fiain
reanalysis products, NCEP-II (ERA-Interim) show low of the dry year (2002), while the variations of €ah

values of rainfall with mean 5.85 (6.72) mm/day and Indian rainfall for the wet year (2007) is well sifated

standard deviation 2.29 (1.21) compared to the TRMMwith a correlation of 0.38 (0.49) with TRMM
The WRF model has simulated mean rainfall of 5.77(APHRODITE) data.

mm/day with a standard deviation of 1.65 mm/dayove

the region; comparable with NCEP-II reanalysis and3.2. Simulation of Boreal Summer Intra-

APHRODITE ground truth data, but significantly Seasonal Oscillations (BSISO)
lower than the TRMM observation. Although the characteristics
models capture the spatial structure of variabilihe The skill of the atmospheric model in simulating

amplitudg of the wvariabilty is considerably the mean summer monsoon climate and BSISO
underestimated, ~when compared to  TRMM ariance can be assessed from the (Fig 2 and 4). Th
observation. Individual months of climatological rainfall maxima over the west coast of India anerov
pattern of rainfall simulated by the model are camd  the monsoon trough region are realistically simedat
well with TRMM observation (figure not shown). 5 WRF model (Fig 2), indicating that the northward
However, an overestimation of rainfall over Arabian propagation of the monsoon convection has a good
Sea is seen in all months in the WRF simulatedaliin  ygpresentation in the model. To obtain detailed
Rainfall over the core monsoon region S ynderstanding of the boreal summer intra-seasonal
underestimated in the WRF model compared t0sgijjations (BSISO). A 20-100 day band pass filter
observations; the possible reason is evident froen t \hich covers the broad band spectrum of the intra-
simulated wind climatology at 850hPa as shown ingeasonal oscillations, is applied to the observed a
(Figs 1a, c, e). Since the WRF simulated winds arénoge| simulated precipitation anomalies. Composite
weaker during the monsoon season which brings thgeasonal mean intra-seasonal variance of theefiter
lesser moisture to the core monsoon region angyecipitation anomalies (Fig 4) identifies two zeraf
eventually regults in def|C|ent. rainfall over there  aximum precipitation variance, the primary zone of
monsoon region. If we consider the core monsooNnaximum precipitation variance is over the eastern
region especially the Cl, the rainfall is deficiehte to equatorial Indian Ocean and the secondary zone of
two reasons, (1) the northward extent of the crosgyrecipitation maximum stay over the two locatiomse
equatorial flow is to the south of Cl region (Fig)1(2)  over the west coast of India and the other over the
WREF simulates more rainfall over the Arabian se&g (F northern bay of Bengal. These rainfall charactesst
2c) which dries out the winds reaching the coreyre reasonably captured by the model. Enhanceat intr
monsoon region. . _ seasonal variance of precipitation anomalies is §ee
Further, the ability of the model to simulate the most of the Indian monsoon domain, large vasan
extreme dry and wet years have been assessed Ry simulated mainly over western Indian Ocean. Our
comparing the WRF model simulations and giggnostics show that the basic state in precipiat
observations for two extreme dry monsoon year Ofthe zonal and meridional extent in easterly veitica
2002 and wet year of 2007 period. The model haghear and the magnitude of simulated intra-seasonal
simulated a mean rainfall over the CI region of4120. variability in precipitation (Figs 1, 2, and 4) aell as
mm/day for the dry monsoon year (2002) while theihe BSISO properties remain close to observations
observed TRMM (APHRODITE) data showed mean (TRMM and NCEP-II/ERA-Interim reanalysis).
rainfall of 7.71 (6.36) mm/day. However,_during the In order to understand the propagation
wet year of 2007, the model produce a rainfall 988  characteristics of BSISO, filtered precipitation
mm/day while the observations were 7.90 (6.01)anomalies are regressed at different time lags with
mm/day. Assessment of the day to day variation ofiegpect to a reference time series averaged oeer th
rainfall for the years show that the WRF modelédil regional heat sources (monsoon trough and equiatoria
to capture break monsoon period during July 2002. T |ngian Ocean region). The reference time series is
WRF modgl underestimates the Juqe rainfall, OVelcomputed based on the area averaged filtered
estimates in July and August. Model simulated &linf cecipitation anomalies over a box in the monsoon
variability is close to observations only duringeth trough region (18°-25°N, 70°~95°E) and a box in the
month of September. Unlike the dry monsoon yea, th Equatorial Indian Ocean (10°S—5°N, 70°-110°E) for
daily rainfall variations are reasonably well siaed  ine poreal summer season from 1 June to 30

by the model during the wet monsoon year of 2007gentember. Lag-lead regression analysis have been
(Fig 3b). The model has shown a correlation of 0.17

(0.17) with the observed TRMM (APHRODITE) in
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Fig 3: Daily rainfall time series averaged overtcanindia (18°-25°N, 75°-90°E) from observatiomedanodel for
two extreme monsoon years of (a) dry year (2008)(Bhwet year (2007).
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Fig 4: JJAS composite mean variance of 20—100 ittayefd precipitation anomalies (nifday’) from a) TRMM, b)
NCEP, ¢) ERA-Interim and d) WRF model.
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performed between the filtered rainfall anomaliesl a expect a better ISO and northward propagation én th
the time series to understand how well the modeMWRF model with the ERA-Interim LBC.
simulates the influence of the heat sources on the
northward propagation characteristics of BSISO $Fig 4. Discussion and Conclusions
5,6, 7 and 8). The WRF regional model with 30 km resolution
Observed pattern of northward propagation ofdriven by NCEP-II reanalysis is used to simulate th
ISO's, associated with the influence of monsoongho  summer monsoon regional climate and its associated
(Fig 5a, regressed with monsoon trough precipitatio rajinfall intra-seasonal oscillations (1ISO's) ovedif for
index) and the equatorial Indian Ocean (Fig 5b,an 8-year period from 2000 to 2007. The model
regressed with equatorial Indian Ocean preciptatio performance is evaluated for climatological mean
Index) are shown in (Fig 5) (using TRMM rainfall), simulation as well as for 1ISO signals by comparing
similarly for reanalysis (Fig 6) (NCEP-II rainfalgnd  wjth TRMM and global reanalyses (NCEP-II and ERA
(Fig 7) (using ERA-Interim rainfall) are shown. In |nterim).
general, these lag-regression plots show the cohere The WRF regional atmospheric model forced
poleward propagation of filtered precipitation with NCEP-II reanalysis is found to capture reasya
anomalies in intra-seasonal time scales. The namtw the |ndian summer mean monsoon circulation features
propagation characteristics simulated by WRF modekaijnfall and intra-seasonal oscillations. Our study
(Fig 8) corresponds well with the northward syggests that the WRF model has a reasonable
propagation seen in observed TRMM precipitatioy (Fi representation of daily mean rainfall during wet
5). Sperber and Annamalai, (2008) noted that ECHAMmonsoon years compared to dry monsoon years. A 20-
family of coupled models outperforms other coupled100 day band pass filter, which covers the broattiba
models in capturing the boreal summer intra-sedsonaspectrum of the intra-seasonal oscillations, idiaggo
variability (BSISO). obtain boreal summer intra-seasonal oscillations
Though, WRF has shown some improvement(Bs|SO). Analysis reveals that the northward
compared to NCEP-II reanalysis, WRF model propagation of 1ISO's associated with the influente
downscaled simulation do not agree very well wite t monsoon trough and the equatorial Indian Ocean,
observed characteristics of I1ISO as seen from thgptained by regressing the precipitation with mamso
TRMM observational analysis (Fig 9a and 10a) due torrough precipitation index and equatorial Indiare@u
the constraints imposed by the boundary conditionsprecipitation Index, are reasonably simulated by th
(NCEP-II reanalysis), nevertheless the northwardywRF model. The results presented here suggest that
moving anomalies are faster (Fig 9d and 10d) atbeg  the regional model forced by reanalysis data with a
latitudes 10°-20°N when regressed with the aregeglistic basic state and a proper representatictheo
averaged index over the longitudes 70°-95°Eequatorial ISO component are the basic ingredifemts
(monsoon trough region) and over 70°-110°Ethe regional model to capture a reasonable
(equatorial region) respectively, which suggestegt t representation of the BSISO. The northward
the northward moving anomalies (propagation) arepropagation characteristics seen in TRMM obsernatio
improved well in the WRF simulation compared to the corresponds reasonably with the WRF simulated
NCEP-II reanalysis (Fig 9b and 10b) and also dlésrr  northward propagation. Though, WRF model
from the figure that the northward component over t  simulation agrees with observed characteristickS6f
monsoon trough region has significantly improved injn TRMM, the WRF model has limitations with the
the WRF downscaled simulation (Fig 9d and 10d). Thesimulation of northward propagation due to the oeas
WRF downscaled simulation did not capture thejt js forced by NCEP-Il reanalysis at the lateral
observed ISO pattern (or) the northward propagatinthoundary condition (LBC). Modelling studies (e.g.
anomalies as observed by TRMM observation due tqaimer and Anderson, 1994; Brankovic and Palmer,
additional limitations posed by the boundary caodit  1997; Bhaskaranet al., 1998; Rajuet al., 2013)
Since the WRF model is forced by NCEP-II reanalysissuggested that the mean monsoon rainfall is seeddi
at the lateral boundary condition (LBC), we may notijnitial conditions; thus our study also corrobosathat
expect a very good ISO simulation. An improved the accurate representation of initial conditions a

reanalysis lateral boundary condition may provide anecessary for reliable 1SO simulation with a region
better 1SO simulation using WRF over the Indian model.

region. The ERA-Interim reanalysis shows some
promising results (Fig 9c and 10c), when comparedACknoMed ements
with the ISO of TRMM (Fig 9a and 10a). Due to time NCEP-gII Reanalysis data is provided by the

and computational constraints we could not repeat t NOAA/OAR/ESRL PSD. Boulder. CO. USA. from
entire experiment with the ERA-Interim LBC: we can their website at http’://WWW.es’rI.noa’a.gov/[,)sd/and
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Fig 5a: Spatial regression coefficient of filteqgecipitation anomalies (mm ddybased on monsoon trough index
from TRMM during the (2000-2007) period.
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Fig 5b: Spatial regression coefficient of filterpecipitation anomalies (mm d&ybased on Equatorial Indian
Ocean index from TRMM during the (2000-2007) period
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Fig 6a: Spatial regression coefficient of filtefgecipitation anomalies (mm ddybased on monsoon trough index
from NCEP during the (2000-2007) period.
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Fig 6b: Spatial regression coefficient of filterprecipitation anomalies (mm ddybased on Equatorial Indian
Ocean index from NCEP during the (2000-2007) period
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Fig 7a: Spatial regression coefficient of filteqgecipitation anomalies (mm ddybased on monsoon trough index
from ERA-Interim during the (2000-2007) period.
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Fig 7b: Spatial regression coefficient of filterpcecipitation anomalies (mm d&ybased on Equatorial Indian
Ocean index from ERA-Interim during the (2000-20p&}iod.
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Fig 8a: Spatial regression coefficient of filteqgecipitation anomalies (mm ddybased on monsoon trough index
from WRF simulations during the (2000-2007) period.
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Fig 8b: Spatial regression coefficient of filterpcecipitation anomalies (mm d&ybased on Equatorial Indian
Ocean index from WRF simulations during the (20002 period.
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ERA- also thank to Dr. Suvarchal K. Cheedela for sdient
Interim data obtained from the website (http://data discussion. We thank to two anonymous reviewers
portal.ecmwf.int/data/d/interim_daily/). The TRMM comments who greatly improved content of this
data is obtained from NASA, USA (http://miradorgsf manuscript.

nasa.gov/collections/ TRMM 3B42 daily-06.htmyVe
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Fig 9: Filtered anomalies of precipitation (mm dpyegressed with monsoon trough region index, area
averaged over 18°N-25°N, 70°E—-95°E from (a) TRMM), NCEP, (c) ERA-interim, (d) WRF as a function of
latitude and time lag during the 2000-2007 period.
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