Clim Dyn (2016) 47:895-917
DOI 10.1007/s00382-015-2878-5

@ CrossMark

Representation of monsoon intraseasonal oscillations in regional
climate model: sensitivity to convective physics

U. Umakanth!

- Amit P. Kesarkar! - Attada Raju®? - S. Vijaya Bhaskar Rao*

Received: 18 July 2015 / Accepted: 14 October 2015 / Published online: 7 November 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract The aim of the study is to evaluate the perfor-
mance of regional climate model (RegCM) version 4.4 over
south Asian CORDEX domain to simulate seasonal mean
and monsoon intraseasonal oscillations (MISOs) during
Indian summer monsoon. Three combinations of Grell (G)
and Emanuel (E) cumulus schemes namely, RegCM-EG,
RegCM-EE and RegCM-GE have been used. The model
is initialized at 1st January, 2000 for a 13-year continu-
ous simulation at a spatial resolution of 50 km. The mod-
els reasonably simulate the seasonal mean low level wind
pattern though they differ in simulating mean precipitation
pattern. All models produce dry bias in precipitation over
Indian land region except in RegCM-EG where relatively
low value of dry bias is observed. On seasonal scale, the
performance of RegCM-EG is more close to observation
though it fails at intraseasonal time scales. In wave num-
ber-frequency spectrum, the observed peak in zonal wind
(850 hPa) at 40-50 day scale is captured by all models with
a slight change in amplitude, however, the 40-50 day peak
in precipitation is completely absent in RegCM-EG. The
space—time characteristics of MISOs are well captured by
RegCM-EE over RegCM-GE, however it fails to show the
eastward propagation of the convection across the Maritime
Continent. Except RegCM-EE all other models completely
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underestimates the moisture advection from Equatorial
Indian Ocean onto Indian land region during life-cycle of
MISOs. The characteristics of MISOs are studied for strong
(SM) and weak (WM) monsoon years and the differences
in model performances are analyzed. The wavelet spectrum
of rainfall over central India denotes that, the SM years are
dominated by high frequency oscillations (period <20 days)
whereas little higher periods (>30 days) along with domi-
nated low periods (<20 days) observed during WM years.
During SM, RegCM-EE is dominated with high frequency
oscillations (period <20 days) whereas in WM, RegCM-EE
is dominated with periods >20 days. Except RegCM-EE,
all other models fail to capture the observed spectral fea-
tures for SM and WM years.

Keywords Regional climate model - Seasonal mean
monsoon - Intraseasonal variability of the monsoon - Active
and break spells - Horizontal moisture advection

1 Introduction

Indian Summer Monsoon (ISM) is one of the spectacu-
lar features of the global atmospheric general circulation,
and is important due to its impact on agrarian economies
of countries like India. The country receives more than
80 % of its annual precipitation during June to Septem-
ber (JJAS) of ISM (Rajeevan et al. 2013). The ISM exhib-
its large amplitude sub-seasonal variability dominated by
quasi-periodic oscillations known as the monsoon intrasea-
sonal oscillations (MISOs). The MISOs are characterized
by fluctuations of the Tropical Convergence Zone (TCZ)
between central equatorial Indian Ocean and the monsoon
trough over Indian land within season. The slowly evolving
northward propagating MISOs are associated with episodes
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of quasi-periodic active spells (prolonged abundant pre-
cipitation), punctuated by break spells (prolonged reduced
precipitation) (Rajeevan et al. 2010; Umakanth et al. 2014).
These are dominant at 30-50 day period in ISM region
and they determine the strength of the seasonal mean mon-
soon (e.g. Yasunari 1979, 1980; Sikka and Gadgil 1980;
Goswami and Ajaya Mohan 2001; Goswami et al. 2006).
Therefore, the proper simulation of MISOs in the state-of-
the-art climate models is very important for short and long-
term prediction of the ISM.

In the last four decades a significant advancement has
been achieved in understanding the structure and underly-
ing mechanisms for the northward propagating 30-50 day
monsoon intraseasonal mode using both observation and
numerical models (e.g. Krishnamurti and Subrahmanyam
1982; Goswami and Shukla 1984; Lawrence and Web-
ster 2002; Jiang et al. 2004; Wang et al. 2006; references
therein). The current generation General Circulation
Models (GCMs) have poor skill in simulating seasonal
mean precipitation distribution mostly over precipita-
tion prone regions such as west coast of India, the head
Bay of Bengal and northeast India (e.g. Kripalani et al.
2007). This is likely caused by improper representation
of regional forcing such as Himalayan highlands and the
Western Ghats due to their coarser grid resolution (e.g.
Krishna Kumar et al. 2005; Rupa Kumar et al. 2006; Raju
et al. 2015a, b). In addition to that, the current status of
MISOs representation in global models is still limited due
to model deficiencies (e.g. Fu et al. 2003; Waliser et al.
2003; Fu and Wang 2004; Rajendran et al. 2004; Wang
et al. 2006). Therefore, in order to study the seasonal
mean and intraseasonal variability associated with ISM at
high spatial and temporal resolutions, a novel approach is
to use a regional climate model (RCM) (e.g. Giorgi 2006).
The idea behind using RCMs is to improve the regional
features by allowing resolved convective processes of
ISM simulated by global models (e.g. AGCM/CGCM). A
number of studies have been carried out to test the abil-
ity of RCMs to simulate annual and seasonal mean ISM
features using GCMs/reanalysis data as lateral bound-
ary conditions (e.g. Bhaskaran et al. 1996; Vernekar and
Ji 1999; Ratnam and Krishna Kumar 2005; Dash et al.
2006; Philippe et al. 2011; Raju et al. 2015a, b; references
therein). The above studies indicated that the improve-
ment in the simulation of spatial and temporal distribu-
tion of mean monsoon precipitation characteristics is due
to the better representation of orography, land cover and
land-sea contrasts in regional models.

The RegCM developed at International Center for Theo-
retical Physics (ICTP), is one of the widely used regional
climate models and it has been employed for various stud-
ies (e.g. Dash et al. 2006; Giorgi et al. 2012; Maharana
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and Dimri 2015; Raju et al. 2015a, b). It is noteworthy to
mention that this model is one of the state-of-the-art RCM
members in COordinated Regional climate Downscaling
Experiment (CORDEX). Therefore, evaluating the ISM
elements at seasonal and intraseasonal scales will provide
useful information for further improvement in convective
parameterization schemes. It is important to emphasize
that the cumulus convection scheme is known to have an
important role in MISO simulation because the coupling
between convection and circulation is a key process in
MISO (e.g. Zhang and Mu 2005) and seasonal mean cli-
mate (e.g. Byun and Hong 2004). Dash et al. (2006) has
found that Grell cumulus scheme over land and Emanuel
cumulus scheme over Ocean is best in simulating the sea-
sonal mean and variability in precipitation distribution dur-
ing ISM. On the other hand, recent study indicating that a
mixed scheme (Emanuel over land and Grell over ocean)
is better in simulating precipitation realistically over ISM
(Raju et al. 2015a, b). The RCM studies concludes that the
performance of some cumulus parameterization schemes
do not seem to work well always over Asian monsoon
region (e.g. Leung et al. 1999). This different model behav-
ior might be true because the performance of model always
changes accordingly with improved physics in the model.
Moreover, simulation of monsoon with RCMs was found
to be very sensitive to different cumulus parameterization
schemes, particularly over the monsoon region where con-
vection plays a major role in monsoon dynamics (e.g. Dash
et al. 2006). Hence, thorough evaluation of model convec-
tive physics is essential. Maharana and Dimri (2015) evalu-
ated RegCM with Grell cumulus scheme for the simulation
of monsoon intraseasonal variability associated with active
and break spells of ISM. Their analysis is mainly focused
on active and break spells over Indian land region based on
single convective scheme.

Keeping these aspects in background, in this paper,
we utilize RegCM4.4 which is comprised with a num-
ber of new features including improvements to the phys-
ics packages that enhance model performance. Instead of
having a fixed combination of cumulus schemes, we have
examined model sensitivity to different combinations of
cumulus schemes. The primary objective of this paper
is to assess suitable combination of convection schemes
in RegCM4.4 for the simulation of seasonal mean and
MISOs during ISM over South Asian CORDEX domain.
The paper is organized is as follows. Brief description of
model used is given in Sect. 2.1, followed by Sect. 2.2
providing the details of model experiments and data and
methodology. Section 3 demonstrates the seasonal mean
ISM features and intra-seasonal oscillations are examined
in Sect. 4. The summary and conclusions are presented in
Sect. 5.
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2 Model description, experiment design, data
and methodology

2.1 Model description

The model used in this study is RegCM4.4 which is avail-
able at ICTP for various studies, from seasonal to climate
change simulation. It has the capability of running differ-
ent combinations of convection schemes over land as well
as ocean, referred as mixed convection schemes. Giorgi
et al. (2012) suggests that the mixed convection approach
might be better in climate scale simulation over CORDEX
domain. RegCM4.4 includes a number of new features
including improvements in the model physics that enhance
model performance in tropical and subtropical regions as
compared to the previous versions (Giorgi et al. 2012).
Therefore, RegCM4.4 is used worldwide to simulate the
regional-scale climatology for all possible scales which
provide insights into the regional climate processes.

The model is a hydrostatic, compressible, terrain fol-
lowing sigma-p vertical coordinate model running on an
Arakawa B-grid in which wind and thermodynamical vari-
ables are horizontally staggered (Giorgi et al. 1993a, b; Pal
et al. 2007). In the present study, we have chosen mixed
combination of Grell (1993) and Emanuel (1991) cumu-
lus schemes. Fundamentally, Grell scheme includes two
closure assumptions: an Arakawa-Schubert in which buoy-
ant energy is immediately released at each time step and
Fritsch-Chappell type in which all available buoyant energy
(CAPE) dissipates at a specified time step of 30 min (Giorgi
et al. 2012). The Emanuel scheme assumes that mixing in
clouds is highly inhomogeneous and episodic. Modeling of
convective fluxes is based on an idealized condition of sub-
cloud-scale down drafts and updrafts. The process of con-
vection is initiated if the level of neutral buoyancy is greater
than the cloud base level. For land surface process repre-
sentation, we have used Community Land Model version
CLM4.5 which is the major addition in RegCM4.4 (Oleson
et al. 2008). NCAR’s global community climate model ver-
sion CCM3 (Kiehl et al. 1996) has been chosen for radiative
transfer calculation. Resolved scale precipitation scheme
which includes prognostic equation for cloud water is based
on sub grid explicit moisture (SUBEX) parameterization
of Pal et al. (2000). A new PBL scheme which is UW-PBL
(University of Washington) from University of Washington
was implemented in RegCM4.4 and is currently used in the
study (Grenier and Bretherton 2001).

2.2 Experimental design

In this study we have considered South Asian COR-
DEX domain which covers a region of 19°S—43°N and

6°°E—-130°E. The experiments have been conducted with a
horizontal resolution of 50 km i.e. 151 x 273 points along
east—west and north—south direction and 23 sigma levels in
vertical under Mercator projection. We have chosen Grell
and Emanuel cumulus schemes and the model is run with
two mixed convective schemes i.e. Grell over land and
Emanuel over Ocean (RegCM-GE), Emanuel over land and
Grell over ocean (RegCM-EG) and one with Emanuel for
both land and ocean (RegCM-EE). The initial and lateral
boundary conditions are obtained from European Center
for Medium Range Weather Forecast (ECMWF) reanal-
ysis (ERA15) data with a grid spacing of 1.5° x 1.5° at
every 6 h and the surface boundary conditions are obtained
from National Oceanic and Atmospheric Administration
(NOAA) Optimum Interpolation Sea Surface Temperature
(OISST) at 1° x 1° resolution. Geophysical parameters are
obtained from United States Geological Survey (USGS).
The model is initialized from Ist January 2000 and is
allowed to run continuously for a period of 13-years. The
initial year (i.e. 2000) is used as model spin-up, which is
sufficient for the dynamical equilibrium between the lateral
forcing and the internal physics and dynamics of the model
(Anthes et al. 1989). In this study, analysis is considered
from 2001 to 2012 (12 years).

2.3 Data and methodology

Global Precipitation Climatology Project (GPCP) precipi-
tation data (Huffman et al. 2001) available at 1° x 1° grid
resolution at daily scale has been used for the period 2001—
2012 to validate the model precipitation. The data has been
developed by optimally merging estimates computed from
microwave, infrared, and sounder data observed by the
international constellation of precipitation related satellites,
and rain gauge data from more than 6000 stations. In order
to assess the large scale features simulated by the model,
we have used high resolution ERA-interim 0.5° x 0.5°
gridded reanalysis data for the period of study. The ERA-
interim reanalysis is the third generation ECMWEF rea-
nalysis product with 4-D variational analysis, a better
formulation of background error constraint than ERA-40
reanalysis product (e.g. Dee et al. 2011). It has good cover-
age of upper-air measurements over the whole globe and is
regarded as relatively more reliable reanalysis datasets (Lin
et al. 2014), especially over the Northern Hemisphere. In
this study, we have used winds (zonal and meridional), ver-
tical pressure velocity (w), and specific humidity (q) from
ERA-interim reanalysis to compare the circulation and
moisture distribution simulated by the model.

The daily anomalies of each meteorological field are
computed by subtracting the climatologically mean annual
cycle with three harmonics from both observed dataset and
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the model output. For extracting monsoon intraseasonal
oscillation, 25-90 day band-pass filter (Duchon 1979) is
applied on the daily anomalies in order to isolate it from
10-20 day oscillation and is applied for both observation
and model. A reference time series is obtained by averag-
ing the filtered precipitation anomalies over central Indian
(CD region (70°E-90°E and 18°N-28°N) and it is stand-
ardized by its own standard deviation. The break spells
are identified as the period during which the standardized
rainfall anomaly is less than —1.0 consecutively for 3 days
or more. Similarly the active spells are identified as the
periods during which the standardized rainfall anomaly is
more than +1.0 consecutively for 3 days or more. This is
known as intraseasonal oscillation (ISO) index (e.g. Gos-
wami and Xavier 2003) which is used for identification of
active/break spells during peak monsoon months (July and
August) in order to avoid late onset and early withdrawal
effects. Lag composite and lag regression analysis have
been carried out to observe the space—time characteristics
of MISOs simulated by the model experiments. The lag
composites of 25-90 day filtered precipitation anomalies
are obtained based on ISO index. The identified MISO
events are composited at different lags for temporal evo-
lution of MISOs. Lag regression analysis is performed by
least square fitting the precipitation anomalies with respect
to standardized ISO index at different lags and these anom-
alies are averaged over Indian longitudes (70°E-90°E) in
order to observe the origin and the phase propagation of
MISOs in northward direction.

3 Simulation of ISM mean state

We first examine how well the seasonal mean ISM fea-
tures are simulated by the model during the boreal sum-
mer with different cumulus schemes. Figure 1 depicts the
observed and model simulated mean lower tropospheric
monsoon circulation (850 hPa) and precipitation along
with model bias estimated against observed seasonal mean
precipitation and wind over ISM. Figure la, depicts sev-
eral major circulation features of monsoon including the
lower level monsoonal flow, the cross-equatorial Somali
jet and the northeast trade winds. These large scale circula-
tion features are captured reasonably well by all three of
the cumulus schemes (Fig. 1b—d), though the magnitude of
the simulated low-level winds varies differently over land
and the ocean (Fig. le, f). It is important to mention that
well organized cyclonic circulation over CI region (known
as monsoon trough region) along the Indo-Gangetic plains
is produced in RegCM-EG (Fig. 1b) similar to observa-
tions (Fig. 1a) and this feature is weaker in other convective
schemes RegCM-GE (Fig. 1c) and RegCM-EE (Fig. 1d).
Among the models, RegCM-EG shows unrealistic

@ Springer

movement of monsoon flow at the equator compared to
that of observations. Further, the wind biases (Fig. le-g)
showed that the core of Somali jet and south westerlies
over Arabian Sea (AS) is weaker in RegCM-EE (Fig. 1f)
and RegCM-GE (Fig. 1g) than RegCM-EG (Fig. le). These
wind biases in all the models are consistent with sea level
pressure biases (Figure not shown) in the model experi-
ments. It is known that the tropospheric temperature (TT)
gradient (averaged between 700—400 hPa) is primarily
responsible for deep ISM circulation during ISM (Webster
et al. 1998). The strength of the ISM is closely related to
the sign of the meridional gradient of TT (the difference of
TT values between the northern box 40°-100°E; 5°-35°N
and the southern box 40°-100°E; 15°S-5°N). All models
simulated the seasonal evolution of TT gradient reasonably
well compared to observation; however, RegCM-EG pro-
duced the TT gradient relatively close to the observed TT
gradient with correlation coefficient (CC) of 0.95 (Figure
not shown). Therefore, on the whole, the RegCM-EG has
shown relatively good performance to simulate TT gradient
which reflects in the better simulation of monsoon circu-
lation. Overall, the predominant southwesterly flow across
the AS and a large-scale cyclonic flow extending from the
Bay of Bengal (BoB) to the northwest India can influence
the precipitation distribution.

Observations (Fig. 1a) show the presence of regional
convective centers such as Western Ghats, CI, the head
Bay of Bengal (BoB), Equatorial Indian Ocean (EIO) belt
(Equator to 10°S) over ISM region. Previous studies have
shown that the interannual variability of ISM precipitation
depends on the relative time in which one of these zones
is more active, and is primarily governed by the intrasea-
sonal oscillation of ISM (e.g. Goswami and Ajaya Mohan
2001). All models produce the main features of precipita-
tion distribution, such as the two maxima on either side of
the Indian peninsula. In particular, RegCM-EG (Fig. 1b)
shows CI region precipitation, rain shadow region over
the southeastern India apart from precipitation maxima. In
contrast, RegCM-EE (Fig. Ic) and RegCM-GE (Fig. 1d)
have few deficiencies in producing precipitation over these
regions. All models failed to simulate location of maxi-
mum rainfall band over the head BoB region. It seems that
the model simulated rainfall is restricted to central/south-
ern BoB which causes the dry bias over Myanmar coast.
However, the wet bias over the southern BoB may possi-
bly be a consequence of the restricted maximum rainfall
zone (ITCZ). Unrealistic Inter Tropical Convergence Zone
(ITCZ) pattern is evident in the region south of equator
in RegCM-EE (Fig. 1c) and RegCM-GE (Fig. 1d) during
monsoon. This feature is most common in all types of cli-
mate models and surprisingly this unrealistic ITCZ type
precipitation is not seen in RegCM-EG (Fig. 1b) which is
in accordance with observations. This model behavior may
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be due to the convective schemes and the associated param-
eters in the model which determine the response of the con-
vection to large-scale atmospheric forcing (Wu et al. 2003).
Therefore, this particular aspect demands more sensitiv-
ity experiments with cumulus parameters with a focus to
reduce the bias simulated by the models. It is important to
note that the models (RegCM-EE and RegCM-EG) capture
the finer details of orography precipitation along the Hima-
layan foothills, which are not seen in RegCM-GE (Fig. 1d).
Overall, the simulated precipitation exhibits large differ-
ence in their spatial distribution i.e. the precipitation is
overestimated over EIO and is underestimated over Indian
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subcontinent where as in RegCM-EG (Fig. le) the over-
estimation is mostly observed over southern BoB and AS
regions. On the whole, RegCM-EE (Fig. 1f) and RegCM-
GE (Fig. 1g) produces less precipitation over CI region and
more precipitation over EIO while RegCM-EG has under-
estimation in precipitation over EIO (Fig. le).

The precipitation distribution in Fig. 1 gives the average
picture of precipitation accumulation during the ISM sea-
son. However, its morphology in terms of the onset, sus-
tenance, and withdrawal phases of ISM may be assessed
through the space—time evolution of precipitation. In
order to examine the model fidelity in simulating the time
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evolution of precipitation over CI, the daily precipita-
tion climatology is computed for the period of 2001-2012
(Fig. 2a). The RegCM-EG simulated seasonal cycle is com-
pared with GPCP observed precipitation with CC of 0.81.
It is clearly observed in Fig. 2b that the monsoon is fully
established in June over Indian continent, continues to shift
northward (gradually) thereafter, and withdraws quickly in
September in RegCM-EG as in GPCP. On the other hand,
RegCM-EE and RegCM-GE underestimated the seasonal
cycle which clearly indicates that both convective schemes
produced strong dry bias over land region (Fig. 1f, g). The
CC of precipitation in RegCM-EE is 0.49 and RegCM-GE
is 0.68 against observations. The time-latitude section of
daily precipitation over CI in observations shows maxi-
mum rain band migrates up to 27°N (Fig. 2b) during the
peak monsoon months of July and August (Fig. 2b). The
seasonal evolution of northward propagation of maxi-
mum rain band is found to be reasonably good in RegCM-
EG (Fig. 2c) than RegCM-EE (Fig. 2d) and RegCM-GE
(Fig. 2e) simulations compared to that of observations.
The northward migration of ITCZ in both RegCM-EE and
RegCM-GE is confined to near equatorial latitudes, and it
could be a possible reason for dry bias observed over CI
region. According to Jiang et al. (2004), the mean easterly
shear is one of the key parameter for the northward migra-
tion of the convection band at seasonal scale. Our analysis
indicates that RegCM-EE and RegCM-GE (RegCM-EG)
overestimated (underestimated) the strength of the easterly
shear over the ISM region (Figure not shown). These model
deficiencies may be responsible for the limitation of north-
ward migration of ITCZ in model which produced maxi-
mum rainfall over Southern BoB, subsequently misses the
maximum rainfall band along the Myanmar coast. From the
above analyses, it appears that RegCM-EG (Fig. 2b) is able
to reproduce spatial and temporal precipitation features that
are closer to the observations as compared to other schemes
at seasonal scale.

In order to identify the model deficiencies for realistic
simulation of precipitation, we have examined the mean
ISM Hadley circulation for observations and model simula-
tions. Since, the ISM circulation is basically a convectively
coupled phenomenon and therefore the large-scale circu-
lation biases would imply on monsoon convection and its
associated precipitation. For instance, the dry bias observed
in model simulations over CI region may likely be related
with local Hadley circulation (monsoon dynamics) at sea-
sonal time scales (e.g. Slingo and Annamalai 2000). The
analysis of the meridional and vertical wind associated with
the monsoon averaged over Indian longitudes (70°E-90°E)
is shown in Fig. 3. It is observed that strong ascending
motion around 15°N which is associated with the ISM con-
vective activity, along with a secondary branch of upward
motion over the near-equatorial region associated with the
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tudes (70-90°E) for b GPCP, ¢ RegCM-EG, d RegCM-EE, e RegCM-
GE

oceanic TCZ (Fig. 3a). The descending branch of the mon-
soon Hadley circulation is seen over the southern Indian
Ocean and is characterized by strong subsidence around
10°S-20°S latitude belt. The model simulated JJAS mean
local Hadley circulation is compared with the observations
for each model run. We notice that the RegCM-EE and
RegCM-GE simulates stronger-than-observed (Fig. 3c, d)
ascending motion over EIO (10°S-5°N) and north Indian
Ocean (NIO) (5°N-15°N) regions which represents the
regions of excessive amount of seasonal mean precipitation
in the model over EIO and southern BoB region (Fig. 3c,
d). Similarly, the deficit in precipitation is observed over
CI region which is attributed to the absence of ascending
motion after 15°N. In contrast, in RegCM-EG (Fig. 3b),
the model simulated ascending motion is stronger than
observed in 5—15°N latitudes over NIO which extends up to
20°N from the equator with rainfall maximum located over
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eastern AS and southern BoB. Hence, the model simulated
seasonal mean precipitation is observed more over NIO and
is deficit near to the equator. The response of the monsoon
precipitation in the model by different convective schemes
is mainly due to modulation of the local Hadley cell which
leads to unrealistic moisture transport. The unrealistic
moisture transport in the model indicates the discrepancies
in simulating the strength and proper location of maximum
moisture transport zones such as AS and BoB as in obser-
vations which subsequently result in precipitation bias over
the ISM region (Figure not shown).

To summarize the performance of the model to simu-
late the seasonal mean monsoon and its variability in

RegCM-EE, RegCM-EG and RegCM-GE, we have used
Taylor diagram as shown in Fig. 4. The diagram provides
a quick reference to how well the spatial/temporal vari-
ability matches each other in terms of their CC, root mean
square error (RMSE), and the ratio of their variance (Taylor
2001). Since, we are testing the performance of the mod-
els against observations; the Taylor diagram depicts the
statistics between the observed data and the model simu-
lated parameters. The simulated variable with least RMSE,
high CC and the normalized standard deviation (SD) close
to unity (i.e. the model simulated variability is close to the
observed variability), indicates the better performance of
the model. In this analysis, we have considered the model
simulated seasonal mean precipitation, 850 hPa zonal wind
(U850) and surface specific humidity over ISM region
(40°E-120°E, 15°S-30°N) and are assessed with reference
to observations (Fig. 4). The distance from the origin indi-
cates the normalized SD of each variable i.e. the ratio of
SD of the variable in the model to the SD of the variable
in the observations, while the cosine of the angle swept out
by the position vector from the origin indicates the pattern
correlation between observed and simulated variable. The
distance from the reference point to a point on the diagram
denotes the RMSE and is represented by concentric circles
with reference point as its center. The circles of RMSE are
drawn based on the skill score calculation using normalized
SD and CC. The models exhibit distinctly different behav-
ior in simulating U850, precipitation and specific humid-
ity (Fig. 4). The simulation of U850 is reasonably well in
each model with high CC ranging from 0.92 to 0.96, low
RMSE and SD close to the observations. On the other
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Fig. 4 Taylor diagram summarizing the model performances in sim-
ulating the mean meteorological fields such as low level wind, pre-
cipitation and surface specific humidity over ISM (40°-~120°E and
15°S-30°N) region during boreal summer (JJAS)
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hand, precipitation bears moderate CC ranging from 0.62
to 0.76, moderate RMSE and SD are close to observa-
tions. However, the models are overestimating the surface
specific humidity with low correlation (~0.3 to 0.5) and
high RMSE. RegCM-EG simulated low level zonal winds
and precipitation are better compared to RegCM-EE and
RegCM-GE. It is evident that, RegCM-EG is more robust
in simulating precipitation and winds in terms of correla-
tion and variances (Fig. 4). All models fail to simulate
proper distribution of surface specific humidity. Thus, con-
sidering both aspects (correlation and variance), RegCM-
EG stands ahead among the other convective schemes in
capturing the seasonal mean monsoon. Model experiments
clearly indicate the representation of dynamics (circulation)
is better than moist physics. Therefore, model needs further
improvement in moist physics at sub grid-scale (e.g. cloud
processes).

Further, we investigate how these biases reflect in
simulation of various precipitation rates over convective
regimes. Because, the accurate simulation of frequency
distribution of rain rates is a precondition for the better
simulation of mean state of monsoon as the precipitation
follows the Poisson distribution (Abhik et al. 2013). Since
the precipitation is discrete in nature, there exists large
variability in their frequency, intensity and the amount of
precipitation (Goswami et al. 2013). Therefore, a detailed
analysis of precipitation characteristics is essential for real-
istic simulation of the mean state of the monsoon. To gain
more insight among model performances, the observed
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and simulated probability distribution functions (PDFs)
of daily precipitation for monsoon season has been esti-
mated over four convective heat source regions which
are CI (70°E-90°E; 18°N-28°N), BoB (86°E-94°E;
14°N-22°N), AS (68°E-74°E;12°N-21°N) and EIO
(75°E-90°E;10°S—-0°). These regions are chosen based on
climatology where major precipitation occurs. The PDF
is computed for three different rain rate categories such
as lighter (<10 mm day~!), moderate (10-40 mm day ')
and heavy (>40 mm day ') based on daily JJAS precipita-
tion. The model simulated PDFs exhibits large difference
compared with observed PDFs over these regions. Over CI
region (Fig. 5a) the PDF of precipitation in all models show
substantial overestimation of the lighter precipitation and
underestimation of the moderate rain rate and no or neg-
ligible high precipitation rates compared to observations.
The percentage contribution of lighter rain events to the
total seasonal precipitation is nearly 20 % in observations
whereas 4060 % of precipitation is arising from lighter
rain events in model experiments. This fact may be attrib-
uted partially to the underestimation of monsoon precipi-
tation which arises due to the westward propagating lows
or depressions from BoB region into CI region within the
season. All models capture the PDFs of various precipita-
tion categories as observed with more contribution arising
from the moderate rain events over BoB (Fig. 5b) and over
AS (Fig. 5c¢). A similar behavior is observed in RegCM-
EG over the EIO region where the percentage contribu-
tion of lighter rain events is more with a complete absence
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of moderate and heavy precipitation events whose effect
is clearly seen in underestimating the seasonal mean pre-
cipitation over EIO region shown in Fig. 1. In contrast, the
RegCM-EE and RegCM-GE simulates the PDFs reason-
ably well over EIO region with slight increase in percent-
age contribution in moderate and heavy rain events. From
the above discussion, it is clear that the model has difficulty
in simulating the PDF over CI region which represents the
potential source of error where as it is relatively better over
oceanic regions.

4 Simulation of monsoon intraseasonal
oscillations

The primary goal of the study is to evaluate the sensitiv-
ity of RegCM for the simulation of MISOs for different
convective parameterization schemes. In fact, the accurate
representation of space—time characteristics of MISOs in
the climate models is still remained a challenge. At first, to
demonstrate how the magnitude and geographical distribu-
tion of intraseasonal variability over ISM region, the spa-
tial distribution of total JJAS daily variance and 25-90 day
filtered variance for both observation and model experi-
ments have estimated in this study. Here, the amplitude
of intraseasonal variability is the variance of 25-90 day

(a) GPCP : ISO Variance
30N ‘ L . ' L

filtered daily precipitation anomalies during monsoon
season. The spatial distribution of 25-90 day filtered vari-
ance and total JJAS daily variance from model and obser-
vations are shown in Fig. 6a—d. Observations (Fig. 6a)
show high amplitude in intraseasonal variability primar-
ily observed over ISM region namely; eastern AS, BoB,
South China Sea, the western-north Pacific and the EIO.
In comparison with observed intraseasonal variance over
EIO, the model simulated intraseasonal variance is over-
estimated in RegCM-GE and RegCM-EE (Fig. 6¢c, d) and
is underestimated in RegCM-EG (Fig. 6b). In contrast,
the simulated intraseasonal variance over Indian subcon-
tinent is low when compared with observations in each
model. It is found that RegCM-EE is reasonably in good
agreement with observed intraseasonal variance pattern,
though it overestimates the amplitude over EIO. The Intra-
seasonal precipitation variance simulated from RegCM-
EG (Fig. 6b) is close to observed variance over BoB and
eastern CI but is absent over the EIO. On the other hand,
RegCM-EE and RegCM-GE schemes (Fig. 6¢, d) shows
exaggerated unrealistic variance over EIO which resembles
the seasonal precipitation bias in Fig. 1f, g. It is also noted
that RegCM-GE could not produce ISO variance over CI
region. Analysis suggests that the relationship between the
mean and variance appears to be consistent with the fact
that observed and simulated precipitation follows a Poisson
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Fig. 6 The 25-90 day band pass filtered variance in precipitation (mm? day~2; shaded) and the total daily variance (mm? day~2%; contour) during
summer monsoon for a Observations, b RegCM-EG, ¢ RegCM-EE, d RegCM-GE
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distribution for which variance is proportional to the mean.
It is observed that in three model experiments, the maxi-
mum zone of variance is misplaced and is co-located in the
region of JJAS mean maximum precipitation zone which
suggests the representation of mean monsoon rainfall is
important for ISO variance. Overall the performance of
RegCM-EE is superior to other two schemes on consider-
ing the entire monsoon domain.

During boreal summer, the dominant mode of MISOs is
the slowly varying 30-50 day northward-propagating con-
vection band. Therefore, the assessment of the model’s abil-
ity to simulate these propagation characteristics of MISOs
over ISM region is essential. Thus, we examine the model’s
fidelity in simulating the dominant mode of ISV during mon-
soon using wavenumber-frequency analysis (e.g. Hayashi
1982; Teng and Wang 2003; Fu et al. 2007; Goswami et al.

2013; Abhik et al. 2014). The analysis has been done over
all latitudes so as to quantify the dominant mode of north-
ward propagating variability over Indian sector. At first, the
seasonal cycle has been removed from the data and it is aver-
aged over the Indian longitudes 70°E-90°E. The spectra
were calculated by performing complex Fast Fourier Trans-
forms (FFTs) in time and latitude for each 184 day segment
from May to October each year and then averaging over
all the years. Figure 7 shows the wavenumber-frequency
spectra of precipitation and low level zonal wind associ-
ated with monsoon intraseasonal variability averaged over
Indian sub-continent for observation and the model experi-
ments. In observations (Fig. 7a), meridional wavenumber 1
exhibits maximum spectral peak power at 40-50 day time
scale in both precipitation and U850 wind. In addition to
that, a strong coherence is observed between precipitation
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Fig. 7 Wavenumber—frequency spectra of precipitation (mm?
day’z, colors) and zonal wind (U850) (m? s~2, lines) averaged over
Indian longitudes (70-90°E) during boreal summer across the lati-
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tudes 15°S-30°N for a Observations, b RegCM-EG, ¢ RegCM-EE,
d RegCM-GE. The X-axis denotes frequency (cycles/day) and Y-axis
denotes meridional wavenumber
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and U850 wind variance. One can notice from Fig. 7 that,
all model simulations show a preference for northward
propagating disturbances in U850 wind with peak spectral
power concentrated at meridional wavenumber 1, between
40-50 days similar to the observed spectra (Fig. 7a). How-
ever, the model produced spectral characteristics associated
with precipitation are distinctly different from each other.
The northward propagating intraseasonal mode in precipita-
tion is completely absent in RegCM-EG where as RegCM-
EE and RegCM-GE captured the observed spectra in precipi-
tation with low spectral power. The model simulated spectral
characteristics are very different in precipitation as well as
zonal wind and exhibits lack of coherence between them in
RegCM-EG where as relatively good coherence is observed
in case of RegCM-EE and RegCM-GE (slightly higher
wave number). It is important to mention that the coher-
ence between wind and precipitation is very much needed
in models to accurately reproduce the observed features of
MISOs. On the whole, we can conclude that RegCM-EE and
RegCM-GE are able to capture the northward propagating
variability with low spectral power compared with observa-
tions. Out of these two models, RegCM-EE has shown rela-
tively better performance compared with RegCM-GE (wider
spectra) which captured the observed spatial and temporal
scale of northward propagating variability and is consistent
with Joseph et al. (2011) and Abhik et al. (2014).

4.1 Space-time evolution of MISOs
In this section, we further analyzed the space—time evolu-

tion characteristics of MISOs in both observation and the
model experiments. Prior to the analysis of propagation

characteristics of MISOs, we analyzed the active and break
composites of precipitation and low level wind anomalies
since the active and break conditions are largely governed
by dominant northward propagating MISO mode. These
active and break spells are identified using ISO index and
the identified active and break spells mostly match with
previous studies (e.g. Rajeevan et al. 2010). However, the
model identified active and break spells (Table 1) are mis-
matched (in terms of days) with observed spells, is consist-
ent with Maharana and Dimri (2015). Realistic simulation
of observed space—time characteristics of MISOs is impor-
tant to test models ability to simulate the seasonal mean
with fidelity. Figure 8 depicts the composites of active (left
panel) and break (right panel) days of precipitation and low
level winds for observation and model experiments. Obser-
vations (Fig. 8a) show strong southwesterly wind anoma-
lies at lower level and excess precipitation over CI region
during active condition. On the other hand, opposite is true
for break composites with reduced convection over CI and
increased convection over EIO (Fig. 8e). It is observed that
the enhanced (suppressed) convection over CI (EIO) region
is realistically represented in RegCM-EE (Fig. 8c, g) than
other schemes during active (break) phases of ISM. We
analyzed the spatial correlation of active and break com-
posites fields of precipitation and wind against observa-
tions for all the models. During active phase, RegCM-EE
bears high correlation of 0.6 and 0.7 respectively whereas it
is 0.45 and 0.55 in the case of break composite. The other
models show relatively less correlation in both active and
break phases except for the break phase in RegCM-GE
which shows little high correlation values i.e. 0.55 and
0.6. This analysis indicates that the performance of mixed

Table 1 The table lists the active and break spells identified by using ISO index derived from 25-90 day filtered precipitation anomalies

Year GPCP RegCM-EG RegCM-EE RegCM-GE
Active Break Active Break Active Break Active Break
2001  2-12J 18-26J 7-22J 10-23A 28J-6A 15-31A - 17-29A
2002 4-11A,29-31A  3-15] 03-19J 30J-3A 9-18J 26-30J, 18-27A - 1-18J
2003  19-29A 3-15A 12-22J,26-31A  11-21A 5-12J 19J-2A - -
2004  29J-10A 17-23J,27-31A  4-8J,29J-8A 13-23] 6-11J, 5-13A 18-27J,28-31A  9-20] 20-31A
2005 23-29] 7-12A,24-31A  1-71] 15-22J, 5-11A, 1-8] 3-11A 22-311 9-15J, 7-17A
29-31A
2006 1-6J 11-19J 26J-4A 10-19A 24J-6A 12-17J 20J-2A
2007  1-6J, 1-7A, 15-23J, 12-23A  1-4J, 16-31A 24J-7A 1-6J,20-31A 12-19] 25-31A 11-18J, 10-16A
27-31A
2008 - 9-187J, 18-31A 1-10J - 24J-7A 11-19J - -
2009  1-19J,29-31A 29]J-9A 2-14] 3-12A 8-18J 25]J-10A 1-15J,25-31A -
2010 22J-1A 10-17J, 7-17A 1-7J,23-29J) 11-18J, 5-9A 10-24J,26-31A 30J-13A - 5-21A
2011 12-21J,29-31A  2-7],25]J-3A, 1-7) - 5-14J, 21-31A 11-14A 1-7J,11-17A 16-27]
17-21A
2012 3-10J 3-8A 4-16J T-14A 4-16J, 8-12A 20-30J 13-23J -

The active (break) spells are identified if the ISO index is greater (less) than +1(—1) consecutively for a minimum period of 3 days. ‘J” and ‘A’

indicate July and August months
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convective schemes is distinctly different over ocean and
land at intraseasonal time scales of ISM. Therefore, care-
ful selection of convective schemes is indeed important for
study the MISO in the model.

To examine the life cycle of the northward propagating
MISOs, a lag-composite analysis has been performed on
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, shaded) and low level circulation (m s~
spells drawn for a observations, b RegCM-EG, ¢ RegCM-EE and d RegCM-GE

, vectors, at 850 hPa) anomalies for active and break

25-90 day band pass filtered precipitation anomalies during
JJAS. The identified MISO events are composited at differ-
ent lags with reference to ISO index. Previous studies has
noted that the half life cycle of the northward propagating
MISOs can be resolved with a lag of 15 days (e.g. Suhas
et al. 2012). Figure 9 depicts the space—time evolution of
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the composite precipitation anomalies of MISOs from lag
—15 to 415 days for observation and models. Day-0 repre-
sents the active monsoon condition with positive precipita-
tion anomaly (enhanced convection) over CI region and day
—15 or day +15 represents break monsoon condition with
negative precipitation anomaly (suppressed convection).
From Fig. 9a, it is clear that the convection first initiates
over western Indian Ocean around day —15, and it extends
eastward and then moves northwestward to Indian subcon-
tinent in successive days. The initiation of convection in

(a) GPCP

(b) RegCM-EG
30N L

15N 4

158

the western EIO is preceded by surface wind convergence
and central EIO warming (e.g. Wang et al. 2005). Around
day-0, the convection sets over India, and it resembles the
quadruple structure of MISO with eastward tilted rain band
over Indian region extended up to the maritime continent,
and suppressed convection over EIO and north Western
Pacific (e.g. Annamalai and Slingo 2001). During the next
half cycle, the positive precipitation anomalies over Indian
subcontinent further move to the foothills of the Hima-
laya followed by negative precipitation anomalies from

(c) RegCM-EE (d) RegCM-GE

30N

15N -

158

30N

15N

158
30N

15N

158

30N

15N -

158

30N

15N 4

158

30N

15N -

1568

90E 120E

Fig. 9 Lag composite of 25-90 day band pass filtered precipitation anomalies (mm day~!, shaded) with respect to ISO index for a GPCP, b
RegCM-EG, ¢ RegCM-EE, d RegCM-GE. Lag 0 represents the peak of the active spell identified using ISO index
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EIO. It is evident from Fig. 9 that, the life cycle of MISO
is reasonably well captured in RegCM-GE and RegCM-
EE compared to observations where as in RegCM-EG,
the EIO is completely void of variability at intraseasonal
time scales. As we discussed in RegCM-GE, the precipi-
tation anomalies are completely underestimated over the
monsoon trough region during active/break condition, a
similar underestimation is observed over Indian continent
at all time lags during space—time evolution of MISOs.
Therefore, RegCM-EE has the potential to simulate the
space—time evolution characteristics of MISOs relatively
better except that the model simulated precipitation anom-
alies are strongly confined to Indian region in contrast to
observation where it extends up to northwest pacific region
during both active and break phases of monsoon. The pos-
sible reason may be due to lack of eastward propagation of
equatorial convection across the maritime continent during
life-cycle of MISOs in all the model runs (Fig. 9b—d) and
these discrepancies are still persists in many of global cli-
mate models (e.g. Zhu et al. 2010).

To get more insight into the possible reasons for the
weak northward propagation of monsoon intraseasonal
mode in models, we examine the vertically integrated

15 P .1 L,
(a) Observation

Lag days
o
1

5

-10 4

-15

(surface to 100 hPa) horizontal moisture advection asso-
ciated with MISOs during its life-cycle. The northward
propagation of dominant MISOs is promoted by several
mechanisms, but major contribution arises from boundary
layer moisture advection. The magnitudes of northward
propagating mechanisms vary from Indian Ocean to west
Pacific Ocean (Demott et al. 2011). Figure 10, shows the
lag composites (—15 days to +15 days) of 25-90 day fil-
tered vertically integrated horizontal moisture advection
and filtered precipitation anomalies averaged over Indian
longitudes 70°E-90°E. Observations (ERAI & GPCP)
clearly show the positive moisture advection from EIO into
the CI region whose amount gradually increases from day
—15 to day —0 (Fig. 10a). The positive moisture advection
leads the positive precipitation anomalies from day —15
to day 415 during life-cycle of MISOs. It is known that,
the positive moisture advection to the north of convection
enhances the lower atmospheric instability which is one
of the key features of the northward propagating MISOs
(e.g. Jiang et al. 2004; Abhik et al. 2013). In RegCM-EG
(Fig. 10b), the amount of moisture advection is completely
underestimated during all phases of MISOs from day —15
to day +15. The moisture advection is better represented in
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Fig. 10 Lag composite of 25-90 day band pass filtered precipitation
anomalies (mm day‘l, contour) and vertical integrated horizontal
moisture advection (Kg m™2 s™!, shaded) with respect to ISO index
and is averaged over Indian longitudes (70-90°E) for a observations,
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RegCM-EE (Fig. 10c) and RegCM-GE (Fig. 10d) though
the amount of moisture advection is relatively less com-
pared with observations. This moisture advection process
can be a possible reason for the dry bias observed over
Indian sub-continent. The northward propagation of con-
vection is little slower in RegCM-EE than the observed and
the convection decays near 24°N. On careful examination,
it is found that, RegCM-EE captured the true representa-
tion of moisture advection ahead of convection during all
phases of its life-cycle which makes it suitable for the study
of MISOs.

To study the propagation characteristics, lag regres-
sion analysis (as discussed in data and methodology) has
been done with respect to ISO index. Figure 11 shows the
hovmoller diagram of regressed precipitation anomalies at
different lags averaged over Indian longitudes 70°-90°E
for observation and model simulations. Observations
(Fig. 11a) revealed clearly the origin and the propagation
of precipitation anomalies in northward direction from EIO
onto CI region with an average speed of 1.5° per day. Pre-
cipitation which was on equatorial region in lag-15 reaches
central Indian region by lag 0 and extends further north. It
is observed that, the models (Fig. 11b—d) exhibit a severe
problem to generate high amplitude precipitation anomalies
over EIO at intraseasonal time scale in comparable with
observed (Fig. 11a) amplitude of precipitation anomalies.

Analysis of individual model performance confirmed that
RegCM-EE (Fig. 11c) and RegCM-GE (Fig. 11d) captures
relatively better northward propagation of precipitation
anomalies over Indian latitudes though the precipitation
anomalies are weaker over EIO. In RegCM-EE, the north-
ward propagation of precipitation anomalies from EIO to
CI region is in good agreement with observations whereas
in RegCM-GE, the northward propagation takes longer
period compared to observations. RegCM-EG (Fig. 11b)
produces a standing oscillation of precipitation anomalies
which might have arise due to locally generated convection
over the Indian region. Thus the unrealistic propagation
of MISO’s in RegCM may indicate the lack of coherence
between moist convective processes and internal atmos-
pheric dynamics over ISM in the model. Therefore, on the
whole we can infer that further improvement in represen-
tation of moist convective processes in RegCM-EE model
can be able to capture the space—time evolution and propa-
gation characteristics of MISOs during ISM.

4.2 Interannual variability of MISOs

In this section, we examined the performance of model in
simulating the interannual variability (IAV) of MISOs for
both observations and the model. The interannual variabil-
ity of MISOs during the monsoon season is large and it
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responds differently to large scale phenomenon like Indian
Ocean Dipole (IOD) and El Nifio (e.g. Ajayamohan et al.
2009; Sharmila et al. 2014; Pillai and Chowdary 2015).

In order to examine the model performance of IAV of
MISOs, we have chosen three El Nifio developing years
(2002, 2004 and 2009) and three El Nifio decay years 2003,
2005 and 2007 during the study period and these years
are selected based on Pillai and Chowdary (2015) study.
In general, El Nifio developing (decaying) years coincides
with weak (strong/normal) monsoon years. Therefore, we

SM ISO Variance

1
(a) Observation o

60E 90E

30 50 70 90 110 130 150

have considered 2003, 2005 and 2007 as strong/normal
monsoon (SM) years and 2002, 2004 and 2009 as weak
monsoon (WM) years. The intraseasonal variance is esti-
mated for individual years using 25-90 day filtered rainfall
and the spatial distribution of averaged variance for SM and
WM years in displayed in Fig. 12. In Fig. 12a strong MISO
variance over CI region, eastern AS, BoB, South China
Sea, and the EIO during SM years is observed. On the other
hand, the magnitude of MISO variance is weaker over CI
region, EIO and eastern AS during WM years (Fig. 12e),

WM ISO Variance

1
(e) Observation
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Fig. 12 The composite picture of spatial distribution of 25-90 day band pass filtered precipitation variance for strong monsoon (2003, 2005,
2007) and weak monsoon (2002, 2004, 2009) estimated for a observation, b RegCM-EG, ¢ RegCM-EE and d RegCM-GE
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which indicates that the intensity of MISO mode dur-
ing extreme monsoons is different. RegCM-EG (Fig. 12b,
f) show higher variance over BoB and no variance signal
over EIO, eastern AS and CI region whereas RegCM-EE
could simulate MISO variance (slightly underestimated)
over eastern AS during SM (Fig. 12¢) and WM (Fig. 12g).

RegCM-EE also could simulate the MISO variance over
EIO but it extended towards west which resembles the
seasonal mean rainfall. RegCM-GE completely missed
the MISO variance over CI region though it produced bet-
ter MISO variance over western pacific region during SM
(Fig. 12d) and WM (Fig. 12f) compared to other schemes.

Strong Monsoon

(a) gpPcP

Period (Days)
8

0 20 40 60 80 100

Period (Days)

4
yv 8
RPN
32

64

(b) RegCM-EG
u &' ' ’

0 20 40 60 80 100 120

(d) RegCM-GE
N

\ PRV
&

0 20 40 60 80 100 120

Weak Monsoon

(e) GpPcP

Period (Days)

0 20 40 60 80 100 120

(g) RegCM-EE

LY

Period (Days)
8

128

0 20 40 60 80 100 120

(f) RegCM-EG

0 20 40 60 80 100 120
4
; (h) RegCM-GE
v vyy f
AR
32

0 20 40 60 80 100 120

C T ——

0.0 0.50

1.0 20 30

Power (relative to global)

Fig. 13 Wavelet spectrum of JJAS precipitation over CI during strong and weak monsoon estimated for a GPCP, b RegCM-EG, ¢ RegCM-EE
and d RegCM-GE. The X-axis denotes days from 1 June to 30 September and Y-axis the period in power of two for wavelet spectrum
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Further, we applied wavelet analysis on precipitation
averaged over CI for analyzing localized variation of power
within a time series. During SM, the spectrum shows the
maximum variance centered at 25-90 days periodicity
in the initial phase of monsoon (June) in the observations
(Fig. 13a). With the progression of monsoon, the maximum
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variance is located in the period <20 days, which is con-
sidered to be the dominant frequency during the SM years
and these results are consistent with earlier studies (e.g.
Kripalani et al. 2004; Singh and Oh 2007). RegCM-EE and
RegCM-GE shows maximum variance in initial phase of
monsoon (June) (Fig. 13c, d) like in observations whereas
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RegCM-EG (Fig. 13b) shows the maximum variance in the
first week of July (<40 days periodicity). It is also observed
that RegCM-EG shows unrealistic maximum variance
at the end of season unlike in observations. RegCM-EE
(Fig. 13c) successfully simulates the high frequency oscil-
lations in the first half of season, June-July; however, it is

Break SM Composite

restricted below 60 days in the case of RegCM-GE which
shows higher variance located at 60 days in withdrawal
phase of monsoon. In the case of WM, the observed spec-
trum shows a center of maximum variance in the period
between 10 and 30 days at the start (June) or withdrawal
phase (September) of monsoon (Fig. 13e). Even in WM,
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the maximum variance is dominant in periods <20 days
over central India during from July to August. These
dominant periods show little higher spectral power com-
pared with those in SM years. The models RegCM-EG
(Fig. 13f) and RegCM-GE (Fig. 13h) failed to simulate the
observed wavelet spectrum. On the other hand, RegCM-
EE (Fig. 13g) shows relatively better distribution of MISO
variances though it simulates dominant maximum variance
at periods >20 days. Therefore, the RegCM-EE shows bet-
ter interannual variability of MISOs than RegCM-GE and
RegCM-EG.

Furthermore, the spatial structure of MISOs associated
with the active and break spells of SM and WM years are
examined using composite analysis. Figure 14 show com-
posites of rainfall and low level circulation anomalies at
850 hPa for active phase of SM and WM. The active com-
posite of SM (Fig. 14a) displays increased rainfall over
ISM region and reduced rainfall over EIO. The increased
rainfall over ISM region is linked to strong cyclonic circu-
lation over Indian region. Compared to active composite of
SM, WM composite (Fig. 14e) shows significant broad and
well organized large scale convection over the Indian sub-
continent associated with strong low level cyclonic circula-
tion. It is also observed that, rainfall over BoB and EIO is
relatively lesser than active composite of SM. It is impor-
tant to mention that, the active composite of SM shows
relatively weak low level cross equatorial flow compared to
WM. According to Sharmila et al. (2014), the reason for
that may be the difference in the frequency and duration of
active phases of WM and SM, as the composites are aver-
aged over the duration. RegCM-EG (Fig. 14b, f) could not
able to produce enhanced (suppressed) convection over
India (EIO) as in observations though it produces better cir-
culation features in active composite of WM than SW. On
the other hand, RegCM-EE (Fig. 14c, g) are slightly better
in producing the rainfall and low level circulation over ISM
region during active composite of SM and WM. However,
it shows unrealistic anti-cyclonic circulation anomalies
over southern tip of peninsular for both active composite of
SM and WM. Finally, RegCM-GE (Fig. 14d, h) also shows
similar nature like RegCM-EG in simulating the rainfall
and circulation anomalies during active composite of SM
and WM. Opverall, it clearly indicates that the model has
significant disparity in simulating convection and circula-
tion during active composite of strong and weak monsoon.
Compared to other convective schemes, RegCM-EE seems
slightly better in simulating these features.

The composites of rainfall and low level circulation
anomalies at 850 hPa for break phase of SM and WM
shown in Fig. 15. Observations show that reduction in rain-
fall over Indian region, increased rainfall over east EIO
during break composite of SM (Fig. 15a) and this reduc-
tion in rainfall over Indian region is associated with strong

@ Springer

anti-cyclonic circulation anomalies. On the other hand, the
break composite of WM (Fig. 15e) looks similar to break
composite of SM though the strength of precipitation
anomalies over EIO is lesser than SM. These results sup-
port the findings of Pillai and Chowdary (2015). RegCM-
EG (Fig. 15b, f) could not simulate the precipitation anom-
alies over EIO during break composite of SM and WM
whereas it shows reduced rainfall anomalies over central
Indian region and BoB. RegCM-EE (Fig. 15¢c, g) shows
the realistic suppressed rainfall over Indian region in both
SM and WM and also its associated anticyclonic circula-
tion anomalies over the region simulated reasonably well
compared to observations (Fig. 15e). It is also observed
that RegCM-EE shows increased rainfall anomaly over
EIO during break composite of WM like in observations
whereas RegCM-EG, RegCM-GE (Fig. 15d, h) not able to
simulate the proper geographical distribution of rainfall and
circulation anomalies as in observations. Therefore, based
on this analysis, we can conclude that among convective
schemes, RegCM-EE is better in simulating the IAV of
MISOs. However, it needs further improvement in simulat-
ing the IAV of MISOs in the model.

5 Summary and conclusions

In this study, the sensitivity of RegCM4.4 to the convec-
tive physics has been analyzed to simulate the seasonal
mean and MISOs during ISM over south Asian CORDEX
domain for RegCM-EG, RegCM-EE and RegCM-GE. The
model simulated parameters are tested against GPCP and
ERA interim reanalysis data throughout the analysis. The
model performance has been tested to (1) simulate sea-
sonal mean features, (2) simulate gross features of MISOs
and (3) study the interannual variability of MISOs. Models
have simulated several major circulation features of mon-
soon, though the magnitude of the simulated low level wind
varies differently over land and ocean. A well organized
cyclonic circulation over CI region (known as monsoon
trough region) along the Indo-Gangetic plains is observed
in RegCM-EG and is very weak in RegCM-EE and
RegCM-GE. All three models produce more precipitation
over the eastern AS, southern BoB and EIO regions expect
RegCM-EG whose seasonal mean precipitation is close to
observed value over EIO region. All models failed to simu-
late location of maximum rainfall band over the head BoB
region and Myanmar coast, however, RegCM-EG simulated
precipitation over CI and EIO region is relatively close to
the observed mean value. The model (RegCM-EG) simu-
lated seasonal cycle of precipitation over CI bears high cor-
relation coefficient (0.81) against GPCP, whereas RegCM-
EE and GE show low correlation values i.e. 0.49 and 0.68
respectively. A double ITCZ pattern is observed near the
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equator with strong ascending motion on either side of
it, and is observed in RegCM-EE, RegCM-GE which is
most common in all types of climate models which is not
observed in RegCM-EG. Over ISM, the model simulated
seasonal mean values of zonal wind (850 hPa), precipita-
tion, surface specific humidity bears high spatial correla-
tion (0.92-0.96) for wind, moderate correlation (0.62-0.76)
for precipitation and low correlation (~0.3 to 0.5) for sur-
face specific humidity. As the range of correlation values is
small, all models behave nearly similar; however, RegCM-
EG keeps high correlation for all the variables over ISM.
In RegCM-EG, PDFs of daily precipitation reveals that the
major percentage of the seasonal mean rainfall over CI and
EIO is arises from over estimation of low rain rate values
unlike the observed PDFs in GPCP. All models behave
closely over AS and BoB regions, where the model PDFs
are closely following the observed PDFs with slight over
estimation in the lighter and moderate rain events.

The intraseasonal variance of 25-90 day band pass fil-
tered precipitation is co-located with the observed sea-
sonal mean precipitation zone in all the models expect in
RegCM-EG over EIO where the intraseasonal variance is
very weak though the model simulated seasonal mean pre-
cipitation is close to the observed value. On the whole, the
analysis suggests that, the representation of seasonal mean
monsoon rainfall is important for accurate simulation of
MISO variance. In observation, the meridional wavenum-
ber 1 spatial scale exhibits maximum spectral peak power at
40-50 day time scale in both precipitation and U850 wind
with a strong coherence observed between precipitation
and U850 variance. The observed peak at 40-50 day scale
in U850 is captured by all models with a slight change in
amplitude of wind variance, however, the 40-50 day peak
in precipitation is completely absent in RegCM-EG and
RegCM-GE (lower magnitude)where as RegCM-EE cap-
tured it with low spectral power. The spatial correlation of
active/break composite of precipitation and wind (U850) in
model against observation shows that during active phase,
RegCM-EE bears high correlation of 0.6 and 0.7 respec-
tively whereas it is 0.45 and 0.55 in the case of break com-
posite. The other models have shown relatively less corre-
lation values compared to RegCM-EE. The lag composite
analysis of observation clearly shows the origin of convec-
tion over western Equatorial Indian Ocean (WEIO) around
day —15, and its evolution from WEIO which extends
eastward and then moves northwestward to Indian subcon-
tinent in successive days. The space—time characteristics
of MISOs is reasonably well captured in RegCM-GE and
RegCM-EE compared to observations whereas in RegCM-
EG the intraseasonal variance is completely absent over
oceanic regions throughout the life cycle.

The lag composite of 25-90 day filtered vertical inte-
grated moisture advection shows positive moisture

advection from EIO into the CI region whose amount grad-
ually increases from day —15 to day —0. In RegCM-EQG,
the amount of moisture advection is completely underesti-
mated during all phases of MISOs from day —15 to day
—0 however, it is better represented in RegCM-EE and
RegCM-GE with relatively less amount of moisture advec-
tion compared with observations. Since positive moisture
advection to the north of convection enhances the lower
atmospheric instability which is one of the key features of
the northward propagating, we can conclude that, better
representation of moisture advection leads to the improve-
ment in the simulation characteristics of northward prop-
agating MISOs. The lag regression analysis shows that,
RegCM-EG produces a standing oscillation of precipita-
tion anomalies which might have arise due to locally gen-
erated convection over the Indian region. In RegCM-EE,
the northward propagation of precipitation anomalies from
EIO to CI region is in good agreement with observations
whereas in RegCM-GE, the northward propagation takes
longer period compared to observations. Thus the unrealis-
tic propagation of MISO’s in RegCM may indicate the lack
of coherence between moist convective processes and inter-
nal atmospheric dynamics over ISM in the model.

The characteristics of MISOs are studied for strong and
weak monsoon years and the differences in model perfor-
mances are analyzed. In observations the intraseasonal vari-
ance for SM and WM show various differences in their spa-
tial distribution such as over CI, EIO and eastern AS large
(small) amplitude of variance during SM (WM) monsoon
years, over western pacific small (large) amplitude of vari-
ance during SM (WM) years, over BoB and South China
Sea no change in variance. Though the models show large
discrepancies in the simulation of mean intraseasonal vari-
ance compared to observation, the models respond slightly
different in simulating intraseasonal variance under SM
and WM years. The wavelet spectrum of rainfall averaged
over CI depicts that, during SM the observations shows
maximum variance centered around 25-90 days periodic-
ity in the initial phase of monsoon (June) followed by peri-
ods <20 days which indicates that strong monsoon years
are dominated with high frequency oscillations in a season.
RegCM-EE and RegCM-GE shows maximum variance in
initial phase of monsoon (June) like in observations, and
RegCM-EE has simulated the high frequency oscillations
like in observations. In the case of WM, the observed spec-
trum shows a center of maximum variance in the period
between 10 and 30 days at the start (June) and little higher
period at withdrawal phase (September) of monsoon. The
maximum variance is dominant in periods <20 days during
WM and these periods have more peak power compared
to SM years. The models RegCM-EG and RegCM-GE fail
to capture the high frequency periods whereas RegCM-EE
captures relatively better.
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The spatial structure of MISOs associated with the active
and break spells of SM and WM years are examined by using
composite analysis. In observations, compared to active com-
posite of SM, WM composite shows (1) significant broad and
well organized large scale convection over the Indian subcon-
tinent associated with strong low level cyclonic circulation (2)
strong low level cross equatorial flow (3) relatively less rainfall
over BoB and EIO. In models, unrealistic precipitation distri-
bution over CI and EIO in RegCM-EG, weak (void of) pre-
cipitation over CI in RegCM-EE (RegCM-GE) is observed.
During break composite of SM and WM, in observations,
reduced rainfall over CI, and increased rainfall over east EIO
with a slight reduction in precipitation intensity over EIO in
the case of WM is observed. RegCM-EE show realistic sup-
pressed rainfall over CI in both SM and WM and its associated
anticyclonic circulation whereas RegCM-EG, RegCM-GE not
able to simulate the proper geographical distribution of rainfall
and circulation as in observations. On the whole we can con-
clude that, the improvement in representation of moist convec-
tive processes over all intraseasonal time scales (3-7, 10-20
and 30-60 days) will simulate seasonal mean rainfall and also
the space—time features of MISOs more realistically.
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