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The simulation of the Asian monsoon rainfall and its extreme events with high Bdelity remains a challenge
even for the present day state-of-the-art models with conventional treatment of convection. A multi-scale
approach vis-
a-vis the super-parameterization appears to overcome the uncertainty of convective
parameterization and thereby improve models ability to simulate rainfall. In this study, performance of
super-parameterized community climate system model’s atmospheric only (SPCAM) forced with
observed SST and coupled (SPCCSM) versions have been evaluated to capture Indian summer monsoon
rainfall characteristics. Analyses show that, simulation of rainfall and its extremes are better represented
in the atmospheric model (SPCAM) over the Indian landmass. This is largely because of better representation of convection in the uncoupled version. It is also observed that 2–10 day synoptic mode of the
summer monsoon has a large variance over Indian region which may be broadly responsible for extreme
events, and SPCAM captures this synoptic variability reasonably well. Our study also indicates that
models may have poor moisture holding capacity. This problem is more prominent in SPCCSM.
Keywords. Superparameterization; Indian summer monsoon; extreme rainfall events.

1. Introduction
Many studies have reported an increase of
extreme rainfall events over different parts of the
globe as a consequence of global warming (Gordon
et al. 1992; Hennessy et al. 1997; Allen and
Ingram 2002; Trenberth et al. 2003; Min et al.
2011). Easterling et al. (2000) reported that many
parts of the tropical region shows positive trend of
extreme events. With observation and modelling
studies, Allan et al. (2010) showed that the wet
regions of the tropics are getting wetter and dry

regions drier as a consequence of global warming.
It has also been reported that in the recent
warming period the trend in extreme rainfall
events over India has been increasing (Goswami
et al. 2006; Rajeevan et al. 2008; Ajayamohan
et al. 2010). Ajayamohan et al. (2010) attributed
this increasing trend of extreme rainfall events to
increasing trend of synoptic activity. Further a
more recent study by Singh et al. (2014) have
shown that there is a statistically significant
increase in the intensity of wet spells and decrease
in intensity of the dry spells over the Indian
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landmass. A recent study by Vittal et al. (2016)
found that there is no significant association
between Indian Summer Monsoon Rainfall
(ISMR) and global rise in temperature over ocean.
Study by Paul et al. (2016) also emphasize on the
importance of land use and land cover on ISMR.
The above-mentioned studies brought out the fact
that extremes are becoming more frequent over
Indian subcontinent and reference to the latest
studies, the convective processes over Indian
landmass seem to play an important role in
modulating the rainfall variability.
The seasonal rainfall over India is often controlled
by active and break phases of Indian summer monsoon, which is in-turn a manifestation of monsoon
intra-seasonal oscillation (Xie et al. 1963; Yasunari
1979, 1980; Sikka and Gadgil 1980). Oouchi et al.
(2009) showed that a global cloud resolving model
simulates the monsoon intra-seasonal oscillations
with high Bdelity. Previous study by Benedict and
Randall (2009) documented the robust intra-seasonal space time variability simulated by SPCAM.
Krishnamurthy and Stan (2015) reported that the
simulation of intra-seasonal oscillation is better in
SPCCSM than the convectional CCSM. It has been
shown earlier that super-parameterization can significantly improve the simulation diurnal cycle of
precipitation (Khairoutdinov et al. 2005). Many
previous studies also showed that SP methodology
improves the intense rainfall events more accurately
(Iorio et al. 2004; DeMott et al. 2007). Many previous studies reported that extreme precipitation is
generally underestimated by the current climate
models (Durman et al. 2001; Li et al. 2011). Models
tend to underestimate their intensity as well as
frequencies. A study by Li et al. (2012) showed that
SPCAM is better in capturing the extreme precipitation compared to CAM. They have reported that
the improvement is due to improved convection in
the super-parameterized model. Their region of
study is conBned mainly over the United States.
In the literature, it is already established that
super-parameterized models perform better than
its conventional counterpart. It is also known that
the realistic simulation of convection and associated rainfall is of primary importance behind the
rainfall variability. Hence, in this present study we
examine how the super-parameterized atmospheric
only model (SPCAM) forced with observed SST
and a super-parameterized coupled model
(SPCCSM) capture the rainfall extremes and its
associated convection over Indian continental
landmass.
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2. Model, data and methodology
We have used the super-parameterized (Grabowski
2001; Khairoutdinov and Randall 2001; Khairoutdinov et al. 2005) atmosphere only and coupled version
of the National Center for Atmospheric Research
(NCAR) Community models namely, Community
Atmospheric Model version 3 (Collins et al. 2004) and
Community Climate System Model, version 3 (Collins et al. 2006). The atmospheric model used here has
a horizontal resolution of 2.8°92.8° (T42 spatial
truncation), 30 vertical levels going up to 3.6 hPa. It
has a time step of 30 min. Embedded within each grid
of GCM a 2-D Cloud Resolving Model (CRM) composed of 32 columns oriented in the north–south
direction having a horizontal resolution of 4 km. It has
28 vertical levels collocated with the lowest 28 levels
of GCM and has a time step of 20 s. This CRM
eAectively replaces the Community Atmospheric
model’s (CAM) conventional parameterizations of
moist physics, convection, boundary layer and turbulence process. The Atmospheric Model Intercomparison Project (AMIP, Gates et al. 1998) type
simulation performed using prescribed monthly sea
surface temperature and sea ice interpolated to daily
(Hurrell et al. 2008). The simulation was carried out
for 19 years starting from 1 September 1985. The
coupled version namely Community Climate System
Model (CCSM) consists of four components namely
atmosphere, ocean, sea ice, and land surface. These
were linked through a coupler that exchanges Cuxes
and state information among these components. The
physical processes such as convection, cloudiness,
etc., are represented by 2D CRMs embedded within
each GCM grid at a horizontal resolution of 4 km.
These CRMs provide feedback to the model GCM
grid at the end of each GCM time step. We have used
15 years of daily data for super-parameterized versions of both CAM and CCSM. Here we have run the
SPCAM with observed SST and not the coupled
model SST generated from SPCCSM, as forcing it
with coupled model SST may decrease its ability to
simulate higher rainfalls and will in-turn hinder the
objective of this manuscript.
Daily Tropical Rainfall Measuring Mission
(TRMM) 3B42 version 7 gridded precipitation
data (HuAman et al. 2007) at a horizontal resolution of 0.25°90.25° for the year 1998–2012 has been
used. We have also used gridded 0.5°90.5° daily
rainfall dataset for the year 1991–2005 from India
Meteorological Department (IMD, Rajeevan and
Bhate 2008). To compare the model simulated
outgoing longwave radiation (OLR), we have used
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Figure 1. Spatial pattern of seasonal mean rainfall in (a) TRMM, (b) SPCAM, (c) SPCCSM and the seasonal mean bias,
(d) SPCAM–TRMM, and (e) SPCCSM–TRMM.

15 years of National Oceanic and Atmospheric
Administration (NOAA) daily OLR data (Liebmann and Smith 1996) from 1998 to 2012 available

at a 2.5°92.5° grid boxes. We also used speciBc
humidity proBles from ERA Interim data from
1998 to 2012 (Dee et al. 2011).
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Figure 2. Spatial pattern of daily mean variance of JJAS rainfall in (a) TRMM, (b) SPCAM, (c) SPCCSM and the bias,
(d) SPCAM–TRMM, and (e) SPCCSM–TRMM.

For our analysis, we have computed probability
distribution functions (PDF) of daily rainfall during
Indian summer monsoon months (JJAS). To compute

daily extreme rainfall we have used Frich indices
(Frich et al. 2002; Alexander et al. 2006). According to
that we have deBned the rainfall values greater than 95
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Figure 3. Time latitude sections of seasonal rainfall for (a) observation (TRMM), (b) SPCAM, and (c) SPCCSM over Indian
domain (averaged over 70°–90°E).

Figure 4. Monthly variation of seasonal rainfall (mm/day)
over central India (18°–28°N, 73°–82°E). Blue, red, green and
black bar represents TRMM, SPCAM, SPCCSM and IMD,
respectively.

percentile as extreme precipitation. We have used the
observed value of 95th percentile to evaluate model
performance. To show the northward propagation we
have computed time-latitude section. We have also
used Lancozs Bltering technique (Duchon 1979) to see
the variability of different modes.

3. Results and discussion
In this section, we have Brst investigated models’
Bdelity to simulate the general features of monsoon
rainfall and then brought out detailed evaluation of
the models. The spatial pattern of mean of seasonal
rainfall (JJAS) is captured reasonably well, but
with a lesser magnitude by both the models
(Bgure 1). Over the Indian region, SPCAM seems
to capture the pattern as well as the magnitude of
rainfall reasonably with overestimation in the Bay
of Bengal and Western Ghats (Bgure 1b). From

Figure 5. Probability distribution functions of seasonal rainfall (mm/day) over central India (18°–28°N, 73°–82°E). Blue,
red and green line represents TRMM, SPCAM and SPCCSM,
respectively.

Bgure 1(c), it can be seen that SPCCSM captures
the rainfall over Indian region with much lesser
magnitude. The pattern correlation of TRMM and
SPCAM (SPCCSM) is 0.64 (0.5) over broader
Indian region (5°–30°N, 65°–95°E), and 0.82 (0.61)
over central Indian region (18°–28°N, 72°–83°E).
Figure 1(d, e) also shows that over Indian region
SPCAM overestimates the mean rainfall, while
SPCCSM underestimates it. Figure 2(a) shows
that there is a large variance over Western Ghats,
Bay of Bengal and foothill region. SPCAM captures these large variances over Western Ghats and
Bay of Bengal region (Bgure 2b), but in SPCCSM
(Bgure 2c) the magnitude of these variances are
considerably small. And the same is reCected in
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Figure 6. Percentage of occurrence (frequency) of heavier
category rainfall over central India (18°–28°N, 73°–82°E).
Blue, red and green line represents TRMM, SPCAM and
SPCCSM, respectively.

Bgure 2(d, e). Another important characteristic of
Indian summer monsoon (ISM) is the northward
movement of rainfall band (Sikka and Gadgil 1980;
Yasunari 1981). From Bgure 3, it can be seen that
both the models show reasonable northward propagation of the rainfall band as seen in observation
(TRMM). However, it may be noted that SPCAM
overestimates the rainfall over Indian latitude, but
captures the rain-band south of the equator
(Bgure 3b). In SPCCSM, the rainfall over Indian
latitude (Bgure 3c) is shifted towards south of its
actual location and completely misses the rainband south of the equator. It is also noted that
SPCCSM appears to show unrealistic double peak
(Bgure 3c) over Indian latitude during JJAS.
The simulation of monthly rainfall plays a
crucial role in the simulation of overall seasonal
mean rainfall. Further, the agricultural productivity
and hence the GDP of the country is dependent on
the seasonal mean rainfall over India (Gadgil and
Gadgil 2006; Wahl and Morrill 2010; Turner and
Annamalai 2012). Hence we have estimated the
monthly evolution of rainfall over central Indian
region and compared it with IMD and TRMM
gridded dataset (Bgure 4). It can be seen that in all
the four months IMD and TRMM rainfall values are
very close to each other. This Bgure also shows that
SPCAM slightly overestimates the monthly evolution of rainfall during June, July and August, but
SPCCSM greatly underestimates it. In September,

Figure 7. Spatial distribution of 95th percentile values of
(a) TRMM, (b) SPCAM, and (c) SPCCSM.

SPCAM slightly overestimates (underestimates)
from IMD (TRMM). On the other hand, SPCCSM
heavily underestimates compared to both the
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Figure 9. Probability distribution functions of seasonal rainfall (mm/day) greater than 95th percentile over central India
(18°–28°N, 73°–82°E). Blue, red and green line represents
TRMM, SPCAM and SPCCSM, respectively.

Figure 10. Seasonal cycle of outgoing longwave radiation over
central India (18°–28°N, 73°–82°E). Blue, red and green line
represents TRMM, SPCAM and SPCCSM, respectively.

Figure 8. Spatial pattern of seasonal rainfall composite with
rainfall greater than 95th percentile for (a) TRMM,
(b) SPCAM, and (c) SPCCSM.

observational data sets. Comparing the monthly
distribution of rainfall in Bgure 4, it is evident that
SPCAM is able to capture the rainfall over Indian

landmass with overestimation, but the coupled
counterpart shows dry bias. To illuminate it further,
we also produced the probability distribution functions (PDF) of daily rainfall (Bgure 5) averaged
over central India (18°–28°N, 72°–83°E), here after
referred as CI. It can be clearly seen from this
Bgure that SPCAM follows both TRMM and IMD
rainfall pattern more reasonably than SPCCSM.
SPCCSM tends to underestimate the rainfall. It is
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Figure 11. Scatter plots of OLR vs. rainfall over central India (18°–28°N, 73°–82°E) for (a–c) all days of JJAS and (d–f) days
where rainfall greater than 95th percentile. Here (a, d) represents observation, (b, e) represents SPCAM, and (c, f) represents
SPCCSM.

also to be noted that SPCAM has underestimated
the lighter category rainfall.
With global queue of increased extreme rainfall
events (Gordon et al. 1992; Hennessy et al. 1997;
Allen and Ingram 2002; Trenberth et al. 2003; Min
et al. 2011), it is necessary to investigate models
ability to simulate heavier or extreme events of
rainfall. To do so we have zoomed in the heavier
rainfall side of rainfall PDF with manual binning in
Bgure 6. We also have not done area averaging
over CI region as it was done earlier to bring out
the heavier events of each grid. This shows the
percentage of times each rainfall category contributed to the total rainfall events over CI.
It shows that SPCCSM produces fewer rainfall
events with rainfall greater than 50 mm/day
compared to TRMM and IMD. Whereas SPCAM
does reasonably good and follows the TRMM and
IMD proBle closely. It is also to mention that since
both of our observational data sets yield nearly
same results, so from here onwards we will work
with only one (TRMM). To illuminate it further we

have computed 95th percentile (Frich et al. 2002;
Alexander et al. 2006) values of JJAS rainfall time
series at each grid and plotted them spatially
(Bgure 7). Figure 7 shows that the 95th percentile
values of TRMM, SPCAM and SPCCSM appears
to be very different from each other across different
locations. Hence we have adopted the TRMM 95th
percentile value as reference value and did our
further analysis. In Bgure 8, we have shown the
spatial pattern of composites of those rainfall
events which exceeds observed 95th percentile
value. It shows that SPCAM (Bgure 8b) has captured most of the extreme rainfall patterns over the
Indian region as seen in TRMM (Bgure 8a). It has
captured the dark patches of high rainfall over the
Western Ghats, Bay of Bengal and South China
Sea. Whereas SPCCSM fails to capture extreme
rainfall events over the above-mentioned domains
(Bgure 8c). We have also analysed the PDF of
JJAS rainfall composites greater than 95th percentile in Bgure 9. It is very evident from the
Bgure that SPCAM captures the observed rainfall
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Figure 12. Same as Bgure 11, but for speciBc humidity (SPH).

very well. On the other hand, SPCCSM shows
early major peak followed by multiple small peaks.
In addition to that SPCCSM greatly underestimates the rainfall. To explain this kind of model
behaviour it is important to study model simulated
convection.
The relation of higher rainfall rates and deep
tropical convection has been well documented by
earlier studies (Houze 1989; Jakob and Schumacher
2008). The majority of rainfall occurs as a result of
deep convection. To investigate the model simulated convection, we have plotted the seasonal
cycle of area averaged outgoing longwave radiation
(OLR) (proxy for deep convection) over the region
under consideration (Bgure 10). Figure 10 shows
that over CI, OLR is overestimated largely by
SPCCSM while SPCAM appears reasonable with
respect to NOAA. This also highlights the poor
convection in SPCCSM. We can also say from this
Bgure that the reason behind SPCAM’s better
performance over the Indian region appears to be
due to the better representation of convection. To
understand the relation between OLR and rainfall

we made a scatter plot between the two during
JJAS (Bgure 11). We have made the scatter plots
for two different cases. One is for daily JJAS
rainfall vs. corresponding OLR (Bgure 11a–c),
second one is daily JJAS rainfall for rain greater
than 95th percentile value and its corresponding
OLR (Bgure 11d–f). From Bgure 11(b and c), it can
be seen that SPCAM and SPCCSM both failed to
capture the outliers of Bgure 11(a) that is very
heavy rainfall ([150 mm/day). However, SPCAM
captures decent amount of rainfall events in the
vicinity of 100 mm/day. It can also be seen that
most of the observed rainfall is coming
from OLR range 120–300 W/m2 (Bgure 11a).
Figure 11(b) shows that there is a fair amount of
points below 120 W/m2 OLR value. This shows
SPCAM overestimates convection. It is also interesting to note that unlike observation, both models
are skewed towards low value of OLR (Bgure 11b,
c). This shows that they have a tendency to
overestimate convection over Indian region.
Figure 11(d–f) tells us that both the models under
consideration struggle considerably to simulate
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Figure 13. Spatial pattern of model simulated variance for (a–c) 2–10 day synoptic mode, (d–f) 10–20 day bi-weekly mode, and
(g–i) 20–80 day intra-seasonal mode. Here (a, d, g) represents observation, (b, e, h) represents SPCAM, and (c, f, i) represents
SPCCSM.

extreme rainfall events. However, it is worth to
mention that out of 1488 observed extreme events
deBned by the 95th percentile criterion (mentioned
at the top right edge of Bgure 11d–f as grid count),
SPCAM does a reasonably good job and captures
1442 events, whereas SPCCSM only captures fewer
338 events. It is clear that in spite of the

overestimation of convection in the models they
produce less rain over Indian region. To identify
the reason we looked into the scatter plots of column averaged (1000–200 hPa) speciBc humidity vs.
rainfall (Bgure 12). It was also plotted for two different cases as in Bgure 11. Figure 12(a–c) shows
that the range and pattern of model simulated
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speciBc humidity is very similar to observation.
However, SPCCSM tends to produce slightly
higher amount of speciBc humidity (Bgure 12c).
Figure 12(a) shows that there is a peak in the
vicinity of speciBc humidity 8 g/kg. On the contrary in SPCAM and SPCCSM, this peak is located
near 9 and 9.5 g/kg, respectively. From
Bgure 12(e), it can be seen that SPCAM captures
the observed speciBc humidity distribution reasonably well. It only fails to capture very high
precipitation rates. However, as seen in
Bgure 11(f), SPCCSM captures very few extreme
events and also it tends to overestimate speciBc
humidity (Bgure 12f). This also tells us that out of
the two models, SPCCSM tends to rain out very
quickly. Hence, we can also conclude from the
above that the moisture holding capacity of the
model atmosphere is very less and for SPCCSM, it
is even lesser.
In this study, we also tried to address which mode
of monsoon variability is responsible for the extreme
events. We have plotted the spatial distribution of
variance for different modes of monsoon, (a) 2–10
day mode (synoptic), (Bgure 13). Figure 13(a, d, g)
shows that most of the observed variance is contributed by 2–10 day synoptic mode. Hence, it is
likely to inCuence the occurrence of monsoon
extreme more than any other mode. Similar results
are also reported by Ajayamohan et al. (2010) where
they associated the increasing frequency of extreme
rainfall events with increasing frequency of synoptic
low pressure system. It is also interesting to note
that SPCAM captures this observed variability of
synoptic mode quite well (Bgure 13b). On the other
hand, its coupled part fails to capture this variability of synoptic mode (Bgure 13c).

rainfall events. It was found that convection and
associated rainfall over Indian land region is better
captured by the SPCAM than its coupled counterpart. It is worth mentioning with regards to
extreme events that out of 1488 observed events
SPCAM captures remarkably 1442 events within
15 years of period. While SPCCSM fails miserably
and captures only 338 events. One obvious argument comes that the better performance of
SPCAM is due to better SST used in the simulation
(observed). However, it is to be noted that the
coupled model SST may aAect the mean of rainfall
(Sharmila et al. 2013), but the simulation of
extreme may not. Vittal et al. (2016) in their study
found no significant association of extreme rainfall
events with rising SST. Hence, we can say that it is
possibly due to better representation of convection
in SPCAM, which also can be conBrmed from our
Bndings from the seasonal cycle of OLR. Extreme
events are also manifestation of high frequency
synoptic modes, which SPCAM captures better
when compared with TRMM.
We also noticed that models have a tendency to
underestimate OLR but still gives light rainfall. In
this context, we found that the moisture holding
capacity of model atmosphere is very poor and worst
in SPCCSM. SPCCSM tends to rainout very early
giving predominantly lighter rainfall. This can be
concluded due to the fact that although observation
and models have same range of speciBc humidity, it is
unable to produce very heavy rainfall events. Finally,
we conclude that for Indian region which is dominated with land and deep convection, SPCAM forced
with observed SST shows better Bdelity in capturing
the rain fall extremes than its coupled counterpart.
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