
Page 1/24

Indian Summer Monsoon Simulations In
Successive Generations Of The NCAR Community
Atmosphere Model
Ravi Kumar 

Indian Institute of Technology Delhi
Raju Pathak  (  rajuphyamu@gmail.com )

Indian Institute of Technology Delhi
Sandeep Sahany 

Indian Institute of Technology Delhi
Saroj K. Mishra 

Indian Institute of Technology Delhi

Research Article

Keywords: Climate Modeling, NCAR CAM, Indian Summer Monsoon, MISO

Posted Date: May 4th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-418615/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-418615/v1
mailto:rajuphyamu@gmail.com
https://doi.org/10.21203/rs.3.rs-418615/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/24

Abstract
Four generations of the NCAR Community Atmosphere Model (CAM-3, 4, 5, and 6) are evaluated for the
Indian summer monsoon (ISM) simulations. Total precipitation simulated by successive versions of CAM
is overestimated over the western equatorial Indian Ocean (EIO), Arabian Sea, and Western Ghats (WGs),
and underestimated over the eastern EIO, Bay of Bengal (BoB), and Indo-Burmese mountains, due to
overestimated convective and underestimated large-scale precipitation, respectively. Overestimation of
total precipitation over the Himalayan region is increased in successive CAM variants, primarily through
enhanced large-scale precipitation. Improvement in total precipitation simulation over BoB is found in
successive CAM variants, with the largest improvement in CAM6. The frequency of total precipitation is
overestimated for low precipitation rates and underestimated for high precipitation rates in CAM variants,
except in CAM4 for high precipitation rates.

The subtropical westerly and tropical easterly jets are better simulated in CAM5-6 than CAM3-4 (highly
overestimated). The easterly shear of zonal wind during the peak monsoon is highly overestimated in all
CAM variants. The monsoon low-level jet over AS and peninsular India is overestimated in all CAM
variants with the largest overestimation in CAM6, resulting in increased precipitation over WGs and
peninsular India. We �nd the large underestimation in a tropical easterly jet over peninsular India and EIO
in CAM3 to have improved in the successive versions. In addition, overestimation of the strength of the
subtropical westerly jet and the Tibetan anticyclone seen in CAM3 has improved in successive variants of
CAM. We �nd improvements in monsoon intra-seasonal oscillation (MISO) and associated internal
dynamics and the east-west and north-south heat source in successive variants of CAM. Overall, we �nd
many improvements in the simulation of ISM precipitation and its associated dynamics in successive
variants of CAM, however, there still remain some important biases (e.g., eastward component of MISO,
monsoon low-level jet, excessive precipitation over Himalayan foothills, early monsoon onset, etc.) that
need to be alleviated for more realistic ISM simulations in future versions of CAM.

Introduction
Reliable simulations of spatio-temporal variability of the Indian summer monsoon (ISM) is crucial for the
socio-economic well-being of one-sixth of the world population residing in India (e.g., Parthasarathy et al.
1988; Kumar et al. 2004; Gadgil and Gadgil 2006; Dunning et al. 2015). The ISM rainfall (June to
September; JJAS) contributes ~ 70–80% to the annual rainfall (e.g., Webster et al. 1998; Goswami 1998;
Rajeevan et al. 2012; Sahany et al. 2018). Its simulation has been challenging to the numerical modeling
community (e.g., Covey et al. 2003; Trenberth et al. 2003; Sperber et al. 2013). For example, Gadgil and
Sajani (1998) reported problems simulating observed monsoon variability and the seasonal mean rainfall
pattern for most of the climate models in one of the early Atmospheric Model Intercomparison Project
(AMIP) set of simulations. Sperber and Palmer (1996) have noted that models that simulate rainfall
climatology well also simulate improved inter-annual variability. Sperber et al. (2013) have reported that
no single model in Coupled Model Intercomparison Project phase-3 (CMIP3) or phase-5 (CMIP5) can
better simulate the annual cycle, inter-annual, and intra-seasonal variability of ISM rainfall. However, he
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also noted that CMIP5 is much better than CMIP3 in representing ISM's different aspects. Pathak et al.
(2019) identi�ed systematic biases in the seasonal mean monsoon precipitation for many of the CMIP5
and AMIP5 models and noted a common bias in simulating convective and large-scale precipitation
across the models. He also indicated that the closure and trigger assumptions used in the convection
parameterization schemes are primarily responsible for these biases. Some other studies have noted that
the ISM biases in GCMs could be arising from the cold sea surface temperature (SST) biases over the
northern Arabian Sea (AS), improper representation of sub-grid processes, resolution-independent
parameterizations, coarse topography, incorrect initial and boundary conditions, and improper coupling of
model components (e.g., Bollasina et al. 2009; Sukumaran et al. 2014; Ramu et al. 2016; Koul et al. 2018;
Pathak et al. 2019, 2020).

In addition to the ISM rainfall, reliable simulations of associated dynamical features, such as the low-
level jet, Tibetan anticyclone, tropical easterly and subtropical westerly jets, Intertropical convergence
zone, and the regional Hadley and planetary-scale Walker circulation are also crucial for monsoon studies
(e.g., Rao 1976, Sikka 1980, Gadgil 2003, Krishnamurthy and Kinter 2003, Annamalai et al. 2007, Lau et
al. 2015, Fan et al. 2017). However, simulations of the aforementioned dynamical features are also
biased in existing GCMs. For example, the mean Walker circulation is underestimated in many GCMs, due
to the low SST gradient in the zonal direction (Zhou and Xie 2014). The low-level jet (Somali jet) is
simulated unsatisfactorily due to a large bias in convective heating over peninsular India and the
equatorial Indian Ocean (EIO) (Attada et al. 2014). Such biases lead to unrealistic simulations of the ISM
intra-seasonal variability and strength (Joseph et al. 2012; Sharmila et al. 2012; Sperber et al. 2013). In
general, biases in the zonal wind's vertical shear affect the northward moisture transport from the ocean
to the Indian subcontinent by changing the atmospheric instability and associated convective activity
(Zhou and Murtugudde 2014). This further affects the active and break spells, and hence the simulation
of precipitation variability on the intra-seasonal time scale (e.g., Sikka and Gadgil 1980; Goswami 2011).

While there are biases in most of the latest generation climate models in simulating the ISM, the National
Center for Atmospheric Research (NCAR) Community Earth System Model (CESM) is one of the better
performing models (e.g., Douville et al. 2000; Knuti et al. 2013; Pascale et al. 2014; Anand et al. 2018;
Pathak et al. 2020). In the last couple decades, there have been major changes in the physics and
dynamics of the NCAR climate model, as it evolved from CCSM3 (CAM3 atmospheric component)
through CESM2 (CAM6 atmospheric component). Speci�cally, in CAM4, the deep convection scheme of
CAM3 was modi�ed to include dilute parcel entrainment (Neale et al. 2008) and convective momentum
transport (Richter and Rasch 2008). The cloud fraction scheme of CAM3 was modi�ed to account for the
cloud fraction thermodynamically consistent with the condensate value (Vavrus and Waliser 2008) and
the radiation scheme was also slightly updated (Gent et al. 2009). In CAM5, the turbulence scheme was
replaced by a new moist turbulence scheme based on diagnostic turbulent kinetic energy (Park et al.
2009), and the cloud microphysics scheme was modi�ed to have a more optically transparent occurrence
of cloud processes and consistency between cloud fraction and cloud condensate (Park et al. 2010). In
CAM6, the shallow convection, cloud macrophysics, and boundary layer turbulence scheme was
combined to a single Cloud Layers Uni�ed by Binormals (CLUBB) scheme (Golaz and Larson 2002;
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Bogenschutz et al. 2013), the cloud microphysics scheme was updated using Gettelman and Morrison
(2015), and the aerosol scheme was revised to 4-Mode Modal aerosol scheme.

The above mentioned improvements in the physics package of the successive versions of the NCAR CAM
have motivated us to assess their impact on ISM simulation in CAM3, 4, 5, and 6. Our study will
investigate how these model upgrades have impacted ISM simulation. We provide an introduction in
Sect. 1 and data and methodology in Sect. 2. We present the result and discussion in Sect. 3. In particular,
we show the seasonal mean ISM pattern in Sect. 3.1, horizontal wind pattern in Sect. 3.2, tropospheric
temperature gradient and easterly wind shear in Sect. 3.3, and the monsoon intra-seasonal oscillation in
Sect. 3.4. Section 3.4 further presents the regional Hadley and planetary-scale Walker circulation in
Sect. 3.4.1 and atmospheric internal dynamics in Sect. 3.4.2. Section 4 concludes the study with the
results, �ndings, and future scope.

Data, Model, And Simulation Details
2.1 Data

We have used satellite-derived monthly total, convective, and large-scale precipitation from Tropical
Rainfall Measuring Mission (TRMM) 3A12 for 2000–2015 and daily total precipitation from TRMM 3B42
for 2000–2015 (Huffman et al. 2007). The horizontal and vertical wind, temperature, and speci�c
humidity are used from the European Centre for Medium-Range Weather Forecasts Interim reanalysis
(ERA-I) for 2000–2015 (Dee et al. 2011). The observed and reanalysis datasets are interpolated to model
resolution.
2.2 Model and Simulation Details

Successive versions of the NCAR CAM (namely, 3, 4, 5, and 6; see Collins et al. 2004; Neale et al. 2010,
2012; Danabasoglu et al. 2020) were forced with prescribed monthly varying climatological (1982–2002)
SSTs (Reynolds et al. 2002). The monthly values are linearly interpolated in time to prescribe daily
varying SSTs in the model. More details on CAM con�gurations can be found in Table 1. The horizontal
resolution used in model simulations for all CAM variants is 0.9° latitude and 1.25° longitude). The
number of vertical levels used in model simulations is the default setup, i.e., for CAM3-4, it is 26 levels, for
CAM5, it is 30 levels, and for CAM6, it is 32 levels. Using the above setups, we performed 15 years of
simulation for each CAM variant.

Results And Discussion
3.1 Mean Pattern of Indian Summer Monsoon

Figure 1 compares the model simulated seasonal mean total, convective, and large-scale precipitation
with corresponding observations. For total precipitation, observation shows the highest values (> 8
mm/day) over the north-eastern Bay of Bengal (BoB), Indo-Burmese mountains, foot-hills of Himalaya,
and Western Ghats (WGs); moderate values (> 3 mm/day and < 8 mm/day) over the eastern EIO, central
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India, and eastern AS; and lowest values (< 3 mm/day) over the western AS, northwest India, leeward side
of WGs, and western EIO (Fig. 1a). From the difference plot for total precipitation, it is noted that CAM3
simulates quite well over WGs and central India. However, there is a large wet bias over the western EIO
and south-eastern coastal India and dry bias over the north-eastern BoB and Indo-Burmese mountains
(Fig. 1b). While these wet and dry biases were alleviated signi�cantly in CAM4, a new signi�cant wet bias
emerged over WGs, eastern AS, and the Himalayan region (Fig. 1c). In CAM5, the wet bias over eastern AS
and WGs was alleviated to a large extent. The existing wet bias over the Himalayan region and dry bias
over the north-eastern BoB was increased (Fig 1d). In CAM6, many of the existing wet and dry biases are
reduced; however, the wet bias over WGs and the Himalayan region remains, and the wet bias over
peninsular India has worsened (Fig. 1e).

Further splitting total precipitation into convective and large-scale components, we �nd that the observed
spatial pattern of both components is similar to total precipitation except lesser in magnitude (Fig. 1f,k).
It is also noted that both convective and large-scale components contribute nearly equally to the total
precipitation over the ISM region. The difference plot for convective precipitation shows that CAM3 has a
large wet bias over the south-eastern coast of India and western EIO (Fig. 1g). The wet bias over western
EIO and south-eastern coast of India is greatly reduced in CAM4, but the wet bias over the Himalayan
region and eastern AS is substantially increased (Fig. 1h). In CAM5, the existing wet biases are further
reduced, except the wet bias over the Himalayan region, which is slightly increased (Fig. 1i). Compared to
its predecessors, CAM6 shows a notable improvement in existing biases for convective precipitation (Fig.
1j). Further, the difference plot for large-scale components shows the large dry bias in CAM variants over
the north-eastern BoB and Indo-Burmese mountains (Fig. 1l). While this dry bias in CAM4 was reduced
substantially, a new wet bias emerged over the Himalayan region (Fig. 1m). In CAM5, these existing wet
and dry biases were increased (Fig. 1n). However, in CAM6, the existing dry biases were greatly reduced
(Fig. 1o). Thus, the wet bias over the Himalayan foothills and dry bias over the north-eastern BoB in the
successive CAM variants are arising primarily through the wet and dry biases in large-scale precipitation,
respectively.

Furthermore, for the annual cycle of total precipitation (Fig. 2a), we �nd a large dry bias in CAM3 and wet
bias in CAM4 during June to October (highest during the peak monsoon period). In the successive CAM
variants (CAM5-6), this wet bias seen in CAM4 is reduced substantially, but in CAM6 during June-July, the
wet bias is slightly worsened with respect to CAM5. Past research �ndings have suggested that the cold
and warm SST biases over EIO in a model can cause the dry and wet bias over the Indian land region and
hence leading to the dry and wet bias in the annual cycle, respectively (Roxy et al. 2012; Joseph et al.
2012). From the frequency-intensity distribution of daily total precipitation rates over India during JJAS
(Fig. 2b), we �nd that all CAM variants overestimate the frequency of light precipitation rate (<10
mm/day) and underestimate the frequency of large to extreme precipitation rate. The underestimation in
the frequency of large to extreme precipitation is largest in CAM3 (which does not report any event > 90
mm/day) and is reduced relatively in CAM4 and CAM5. While in CAM6, the underestimation in the
frequency of extreme precipitation rate is increased compared to CAM4 and CAM5. Such overestimation
in the frequency of light precipitation rates and underestimation in the frequency of extreme precipitation
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rates have also been noticed in many of the CMIP5 models (e.g., Dai 2006; Deng et al. 2007; Mishra et al.
2018; Salunke et al. 2019).

3.2 Horizontal Wind Pattern

Figure 3 shows the seasonal mean pattern of atmospheric circulations at 850 hPa and 200 hPa from
ERA-I and CAM variants. It is noted that CAM variants simulate the circulation patterns comparable to
ERA-I, for example, the simulation of low-level cross-equatorial westerlies, low-level cyclonic wind over
northern India, TEJ (with maximum intensity over peninsular India), subtropical westerly jet (STJ), and
Tibetan anticyclone. However, from the difference plot at 850 hPa, we �nd that CAM3 underestimates the
south-westerly wind over peninsular India and BoB, resulting in an underestimation of total precipitation
over BoB and Indo-Burmese mountains due to reduced moisture transport (e.g., Swapna and Kumar 2002;
Puranik et al. 2014). In CAM4, 5, and 6, we �nd an overestimation of the south-westerly wind over AS and
peninsular India, with largest overestimation in CAM6, resulting in an increased precipitation over WGs
and peninsular India (e.g., Swapna and Kumar 2002; Ratna et al. 2014).

From further analysis of the difference plot at 200 hPa, we �nd that CAM3 shows large underestimation
in TEJ over peninsular India and EIO, which could be a reason for the weakened vertical easterly wind
shear (see Section 3.3) and hence the weakening of the monsoon circulation and associated precipitation
(Fig. 1). The association of the weakening (strengthening) of TEJ and decrease (increase) in tropical
summer precipitation is also reported in past studies (e.g., Koteswaram 1958; Kanamitsu et al. 1972;
Kobayashi 1974; Pielke et al. 2001; Sathiyamoorthy 2005; Sreekala et al. 2014). Furthermore, we �nd an
overestimation in the core of STJ in CAM3. Modulations in the core of STJ have been reported to
in�uence the precipitation distribution over northern India through modulation of the Tibetan anticyclone
(Ramaswamy 1962). However, circulation biases seen in CAM3 have improved in the successive versions
with advances in model physics.

3.3 Tropospheric Temperature Gradient and Easterly Wind Shear

Figure 4a depicts the tropospheric temperature gradient (ΔTT), computed as the difference in vertically
(600-200 hPa) averaged temperature between the northern box (5°-35°N; 40°-100°E) and southern box
(15°S-5°N; 40°-100°E). These two boxes represent the large-scale temperature gradient zones responsible
for the seasonal reversal of winds over the ISM region due to the differential heating, primarily over the
Tibetan plateau (Gill,1980; Yanai et al. 1973; Webster et al. 1998; Goswami and Xavier 2005; Xavier et al.
2007). Increased ΔTT suggests stronger monsoon circulation and increased associated precipitation.
The onset and withdrawal are also established when ΔTT changes sign from negative to positive and
from positive to negative, respectively. ERA-I shows monsoon onset in late May, peak precipitation in July
and August, and withdrawal in early October, also noticed in other studies (Dey 1970; Indian
Meteorological Department (IMD) 1972; Fasullo et al. 2003). Similar characteristics of ΔTT are noticed in
CAM variants. However, the monsoon onset and withdrawal are simulated earlier than observed, by one to
two weeks in CAM variants, except CAM6, which shows early onset but similar withdrawal as ERA-I (and
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hence a prolonged monsoon season). ΔTT during JJAS is largely overestimated in CAM6, resulting in
strengthening of low-level jet (Fig. 3) and an overestimation in precipitation over peninsular India (Fig. 1).

We also show the annual cycle of easterly wind shear (Fig. 4b), which is de�ned as the difference in the
zonal wind between 850 hPa and 200 hPa, averaged over peninsular India (0 - 15°N; 50°-90°E) (Webster
and Yang 1992; Jiang et al. 2004). This is known to cause vertically integrated moisture to propagate
northward (EIO to central India), affecting atmospheric instability and convective activity over central
India (Zhou and Murtugudde 2014). ERA-I shows a change from negative to positive wind shear in late
April, with peaks in July and August, then positive shear until November (Fig. 4b). From our simulations,
we found that CAM3 fails to accurately simulate this shear, although the subsequent CAM variants show
improvements but still underestimate it, except CAM6. CAM6 simulates this shear close to ERA-I
(compared to its predecessors), with slight overestimation in June to August, resulting in a better
monsoon simulation and moisture transport towards BoB. This overestimated easterly wind shear in
CAM6 (through enhanced low-level wind strength) could be a reason for an increase in precipitation over
peninsular India (Fig. 1e).

3.4 Monsoon Intra-seasonal Oscillations (MISO)

One of the most signi�cant modes of ISM variability is the 30-60 day oscillations of northward
propagating convection anomalies over the ISM region (e.g., Goswami et al. 1998; Sharmila et al. 2012;
Joseph et al. 2012). This northward propagating convection anomalies from EIO to the Indian
subcontinent from June to September is referred to as the monsoon intra-seasonal oscillations (MISO). It
is reported to explain more than 20% of the total JJAS rainfall variance over the Indo-Paci�c region
(Goswami et al. 1998). During the summer monsoon, the active and break spells have also been linked to
MISO (e.g., Joseph et al. 2009; Krishnan et al. 2009; Goswami et al. 2011). In Figure 5, we show the
space-time evolution of MISO from day -20 to +10 for observations and CAM variants. It is computed as a
time-series of normalized area-averaged �ltered (20-100 day) precipitation anomalies over central India
(15°-25°N; 70°-90°E), with 20-100 day �ltered precipitation anomalies regressed at different time lags
during JJAS. The precipitation maximum over central India is thus on day 0 of MISO. From observations,
the convection initiation occurs over central EIO on about day -20, and it spreads eastward (day -15) and
then moves north-eastward to the Indian subcontinent by day -5. Around day 0, MISO has a strong
eastward tilted convection band over the monsoon trough region and suppressed convection over EIO
(Annamalai and Slingo 2001). This convection band shifts to Himalayan foothills by day +10,
accompanied by corresponding north-eastward movement of the negative anomalies from EIO.
Simulations show that CAM3 fails to capture the MISO pattern, but the successive CAM variants show
the initiation of organized convection over central EIO and subsequent north-eastward movement
comparable to observations. However, in CAM4, there is early suppression of convection (about -15 to -10
days) followed by enhanced convection (from day 0 onward) over EIO, but this is greatly improved in the
subsequent variants, namely, CAM5 and CAM6. In addition, the observed north-eastward tilt in the
convection band is underestimated in CAM simulations (lower eastward tilt), although with a larger
spatial extent.
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Further, from the Hovmöller diagram of MISO (Fig. 6), we �nd that the north-eastward propagation of
convection from central EIO to the Indian subcontinent in CAM6 is consistent with observations but
shows a weaker eastward component. CAM4 and CAM5 also capture northward propagation, but
convection initiates over southern peninsular India instead of central EIO between day -30 to -20.
Furthermore, the observed eastward propagating component of MISO is simulated westward in CAM4
and CAM5 (i.e., the north-eastward propagation of convection anomalies is simulated north-westward).
This indicates that MISO simulations have improved over time in the subsequent CAM variants, with
CAM6 showing the highest improvement.

Further, the important atmospheric processes are analyzed to understand how the MISO has improved in
the subsequent CAM variants. Previous research has highlighted the role of atmospheric internal
dynamics along with easterly wind shear and meridional asymmetry in speci�c humidity on the
underlying mechanism of MISO (e.g., Webster 1983; Wang and Xie 1997; Jiang et al. 2004, 2011; Abhik et
al. 2013). Previous studies have also suggested that improvement in the simulation of seasonal mean
climatology from the equator to 15°N, as well as improvement in the movement of convection band from
the equator to monsoon trough, are linked to improvements in the simulation of seasonal mean heat
source in the EIO region and its interaction with regional and planetary-scale circulations (Attada et al.
2014). Hence, we next analyze the regional Hadley and planetary-scale Walker circulations and the
model's internal dynamics in the following subsections.

3.4.1 Hadley and Walker Circulations

The regional Hadley and the planetary-scale Walker circulations are crucial elements of ISM circulation
(Oort and Rasmusson 1971; Rao 1976; Sikka 1980; Krishnamurthy and Kinter 2003; Gadgil 2003;
Annamalai et al. 2007; Lau et al. 2015; Fan et al. 2017). The movement of the equatorial heat source
in�uences the seasonal mean Walker circulation, while the intensity and position of the monsoon heat
source can affect the regional Hadley circulation (e.g., Goswami et al. 1999). Thus, both the atmospheric
circulations associated with the heat sources can strongly affect the distribution of seasonal mean
precipitation during ISM. From Figure 7 for Hadley circulation, we �nd the observed subsidence over the
southern Indian ocean beyond 10°S and ascent over 10°S to 25°N. CAM3 shows ascending motion over
the equator through 25°N (with the strongest ascent over the equator and 12°N), likely associated with
higher precipitation over EIO and AS (Fig. 1), leading to weaker northward propagation of equatorial
convection to the Indian subcontinent (Sharmila et al. 2013). This stronger than observed ascending
motion over the equatorial region seen in CAM3 is improved in CAM4, but the ascent over 12°N is slightly
increased with an increased precipitation bias over AS, although a small improvement in northward
propagation of convection from the equator is noted from improved ascent over EIO. Subsequent CAM
variants (CAM5 and CAM6) show improved simulations of ascent over 12°N, leading to improved
northward propagation and spatial pattern of precipitation (Fig. 1). Similar to Hadley circulation, from
Figure 8 (Walker circulation), we �nd observed subsidence over 40°-65°E and ascent over 65°-160°E
(Walker 1924; Sikka 1980; Power and Kociuba 2011). In CAM3, the subsidence is largely underestimated
(almost absent), and the ascent over 60°E is highly overestimated, likely associated with precipitation
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overestimation over WEIO and poor MISO simulation. Subsequent CAM variants improve this
overestimation in ascending motion and underestimation in subsidence. Speci�cally, CAM6 simulates the
Walker circulation closer to observation. Thus, we can speculate that the east-west heat source
associated with Walker circulation and the monsoon heat source associated with Hadley circulation,
which was poorly simulated in CAM3, have improved in subsequent CAM variants.

3.4.2 Atmospheric Internal dynamics

Figure 9 shows the JJAS mean meridional variation of total precipitation, vertical easterly wind shear
(U200-U850; m/s), and speci�c humidity at 1000 hPa, averaged over the longitudinal domain of 70°-90°E
for ERA-I and CAM variants. It is noted that the magnitude of total precipitation is greatly overestimated
over 10°S and underestimated over Indian latitudes in CAM3 (Fig. 9a). While in subsequent CAM variants,
this overestimation in precipitation over 10°S is improved, the underestimation over Indian latitudes is
slightly overestimated. Further, from the vertical easterly wind shear, we �nd that it is highly
underestimated in CAM3 from the southern Indian ocean (10°S) to Indian latitudes (up to 20°N), with the
highest underestimation over EIO (Fig. 9b). This underestimation is also improved in subsequent CAM
variants, with CAM6 showing the highest improvement. Furthermore, the meridional gradient of speci�c
humidity is simulated comparable to ERA-I in all CAM variants, except an overestimation by 2g/kg across
the latitudes from 20°S to Indian land (20°N) in CAM3. However, it is noted that the meridional gradient of
speci�c humidity from ocean to land is improved in subsequent CAM variants, with the highest
improvement in CAM6, likely an underlying reason for the large improvement in the northward
propagation of MISO (e.g., Jiang et al. 2004; Drbohlav and Wang 2005). Improvements in meridional
gradient of speci�c humidity and hence MISO contribute to improvements in JJAS seasonal mean
rainfall in successive CAM variants.

Summary And Conclusion
In this study, we have evaluated ISM simulation in four successive versions of the NCAR CAM (CAM3, 4,
5, and 6) to assess the impact of various changes to the model during the last two decades. Improved
total precipitation simulation is reported in successive CAM variants, except the wet bias over WGs and
Himalayan foothills, which is slightly worsened. This increase in wet bias is due to increasing convective
and large-scale precipitation components, respectively. Also, all CAM variants show improvements in the
annual precipitation cycle as well as monsoon withdrawal; however, the total precipitation during the
monsoon peak period is slightly worsened in the subsequent CAM variants. Further, the aforementioned
improvements in ISM rainfall are found to be associated with improvements in TEJ and STJ. In addition,
there are improvements in tropospheric temperature gradient and easterly wind shear, resulting in
improved northward transport of moisture towards BoB and central India and hence improving the
precipitation distribution over the ISM region.

Regarding the intra-seasonal variations of ISM, we have evaluated MISO simulations (initiation of
organized convection over central EIO and its north-eastward movement towards the monsoon trough).
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We �nd that CAM3 fails to capture the pattern, but it is improved in subsequent CAM versions. However,
the observed north-eastward tilt in the convection band is still largely underestimated in CAM variants.
Further, from the northward and eastward component analysis, the improvement in the northward
propagating component of MISO is found in the successive CAM variants, but the observed eastward
propagating component is still simulated westward. In addition, the analysis of underlying MISO
mechanisms has shown that the improvement in MISO in successive CAM variants is likely due to the
improvement in the simulation of monsoon and equatorial heat source associated with regional Hadley
and planetary-scale Walker circulation. Along with these underlying mechanisms, substantial
improvements in the simulation of the atmospheric internal dynamics associated with vertical easterly
wind shear and surface speci�c humidity in subsequent CAM variants could be another reason for the
likely improvements in MISO and seasonal mean rainfall.

Overall, the development cycle from CAM3 to CAM4 led to large improvement in most of the ISM features,
except the deterioration of the monsoon low level jet. The subsequent development cycles from CAM4 to
CAM5 and that from CAM5 to CAM6 showed mixed changes to the quality of simulations with some
improvements and some deteriorations in ISM features. For example, in CAM6 the ISM mean total and
convective precipitation and MISO, along with the associated circulation features including the regional
Hadley circulation, planetary scale Walker circulation, and TEJ were better simulated than all the previous
versions of CAM. However, ISM features such as the monsoon onset and the low level jet kept
deteriorating in successive development cycles, with CAM6 performing worse than all the previous
versions. A summary of the relative performance of the model variants for the various ISM features is
presented in Table 2. Finally, some important biases (e.g., eastward component of MISO, monsoon low-
level jet, excessive precipitation over Himalayan foothills, early monsoon onset, underestimated extreme
and overestimated low precipitation rates) still persist, and need to be alleviated in future versions of
CAM.
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Tables
Table 1. List of parameterization schemes used in CAM variants

Scheme CAM3 CAM4 CAM5 CAM6

Deep
Convection

Zhang and
McFarlane
(1995)

Neale et al.
(2008)

ZM, Neale et al.
(2008)

ZM, Neale et al.
(2008,2017)

Shallow
Convection

Hack (1994) Richter and
Rasch (2008)

Park et al.
(2009)

CLUBB: Boggenschutz et
al. (2013)

Microphysics Rasch and
Kristjansson
(1998)

Rasch and
Kristjansson
(1998)

Morrison and
Gettelman
(2008)

Gettelman-Morrison
(2015)

Macrophysics Rasch and
Kristjansson
(1998)

Rasch and
Kristjansson
(1998)

Park et al.
(2011)

CLUBB: Boggenschutz et
al. (2013)

PBL scheme Holtslag and
Boville (1993)

Holtslag and
Boville (1993)

Bretherton et al.
(2009)

CLUBB: Boggenschutz et
al. (2013)

Radiation Collins et al.
(2001)

Collins et al.
(2001)

Iacono et al.
(2008)

Iacono et al. (2008)

Aerosols Bulk Aerosol
Model

Bulk Aerosol
Model

3-MODE
Modal Aerosol
Model

Ghan et al.
(2011)

4-MODE Modal Aerosol
Model Ghan et al. (2011)

Table 2. Evaluation of ISM simulations in CAM variants in comparison to their predecessor versions (i.e.,
the performance of CAM4 with respect to CAM3, the performance of CAM5 with respect to CAM3 and
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CAM4, and the performance of CAM6 with respect to CAM3, CAM4, and CAM5). The upward arrow
highlighted in green represents improvement, while the downward arrow highlighted in red represents
deterioration, and the dash represents no signi�cant improvement or deterioration.

Figures

Figure 1

Spatial variation of JJAS mean total precipitation from a) observation (TRMM 3A12), as well as the
difference in total precipitation for b) CAM3, c) CAM4, d) CAM5, and e) CAM6, with respect to
observation. The spatial pattern of JJAS mean convective precipitation (f-j) and large-scale precipitation
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(k-o) is shown in the second and third rows, similarly to total precipitation. The hatched lines in the
difference plot show the difference signi�cant at 95 percent con�dence level based on the two-tailed
Student-t test.

Figure 2

a) Annual cycle of area-averaged total precipitation distribution over the Indian land and b) Probability-
intensity distribution of total precipitation over the Indian land during JJAS for observation and different
CAM variants.
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Figure 3

Spatial variation of JJAS mean wind (speed and vectors) at 850 hPa from ERA-I (a) and CAM variants (b-
e), and the corresponding difference plot for CAM variants (f-i) with respect to ERA-I. The spatial variation
of JJAS mean wind at 200 hPa from ERA-I (j) and CAM variants (k-n), and the corresponding difference
plot for CAM variants (o-r) with respect to ERA-I are shown in third and fourth rows, respectively.
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Figure 4

a) Annual cycle of meridional tropospheric temperature gradient (MTTG) and b) annual cycle of easterly
shear of zonal wind (ESZW). The vertically averaged (600-200 hPa) temperature difference between the
two regions, one over (5N-35N; 40E-100E) and other over (15S-5N; 40E-100E), is used to compute MTTG.
The difference between 850 hPa and 200 hPa averaged zonal wind over 0-15N and 50E-90E, is used to
compute ESZW.
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Figure 5

Propagation of the monsoon intra-seasonal oscillation (MISO) from day -20 to day +10 from TRMM and
CAM variants. MISO is obtained by regressing the 20-100 day �ltered time-series of area-averaged
precipitation anomalies over central India (18N-28N; 73E-82E), with the 20-100 day �ltered spatial
precipitation anomalies.
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Figure 6

Hovmöller plots of 30-60 day �ltered precipitation anomalies regressed with respect to the reference time
series averaged over central India for TRMM and CAM variants. The �rst row shows eastward
propagation (averaged over 10N-20N), while the second row shows northward propagation (averaged
over 70E-90E).

Figure 7

JJAS mean regional Hadley circulation (averaged over 70E-90E) for TRMM, b) CAM3, c) CAM4, d) CAM5,
e) CAM6. The vertical wind is multiplied by 100.
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Figure 8

JJAS mean planetary-scale Walker circulation (averaged over 10S-10N) for a) ERA-I, b) CAM3, c) CAM4,
d) CAM5, e) CAM6. The vertical wind is multiplied by 100.

Figure 9

JJAS mean meridional distribution (averaged over 70-90E) of a) total precipitation, b) zonal wind shear
(U200 - U850), c) speci�c humidity from observations/ERA-I and CAM variants.


