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Summary
The seasonal and intraseasonal variation of tropical climate
in National Center for Atmospheric Research (NCAR)
Community Climate Model Version 2 (CCM2) General
Circulation Model (GCM) has been examined using two
different cumulus parameterization schemes, the moist
convective adjustment scheme of Manabe et al. (1965) and
the mass-¯ux scheme of Hack (1994). Ten-year simulations
have been undertaken with each of these schemes with SST
prescribed according to the monthly mean climatology. The
seasonal mean rainfall in the tropics simulated by the moist
convective adjustment scheme (MCA) scheme was found to
be more realistic than the mass-¯ux (Hack) scheme. The
more realistic simulation by the MCA scheme was found to
be on account of the fact that the mean moist static energy
of the lower troposphere in the MCA scheme was closer to
the observations than in the Hack scheme. In both the
schemes, the precipitation in the tropics increases montonically with precipitable water vapour when the precipitable water vapour is above 40 mm. This is consistent
with relationship between precipitation and precipitable
water in the observations. The Hack scheme tends to
simulate lower precipitation (for a given amount of
precipitable water) when compared to observations.
The MCA scheme simulates the eastward migration of
convective systems along the equator quite well, although
the speed of propagation is somewhat low. The poleward
migration of convective systems in the Indian region is
more realistically simulated by the MCA scheme than the
Hack scheme. This is because the latitudinal gradient of the
mean moist static energy in the MCA scheme is more
 Present af®liation: Department of Meteorology, Florida

State University, Tallahassee, Florida, 32306 USA.

realistic than in the Hack scheme. Over most of the tropics,
simulation by the MCA scheme is more realistic on both
seasonal and intraseasonal timescales.

1. Introduction
The sensitivity of the tropical climate to different
types of convection parameterization have been
studied by several investigators (e.g., Slingo et al.,
1988; Sud et al., 1992; Zhang, 1994). Slingo et al.
(1988) studied the sensitivity of the simulation
of monsoon onset to cumulus parameterization
using an operational European Centre Medium
Range Weather Forecast (ECMWF) model with
Kuo convection scheme (Kuo, 1974). The modi®cation in the convection scheme was found to
have signi®cant impact on the simulation of the
monsoon circulation and precipitation. Since the
clouds interact strongly with radiation, the combination of changes in the radiation scheme and
the convection scheme signi®cantly improved the
General Circulation Model (GCM) simulation.
Sud et al. (1992) found that when the Arakawa and
Schubert (1974) scheme is used in the Goddard
Laboratory for Atmospheres (GLA) GCM, the
simulation produces more active hydrological
cycle over the monsoonal areas compared to the
simulation without convection parameterization.
Zhang (1994) compared a simulation with mass
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¯ux cumulus scheme to a simulation without any
convection scheme in Canadian Climate Centre
(CCC) model and found that convection had
signi®cant impact on the monsoon circulation and
its associated precipitation.
Convection parameterization has also been
found to have an impact effect on the simulation
of the Madden Julian Oscillation (MJO) (Tokioka
et al., 1988; Itoh, 1989; Park et al., 1990; Slingo
et al., 1996; Wang and Schlesinger, 1999). Wang
and Schlesinger (1999) have summarized all these
studies and their study was based on perpetual
March simulations of University of Illinois at
Urbana-Champaign (UIUC) GCM with Arakawa
Schubert scheme (Arakawa and Schubert, 1974),
Kuo scheme (Kuo, 1974) and with moist convective scheme (Manabe et al., 1965). They
suggested that the MJO simulation by the models
is highly dependent on the relative humidity
criterion used in these schemes. They also show
the success of the National Center for Atmospheric Research (NCAR) Community Climate
Model Version 2 (CCM2) in the Atmospheric
Model Intercomparison Project (AMIP, which
was forced with observed Sea Surface Temperatures for 1979±1988 period) in simulating MJO
was related to the use of a three-layer mass ¯ux
scheme.
Most previous studies such as that by Slingo
et al. (1996) have emphasized the interannual
variations of the intraseasonal patterns. Wang
and Schlesinger (1999) used perpetual simulations which also have limitations because the
intraseasonal and seasonal patterns are strongly
coupled. In this paper, we discuss the impact of
convective parameterization on the simulation of
tropical climate on seasonal and intraseasonal
scales in the National Center for Atmospheric
Research (NCAR) Community Climate Model
Version 2 (CCM2) GCM with emphasis on the
mechanisms governing the intraseasonal and
seasonal patterns. To understand these interactions without the complexity introduced by interannual variations, we have conducted multi-year
simulations with seasonally varying climatological Sea Surface Temperatures (SSTs).
The work of Gadgil and Sajani (1998), who
analyzed tropical precipitation in AMIP simulation with particular emphasis on the simulation
of the Indian summer monsoon on the seasonal
scale, has shown that the Geophysical Fluid

Dynamics Laboratory (GFDL) model using the
Moist Convective Adjustment (MCA) scheme
of Manabe et al. (1965) was able to outperform
most other models in the simulation of tropical
precipitation even though these models used
more sophisticated cumulus parameterization
schemes. This clearly suggested that MCA
scheme (which forces the atmospheric moisture
and temperature pro®les to the stable state)
appears to have the capability to simulate the
tropical rainfall more realistically. We also need
to understand the behavior of these schemes not
just in simulating the mean seasonal pattern but
also their ability to simulate intraseasonal variations, i.e. whether they are able to simulate
low-frequency (temporal) variations (30±90 day
variations) at lower (spatial) wave numbers.
Results from the AMIP simulations do provide
an insight into such behaviour, but since these
models differ in just more than their cumulus
parameterization schemes it will be useful to
intercompare the results in a single model, by
changing only the cumulus scheme between the
MCA scheme and the more sophisticated ¯uxbased scheme of Hack (1994).
This paper is organized in the following way.
Section 2 describes the model and the methodology, including the design of the experiments.
Section 3 discusses the effect of convection parameterization on the simulation of seasonal mean
precipitation and circulation over the tropics. The
effect of change in the parameterization of convection on the seasonal cycle is presented in
Sect. 4. Assessment of the simulations of major
intraseasonal oscillations such as MJO and
meridional propagations by the two versions of
the model is given in Sects. 5 and 6. Section 7
summarizes the results.
2. The model, data and methodology
2.1 The model
A scalable parallel message-passing implementation of the National Centre for Atmospheric
Research Community Climate Model, Version 2
(NCAR CCM2) developed by Argonne Oak
Ridge National Laboratory (Drake et al., 1995)
has been used in this study. This version of the
model has been widely tested in the context of
various climate studies (Hack et al., 1994; Kiehl
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et al., 1994; Lieberman et al., 1994; Zhang et al.,
1994; Hahmann et al., 1995). The detailed documentation of the model can be found in Hack
et al. (1993). We have compared the simulations
with the Moist Convective Adjustment (MCA)
scheme (Manabe et al., 1965) and with the
plume-based Hack (1994) scheme (Hack) on
seasonal and intraseasonal timescales.
In the MCA scheme, moist convective adjustment is employed to prevent the large-scale
atmosphere from becoming statically unstable.
At each time step, the atmospheric column is
checked for moist instability layer by layer,
starting from the lowest model layer. If the lapse
rate between the two adjacent layers exceeds the
moist adiabat, vertical mixing of heat and
moisture is invoked and condensation is allowed
during mixing. Any remaining supersaturation is
then removed by large-scale condensation. As a
result, the temperature and moisture pro®les are
adjusted towards moist adiabats. Thus, clearly
the moist convective adjustment process is local
in nature and the vertical transport of heat and
moisture depends on the local instability of a
layer.
With the Hack scheme it is assumed that
clouds consist of successive plumes occupying
three model layers in depth, with the ®rst plume
starting from the top of the boundary layer and
the next one starting one layer above and so on.
Each plume carries a certain amount of cloud
mass from its base height and detrains a fraction
in the model layer immediately above. The rest is
detrained in the third layer from the plume base.
The amount of the cloud base mass ¯ux at each
plume base is determined by the atmospheric
instability. Also, there is a connection between
the plumes starting at the lower levels and those
starting at the upper level through the modi®cation of the environmental air by the lower level
plumes. Thus, in this scheme the adjustment is
expressed explicitly in the mass ¯ux form and is
performed in three layers successively from
bottom to top at each time step.
The MCA scheme has been in use in the
GFDL GCM since 1965 and has been extensively
used in climate simulations. Gadgil and Sajani
(1998) have shown that the simulation of the
mean seasonal precipitation in the tropics with
the GFDL model (which uses that MCA scheme)
is better than most other models. The Hack
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scheme was ®rst used in the CCM2 and has also
been included in later versions of the GCMs
developed by NCAR. Kiehl et al. (1994) have
shown that CCM2 model using the Hack scheme
is successful in capturing major features of the
large-scale circulation in the tropics.
2.2 Data
The SST and sea ice distributions were speci®ed
from climatological data and updated in the
middle of each month. The SST data set used
in the model is from Shea et al. (1990) and
interpolated for each model time step between
the mid-month values. Thus, the model is
basically forced by the seasonal change of SST
and the daily change of the solar declination
angle with a ®xed solar insolation of 1370 W/m2
at the top of the model atmosphere. The model
integration is started from the initial conditions
corresponding to 1 September 1987 (an analysis
data set provided by NCAR) and is integrated for
10 model years. The ®rst 3 months of integrations was not considered for analysis, to remove
the effect of model spin-up. Since the two sets of
10 year model integrations were performed with
climatological SST each of the climate simulations can considered to be equivalent to a set of
10 ensembles of one year duration.
For comparison with model simulated precipitation, observed monthly precipitation data
sets based on the merged analysis of precipitation
(Xie and Arkin, 1997, henceforth referred to
as ``Xie-Arkin'') were used. The interpolated
NOAA (National Oceanographic and Atmospheric Administration) daily Outgoing Longwave Radiation (OLR) from 1979 to 1997 on a
2.5 latitude-longitude grid has also been used
(Liebmann and Smith, 1996). For validation of
circulation ®elds and thermodynamic ®elds, reanalysis products (Kalnay et al., 1996) of National
Centers for Environmental Prediction (NCEP)/
NCAR have been used.
For spectral analysis global datasets on daily
scales for long periods (about 10 years) are required. But such datasets are not available for
precipitation, hence we have used OLR as proxy
for rainfall. For consistency we have compared
model-generated OLR with observed OLR.
We have studied the capability of the model to
simulate active-break cycles over the Monsoon
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zone by comparing the simulated precipitation
with the daily rainfall dataset compiled by the
India Meteorological Department (IMD) using
366 rainfall stations.
2.3 Methodology
Simulated seasonal and intraseasonal variation
have been studied using harmonic analysis in
both spatial and temporal dimensions. The ability
of the model to simulate the intraseasonal variation has been examined by identifying dominant periodicities through power spectrum
analysis. The simulation of the MJO propagation
characteristics has been assessed using OLR and
200 hPa circulation ®elds after applying 20±70
day Lanczos band-pass ®lter (Duchon, 1979) and
their spectral characteristics using the space-time
spectral technique (Hayashi, 1977, 1982).
3. Seasonal mean simulation
over the tropics
The seasonal mean (10 year mean) precipitation
with the Hack and MCA schemes for winter
(DJF) and summer (JJA) seasons have been
compared with the observed mean (1980±1995)
precipitation in Figs. 1 and 2, respectively. The
noticeable feature of the MCA simulation is the
smaller precipitation over the major convective
centers of the tropics such as South America,
southern parts of Africa and Australian-Indonesian region during winter. This reduction in
precipitation is also seen during the summer (Fig.
2d). Over the West Paci®c and northern parts of
South America, the precipitation with the MCA
scheme is smaller and becomes comparable to
the observed values in summer, whereas it underestimates the precipitation over northern parts of
Africa. Over the Indian region, the precipitation
has increased over the peninsular region and the
precipitation is reasonable in most parts of the
monsoon trough zone.
The increased skill in the simulation of seasonal
mean precipitation by the MCA version can be
seen from the difference in (Figs. 1d and 2d) the
simulated precipitation (for winter and summer
seasons) by the two models (MCA-Hack). In
summer, precipitation is higher over the Indian
region, East Paci®c and over the Atlantic Inter
Tropical Convergence Zone (ITCZ) region north

of South America (which is almost absent in
Hack) and lower over West Paci®c and northern
Parts of Africa and South America. Similarly, in
winter the precipitation decreases over southern
parts of Africa and South America and over the
Indonesian-Australian region where the Hack
scheme overestimates the precipitation. The precipitation increases over the equatorial Indian
Ocean and over the South Paci®c Convergence
Zone (SPCZ) with the MCA scheme.
We have studied the ability of the models to
simulate the mean seasonal precipitation using
the Pattern Correlation Coef®cient (PCC). This is
a commonly used statistic for the quanti®cation
of pattern similarity (Sperber and Palmer, 1996;
Taylor, 2001). The PCC between the two variables F and R is given by
PN
1
 Rn R

F
n1 Fn
N
;
1
R
F R
where N is the total number of points in time and/
 and R
 are the mean values and F and
or space, F
R are the standard deviation of F and R, respectively. The correlation coef®cient reaches a
 
maximum value of 1 when for all n, Fn F

Rn R, where is a positive constant. When
 1, the two ®elds are identical, otherwise they
have same centered pattern of variation. It is to be
noted that the correlation coef®cient alone is not
suf®cient to determine whether the two patterns
have the same amplitude of variation.
The impact of convection parameterization
on the simulation of mean precipitation over
different regions of the tropics is illustrated by
comparing the pattern correlation coef®cient
(PCC) of the two simulations with respect to the
observation. The regions have been selected based
on the observed mean precipitation distribution
during Northern Hemispheric summer and winter
seasons. The summer (JJA) and winter (DJF)
PCC from Hack and MCA simulations (calculated with respect to observed Xie-Arkin precipitation for the selected regions) have been
shown in Fig. 3. The regions selected and their
geographic locations are given in the caption of
the ®gure.
In summer, the simulation by the MCA
scheme is much better compared to that with
the Hack scheme, globally and over most of the
individual regions.
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Fig. 1. Mean precipitation (mm
day 1) for Northern Hemispheric
winter (DJF) season for a observation (Xie-Arkin, 1980±
1995), b Hack simulation (10
year), c MCA simulation (10
year), and d the 10 year mean
difference between the winter
mean Hack and MCA precipitation simulations (negative contours at 2, 4, 6, and 8 are
shown dotted)

The PCC over the Indian region (65  E±90  E;
10  S±30  N, in Fig. 3) is higher in the MCA
simulation (0.40) compared to the Hack simulation (0.24). Over the East Paci®c, the maximum
precipitation in the MCA scheme has shifted
westwards and situated over the oceanic regions
similar to the observation, but still weaker than
the observation (west of 130  W). The pattern
correlation coef®cient for this region (130  W±
90  W; 0±15  N), is much higher in the simula-

tion with the MCA scheme (0.71) compared to
that with the Hack scheme (0.47).
In winter, the MCA simulation is better
correlated with observation over the global
tropics and also regionally over Australia
(AUS) and West Paci®c (WPAC) which are the
primary convective centres during the Northern
Hemispheric winter season. The PCC is below
0.3 over SAFR and SAMR where the Hack
scheme is better than the MCA scheme. There is
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Fig. 2. Mean precipitation (mm
day 1) for Northern Hemispheric
summer (JJA) season for a observation (Xie-Arkin, 1980±
1995), b Hack simulation (10
year), c MCA simulation (10
year), and d the 10 year mean
difference between the summer
mean Hack and MCA precipitation simulations (negative contours at 2, 4, 6 and 8 are
shown dotted)

a region of high rainfall over SAFR during DJF
around 10  S and between 21  E±30  E in observations. Both MCA and Hack overestimate this
rainfall. However, the Hack simulates a region of
large rainfall around 10  and 24  E±30  E, while
the region of high rainfall is displaced more
northwards in the MCA simulation. This perhaps
is the cause of the higher PCC over SAFR for the
Hack simulation. Another noticeable feature is
the lower PCC for MCA over the East Paci®c

where this scheme showed a marked improvement during summer.
3.1 Relationship between precipitable
water and rainfall
Why is the simulation of monsoon precipitation
by the MCA parameterization better than that of
the Hack scheme in CCM2? Neelin and Held
(1987), and Srinivasan and Smith (1996) have
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Fig. 3. Pattern correlation coef®cient of June±July±August (top) and December±January±February (bottom) average
precipitation with respect to observed Xie-Arkin precipitation for Hack and MCA simulations. The selected regions are:
Global (0±360  , 30  S±30  N); North Africa, NAFR (10  E±30  E, 0±12.5  N); Indian region (65  E±90  E, 10  S±30  N);
Bay of Bengal, BOB (80  E±95  E, 7.5  N±17.5  N); Arabian Sea, AS (55  E±70  E, 7.5  N±17.5  N); West Paci®c, WPAC
(120  E±142.5  E, 5  N±17.5  N); East Paci®c, EPAC (90  W±130  W, 0±15  N); South Africa, SAFR (15  E±35  E,
15  S±2.5  S); Australia, AUS (122.5  E±142.5  E, 25  S±15  S); South America, SAMR (45  W±67.5  W, 15  S±2.5  S)

shown that the precipitation in the tropics
depends upon the mean moist static energy of
the lower troposphere. The mean moist static
energy of the lower troposphere is de®ned as the
sum of sensible heat, potential energy and latent
heat, i.e.
ml 

1000
400

Cp T  gz  Lqdp;

2

where ml is the mean moist static energy of
the lower troposphere, T, the temperature, z the
height, q the speci®c humidity and L the latent
heat of evaporation.
Srinivasan and Smith (1996) have shown that
the mean moist static energy threshold for deep
convection is around 335 kJ/kg for both continents and oceans. The mean moist static energy
is a crucial factor in determining the nature of
tropical convection and precipitation processes
(e.g., Zhang 1994; Nanjundiah, 2000; Nanjundiah
and Srinivasan, 1999).
The precipitable water from NCEP/NCAR
reanalysis and the two model simulations are

shown for DJF (Fig. 4a) and JJA (Fig. 4b). The
MCA simulation tends to simulate lower precipitable water (pwat) vis-a-vis the Hack scheme
over Western Paci®c during both DJF and JJA
seasons. Both appear to over-estimate precipitable water vis-a-vis reanalysis.
The differences between observed (based on
NCEP/NCAR reanalysis) and simulated moist
static energy of the lower troposphere (ml)
during the boreal summer (JJA) season for the
two versions of the model (shown in Fig. 4c)
suggest that the error in the ml over the seasonal
convective centres of the tropics is small for the
MCA scheme. The improvement in the simulation with MCA scheme is more pronounced over
North Africa (NAFR), eastern Asia-West Paci®c
region and East Paci®c (EPAC). With the Hack
scheme, the errors in ml is larger compared to
the those with the MCA scheme over all these
regions where the precipitation simulated by the
MCA scheme was also found to be better correlated with observation (higher PCC for MCA
in Fig. 3).
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Fig. 4a. Precipitable water (mm)
during DJF from (i) NCEP/
NCAR Reanalysis, (ii) Hack,
and (iii) MCA

Equation 2 indicates that variations of ml are
directly related to the variations of the speci®c
humidity integrated over the lower troposphere,
i.e. precipitable water (as most of the water vapour
occurs in the lower troposphere). The difference
patterns of precipitation, ml and precipitable water
(pwat) between the MCA and Hack schemes for
July of the third year of integration are shown in
Fig. 5. We ®nd that the differences in precipitation
are associated with differences in ml which in turn
is associated with the differences in precipitable
water. Regions with higher pwat and ml in the
MCA scheme agree well with regions of higher
precipitation in this scheme and vice-versa.

To further understand the differences between
the two simulations and also with observations
we examine the relationship between precipitable
water and precipitation (Fig. 6) for the entire
tropical regions (0±360, 25  N±25  S) and the
10 years of simulation. For observations we use
NCEP/NCAR Re-analysis (Kalnay et al., 1996)
precipitable water and Xie and Arkin (1997)
rainfall for the period 1982±1994.
Note that rainfall increases monotonically with
precipitable water when its is above 40 mm. This
is the threshold value of precipitable water below
which precipitation remains low. Beyond this
value there is a rapid increase in precipitation.
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Fig. 4b. Same as Fig. 4a, but for
JJA

We also notice that the response of MCA vis-avis observations is different over oceanic and
continental regions. Over oceanic regions, for the
same value of precipitable water, MCA values
are in good agreement with observations. The
same scheme underestimates however, the precipitation over continental regions. The Hack
scheme in contrast consistently underestimates
the precipitation over both continental and
oceanic regions. It is also interesting to note that
the Hack scheme appears to simulate unrealistically high values of precipitation and precipitable water, occur primarily over the East-Asia
and West Paci®c region. Comparing the vertical

pro®les of speci®c humidity, we notice that the
Hack scheme has unrealistically higher speci®c
humidity over this region (Fig. 7, during July of
Year 3).
3.2 Circulation pattern
The models simulate the circulation ®elds over
the tropics reasonably well. Prominent features
during JJA at 850 hPa such as the centres of lowlevel divergence associated with the subtropical
high pressure belt and a well-developed Asian
summer monsoon system with strong crossequatorial ¯ow from the Southern Hemisphere
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Fig. 4c. The difference patterns
of vertically integrated moist
static energy in the layer 1000±
400 hPa (ml) for (i) Hack simulation, and (ii) MCA simulation
with respect to ml based on
NCEP/NCAR reanalysis (in kJ
kg 1) for DJF (top) and JJA
(bottom) seasons

across the east African coast are realistically
captured by the models. The magnitudes of lowlevel winds (indicated by the shadings in the
Fig. 8) are however much higher in the simulations. The major difference between the two
simulations occurs over the southeast Asian
region where the simulated trough coinciding
with the centre of westerly con¯uence is located
slightly northwards in the MCA simulation,
similar to that in the NCEP/NCAR reanalysis.
Both versions of the model simulate the major
features such as the upper level subtropical

westerly jets (with centres slightly shifted poleward of the observed position), low-level westerly jet over the Indian region with observed
maximum at 850 hPa and the strong easterly jet
at the upper troposphere between 0±20  N. The
magnitudes of simulated winds are markedly
higher compared to the observation. Over the
Indian landmass (between 10  N±20  N), the
westerlies are stronger in the MCA simulation
(compared to the Hack simulation) in the layer
stretching from 1000±600 hPa. Additionally, the
position of Tropical Easterly Jet (TEJ) is shifted
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Fig. 5. Differences in precipitable water (mm, Pwat), vertically
integrated moist static energy (kJ
kg 1, ml) and precipitation (mm
day 1, Pr) between the MCA
and the Hack simulations for the
July of year 3

northwards of the observed position in the Hack
simulation whereas in MCA simulation, the TEJ
location is more realistic compared to observation. The structure of westerly maximum in the
lower troposphere over the oceanic region
between equator to 10  N (where both versions
of the model fail to simulate realistic precipitation) is very different from the observation for
both the models.
The over-estimation of wind in the models is on
account of the response of the tropical atmosphere
to the higher precipitation rates (and hence higher

heating rates) in the model. The more intense
precipitation and associated latent heating (in the
MCA simulation) produces stronger convergence
and stronger winds in the models. The maximum
westerly wind in the layer extending from
1000 hPa to 850 hPa during the summer (JJA)
season over the Asian monsoon region (60  E±
110  E; 0  ±25  N) plotted against the corresponding area average summer (JJA) mean precipitation
for each year shows the association between the
strength of the low level westerly wind and
precipitation (Fig. 9). In models, the simulated
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Fig. 7. Vertical pro®le of speci®c humidity (g kg 1) over
the equatorial Asia-Paci®c region (100 ±120 , 0 ±10 )
during July of year 3 ``'' indicates the Hack scheme, open
circles are for the MCA scheme

Fig. 6. Relationship between precipitation (mm day 1) and
precipitable water (mm) in the tropics over a continental
regions, and b over oceanic regions, for observations, MCA
and Hack simulations

precipitation and winds are stronger than the
observation and the magnitude of wind linearly
increases with the corresponding precipitation
rate. This is consistent with the simple model
for tropical circulation proposed by Gill (1980).
Hurrel (1995) has also noted that winds are
overestimated by this model.

up to 90 days) and the sum of 5 to 12 harmonics
constitutes the ``intraseasonal cycle'' (comprising periods 30 to 70 days) and the residual
represents the transient eddies in the harmonic
analysis, i.e. for any variable, V,
  S t  IS t  HF t  Residual
V t  V
where,

4. Simulation of seasonal cycle
over the tropics



2m
t ;
Vm exp i
S t 
T
m1


12
X
2m
t ;
Vm exp i
IS t 
T
m5


72
X
2m
t :
HF t 
Vm exp i
T
m13

Simulations of seasonal and intraseasonal variations have been studied by applying harmonic
analysis to the observed and simulated daily
OLR datasets. The observed and simulated OLR
datasets for each year have been separated into
three different classes based on the frequency
bands by applying harmonic analysis. The sum
of the ®rst four harmonics represents the
``seasonal cycle'' (corresponding to time periods

 represents the annual mean for a
Here, V,
particular year, Vm denotes the amplitude of mth
harmonic, t is time in days and T is 365 days. S(t)
represents the seasonal cycle, IS(t) represents the
intraseasonal cycle and HF(t) represents the
higher frequency components (5±30 days) while
``Residual'' represents harmonics with timeperiods less than 5 days. Our analysis closely
follows that of Murakami et al. (1986). While

4
X
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Fig. 8. Streamlines for Northern
Hemispheric summer (JJA) mean
winds (m sec 1) at 850 hPa from
(i) NCEP/NCAR reanalysis (top),
and (ii) Hack (middle), and (iii)
MCA simulations. The shaded
contours indicate wind magnitudes

they used harmonic analysis only for observational data, we have used this for studying
simulated OLR also.
Harmonic analysis was applied to each year
separately for observed OLR data from 1980 to
1989 and 10 year simulations of two versions of
the model. For assessing the performance of the
two schemes in simulating the mean climate over
the tropics, we had used observed OLR data for
the period 1980±1995. But, it was found that the
structure of the harmonics (i.e., the mean of the
individual harmonic over the period) were
largely insensitive to period of the OLR data,
e.g. the structure was largely similar for the OLR
datasets of 1980±1989 and 1980±1995.

4.1 Harmonic analysis
The simulation of seasonal cycle over selected
regions of the tropics (shown in Fig. 10) have
been studied using harmonic analysis. These
regions have been selected to represent major
centres of convection in the tropics. The seasonal
cycle was constructed as the sum of ®rst four
harmonics of OLR averaged over these regions
(denoted as S(t) hereafter). Figure 11 shows the
10 year mean seasonal cycle (i.e. the harmonics
are calculated separately for each year and the
mean of the ten years' ®rst four harmonics are
shown) for these regions from observation and
from the simulations by Hack and MCA versions.
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Fig. 9. The observed (Xie-Arkin) and simulated (Hack and
MCA) area averaged June±July±August mean precipitation
over 60  E±110  E; 0 ±25  N (mm day 1) plotted as
function of respective westerly wind maxima (m sec 1)
out of the three lower layers (1000, 925, 850 hPa) over the
same region. The observed westerly wind maximum is
computed from the NCEP/NCAR reanalysis for the period
1982±1994

Over the Asian monsoon region, monsoon onset
generally occurs with the phase change of S(t)
from dry winter phase (positive) to wet summer
phase (negative). On the other hand, the withdrawal takes place with the phase transition from
negative to positive. Over the Monsoon zone
(MZ) and the Bay of Bengal (BOB), Hack shows
a slightly late onset compared to MCA. Over
Monsoon zone, the phase and amplitude of the
seasonal cycle during monsoon and pre-monsoon
seasons are closer to the observation for MCA.
Over Bay of Bengal, the duration of monsoon
season is clearly longer for the MCA simulation.
However, the withdrawal is faster in the MCA
simulation. During monsoon season, the amplitude of seasonal cycle is less for MCA compared
to Hack but higher than observed.
Over the oceanic regions of Arabian Sea (AS),
West Paci®c (WPAC) and East Paci®c (EPAC)
the simulation of onset is closer to the observation in the MCA simulation. One noticeable
feature is the improvement in the simulation of
the phase changes in the seasonal cycle over the

Fig. 10. The regions selected for power spectrum analysis. The domain for each region (denoted by respective abbreviation)
is given for observation and model
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Fig. 11. The amplitude of the
observed and simulated seasonal
cycle (sum of ®rst 4 harmonics,
S(t)) of OLR for the 10 regions
analyzed

East Paci®c by the MCA version. But over the
Southern Hemispheric monsoonal regions of
Australia (AUS) and South America (SAMR)
the Hack simulation is in better agreement with
the observation. Over the southern Africa
(SAFR), both versions of the model simulate
the observed seasonal cycle. Whereas, over
southern Indian Ocean (SIO 67.5  E±92.5  E,
12.5  S±0) and NAFR where the seasonality of
mean convection is observed to be small, the
simulations do not agree with observations. Over
South Indian Ocean (SIO) in particular, the
simulations are out of phase and differ in
magnitude compared to the observation. Thus,

although the spatial distribution and the phase
and amplitude of seasonal cycle over the Asian
monsoon region are simulated well by the MCA
version of the model, over some parts of the
tropics such as Australia and South America, the
seasonal cycle simulation is better in the Hack
version of the model.
5. Simulation of intraseasonal variability
over the tropics
The simulation of intraseasonal variation has
been studied by using power spectrum analysis
of the simulated daily OLR averaged over 10
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Table 1. Number of years in which signi®cant spectral peak
occurs in observed and simulated OLR (after removing the
®rst three harmonics) on intraseasonal time scale (20±70
days)
Regions

Observation Hack
MCA
(out of 10) (out of 10) (out of 10)

Monsoon Zone
9 yrs
(MZ)
Bay of Bengal
10 yrs
(BOB)
East Paci®c
6 yrs
(EPAC)
West Paci®c
9 yrs
(WPAC)
South Indian Ocean 9 yrs
(SIO)
Australia
8 yrs
(AUS)
North Africa
9 yrs
(NAFR)
South Africa
9 yrs
(SAFR)
South America
9 yrs
(SAMR)
Arabian Sea (AS)
8 yrs

4 yrs

5 yrs

3 yrs

7 yrs

7 yrs

9 yrs

6 yrs

9 yrs

8 yrs

7 yrs

8 yrs

6 yrs

8 yrs

3 yrs

6 yrs

5 yrs

9 yrs

6 yrs

8 yrs

8 yrs

regions of the tropics. Before applying power
spectral analysis, the simulated OLR data at each
grid point was detrended by removing the annual
mean and the ®rst three harmonics. The spectrum
of ``red noise'' was computed based on lag-one
autocorrelation (Mitchell et al., 1966). Figure 12
shows the power spectra of daily OLR anomalies
for the selected regions from the observation and
simulations with the Hack and MCA schemes.
The spectra are calculated for each year seperately and then the average over ten years is
obtained. The average spectra from MCA
simulation show dominant spectral peaks above
the respective red noise spectrum in the 20±70
day time scale in all the 10 regions. Note the
improvement with the MCA scheme over the
East Paci®c where the spectral peak in intraseasonal time scale is closer to the observed spectral
peak when compared to that of Hack scheme.
Table 1 shows the number of years in which
signi®cant spectral peak (maximum) occurs in
intraseasonal time scale (20±70 days) for observation and Hack and MCA simulations. It can be
clearly seen that the simulation by the MCA

scheme is better over the Monsoon Zone (MZ),
Bay of Bengal (BOB), and West Paci®c (WPAC).
Over these regions, the seasonal mean convection/precipitation and the seasonal cycle are
simulated more faithfully by the MCA scheme.
We also ®nd that the MCA simulation has much
higher power in the intraseasonal scale over
most regions, e.g. over WPAC MCA simulates a
peak power of about 120 wm 2 which is about
three times the observed value. This is related
to the much higher precipitation (and hence
more vigorous convection) that occurs over
these regions in the MCA simulation (Fig. 12).
Similarly over MZ the peak power is about four
times the observed value. Slingo et al. (1996)
suggest that the strength of intraseasonal variation in the deep tropics is related to the ability of
a model to simulate the South Paci®c Convergence Zone (SPCZ). We note that the SPCZ
during DJF is stronger in the MCA simulation
(Fig. 1), and thus the stronger intraseasonal
variability exhibited by the MCA simulation is
broadly in agreement with the hypothesis of
Slingo et al. (1996).
6. Simulation of Madden-Julian
oscillations and pole-ward propagations
The analysis of circulation and convection ®elds
had shown that the CCM2 model is capable of
simulating intraseasonal variability possessing
some of the characteristics of the observed oscillation. This section focuses on the periodicity
and propagation characteristics of simulated
Madden Julian Oscillation (MJO).
6.1 Wavenumber-frequency spectral analysis
The data sets were seasonally detrended before
applying the space-time spectral analysis. This
was done by ®rst generating the ten year mean
for each day of the annual cycle and then the
annual mean and the ®rst three harmonics were

"

Fig. 12. The power spectral density (blue curves) of daily
OLR anomalies for the 10 regions. The spectra are for the
10 year average of OLR (after detrending) anomalies for
each region. The corresponding red noise spectra (dashed
curves) are also shown. Please note that different scales
have been used for observations, Hack and MCA
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computed from this time series. The mean and
the ®rst three harmonics were then removed from
the ten year time series. The space-time power
spectral analysis (Hayashi, 1977; 1982) was
applied to the OLR from the observation and
the simulations.
The average space-time spectra for wave
number 1±4 in the observed and simulated
OLR are shown in Fig. 13. The average spectra
for observed OLR were estimated by excluding
years with a secondary higher period spectral
maximum for wave number 2. The spurious
secondary peak occurs in those years with large

amount of missing data. Liebman and Smith
(1996) ®lled up the missing data by linear
interpolation. This leads to the spurious secondary peak in the years with large amount of
missing data. The MCA simulation (Fig. 13)
shows maximum variance for eastward component at wave numbers 1 and 2 with a dominant
periodicity of about 55±60 days. There is a
secondary eastward peak at about 50 days for
wave number 3. The largest variance occur at
eastward moving wave numbers 1 and 2 and is
consistent with observation. For these wave
numbers the amplitudes are comparable to the
observation and very little power for westward
component especially for wave number 2 where
the Hack simulation shows a standing wave.
Thus, the partitioning of power between wave
numbers 1 and 2 in the MCA scheme is similar to
the observation, suggesting that some aspect
of model's intraseasonal variation is consistent
with the observation. In the Hack simulation, the
dominant peak is associated with wave number
3 and the variance are almost equal for the
eastward and westward components with wave
numbers 1±4. It is also interesting to note that the
energy in the lower wave numbers in with
the MCA scheme is comparable to those in the
observations (wave numbers 1±2), while in
higher wave numbers the energy in the simulation with the Hack scheme is more realistic. It
is also noteworthy that the in the lower wave
numbers the peak of the spectra is at lower
frequency in the MCA simulation than those in
the observations while at higher wave numbers,
the agreement is much closer.
6.2 Propagation characteristics of MJO

Fig. 13. Average wave number-frequency spectrum of the
10  S±10  N averaged OLR from observation (NOAA) and
from Hack and MCA simulations for wave numbers 1 to 4

The simulation of longitudinal propagation
characteristics of MJO has been studied using
longitude-time cross section of OLR averaged
between 10  S±10  N for the 10 year period. The
simulated data sets were seasonally detrended by
removing the mean and ®rst three harmonics of
the annual cycle, from the 10 year time series.
Further, a 120 point, 20±70 days bandpass ®lter
was applied.
Figure 14 compares the HovmoÈller diagram of
simulated OLR for typical years in the simulations with the Hack and MCA schemes with observations. The negative anomalies ( < 5 W/m2
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Fig. 14. HovmoÈller diagram of 20±70 day band pass ®ltered daily OLR averaged over 10  S±10  N from the simulation with a
observations, b Hack, and c MCA scheme
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is shaded) denote enhanced convection and
positive anomalies denote reduced convection. In
the observation the enhanced convection originates from the western Indian Ocean and moves
towards central Paci®c and decays over the
colder SST regions east of the dateline. This is
reproduced in simulations with both the schemes.
There are year to year variation of intraseasonal
oscillation. There are two important improvements in the simulations with the MCA scheme;
they are (i) the speed of propagation is comparable to observation and (ii) marked seasonality
in the occurrence of eastward propagations, i.e.
propagations are coherent and intense during
northern winter and spring seasons. The above
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two factors are not so obvious in the simulation
with the Hack scheme.
Many studies have suggested that the phase
speed of the intraseasonal oscillation depends on
the vertical structure of convective heating (e.g.,
Lau and Peng, 1987; Sui and Lau, 1989; Park
et al., 1990). Figure 15 shows the observed and
simulated (by the Hack and MCA schemes)
vertical pro®les of vertical pressure velocity, !
averaged over Indian Ocean (60  E±100  E) and
Paci®c (120  E±180  ) for winter and spring
seasons during which MJO is found to be more
active. Over the Indian Ocean, the simulation
with MCA scheme has much stronger heating
rates than that of the Hack scheme in both the

Fig. 15. Vertical pro®le of observed and simulated (by Hack
and MCA versions) mean vertical pressure velocity (!) for different seasons a over the Indian
Ocean (60  E±100  E, 10  S±
10  N), and b over the Paci®c
(120  E±180  E, 10  S±10  N)
regions
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seasons (Fig. 15). Another noticeable feature is
the nearly uniform heating rate with height
throughout the troposphere in the Hack simulation. In contrast, the observation and MCA
simulation have their heating concentrated in
the mid-troposphere with very small heating
rates in the upper levels. The MCA version
captures the observed feature of downward
extension of the largest heating in the lower
troposphere during the boreal winter and spring
seasons (when the MJO is at its peak over the
Eastern Hemisphere of the tropics).
According to the simple theory by Sui and Lau
(1989), the downward displacement of the MCA
heating pro®le in comparison with that of the
Hack scheme should be re¯ected in the phase
speed of the wave, with the Hack scheme's
simulation having faster phase speed. This is
clearly seen in the spectra of OLR (Fig. 13) from
the observation and the two simulations.
The power in the lower wave numbers (1 and 2)
in the MCA simulation is comparable to that of
the observations but the frequency is lower,
resulting in slower phase speeds. Over the Paci®c
region extending till the dateline, the vertical
distributions of heating in both the models are
similar and comparable with the observed pro®le.
However, the strength of simulated heating is
different from the observation in the lower
troposphere during the winter (when MJO is
the strongest over this region) for both the
models. Over the western most sector of the
Paci®c, the heating pro®le with the MCA scheme
is closer to the observations in all the seasons.
In the simulation with MCA scheme, there is
stronger convective heating in the lower troposphere and hence leads to a more realistic
seasonal mean and intraseasonal variation over
the Asia-Paci®c region.
6.3 Intraseasonal variation of monsoon
Within a season, the monsoon rainfall ¯uctuates:
there are spells of good rain followed by dry
spells. In fact, the intraseasonal variation of the
summer monsoon rainfall over the Indian region
is associated with the variation in location and
intensity of the Tropical Convergence Zone
(TCZ) over this region. The long-periods of high
rainfall are often referred to as active phases of
the monsoon and the periods with low or no

rainfall as break phases (Krishnamurti and
Bhalme, 1976; Sikka and Gadgil, 1980).
From the analysis of the satellite imagery,
there appear to be two favourable locations for
the TCZ: one over the warm waters of the
equatorial Indian Ocean and the other over the
heated continent in the vicinity of seasonal
trough. Thus, the latitudinal distribution of the
occurrence of the TCZ appears to be bimodal
with the zone of frequent occurrence over the
continent and a secondary zone over the
equatorial ocean.
The variation of the observed and simulated
daily rainfall averaged over the central India
(75  E±90  E; 15  N±25  N) for two representative years are shown in Fig. 16a, b, respectively.
The observed rainfall for two contrasting years
(1972, a drought year and 1975, a good monsoon
year) show that the major difference between the
two years is in the duration of dry spells i.e., the
break days. The drought year is characterized by
more break days. The dashed line shows the 10
year daily mean rainfall with a 5-day running
mean. The region selected over central India
represents the mean location of the seasonal
monsoon trough over India. The major difference
between the two simulations is in the intensity
of rainfall over the trough zone. The Hack
(Fig. 16b) simulation is characterized by low
rainfall over the Monsoon Zone throughout the
season except during June and July. But in MCA
(Fig. 16b) simulation, the distribution of rainfall
is characterised with realistic ¯uctuations in
supersynoptic time scales as high rainfall days
separated from low rainfall days. The distribution
in all the four months (June±September) is closer
to the observation which gives rise to a realistic
summer mean precipitation over this region
(Fig. 3). Thus, the model with MCA scheme
simulates subseasonal variation with active and
break-like conditions with shifts in the rainfall
patterns quite analogous to what is seen in the
observations.
The above results and the simulations of mean
climate and MJO from Hack and MCA versions
suggest that different treatment of convection
results in changes in precipitation over the entire
tropics, particularly over the Indian monsoon and
the East Paci®c regions. This can be explained in
terms of the differences between moist convective adjustment (MCA) and the mass ¯ux scheme
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Fig. 16a. Observed IMD (for
two representative years (1972
and 1975) cm day 1, the dotted
line indicates the long-term daily
average, and b Hack and MCA
simulated rainfall averaged over
central India mm day 1, the
dashed line indicates the daily
averaged climatological rainfall
for the region

(Hack). In the Hack scheme, plumes can transfer
moisture and energy to higher layers, while in the
MCA scheme the transfer is limited to neighbouring layers. The effect of this major difference in the cumulus schemes can be seen in the
vertically integrated mean moist static energy
in the lower troposphere (Fig. 4). In the MCA
simulation, in the lower troposphere, the vertical
variation of the moist static energy is larger than
that of the Hack simulation and closer to observations. This implies more vertical mixing of
heat and moisture in the Hack scheme than
in the MCA scheme. Hence the Hack scheme
increases the vertical stability of the atmosphere
and reduces precipitation. This can be seen in
Fig. 17 over Africa (where Hack has higher
precipitation) and the Indian monsoon (where
MCA has higher precipitation) region. Over the
Indian monsoon zone, the Hack scheme has
lower enthalpy in the lower troposphere but due
to larger mixing, it has higher enthalpy in the
upper troposphere. Over the African region
the Hack scheme simulates higher enthalpy over
the entire troposphere.

6.4 Meridional propagation of monsoon
convective zones
Over the continent, the TCZ revives either by insitu genesis of TCZ over the continent or by
northward propagations from the ocean regions.
In general, northward propagations of the
oceanic TCZ leading to a revival of the continental TCZ occur at intervals of about 30±50
days. Poleward propagations account for about
50% of the revival of the continental TCZ from
break condition. Examining the time-latitude
diagram of daily OLR averaged over the Indian
longitudes (70  E±80  E) from the Hack and
MCA simulations (shown in Fig. 18) we ®nd the
propagation characteristics in the MCA and Hack
simulations appear to be very different. MCA
simulation appears to have a more realistic
simulation of both the active-break cycles over
the MZ and the poleward propagations of the
rainbands. On the contrary, Hack scheme simulates only a ¯uctuation of cloudbands over the
peninsular region. Thus it appears that the
scheme which has more realistic intraseasonal
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Fig. 16 (continued)

structure of the Indian summer monsoon also has
a more realistic seasonal mean pattern. Therefore
the association between realistic patterns of
intraseasonal variation and seasonal pattern is
not limited to the equatorial regions (as shown by
Slingo et al., 1996) but can be extended to the
off-equatorial regions such as the Indian monsoon zone.
Nanjundiah et al. (1992), and Gadgil and
Srinivasan (1991) have suggested that the pole-

ward gradient of stability (poleward region being
less vertically stable than the region equatorward
of the convective band) as a possible mechanism
for poleward propagations in their simple
models. Srinivasan et al. (1993) have further
shown using the ECMWF analysis that such
gradients occur in observations also. The principal reason for the occurence of the reduction of
vertical stability is the increase in moisture in the
lower layers of the atmosphere, which changes
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Fig. 17. Vertical structure of
moist static energy (kJ kg 1)
over the North African (20  E±
30  E, 0  ±10  N) and the Indian
monsoon regions (75  E±80  E,
20  N±25  N). Open circles is
for simulations with the MCA
scheme and ``'' for the Hack
scheme

Fig. 18. Time-latitude diagram
of daily OLR (W m 2) between
70  E±80  E for a representative
year from a Observation (Obs),
b MCA scheme (MCA), and
c Hack scheme (Hack)

the pro®le from strongly stable during the premonsoon season to near-neutral during the
monsoon period (causing the atmosphere to be
more amenable for convection). Hence moist

static stability in the lower troposphere is a
measure of vertical stability.
The latitudinal variation of vertically integrated
moist static energy (ml) averaged over 70  E±
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and model simulations. A lack of such a gradient
appears to inhibit poleward propagations of TCZ
in the Hack scheme.
7. Conclusions

Fig. 19. The latitudinal variation of vertically integrated
moist static energy (in the layer 1000±400 hPa, kJ kg 1)
averaged over 92.5  E±97.5  E in a given month (when an
active propagating event exists) from NCEP/NCAR reanalysis and Hack and MCA simulations

85  E during the Indian monsoon season is shown
in Fig. 19 (for simplicity of comparison of
gradients as their exists a systematic bias in
model simulated ml, we have shown the difference between ml and its value at 5  N). We note
that in NCEP/NCAR reanalysis and the simulation with the MCA scheme, ml increases poleward while with the Hack scheme this does not
increase beyond 10  N and associated with this
lack of gradient in ml, poleward propagations of
the cloudbands cease beyond this latitude. In the
MCA simulation this gradient is reversed around
22  N beyond which there is no noticeable
poleward movement. In observations, favourable
gradient of ml exists upto 30  N and poleward
movements of the cloudbands can be perceived
upto this latitude. This clearly indicates that there
exists a strong association between the presence
of poleward gradient of mean moist static energy
in the lower atmosphere (and the vertical
instability related to this) and the occurrence
of poleward propagations both in observations

In this paper we have investigated the effect
of change in cumulus parameterization on the
simulation of seasonal mean and intraseasonal
variations of tropical climate. Simulations with
two different convection schemes: (1) the mass
¯ux scheme of Hack (1994), referred to as ``Hack
scheme'' and (2) the moist convective adjustment
scheme of Manabe et al. (1965), referred to
as ``MCA scheme'' were studied using NCAR
CCM2.
Seasonal mean simulation of rainfall over
most of the tropics improved with the MCA
scheme. The ability of this scheme to simulate
intraseasonal variations realistically is closely
associated with its ability to simulate the
seasonal mean pattern realistically. This is true
over the deep equatorial tropics as well also
over the off-equatorial tropics such as the Indian
monsoon region.
The ability of a scheme to realistically
simulate the seasonal mean pattern is closely
associated with its ability to simulate the mean
moist static energy in the lower troposphere and
precipitable water realistically. We ®nd that
the relationship between precipitable water and
precipitation is closer to observations in the
MCA scheme. The Hack scheme consistently
underestimates precipitation (for the same value
of precipitable water) vis-a-vis observations.
There is a threshold value of precipitable water
below which there is little precipitation (both in
observations and simulations). Above this threshold, precipitation increases monotonically with
precipitable water.
MCA scheme has a better simulation of the
MJO characteristics. The space time spectral
analysis also shows that the energy in the lower
wave numbers with the MCA scheme is more
realistic while the frequency is somewhat lower.
At higher wave numbers Hack scheme has a
more realistic spectra while the energy in the
MCA simulation is higher than observations.
The ability of a scheme to simulate the poleward propagations over Indian longitudes is
associated with its ability to simulate the gradient
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of ml realistically (i.e., ml increasing polewards
from the near equatorial Indian Ocean). The
MCA scheme simulates a more favourable
gradient of ml and a more realistic simulation
of the meridional propagations of rainbands. The
MCA scheme captures the active-break cycle of
the Indian summer monsoon quite well. While
over most of the tropics the simulations with the
MCA scheme, there are regions such as the
Southern Indian Ocean and over Eastern Paci®c
(during DJF) where the Hack scheme appears to
be possess better skills in simulating the seasonal
pattern. MCA is more realistic in simulating the
energy spectra at wave numbers 1 and 2, while
Hack is able to simulate better the energy spectra
at higher wave numbers.
MCA scheme, ®rst used in the 1960s still
appears to do better than the more sophisticated
Hack scheme. This clearly suggests that the
major element of the MCA scheme i.e. adjusting
the vertical pro®le to the moist adiabat is quite
realistic. Perhaps while devising more sophisticated schemes which include more cloud
physics, the importance of this should not be
overlooked. Based on this study we conclude that
a hybrid scheme incorporating elements of both
the mass-¯ux scheme and the convective adjustment scheme will be able to simulate tropical
convection more realistically on seasonal and
intraseasonal scales.
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