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The development of a climate version of the National
Centre for Medium Range Weather Forecasting
(NCMRWFE) model and its implementation on a message
passing platform are discussed. The ability of the
model to simulate the Indian Summer Monsoon is
studied. It is found that the model realistically simu-
lates most of the major features of the Indian Summer
Monsoon. The intraseasonal variations of the Indian
monsoon are also studied.
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1. Introduction

IT has long been recognized that understanding the mon-
soon and its variability is not only a problem of great aca-
demic interest but of applied importance as well. Many
attempts have been made to understand/predict monsoons
using statistical models. With rapid strides in the field of
numerical weather prediction and computer technology,
attempts are now being made to predict monsoons using
atmospheric General Circulation Models (GCMs). How-
ever, before such attempts are undertaken it 1s necessary
to understand the capability of the model in simulating the
monsoons and 1ts variability. The simulation of the mon-
soon rainfall over India 1s considered as a demanding test
for atmospheric GCMs'*. Attempts to obtain a realistic
simulation of this feature have continued for over two
decades.

The earliest attempts to simulate the mean monsoon
circulation was by Murakami, Godbole and Kelkar’. They
were successful in simulating some of the large-scale
features of the monsoon circulation. Subsequently, there
have been a large number of modelling studies. While
some important features related to monsoons such as the
tropical easterly jet, Somali jet, low level westerly tlow
over India, etc. have been reasonably well simulated (with
varying degrees of success), the simulation of the mean
rainfall pattern has proved to be a challenging problem.
Washington* has shown that ‘the precipitation amounts
(and patterns) in the model varied greatly for each other
and from those observed.’

Recently the first phase of the massive elfort — the
Atmospheric Mode! Intercomparison Project (AMIP,
Gates’) has been completed and results of simulations of
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all the major atmospheric models run with specified
observed Sea Surface Temperatures (SSTs) for the period
1979-1988 are available. The analysis of AMIP simula-
tions has clearly shown that a robust simulation (i.e. a
simulation which is not very sensitive to changes in the
model) of the monsoon rainfall and its variability is still a
major problem with almost all the GCMs®.

Realizing the importance of weather forecasting for the
Indian region, the Government of India set up the
National Centre for Medium Range Weather Forecasting
(NCMRWF). During the last decade this centre has devel-
oped considerable expertise in generating numerical weather
forecasts for the medium range (3-5 days). It is now

,planned to conduct extended range forecasts (up to 15

days) and seasonal scale forecasts (i.e. forecasts for the
entire season) using high resolution GCM:s.

Before such attempts are made for extended range and
seasonal scale forecasts it is necessary to study the char-
acteristic of the GCM and its capacity to simulate the sea-
sonal pattern of precipitation with specific reference to its
capability in simulating the Indian Summer Monsoon.

Such studies could not be easily conducted, except at a
few centres world-wide because of the large computa-
tional resources required for this. Now, with the advent of
cost-effective parallel computers and the development of
skills to use this effectively, such studies can be routinely
undertaken within the country. In fact the first attempt to
apply parallel computing to the study of the monsoon was
made in India using a simple climate model and the
Flosolver parallel computer (parallel computers designed
and developed at NAL, Nanjundiah’, Sinha et al.®). The
present work is the first effort at studying the seasonal
pattern as simulated by the NCMRWF GCM. A mult-
year simulation with such a high resolution GCM would
not have been possible (especially at our centre) but for
the use of parallel computing techniques.

This paper deals with the development of the climate
version of the NCMRWE model, its implementation on a
message passing parallel computer and the comparison ot
the simulated monsoon rainfall with observed features.

2. The NCMRWIF modck

The present study uses a version of the NCMRWIE model.
This is a global model (i.e. its domain of integranion 1s
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elobal in the horizontal direction) in the vertical, 1ts do-
main extends from the surface (nominally at a pressure of
1000 hPa) to the top level at about 21 hPa. The matn vari-
ables predicted by this model are vorticity, divergence,
temperature and specific humidity. Winds are computed
from vorticity and divergence. Other prognostic variables
are surface temperature, precipitatton (both snow and
rainfall) and surface wetness.

The model is spectral, i.e. time integration is done in the
wave number space. However, some of the computations
for the model need to be done in the physical (latitude-~
longitude) space, e.g. computation of radiation, surface
effects, clouding and precipitation, evaporation, etc. (gen-
erally called as the physics of the model). The processes
of advection, hortzontal diffusion and time incrementation
are generally referred to as the model’s dynamics and
these computations are conducted in the spectral space.

The tendencies calculated in the physical space need to
be transformed to the spectral space and variables in the
spectral space need to be transformed to the physical
space (for the purpose of conducting such computation as
radiation, cumulus convection, boundary layer and surface
processes). The model’s initial state is in the spectral space.

The model uses a semi-implicit scheme (with leap-frog
technique) for temporal integration. It has a horizontal
resolution of T80 (i.e. 80 waves are considered to repre-
sent a variable). In the latitudinal direction (i.e. north—
south direction) 1t has 128 Gaussian latitudinal circles. On
each of these circles 1t has 256 grid points in the zonal
direction (east—west direction). A comprehensive docu-
mentgtion of the model’s dynamics i1s given in Kalnay
et al.”.

2.1 Development of the climate version

The original model as used at NCMRWF was a forecast
model developed for a vector supercomputer such as the
CRAY-XMP-216. The forecast models are usually run for
short periods such as 3-5 days. The present version used
for our studies is different from the operational version
of the NCMRWF model, the most significant difference
being the use of Simplified Arakawa—Schubert (SAS) para-
meterization scheme of Grell'" (when compared to the
Kuo Cumulus parameterization scheme'' used by the pre-
sent operational version). The use of SAS in our study is
of greater relevance as the newer versions of the opera-
tional model are likely to use this scheme. The major dift-
erence between the two cumulus schemes is that while the
SAS considers the instability of the atmosphere as the
dominant factor for determining the presence of clouds,
the Kuo scheme considers large-scale low-level conver-
gence of moisture as the major contributing factor for the
presence of clouds and precipitation.

Climate models need to be run for longer periods (typi-
cally a few years and up to thousands of years if very long
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range effects need to be studied). While the physics (i.e.
parts of the model pertaining to radiation, clouds, pre-
cipitation, surface fluxes, etc.) and dynamics of the model
(pertaining to numerics, advection and horizontal diffu-
sion) could be the same, certain modifications are nece-
ssary to suit the specific needs of a climate model.

To suit the purpose of climate studies at the Centre for
Atmospheric and Oceanic Sciences (CAOS), the model
was modified as follows:

1. Modification of the code from the CRAY architecture
to a generic version capable of running on any work-
station. It 1s noteworthy that a version of the NCMRWF
model has been completely re-engineered, simplified and
reduced considerably in length. The re-engineered version
IS now capable of running on a variety of platforms
including a PC'%.

2. Moditying the version obtained in the previous study
to a message-passing architecture using message passing
constructs such as the MPL/MPI for implementation on
the IBM-SP2 architecture,

3. Evolution of the above forecast model into a climate
model. This needed the introduction of the following
capabilities:

(1) To update the boundary conditions over the oceans
(by specifying the SSTs, Shea, Trenberth and Reynolds').
(11) Storing the history state of the model (to study the
evolution of the simulated state) in a format to facilitate
turther post-processing.

(1) Modification of the radiation grid. The original fore-
cast model conducted radiation computation on a reduced
grid (81 X 162) and these computations were conducted
once a day. However, for a climate study, the interaction
between radiation (espectally the diurnal variation) and
cloudiness is an important factor; thus the radiation needs
to be invoked more frequently (invoked every three hours
in the climate run). Here we also conduct the radiation
computation on the full physical grid. Computations on
the reduced grid required global communication of the
gather—scatter variety whose overhead was considerable
(as a large array of data had to be moved between proce-
ssors) and upon using a larger number of processors the
increased throughput due to the reduced grid was largely
negated.

2.2 Initial and boundary conditions

The model’s integration was begun from an initial data set
corresponding to 4 February 1993. For atmospheric com-
putations a spin-up time (i.e. time for the initial transients
to die down) of about sixty days is considered sufti-
cient'*'*. For this purpose, we have not analysed the first
three months of the simulations. '

The temperature over the ocean was prescribed
from the monthly mean climatological values of Shea,
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Trenberth and Reynolds”. A linear interpolation tech-
nique was used to update SSTs from the monthly mean
climatological values. The mean climatological values
were considered to correspond to the middle of every
month and for any calendar date a linear interpolation
between the preceding and succeeding months was used.
This is a standard technique used for prescribing SSTs in
most atmospheric GCMs. The reason that SSTs are
prescribed rather than calculated is that computing ocea-
nic temperatures would require the use of an Oceanic
General Circulation Model which would not only be com-
putationally expensive (with spin-up times of the order of
hundred simulated years) but it has also been found that
simulations are less realistic when the oceanic and atmos-
pheric components are allowed to evolve interactively, e.o.
a simulation with Community Climate Model Version 3
(CCM3) with prescribed SSTs has a realistic simulation of
the Indian Summer Monsoon while a coupled ocean—
atmosphere system using CCM3 as the atmospheric
component has a very unrealistic simulation of the Indian
Summer Monsoon'®. Almost all weather forecasting
models use prescribed SST for specifying the oceanic
conditions.

2.3 Parallel implementation of the model

We have used the method of domain decomposition to
distribute load between processors. The global domain
was split into smaller sub-domains, i.e. slices of latitude-
circles assigned to a processor, (in a conventional com-
puter, the entire domain would be assigned to a single
processor, here the domain is split and each resultant sub-
domain is assigned to processor). Symmetry about the
equator 1s explotted in computing the spectral coefficients,
with pairs of latitude-circles assigned to a processor (1.€. a
processor computing for 30°N would also compute 30°S).
This assignment of co-latitudes has the additional advan-
tage of load-balancing in radiation computations. The
pole that is in the summer hemisphere needs additional
computing for radiation (due to longer days over this
region) while the pole in the winter hemisphere needs less
computing for radiation. Since the two poles would be
assigned to the same processor, this computational imbal-
ance 1s largely removed.

The method of latitudinal decomposition requires
communication to complete the summation of spectral
coefficients (Legendre transform)®'’. The communications
are global in nature, i.e. calculation of spectral coetficients
requires data from every point on the sphere. This stencil
of communication greatly constrains the scalability (i.e.
decrease in computational lime with increase in the num-
ber of processors)., We have used the method of binary
tree summation to partially reduce this bottleneck. Work
is presently underway on more refined models of commu-
nication to improve scalability. These include:
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e Overlaying of computations (to reduce wait time of
Processors).

¢ Communications in the Fourier space to parallelize
computations in the wave number space.

¢ Load balancing — We found that there exists a conti-
nuous increase in computational requirements from the
pole to the equator. This is due to the increased com-
putations for clouds and convection in the tropical
regions vis-a-vis the extra-tropics. Therefore instead of
allocating contiguous latitude-circles to a processor (as
its sub-domain), the processor’s computational sub-
domain is a mix of latitude-circles from the extra tro-
pics and the tropics. This has considerably reduced the
imbalance in the computations.

e Hybrid programming model —On shared memory
machines, parallelization in the spectral space can be
done using the shared memory constructs while the
summation for spectral coefficients can be done using
message-passing techniques. This increases the scala-
bility considerably'®.

[t typically takes about thirty-five minutes to simulate one
day on a Pentium II PC.

2.4 Validation of the parallel model

A lingering doubt always persists whether the massive
changes done to the model’s code have incorporated
errors 1nto the model or if the identified communication
stencil 1s incorrect. Thus an important step 1n the deve-
lopment of a parallel version of the climate model 1s its
validation. Presently available literature has little infor-
mation on a commonly accepted yardstick by which
transmigration of a GCM can be considered to be a valid
one. Jones, Kerr and Hemler'’ discussing the validation of
a port, the SKYHI GCM on the CM-5, also highlight
the fact that ‘small differences in initial conditions and
numerical accuracy of computation can have a signiticant
effect on the statistics of the final solution. There are also
systems that exhibit muiti-decadal transient behaviour. It
1s not known whether the class of systems that encom-
passes general circulation models exhibit this behaviour.
With constraints on the computational resources avai-
lable, we can only validate and test the model for the
periods of time SKYHI will be used to simulate. For
SKYHI, these timescales are on the order of months or
decades.” They consider a transmigration to be valid it the
diagnostics were less than 107'* after one time-step and
less than 1% after one day for the most sensitive diagnos-
tics. Using their approach we have examined the global
rms errors for temperature, divergence, vorticty and
moisture and found them to be within the limits suggested
by Jones, Kerr and Hemler", A detailed description of the
model’s validation is given in ref, 20.
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3. The problem: The mean monsoon pattern

The validated parallel climate model has been used to
study the simulation of the Indian Summer Monsoon. In this
paper we present the average of four summer seasons for
which simulations had been conducted. Further integration
of the model is currently underway. We compare this with

d IMD (a)

40N
JON
JON
25N
20N
15N
10N

ON

EQ

93
105

40N
JON
JON
25N
20N
15N
1ON

ON

EQ

SR

105 et
70 80

JON
JON
25N
20N -

- el e - l— A . el .

e e

the long-term observed climatology of the station data
(Figure 1 a) obtained from India Meteorological Depart-
ment (IMD) and with the climatology of the National Cen-
tres for Environmental Prediction (NCEP) data set obtained
by merging the station data over land with Microwave
Sounding Unit (MSU) data over the oceans (Schemm et al.?',
we shall refer to this as NCEP-merged data, Figure 1 b).
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Figure 1. June-September seasonal mean rainfall (mnvday) in g. station data from IMD; b, NCEP merged dataset; ¢, NCMRWF model simulation.
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Most of the rainfall over the Indian subcontinent
occurs during the summer monsoon season, i.e. June—
September’’. We present a comparison for the entire
summer monsoon period, comparing the climatology of
the four summer seasons with the observed climatological
mean.

The summer monsoon rainfall is associated with a rain-
belt extending from the Head Bay (of Bengal), west north-
westward across the Indo-Gangetic plain (Figure 1 a and
b). This rainbelt fluctuates within the monsoon zone,
north of about 15°N and its variation in location and
intensity gives rise to the variation in the large-scale mon-
soon rainfall. This rainbelt 1s associated with the low
pressure zone known as the monsoon trough (we shall
refer to this as the monsoon rainbelt). Another region of
intense convection occurs over the waters of equatorial
Indian Ocean (Figure 1 b) intermittently throughout the
summer season” . Intense precipitation also occurs over
areas of elevated orography such as the Himalayas and the
Western Ghats. The fact that these two rain bands are not
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as prominent in Outgoing Longwave Radiation (OLR)
(indicators of organized large-scale convection) as in sta-
tion data possibly suggests that these are small-scale fea-
tures which are not resolved by the coarser resolution data
of OLR. It is worth pointing out that the NCMRWF T80
model has a resolution of about 130 km in the Indian
region, much finer than the OLR data set (which have a
typical resolution of ~ 250 km) but much coarser than the
station network observations (which are irregularly spaced).
We also would like to point out that very few climate
studtes are presently done at such a high resolution, e.g. a
majority of the simulation for AMIP was done at T42 with
only NCEP conducting a rerun at T63.

4. The mean simulated pattern

In this section we compare the simulated patterns of pre-
cipitation during the summer monsoon period (averaged
for the four summers of simulation) with climatology. The
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simulation for each of the individual summers was quali-
tatively similar to the four-year mean.

Here we compare the summer (June-September) mean
rainfall with observed climatology. Table 1 shows the
comparative figures for the Indian region. This region has
been subdivided into three regions: The monsoon zone
(15°N-25°N). the peninsular region (7.5°N-15°N) and
the Indian ocean region (5°S-5°N). We note that for the
summer season, the rainfall in the monsoon zone 18 con-
siderably over-estimated. The rainfall over peninsular
region is much higher at 11.1 mm/day in comparison
to the observed value of 5.4 mm/day. Thus while the
observations show a ratio of 0.8 (peninsular/monsoon
zone), the model simulates a ratio of 1.1. Interestingly,
the equatorial oceanic rainfall is underestimated at
4.4 mm/day while the observations show this to be
6.1 mm/day. However it 1s necessary to point out that
oceanic rainfall has been mainly obtained from
MSU estimates which are known to overestimate the
precipitation.

Comparing the simulated mean monsoon pattern (Figure
I ¢) with those from the observation station (Figure 1 a)
and the NCEP merged data set (Figure 1 b), we note the
following:

I. A region of high rainfall is simulated in the monsoon
trough region which coincides well with the region of
high rainfall in IMD station data.

2. A region of intense convection over the equatorial
Indian Ocean is simulated. This agrees well with the
equatorial rainbelt in the NCEP merged data (Figure 1 b).
3. The rainfall on the western coast of India with peaks
around Kerala coast and Konkan corresponding to regions
of high orography. This feature corresponds qualitatively
weil with the station observations.

4. The raintall over the Himalayan region 1s under-
estimated. The model’s simulation underestimates the
Himalayan rainfall though some orography-related pre-
cipitation can be seen at 90°E and 30°N.

5. The rainfall over Rajasthan is overestimated.

It can be said that the model captures qualitatively at
least to a first order, most of the features of the mean
summer monsoon rainfall.

Table 1. Observed and simulated June—September mean rainfall
(mm/day) over the monsoon zone
Model Mean P (P/MZ) [O(10/M7Z)
Obs (NCEP) 6.9 5.4 (0.8) 6.1 {(0.9)
NCMRWF (0.4 11.1(1.1) 4.4 (0.4)

(MZ, 15°-25°N); P = mean rainfall over the peninsula (7.5°-15°N);
10 = mean rainfall over the Indian Ocean (5°S-5°N). Values in paren-
thesis indicate the ratio of rainfall in that region to the mean rainfall in
the monsoon zone,
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5. Intraseasonal variations

Rain does not fall continuously during the entire monsoon
season but in spells of copious precipitation (called the
active pertods) punctuated with periods when the rainfall
is low (called the break periods). We term this variation
within a season as the intraseasonal variation. The inter-
annual variability ot the Indian Summer Monsoon is
closely linked to the intraseasonal variation™, i.e. the
variation of monsoon from year to year is related to the
length of active and break spells within a season; during
weak monsoon years breaks are likely to be more frequent
or of longer durations, while during strong monsoon years
the active spells might be of longer durations. Hence if a
model 1s to be used for seasonal scale forecasts, then its
ability to simulate intraseasonal variations needs to be
studied. We compare the model’s third summer season
with observed data. The intraseasonal structure of the
model’s simulation is largely similar for other years also.
We compare this with the summer of 1988, a year in
which the monsoon was very active and vigorous. How-
ever, similar patterns are seen to occur in almost all the
years. The robustness of the intraseasonal structure of
the Indian Summer Monsoon raintall 1s a unique feature
seldom observed in other monsoonal regions®.

We use OLR as a proxy for rainfall; in the tropics,
regions of low OLR (< 240 W/m®) correspond to regions
of intense cloudiness and high rainfall (Figure 2 a). The
salient features of intraseasonal variation™ are:

(1) Northward movement of the rainbelt from the equato-
rial Indian Ocean onto the continent during the onset
phase of the monsoon, during late May or early June.

(11) Persistence of the rainbelt in the northern monsoon
zone (~ 25°N).

(i11) Disappearance of the rainbelt from the northern
monsoon zone for periods ranging from a few days to a
few weeks.

(iv) Revival of the rainbelt from (iit) either by genesis
within the monsoon zone or by northward propagation of
the oceanic rainbelt. The mean period between northward
propagations 18 about forty days.

The intraseasonal variation within a single seasonal s
an envelope of a repetition of events (11)—(1v).

We find that the model realistically simulates (Fig-
ure 2 b, averaged over the Indian longitudes, 75°-95°E)
two regions of high rainfall, viz. the equatorial Indian
Ocean and the northern monsoon zone. However, the
observed poleward propagations from the equatorial
region to the monsoon zone are absent. We do find some
poleward movement within the monsoon zone itself. The
model also simulates an early onset during May (compared
to late May/early June in observations). The simulated
withdrawal is also early occurring in late August/early
September, while the observed withdrawal occurs much
later during late September/early October.
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6. Conclusion

In this paper we have described the development of a
climate version of the NCMRWEF model suitable for
message passing architecture and a discussion of the mean
simulated pattern of the Indian Summer Monsoon (based
on a four-year run of the model). Initial results with the
model are very encouraging. It appears to capture the
monsoonal rainbelt, the rainbelt over the warm equatorial
Indian Ocean and some of the orographic rainfall realisti-
cally. The area averaged rainfall is roverestimated at
10.5 mm/day (compared to the observed value of
7.5 mm/day for the July—-August season). However, the
simulation of intraseasonal variation by the model is not
very satisfactory. The model simulates early onset and
withdrawal. Poleward propagations from the oceanic re-
o10n onto the monsoon zone are also absent.

An indepth systematic analysis needs to be conducted
to study the robustness of the simulated monsoon to vari-
ous aspects of modelling. Perhaps it is necessary to con-
duct a systematic study to understand the model’s
sensitivity to the important sub-models such as cumulus
convection and boundary layer parameterization to under-
stand the cause of these shortcomings.
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