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Foreword

The Continental Tropical Convergence Zone (CTCZ) is one of the large scale
land-atmospheric interaction studies proposed for implementation under the Indian
Climate Research Programme (ICRP). The ICRP has a broad-based multi-disciplinary
science strategy offering the widest possible scope for investigation of all important
physical, dynamical and other related aspects of weather, in particular the Monsoon
processes, their variability and change at different spatial and temporal scales to meet
the needs of society. In pursuit of these objectives require the development of
understanding through diagnostics of observational data and modeling experiments,
process studies and the creation and analysis of geospatial datasets.

The ‘Monsoon Trough’ or the CTCZ over the central India is one of the important
core components of the regional climate system. The space-time variations in the
convergence zone in the lower troposphere over the Indian region are linked to the
genesis, intensification and propagation of the monsoon disturbances embedded in it.
The role of mesoscale and synoptic scale organization of clouds in making the weather
systems self-sustaining over the subcontinent and surrounding warm oceans needs to
be investigated. Intensive study on the land-use or the dynamics of the Geosphere
Biosphere interactions, aerosols, regional hydrological features and their feed-back to
the atmosphere during different epochs are the focus of the CTCZ Program.

The science plan of CTCZ provide some of the key scientific questions and
necessity to obtain significant new datasets and ideas for model development towards
evolving mechanisms for understanding the regional climate I monsoon system. I am
sure that these national efforts would enhance our scientific understanding of the
‘Monsoon variability and changes at the local to regional scales’ and keep us abreast
with the efforts of International monsoon researchers. I congratulate the Scientific
Steering Committee and the working groups for preparing this excellent and useful
document. I am confident that this will motivate further thoughts and scientific insights
to benefit the society at large.

New Delhi
01 August 2008 (T. RAMASAMI)

Tel. : 011-26510068. 011-26511439        Fax: 011-26863847, 011-2686241        E-mail: dstsec@nic.in
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PrefacePrefacePrefacePrefacePreface

Climate research presents major scientific challenges and is of great practical
importance in a country whose fortunes are still tied to the vagaries of the monsoon. The
Indian Climate Research Programme (ICRP) was launched in 1996 as a co-ordinated
effort to further our understanding of the climate and improve the prediction skill. To
ensure significant contributions to this challenging field, the ICRP envisages a concerted
effort at harnessing the considerable resources in the country in terms of developed
expertise, infrastructure and funding. One of the major objectives of ICRP is
understanding the variability of the monsoon and the oceans (particularly the Indian
Seas and equatorial Indian Ocean) over a range of time-scales. A multi-pronged approach
involving analysis of existing observations, development and implementation of new
surface based and space based observational techniques, special observational experiments
in critical regions such as the Bay of Bengal and the Indian monsoon zone and
development and investigation of a hierarchy of models of the atmosphere and coupled
atmosphere-ocean systems has been adopted for attaining the objectives.

There have been major achievements on all these fronts in the last decade. In
particular, the conception, planning and successful implementation of ambitious
observational programmes such as the Bay of Bengal Monsoon Experiment (BOBMEX)
in 1999 and Arabian Sea Monsoon Experiment (ARMEX) in 2002 and 2003 would not
have been possible without the ICRP. The ICRP is a multi-institutional programme
under the leadership of the Department of Science and Technology with major
contributions from the Department of Ocean Development and Department of Space
(and the organizations/institutes under each), the Indian Air Force (IAF), the Indian
Navy, as well as scientific institutions such as the National Institution of Oceanography
under CSIR, Naval Physical and Oceanographic Laboratory under the DRDO, Indian
Institute of Science, Indian Institutes of Technology  and various universities. The science
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plan for the next component of the ICRP, namely the Continental Tropical Convergence
Zone (CTCZ) programme, is presented here. The CTCZ programme will focus on
understanding the variability of convection/rainfall over the Indian monsoon zone.

Understanding and prediction of tropical convection/rainfall is now considered to
be one of the most challenging problems in atmospheric science. Several international
programmes focusing on tropical convection over the oceans and monsoonal regions of
the world (e.g. Asian Monsoon Years (AMY), Year of Tropical Convection) will
commence in the next couple of years. The Indian monsoon is inextricably linked to the
monsoon over the other parts of Asia. It is clear that the CTCZ programme can make
substantial contributions to AMY and the studies of the Asian monsoon carried out
under AMY will give a deeper insight into the CTCZ.

The CTCZ programme will involve field experiments; analysis of existing data
from conventional platforms as well as satellites, buoys, ARGO floats; and theoretical
studies with process models, complex atmospheric general circulation models, as well as
coupled ocean-atmosphere models. Special efforts will be made to elucidate the nature
of the cloud systems over land and measure critical components of water and heat balance
in selected basins/watersheds to understand the impact of land surface processes and
gain insight into genesis of cloud systems and their propagations over land and water. As
there are strong links between the variation in monsoon rainfall and convection over the
surrounding oceans, it is very important to analyze the data from ocean-based platforms
such as buoys, ARGO floats, etc. and also conduct special observations over the critical
regions of the oceans.

Since a large component of the observational programme is land-based, the
contribution of the India Meteorological Department (IMD), with its existing dense
network of stations and planned surface based expansions with AWSs, DWRs, high
resolution radiosondes and automatic rain gauges, will be critical for the CTCZ
programme. The infrastructure installed for the STORM project, which is underway,
will yield data which will be very useful for the CTCZ programme. In addition to the
data provided by the existing satellites, buoys, and ARGO floats, Megha-Tropiques and
INSAT 3D satellites will provide critical data on clouds, water vapour, vertical profiles
of temperature and humidity, etc. The special programme of cloud observations
CAIPEEX planned by the Indian Institute of Tropical Meteorology (IITM), which also
involves aircraft observations over the CTCZ region, is expected to make important
contributions to the CTCZ programme as well. For observations on the surrounding
oceans, the contribution of the ocean institutions in the country is extremely important.
The IAF and Indian Navy also have extensive facilities. IAF has a major modernization
plan that includes AWSs and DWRs in the CTCZ area. Thus,  IAF and the Indian
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Navy can also make important contributions. ISRO’s GBP Programme is already
providing and will continue to give extensive data on aerosols. Also, the CTCZ programme
will benefit from ISRO’s satellite validation programmes/sites.

Thus, just like the earlier programmes BOBMEX and ARMEX under the ICRP,
the CTCZ programme will have to be multi-institutional with major contributions from
the Department of Science and Technology (DST), the Ministry of Earth Sciences (and
its organizations/institutes), Department of Space (and its organizations/institutes), IAF,
Indian Navy as well as scientific institutions such as the National Institution of
Oceanography, IISc, IITs and universities. The CTCZ programme is proposed to be a
multi-year program beginning in the monsoon season of 2009.

The CTCZ science plan comprises an elucidation of the scientific foci and objectives
and the problems that have to be addressed under the programme, based on a synthesis
of what is known about the major phenomena and key processes involved in the variability
of the CTCZ. In addition to the lead authors of the different chapters of the science plan
(annexture 1), members of the CTCZ–SSC (annexture 2), members of the working
groups (annexture 3) and many scientists from different institutions in the country have
been generous in their contributions to the plan. It is a pleasure to acknowledge the
unstinting support given by the IMD and Dr. M Rajeevan in the preparation of several
versions of this plan. We are grateful to Dr. G B Pant of IITM and Dr. P Sanjeeva  Rao
of DST for going over the entire manuscript carefully and providing valuable suggestions.
We also thank Dr. K V S  Badarinath of the National Remote Sensing Agency for input
for the cover design and  Dr. Nityanand Singh of IITM for generous help in the
preparation of the final version.

Sulochana Gadgil and D R Sikka
(Co-chairs)

Scientific Steering Committee for CTCZ
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SummarySummarySummarySummarySummary

1. BACKGROUND AND MAJOR OBJECTIVE1. BACKGROUND AND MAJOR OBJECTIVE1. BACKGROUND AND MAJOR OBJECTIVE1. BACKGROUND AND MAJOR OBJECTIVE1. BACKGROUND AND MAJOR OBJECTIVE

The large-scale rainfall over the Indian region during the summer monsoon is
associated with a tropical convergence zone, TCZ, characterized by intense convergence
in the boundary layer, cyclonic vorticity above the boundary layer and organized deep
moist convection. This TCZ is called the continental TCZ (CTCZ) to distinguish it from
the more common TCZ seen over the tropical oceans. The intensity of the CTCZ, i.e.,
of the associated deep convection and rainfall is seldom uniform across its large
longitudinal extent. Generally, synoptic scale disturbances (monsoon lows, depressions)
are embedded in it and the associated rainfall is also organized on the meso-scale.
Interactions between the different scales over which convection is organized, play an
important role in the variability of the convection on different time-scales.

The variation of the large-scale rainfall over the Indian region during the summer
monsoon, is linked to the space-time variation of the CTCZ. The CTCZ gets established
over the Indian monsoon zone in July, at the end of the onset phase of the summer
monsoon. Throughout the peak monsoon months of July and August the CTCZ fluctuates
primarily over this core monsoon zone. An important feature of the variation on the
intraseasonal scale is the fluctuation in the intensity of the CTCZ between active spells
and weak spells/ breaks.

The major objective of the CTCZ component of the Indian Climate Research
Programme is to understand the mechanisms leading to space-time variation of the
CTCZ and the embedded monsoon disturbances during the summer monsoon. A
multi-scale approach with study of the major interacting scales viz. planetary, regional,
synoptic and mesoscale is essential. For adequate observations on all important time-
scales from diurnal to intraseasonal and interannual, a multi-year programme is planned.
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2. SCIENCE FOCI AND OBJECTIVES:

2 A. Phenomena

I. Links of monsoon variability with the convection over the surrounding oceans

There is an important difference between the CTCZ and the oceanic TCZs. Most
of the cloud systems in the continental TCZ, from synoptic to planetary scale, are
generated over the warm oceans around the subcontinent and propagate onto the Indian
region. The CTCZ is thus maintained by (i) westward propagations of synoptic scale
disturbances generated over the Bay of Bengal and (ii) northward propagations of the
oceanic TCZ from the equatorial Indian Ocean. These synoptic and intraseasonal scale
events are critical for the maintenance of the CTCZ and play a critical role in the variability
of the CTCZ over intraseasonal and interannual scales.

While the CTCZ is maintained by cloud systems generated over the surrounding
oceans, there is also a negative component of interaction between the CTCZ and
convection over the oceans. There is a competition between the CTCZ and the TCZ
over the eastern equatorial Indian Ocean (EEIO) with weak spells of one coinciding
with active spells of the other. However, convection over the western equatorial Indian
Ocean (WEIO) is favourable for the monsoon. It turns out that this relationship to
convection over EEIO and WEIO holds for interannual as well as intraseasonal scales.

A major aim of the CTCZ programme is thus

to understand the underlying mechanisms of the three basic elements of the variation
of convection over the ocean on synoptic and larger scales viz.

(i) genesis of synoptic scale cloud systems over the warm oceans around the
subcontinent

(ii) fluctuations in the intensity of the TCZ

(iii) propagations of  the synoptic scale systems and of the TCZ emanating from  the
oceanic regions

(iv)     the variation of convection over the critical regions of the (i) Bay of Bengal and
eastern Arabian Sea and  (ii) equatorial Indian Ocean: EEIO, WEIO,  on
intraseasonal and interannual scales

II. Intra-seasonal Variation of the monsoon

The major phases of the CTCZ are (i) the spring to summer transition which occurs
in the onset phase and (ii) the peak monsoon months of July and August in which the
CTCZ fluctuates primarily in the core monsoon zone. The onset phase involves northward
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propagation of the TCZ from the equatorial Indian Ocean onto the Indian subcontinent.
Since there is considerable variation from year to year in the dates of onset and advance
of the monsoon as well as in the timing, duration and intensity of the active and weak
spells in July-August, it is important to predict these facets.

A major focus of the study on monsoon variability will be on the fluctuation between
active spells and weak spells or breaks, which is an important feature of the intraseasonal
variation. Revival from weak spells or breaks involves either northward propagation of
the TCZ from the equatorial Indian Ocean  or westward propagation of convective
systems from the Bay. The problems to be addressed for understanding and predicting
intraseasonal variation are:

(i) Unravelling the factors that determine the life-span of active and weak spells of
the CTCZ and

(ii) Understanding the role of land hydrological feedbacks and aerosols in the
transitions between active and weak spells and hence the life-span of these spells.

At present, even the most complex models are not able to simulate these facets
realistically. We expect the detailed observations undertaken for CTCZ and
complimentary campaigns like MEGHA TROPIQUE to lead to an improvement in
the models to a level at which predictions can be made.

2.B. Process studies

I. Land surface-atmosphere interaction

The Global Land-Atmosphere Coupling Experiment (GLACE) in which 12 models
participated established the fact that the Indian monsoon zone is one of the major ‘hot
spots’ where soil moisture variations have a significant impact on the precipitation on the
synoptic and larger time-scales.

Processes such as the feedback between vertical instability and mid-tropospheric
heating by the deep clouds, which operate for the oceanic TCZ, are bound to play a role
in generating fluctuations of the CTCZ.  In addition, processes special to the continental
TCZ such as feedbacks of the coupled land-atmosphere hydrosphere biosphere system
are expected to play a role in determining the life-span and intensity of the active and
weak spells. It is also possible that the time between successive members of the sequence
of time-clustering disturbances that characterize active spells, will be influenced by the
land hydrology which in turn is determined by the track and intensity of the previous
disturbance.

 Under the CTCZ programme, detailed studies of such processes specific to the
CTCZ such as the atmosphere- hydrosphere biosphere feedbacks (in which land surface

SUMMARY
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processes, and aerosols will be important) are planned. The focus will be on features
of the variation/ events (such as active spells and breaks, propagation of systems) in
which these processes play an important role. Special observational sites will be located
in regions which are considered critical for understanding such processes and events.

The observations on the heat and water balance in selected watersheds, river
basins will be used for testing a variety of land –vegetation-hydrology models available as
components of atmospheric general circulation models.

II. Aerosols: role in the variability of the monsoon

Recent studies have shown that aerosols can cause substantial alteration in the energy
balance of the atmosphere and the earth surface, thus modulating the hydrologic cycle.
Over the Indian region, there is a large concentration of aerosols during April to June.
Yet the effects of aerosol and possible interactions with  monsoon dynamics remain
largely unknown. Recent atmospheric general circulation model (GCM) experiments
have demonstrated significant impacts of aerosols on the Asian monsoon. However
there is no consensus yet on the sign of the impact on the Indian monsoon.

Elucidation of the space-time variation of aerosols particularly over regions which
are considered to be critical for impact on the monsoon, of aerosol sources and sinks,
aerosol life cycles in clouds, impact of aerosols on  atmospheric radiation, is one of
the objectives of the CTCZ

III. Interaction between different scales of convection

In the large scale cloud band characterizing the CTCZ, cloud systems of synoptic
scale and mesoscale are generally embedded. While satellites including TRMM have
given an unprecedented amount of information on these systems, practically no data on
cloud condensation nuclei, (CCN), cloud microphysics and precipitation mechanism is
available in the CTCZ region. It is proposed to undertake measurements of the surface
CCN concentration variation as well as the vertical profile at various locations during the
CTCZ experiment. Studies of various facets of the mesoscale and synoptic scale systems
such as (i) the life cycle (preferred location of formation, intensification, propagation)
local feedbacks, duration, diurnal variation, etc.   (ii) tracks of lows and depressions and
their relationship with onset tracks and ground  hydrology and surface conditions are
planned under the CTCZ programme. Further, convective clouds remain as the major
sources of uncertainty in models. In the past monsoon experiments, cloud microphysics
has not been given any attention. Under the CTCZ programme, a beginning is going to
be made to understand cloud microphysics and dynamics in the CTCZ region and
adjoining seas.

SUMMARY
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In the observational programme, a major goal will be the elucidation of the nature
of the cloud systems in the CTCZ. The microphysics of warm and cold clouds, the
characteristics of the meso and synoptic scale cloud systems in the CTCZ will be
studied. Special observations aimed at elucidating the nature and variation of cloud
condensation nuclei and aerosols (natural and anthropogenic) over the land and some
oceanic regions, and of cloud microphysics and aerosol-cloud-precipitation interactions
are planned.

3. IMPACT ON PREDICTION

Prediction of rainfall over the Indian Region on the short and medium scale is
generally based on the expected propagations of the cloud systems observed over the
surrounding oceans. At present, the skill of the atmospheric general circulation models
in predicting the most prominent feature of intraseasonal variation i.e. northward
propagations of the large scale cloud band from the equatorial Indian Ocean, is far from
satisfactory. Hypotheses have been proposed (in studies here as well as abroad) about
the mechanisms responsible for these propagations. There are also hypotheses for
mechanisms leading to the fluctuation between active and weak spells. All these hypotheses
have to be tested with good quality data on critical facets like the vertical profiles of
temperature and water vapour, which can become available if the CTCZ programme is
undertaken simultaneously with Megha-Trolpiques. Understanding the mechanisms is
essential for improving the models to generate reliable predictions. For improving the
short term predictions of tracks of synoptic scale systems on land, it is necessary to
incorporate the feedbacks between the land surface hydrology, vegetation and the
atmosphere. A major aim of the CTCZ programme is to make such measurements and
also assess the ability of the current models at simulating them.

SUMMARY
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OverviewOverviewOverviewOverviewOverview

1.1  INTRODUCTION1.1  INTRODUCTION1.1  INTRODUCTION1.1  INTRODUCTION1.1  INTRODUCTION

The large-scale rainfall over the Indian region during the summer monsoon is
associated with a tropical convergence zone, TCZ, characterized by intense convergence
in the boundary layer, cyclonic vorticity above the boundary layer and organized
deep moist convection (e.g. Fig 1.1a, b, c for an active monsoon day). This TCZ is
called the continental TCZ (CTCZ) to distinguish it from the more common
intertropical convergence zone (ITCZ), seen over the tropical oceans. It is important
to note that the CTCZ is often a part of the planetary scale TCZ stretching across
from the Indian region to the tropical Pacific on a daily scale. The intensity of the
CTCZ, i.e. of the associated deep convection and rainfall (which is related to the
intensity of the lower tropospheric cyclonic vorticity), is seldom uniform across its
large longitudinal extent. Generally synoptic scale disturbances (monsoon lows,
depressions) are embedded in it (e.g. Fig 1.1a) and the associated rainfall is also
organized on the meso-scale. Interactions between the different scales over which
convection is organized, play an important role in the variability of the convection on
different time-scales.

The variation of the large-scale rainfall over the Indian region during the summer
monsoon is linked to the space-time variation of the CTCZ (Gadgil 2003 and references
therein). The CTCZ gets established over the core monsoon zone (Fig 1.2a) in July,
at the end of the onset phase of the summer monsoon. The daily variation of the
average rainfall (for 1951-2006) over the core monsoon zone, over the Indian region
and Kerala coast is shown in Fig 1.2b. It is seen that the variation of the all-India
rainfall is strikingly similar to the variation of the rainfall over the monsoon zone.
Whereas the rainfall over Kerala increases sharply around 1 June (with the onset of
the monsoon) and is high in June and July, the rainfall over the core monsoon zone
and the all-India rainfall increases more slowly and peaks in July and August.
Throughout the peak monsoon months of July and August, the CTCZ fluctuates
primarily over this core monsoon zone. The Indian summer monsoon rainfall (ISMR)
is highly correlated (correlation coefficient 0.87) with the rainfall over the core monsoon
zone on the interannual scale.



2

Fig. 1.1a: INSAT infrared imagery of 7 August 2007

Fig. 1.1b: Winds at 850 hPa for 7 August  2007 Fig. 1.1c: Winds at 700 hPa for 7 August 2007

OVERVIEW



3

Fig 1.2a: Average June-September rainfall over the Indian region (cm);
 Approximate limits of the core monsoon zone indicated by red dashed lines

Fig. 1.2b: Average daily rainfall over the core monsoon zone,
Kerala and Indian region (after Rajeevan et al. 2008)

OVERVIEW
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The interannual variation of ISMR during 1871-2004 is depicted in Fig.1.3. It is
seen that the amplitude of the variation is not very large with the standard deviation
only about 10% of the mean value of 85.24 cm (Parthasarathy et al. 1994). The extremes
of ISMR i.e. droughts (defined as seasons with ISMR anomaly less than -10% of the
mean) and excess rainfall seasons (defined as those with ISMR anomaly more than
10% of the mean) are also indicated in Fig.1.3.

The daily variation of the rainfall over central India for 2002, a drought, and
1975, an excess monsoon season, is shown in Fig. 1.4. An important feature of the
variation on the intraseasonal scale viz. the fluctuation in the intensity of the CTCZ
between active spells and weak spells/ breaks, is seen to occur in both the years. A
feature of the drought of 2002, which is not seen in 1975, is the long dry spell or the
so-called break. However, in some drought seasons there are very few break days and
breaks do occur in normal monsoon years as well. The core monsoon zone is coherent
with respect to variations on the intraseasonal scale with rainfall anomalies being
positive (negative) during active spells (breaks) over the entire zone. On the other
hand, over the region to the north of this zone near the foothills of the Himalayas, is
characterized by negative anomalies during active spells and positive anomalies during
breaks.

The major objective of the CTCZ programme of the Indian Climate
Research Programme is to understand the mechanisms leading to space-
time variation of the CTCZ and the embedded monsoon disturbances
during the summer monsoon. It would involve a study of the major
interacting scales viz. planetary, regional, synoptic and mesoscale. For
adequate observations on all important time-scales from diurnal to
intraseasonal and interannual, a multi-year programme is planned.

The nature of the cloud systems of the CTCZ needs to be elucidated since
some differences are expected between the systems on land and those over the warm
tropical oceans. In the space-time variation of the CTCZ, processes such as cloud-
radiation feedbacks or the feedback between vertical instability and deep convection
with the associated mid-tropospheric heating or surface cooling (Krishnamurti and
Bhalme 1976, Webster 2006) which operate for the oceanic TCZ, are bound to play
a role. In addition, processes special to the continental TCZ, such as feedbacks of the
coupled land-atmosphere hydrosphere biosphere system will play a role in
determining the variability. For example, the major feature of intraseasonal variation
of the CTCZ, viz. fluctuations between active and weak spells is a feature which
occurs in the oceanic TCZs as well, may be a manifestation of basic feedbacks of the
TCZ. However, we expect the time-scales of the weak or dry spells of the CTCZ to
be influenced by the land hydrological feedbacks as well as presence of dust and

OVERVIEW
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Fig. 1.3: Variation of ISMR during 1871-2004:
 droughts marked red and excess monsoon seasons green

Fig. 1.4: Variation of the daily rainfall over central India during June – Sept. 1975, 2002

OVERVIEW
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other aerosols. It is also possible that the time between successive members of the
sequence of time-clustering disturbances that characterize active spells (Murakami
1976), will be influenced by the land hydrology which in turn is determined by the
track and intensity of the previous disturbance. Land surface processes are also bound
to play an important role in the genesis and evolution of the relatively few monsoon
disturbances which are generated on land.

Under the CTCZ programme, it is important to undertake detailed
observations and modeling studies of such processes specific to the CTCZ
such as the atmosphere hydrosphere biosphere feedbacks (in which land
surface processes, and aerosols will be important) in addition to
observations aimed at elucidation of the nature of the cloud systems in
the CTCZ. The focus will be on features of the variation/ events (such as
active spells and breaks, propagation of systems) in which these processes
play an important role.

1.2 SCIENCE FOCI AND OBJECTIVES :

Major features, phenomena

1.2.1 CTCZ and the heat low

During the summer monsoon, the surface trough zone over the Indian region
comprises a well marked heat low over the northwestern region and a low pressure
belt associated with the moist convective  regime characterizing the CTCZ, extending
westward from the head of the Bay of Bengal (Fig.1.5) 1 . It is interesting that Trenberth
et al.’s (2000) analysis of the global divergent circulations derived from NCEP and
ECMWF reanalysis data shows that the vertical structure of the first complex empirical
orthogonal function (CEOF1, which explains about 60% of the variance), corresponds
to that of the ITCZ, whereas the vertical structure of the second one, (CEOF2, which
explains about 20% of the variance), corresponds to that of a heat low with convergence
restricted to the lowest 2-3 kms (Fig. 1.6 after Trenberth et al. 2000). The spatial
patterns of these two leading CEOFS are consistent with Ramage’s (1971) observation
of the two systems (heat low and the TCZ) together making up the surface low pressure
belt in the tropics.

1 The term ‘monsoon trough’ has been used extensively for the moist convective system referred to here as the
CTCZ. However, we use the term CTCZ to denote the moist convective regime in this document, since the
term ‘monsoon trough’ is also often used for the entire surface trough comprising the heat low as well. For
example, “The eastern end (of the ‘monsoon trough’) is locked with the warm waters of the northern Bay with
dominantly moist processes operating. The western end is situated in the predominantly dry convective area of
western India and Pakistan” (Ding and Sikka, 2006).
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Fig. 1.5:  Mean pressure and surface winds for July (from IMD)

Fig. 1.6: The first two modes of global divergent circulation (after Trenberth et al. 2000)
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Fig 1.7a: Time series of the day time temperature anomaly averaged
over the core monsoon zone from 1 July – 15 August 2002

Fig 1.7b: Latitude – Height section of meridional wind averaged over 78 – 88E for the
 a) break period (11 – 19 July 2002) and b) active period (9 – 13 August 2002)

(after Rajeevan et al. 2008)
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Before the onset of the monsoon, a heat trough is present over the entire

monsoon zone. At the end of the onset phase, the CTCZ gets established over the

monsoon zone. Thus the transition, from a heat low to a moist convective regime

characterizing the CTCZ, is seen every year during the onset phase of the monsoon.

On the seasonal scale, the boundary between the heat low and the CTCZ over the

eastern part of the monsoon zone exhibits significant variation from year to year. In

poor monsoon years, the boundary between the moist convective regime and the

heat low retreats eastward and large negative anomalies of rainfall appear over the

western part of the monsoon zone.

During intense long breaks in the monsoon, the surface temperature increases

rapidly (e.g. Fig 1.7a depicting the daily maximum temperature anomaly during the

break in 2002) and a heat-trough type circulation gets established over the monsoon

zone with subsidence over most of the troposphere and the prominent trough at 700

hpa (associated with large-scale monsoon rainfall) disappears (Raghavan 1973). The

occurrence of a heat trough type circulation over the monsoon zone in place of a

TCZ in the peak monsoon months of July and August, implies a major transition.

Revival from such breaks involves a transition to a moist convective regime with

convergence up to the mid-troposphere and northerlies aloft. The vertical variation

of the meridional wind, averaged over 780-880E is shown in Fig 1.7b (after Rajeevan et

al. 2008) for the peak break days during 2002 and for the active spell after revival from

the break. Note that during the break northerlies are prominent around 700 hpa,

suggesting a shallow meridional cell. On the other hand during the active spell the

meridional cell is deep with northerlies seen only above 300hpa.

An important objective of the CTCZ is thus:

Unravelling the factors that determine the transitions in space and time,

from a heat trough type circulation to a moist convective regime

characterizing the CTCZ and vice versa.

1.2.2 Links to the convection over the Indian and Pacific oceans

There is an important difference between the CTCZ and the oceanic TCZs.

Most of the cloud systems in the continental TCZ, from synoptic to planetary scale,

are generated over the warm oceans around the subcontinent and propagate onto the

Indian region. The CTCZ is thus maintained by (i) westward propagations of synoptic

scale disturbances generated over the Bay of Bengal (e.g. Fig 1.8a) and (ii) northward

propagations of the oceanic TCZ from the equatorial Indian Ocean (e.g. Fig. 1.8b).
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Fig. 1.8a: tracks of cyclonic storms in July during 1891-1960 (from IMD)

Fig. 1.8b: Variation of the cloud band (MCZ) and 700 hpa trough at 90 0 E
(from Sikka & Gadgil 1980)
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The systems over the Bay are often a result of westward propagation of systems
from the West Pacific (Krishnamurti et al. 1977, Krishnamurti and Ardanuy 1980).
Northward propagations are seen from April onwards and occur throughout the
summer monsoon at intervals of 2-6 weeks (Sikka and Gadgil 1980). The life-span of
the synoptic scale systems which propagate from the Bay onto the Indian region is a
few days and northward propagations of the TCZ up to the Indian monsoon zone
typically take about 10-14 days. These synoptic and intraseasonal scale events are
critical for the maintenance of the CTCZ and play an important role in the variability
of the CTCZ over intraseasonal and interannual scales. A major objective of the
CTCZ programme is, therefore, to understand the underlying mechanisms of
the two basic elements of the variation of convection over the ocean on
synoptic and larger scales viz.

( i ) genesis of synoptic scale cloud systems and the TCZ over the warm
oceans around the subcontinent

( i i ) propagations of  the synoptic scale systems and of the TCZ emanating
from  the oceanic regions

Given the links with convection over the oceanic regions, it is clearly important
to identify the factors leading to the variation of convection over the
critical regions of the (i) Bay of Bengal and eastern Arabian Sea and (ii)
equatorial Indian Ocean on intraseasonal and interannual scales.

Some insight into the processes that govern the variability of the organized
convection over the Bay of Bengal has been provided by the Bay of Bengal Monsoon
Experiment (BOBMEX) (Bhat et al. 2001) under the Indian Climate Research
Programme (ICRP) and the international experiment JASMINE, (Webster et al. 2002).
Further studies are required for development of models which can simulate (and
hence predict) genesis and propagations realistically.

While the cloud systems generated over the surrounding oceans play a crucial
role in maintaining the CTCZ, there is also a negative component of the interaction
between the CTCZ and convection over the oceans. There is a competition between
the CTCZ and the TCZ over the equatorial Indian Ocean with active spells of one
coinciding with weak spells of the other (Fig 1.8) as pointed out by Sikka and Gadgil
(1980) and in several subsequent studies. Thus the relationship to the convection
over surrounding oceans is a complex one.

1.2.3 Seasonal transitions and intraseasonal variation

The major phases of the Indian summer monsoon are (i) the spring to summer
transition which occurs in the onset phase culminating with the establishment of the
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CTCZ in the core monsoon zone (ii) the peak monsoon months of July and August
in which the CTCZ fluctuates primarily in the core monsoon zone and (iii) the
withdrawal phase in which the CTCZ retreats from the core monsoon zone at the
end of the summer monsoon season. The withdrawal of the monsoon is characterized
by reduction in rainfall over India and is more gradual than its onset.

Northward propagations of the TCZ occur at intervals of 2-6 weeks, from April
through November (Gadgil 2003 and references therein). They play an important
role in the transition seasons as well. During the transition to the summer monsoon,
each successive propagation culminates farther northward and during the retreat each
culminates farther southward (e.g. Fig 1.9).

The major focus of the CTCZ programme would be on the
intraseasonal variation after the CTCZ is established in the monsoon
zone. The onset phase, which is characterized by northward propagation
of the oceanic TCZ, will also be investigated.

Spring to summer transition: the onset phase

During April-May, the subcontinent gets very hot due to the intense heating
from the sun, the surface pressure decreases and a trough appears over the heated
landmass. This trough is shallow with the associated ascent restricted to 2-3 kms near
the surface. Above this level, there is descent of air. This trough is known as a heat
trough to distinguish it from the trough associated with the TCZ which is characterized
by ascent throughout the troposphere. During this period, a TCZ appears
intermittently over the equatorial Indian Ocean. In the onset phase the TCZ over the
equatorial Indian Ocean propagates northward in one or more spells. At the end of
the onset phase, the continental TCZ gets established over the core monsoon zone.
Thus a major transition from a heat trough to a moist convective regime characterizing
a TCZ occurs in the onset phase.

The onset of the summer monsoon over Kerala (southern tip of the peninsula)
occurring generally  in late May/early June, marks the beginning of the rainy season
for the country. There is no widely accepted definition of the monsoon onset over
Kerala (MOK). However, at the surface, MOK is recognized as a rapid, substantial
and sustained increase in rainfall (Fig. 1.10 showing the composite of rainfall over
Kerala relative to the MOK identified by Ananthakrishnan and Soman 1988).

The northward advance over the subcontinent from its commencement over
Kerala to its culmination over the western part of the Indian monsoon zone takes
about 40-45 days (e.g. Fig 1.11, depicting the normal dates of the onset as well as the
dates for 2007). It generally involves a few northward propagations, each pushing the
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Fig. 1.9: Variation of the low OLR belt at 90 0 E during April to October 1979

Fig. 1.10: Composite of rainfall over Kerala relative to MOK identified
by Ananthakrishnan and Soman (1988)

Fig. 1.11: Dates of onset of the summer monsoon of 2007 and the normal dates of onset
(from IMD)
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limit of the monsoon farther northward (Rao 1976, Sikka and Gadgil 1980, Webster
et al. 1998). For example in 2007 (Fig. 1.12a), the TCZ moved from the equatorial
regions onto the southern peninsula in the last week of May and the onset was declared
on 28 May. However, soon thereafter, a disturbance in the TCZ intensified into a
tropical cyclone over the Arabian Sea and the TCZ disappeared for a few days. The
TCZ appeared again only after the cyclone moved west-northwestward over the Arabian
Sea. Thus the advance over the Indian region occurred with northward propagation
of the TCZ only from 10 June. Over the core monsoon zone, the onset first occurs
over the eastern part. The onset over the western part is often a consequence of
westward propagations of synoptic scale systems from the Bay of Bengal across the
eastern part of the monsoon zone (e.g. Fig 1.12b for 2007).

It has been observed that the advance of the monsoon is often arrested before it
reaches parts of northern and northwestern India (Biswas et al., 1998). This hiatus has
been attributed to the impact of extratropical systems. Intense convection over the
Indian Ocean just south of the equator near 90O E and comparatively warmer SST
over the same area also had been noticed during some hiatus events. It is important
to understand and predict the advance of the monsoon (after the onset over Kerala)
which is a complex process comprising more than one northward propagation of the
TCZ and westward propagations of synoptic scale systems across the monsoon zone
(Ding and Sikka 2006 and references therein). The onset and advance processes exhibit
considerable interannual variability. There are a large number of studies of the onset
over Kerala, which is associated with commencement of the rainy season over the
country (Joseph et al. 2006, Ding and Sikka 2006 and references therein). The
culmination of the onset phase with the establishment of the CTCZ over the entire
monsoon zone is of more relevance for the CTCZ programme than the monsoon
onset over Kerala.

Clearly, it is important to unravel the role of the land surface
conditions, impact of extratropical systems as well as the conditions over
the equatorial Indian ocean (where the TCZ is generated), in determining
the northward and westward propagations of the cloud systems  for
understanding the complex process of advance of the monsoon and the
culmination of the onset phase.

1.2.4 Intraseasonal variation of the CTCZ

The intraseasonal variation of the monsoon has been extensively studied but
realistic simulation and prediction remains a challenge (Goswami 2005, Waliser 2006).
We focus here on a few important facets.
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Fig 1.12a: Variation of the low OLR region at 700,800,900 E during May-September 2007

Fig 1.12b: Variation of the low OLR region for 150-250N and 900 E during
 May-September 2007
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A. Active spells, weak spells and breaks of the monsoon over the
Indian region

In the peak monsoon months of July and August, after the CTCZ is established
in the core monsoon zone, it fluctuates between active and weak spells. Large
fluctuations on the intraseasonal scale between active and weak spells of the large-
scale rainfall over the core monsoon zone (Fig.1.4) have been known for over a century.
Blanford (1886) first described the variation in the circulation between active spells
and “intervals of drought” i.e. prolonged dry spells. In his words “In intervals of
drought, when northwesterly and westerly winds interrupt the monsoon in North-
Western and Central India, it (the trough of low pressure) is pushed northward to the
foot of the hills. On the other hand, during the height of the rains, at certain intervals,
true cyclonic vortices, with closed isobars (barometric minima) are formed on or in
the immediate neighborhood of this trough”. The differences are clearly brought out
in the surface pressure charts for a day in the active phase and one in a break phase of
the summer monsoon of 2007 (Fig 1.13).

Although interruption of monsoon rainfall is recognized as the most important
feature of the ‘break’, the criterion used by the IMD and by several meteorologists
for identifying a ‘break’, is the synoptic situation associated with such a rainfall anomaly,
rather than the rainfall distribution itself (Rao 1976). In Ramamurthy’s (1969)
comprehensive study of breaks during 1888 – 1967, a break situation was defined as
one in which the surface trough (the “monsoon trough’) is located close to the foothills

Fig 1.13: Sea level pressure on an active monsoon day (left) and
 a break monsoon day (right).
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(similar to the situation described by Blanford 1886). Gadgil & Joseph (2003), and
Rajeevan et al. (2008) have defined breaks (and active spells) of the Indian monsoon
on the basis of the daily rainfall over the core monsoon zone (Fig. 1.2a). Using the
gridded daily rainfall dataset prepared by Rajeevan et al. (2006), Rajeevan et al. (2008)
have shown that   this zone is coherent with respect to intraseasonal variation. They
have identified active (break) days, as days on which the excess (deficit) of the average
rainfall over core monsoon zone exceeds one standard deviation. Active (break) spells
comprise three or more consecutive active (break) days. The composite patterns of
rainfall anomaly for active spells and breaks so defined (Fig.1.14) are similar to those
of Ramamurthy (1969). These spatial patterns are consistent with that of the dominant
mode identified by Krishnamurthy and Shukla (2000) by analysis of daily rainfall
data. It is seen that the rainfall is enhanced over the foothills of the Himalayas and
southern peninsula during breaks. The OLR anomaly pattern of the break composite
(Fig. 1.15) shows that the convection is also suppressed over the central and northern
Bay of Bengal. Thus, in the break phase, the genesis of the cloud systems over the
Bay (which subsequently propagate onto the Indian region and maintain the CTCZ),
is suppressed. It is enhanced over the eastern equatorial Indian Ocean and western
Pacific north of 200 N resulting in a quadrapole in the anomaly pattern (Annamalai
and Slingo 2001). It is seen that the convection is also suppressed over a large part of
the equatorial Pacific.

Active spells of the CTCZ are characterized by a sequence of time-clustering,
partly overlapping, development of monsoon disturbances (Murakami 1976) and
cyclonic vorticity above the boundary layer (Sikka & Gadgil 1978). During active spells,
the rainfall is well distributed with positive rainfall anomaly over the entire monsoon
zone. As expected, the active OLR anomaly composite (Fig. 1.15) is characterized by
large negative anomalies over the core monsoon zone. The convection is also enhanced
over the central and northern Bay of Bengal. Thus, in the active phase, frequency of
genesis of the cloud systems and/or their intensity, over the Bay is enhanced. Over
the western Pacific the convection is enhanced between 100 and 200N. It is seen that
the convection is also enhanced over a large part of the central and eastern equatorial
Pacific.

It is interesting that in the active/break composite, the convection anomaly over
a large part of the equatorial Pacific is of the same sign as that over the Indian region.
This signature of intraseasonal variation is different from that for interannual variation.
On interannual time scales, the variation of convection over the central Pacific is in
opposite phase to that over the Indian region in association with the ENSO-monsoon
link.
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Fig. 1.14:  Rainfall anomaly and composites for (left) break and (right) active spells.(after
Rajeevan et al. 2008)

Fig. 1.15: OLR anomaly composites for (a) break and (b) active periods.
(after Rajeevan et al. 2008)
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About 24% of the synoptic scale systems in the CTCZ, in the form of lows and
depressions, form over land (Sikka 2006) and contribute significantly to the interannual
variability of summer monsoon rainfall (Mooley and Shukla 1989). These systems
have not been studied in depth. Mooley and Shukla (1989) suggest that the land
based systems usually develop in the region (22-26N, 80-84E) over which most of the
disturbances propagating from the Bay dissipate.

It is important to elucidate the physical and dynamical processes
that lead to genesis of monsoon disturbances over land as a part of the
CTCZ programme.

B . Mechanisms responsible for active/ weak fluctuations

It is seen that the active/weak spells of the CTCZ correspond to active/weak
spells over the Bay of Bengal. Observations made during BOBMEX experiment
under the ICRP in 1999 have clearly demonstrated that the fluctuations between
active and weak spells involve a feedback between the Convective Available Potential
Energy (CAPE) and convection (Bhat et al. 2001) i.e. the charge and discharge
hypothesis (Blade and Hartmann 1993, Stephens et al. 2004 and Webster 2006 and
references therein). It is important to test whether the same mechanism operates for
the active/weak fluctuations on land with accurate high-resolution observations of the
critical factors such as the vertical profiles of temperature and humidity over a dense
network on land.

C . Transitions between active spells and breaks

The transition from an active phase to a break generally occurs with a northward
movement of a synoptic scale system from the Bay to the foothills of the Himalayas
and subsequent attenuation of convection and disappearance of the CTCZ (Rao 1976).
Revival of the monsoon from a break occurs either with northward propagation of
the equatorial TCZ (Sikka & Gadgil 1980) or with westward propagation of synoptic
scale systems generated over the warm waters of the Bay of Bengal (Sikka & Dixit
1972, Sikka & Gadgil 1980). Thus it is clear that understanding and hence predicting
the variation of convection over the Bay is extremely important for prediction of the
intrasesaonal variation of the CTCZ.

In addition to the basic problems of genesis over the surrounding oceans and
westward propagations of synoptic systems and northward propagations of synoptic
and larger scale systems, the problems to be addressed for understanding and predicting
intraseasonal variation are

( i ) unravelling the factors that determine the life-span of active and
weak spells of the CTCZ and
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( i i ) understanding the role of land hydrological feedbacks and aerosols
in the transitions between active and weak spells and hence the life-
span of these spells.

The present understanding about the observed intraseasonal variation is
summarized and the criteria chosen for defining active and weak spells/breaks of the
CTCZ discussed in the science plan. The hypotheses proposed so far for the
intraseasonal variation, which need to be tested with the observations under the CTCZ
and other programmes, are also discussed there.

1.2.5 Role of the Himalayas/Tibetan plateau, subtropical ridge and mid-
latitude systems

The advance of the monsoon is often arrested before it reaches parts of northern
and northwestern India. For example, during 1960-93, prolonged stagnation of two
weeks or more was observed in twelve years with stagnation of the advance of both the
Arabian sea and the Bay of Bengal branches in the years 1976, 1982 and 1991. The
advance of the summer monsoon over the Gangetic valley and NW India is associated
with the establishment of an active TCZ across India and building up of a strong sub-
tropical ridge (STR) to the north of 25°N. It is believed that the warming up of the
Tibetan plateau is one of the reasons for the establishment of the STR throughout
the middle and upper troposphere. The presence of the mid-tropospheric STR and
its location during the onset phase of the monsoon appears to be very important in
determining the advance. The mid-latitude westerly troughs and mid-tropospheric
STR are significant synoptic forcings along with the mechanical forcing of the Himalayan
massif and the elevated Tibetan plateau, which determine the advance of the monsoon
over the Indian sub-continent. Biswas et al. (1998) have suggested that the hiatus in
the monsoon advance is linked to the abnormal circulation features which occur
when synoptic scale forcing over north India is absent. These features are: penetration
of the southward extension of the westerly trough activity in the mid-tropospheric
levels and disruption of the monsoon flow. In such synoptic situations, the effect of
the mechanical barrier of the Himalayan massif and the elevated Tibetan plateau on
the mid-tropospheric westerly troughs is also important in adversely affecting the
advance of the monsoon. Thus it is important to understand (and hence predict) the
establishment of a strong mid – tropospheric STR over North India and adjoining
Tibetan plateau and its role in the advance of CTCZ. The role of the Tibetan plateau
in different phases of the CTCZ also needs to be studied.

The mean structure of wave disturbances in the mid-latitudes, where the thermal
wind is uniformly westerly, is well known. It consists of a temperature wave made up
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of alternate sectors of cold and warm air masses associated with a geopotential wave
comprising alternate sectors of lows and highs. The troughs and ridges of the
geopotential wave tilt westward with height, while the axes of the warmest and the
coldest air tilt eastward with height. Thus, in a developing wave, a phase difference
exists between the two waves which causes cold advection from the north to the west
of the trough and warm advection from the south to the east. This causes a baroclinic
development of the wave with cold air sinking in the west and warm air rising in the
east, thereby effecting a direct conversion of available potential energy into eddy
kinetic energy. Mid-latitude baroclinic waves usually move eastward because of the
strong westerly current in which they are embedded. Disturbances of middle and low
latitudes, which move zonally in their respective latitudinal belts, often do not interact
with each other across the subtropical belt which separates them.

However, observations reveal (e.g., Saha and Saha 1993) that a number of mid-
latitude disturbances during their eastward travel amplify, extend their influence to
lower latitudes and interact with the CTCZ  or even a monsoon low or depression if
one happens to be present. The process of interaction involves both the thermal and
the geopotential fields. During an interaction in the opposite phase, that is when the
warm sector of the midlatitude belt interacts with the cold sector of the tropical belt,
the result is usually a weakening of the CTCZ. However, an interaction in the same
phase leads to coupling and amplification of the disturbances. An extended trough
signifying coupling, therefore, appears to figure more prominently in the upper
troposphere than in the lower troposphere. During coupling, warm air diverging
from the mid-latitude warm high appears to converge strongly into the CTCZ zone
from the west in the lower troposphere and from the east -in the upper troposphere.
The process leads to rapid development of the monsoon trough/CTCZ into a low or
depression. It is well known that mid-latitude systems can lead to (i) intensification or
development of lower tropospheric low or trough, (ii) enhancement of rainfall in
pre- existing systems, (iii) recurvature of depression and lows, and (iv) onset of break
conditions (Rao 1976). Rajendra Kumar and Desai (1999) studied the variability of
monsoon rainfall and several other associated features on interannual scale during
1987-96 and found that though the variability of monsoon rainfall was less during the
decade, there was a significant interannual variation in the number of synoptic systems,
their duration, intensities and number of days of presence of monsoon trough and
Tibetan anticyclone.

Studies of the interaction between the CTCZ and the mid- latitude
systems, the role of the Tibetan anticyclone and the mid-tropospheric
STR during monsoon are, therefore, important.
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1.2.6 Links of the interannual variation of the CTCZ to the convection
over the Indian   and Pacific Oceans

As on the intraseasonal scale, on the interannual scale also, the relationship of
the CTCZ with the convection over the equatorial Indian Ocean is complex. On the
one hand, there is a competition between the CTCZ and convection over the eastern
equatorial Indian Ocean (EEIO: 900-1100E, 00-100S), while on the other hand,
convection over the western equatorial Indian Ocean (WEIO:500-700E, 100S-100N) is
favourable for convection in the CTCZ. Hence the convection over the EEIO is
negatively correlated with the ISMR while that over the WEIO is positively correlated
(Fig 1.16).

It is well known that the interannual variation of the monsoon is linked to ENSO
with a higher propensity of droughts during the warm phase, El Nino (associated with
enhanced convection over central and eastern equatorial Pacific), and of excess rainfall
in the cold phase, La Nina (Sikka 1980, Pant and Parthasarathy 1981, Rasmusson and
Carpenter 1983). The magnitude of the correlation of ISMR with the convection
over WEIO is larger than that of the negative correlation with the convection over the
central Pacific (fig. 1.16), suggesting that the relationship of ISMR with convection
over the equatorial Indian Ocean is at least as strong as that with ENSO.

El Nino (La Nina) tends to suppress (enhance) convection over the equatorial as
well as north Indian ocean (Fig 1.17). The propensity of droughts (excess rainfall)
during El Nino (La Nina) can be readily understood in the light of the critical role of
systems generated over the oceans surrounding the subcontinent in maintaining the
CTCZ. In addition to this mode of suppression or enhancement of convection over
the entire equatorial and north Indian Ocean (which is seen as a response to ENSO),
there is another mode in which the OLR anomalies over WEIO are of the opposite
signs to those over EEIO. The enhancement (suppression) of convection over EEIO
(WEIO) is associated with westerly wind anomalies over the central equatorial Indian
Ocean. The opposite phase with suppression over EEIO is associated with easterly
anomalies. The oscillation between these two states has been called the Equatorial
Indian Ocean Oscillation (EQUINOO, Gadgil et al. 2004). It is believed that
EQUINOO is the atmospheric component of the coupled Indian Ocean dipole
mode (Saji et al. 1999, Webster et al. 1999). An index for EQUINOO, EQWIN, is
defined as the negative of the normalized anomaly of the zonal wind over the central
equatorial Indian Ocean (Gadgil et al. 2004). The correlation of EQWIN with OLR
at different grid points (Fig.1.18) shows that while El Nino tends to suppress the
convection over the entire equatorial and north Indian Ocean, EQUINOO tends to
suppress convection over the western and enhance over the eastern equatorial Indian
Ocean and vice versa. It is also seen that positive EQWIN, which corresponds to
enhancement of convection over WEIO is favourable for the monsoon.
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Fig. 1.16: Correlation (x100) between OLR (JJAS) and ISMR.

Fig. 1.17: Correlation (x100) between OLR (JJAS) and ENSO Index (JJAS)

Fig. 1.18: Correlation (x100) between OLR (JJAS) and Eqwin
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Fig. 1.19: Scatter plot of ENSO index versus EQWIN for all the June- September seasons
between 1958-2004 with large deficits/excess rainfall. Red (dark red) represents seasons with ISMR
deficit greater than 1 and 1.5 standard deviation respectively; whereas blue (dark blue) represents
seasons with ISMR excess of magnitude greater than 1 and 1.5 standard deviation respectively. Red
star represents the recent drought of 2004.

Gadgil et al. (2004) have shown that the droughts (i.e. seasons with magnitude of
the ISMR deficit larger than one standard deviation) are well separated from the excess
monsoon seasons (i.e. seasons with magnitude of the ISMR excess larger than one
standard deviation) in the phase plane of the ENSO index (defined as the negative of
the normalized Nino3.4 SST anomaly so that positive values are favourable for the
monsoon) and EQWIN (Fig 1.19). Thus there is a strong relationship of the extremes
of ISMR with a composite index based on EQWIN and an index of ENSO.
Krishnamurthy and Shukla (2008)’s multi-channel singular spectrum analysis of OLR
has revealed two large-scale standing patterns, one over the equatorial Pacific and the
other over the equatorial Indian Ocean (which are very similar to the ENSO and
EQUINOO patterns) in addition to two dominant intraseasonal oscillatory modes. They
showed that seasonal rainfall is determined mainly by the two persisting large-scale
standing patterns, without much contribution from the oscillatory modes. This result is
consistent with the role of the ENSO and EQUINOO modes for interannual variation
of the monsoon elucidated by Gadgil et al. (2004), Ihara et al. (2007) and other studies.
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It is seen that the convection over the EEIO is enhanced in the break composite
and suppressed in the active composite (Fig 1.15). So the relationship to convection
over the EEIO and WEIO on intraseasonal time-scales is similar to that on interannual
time-scales. However, the relationship of ISMR to convection over the central equatorial
Pacific on interannual scale is opposite to that on intraseasonal scales (Figs 1.15, 1.17)

Understanding the mechanisms responsible for the variation of
convection over these critical regions of the equatorial Indian Ocean,
therefore assumes enormous importance for our understanding the
variations of the CTCZ on intraseasonal and interannual scales. This has
to be one of the foci of the ocean component.

1.3 SCIENCE FOCI AND OBJECTIVES: PROCESS STUDIES

1.3.1 Interaction between different scales of convection

In the large scale cloud band characterizing the CTCZ, cloud systems of synoptic
scale and mesoscale are generally embedded. While a series of satellites including
TRMM have given an unprecedented amount of information on these systems,
practically no data on cloud condensation nuclei, (CCN), cloud microphysics and
precipitation mechanism is available in the CTCZ region. Under the CTCZ
programme, it is proposed to undertake measurements of the variation of the surface
CCN concentration as well as the vertical profile (interseasonal and intra seasonal) at
various locations. Studies of various facets of the mesoscale and synoptic scale systems
such as the preferred location of formation, intensification, propagation, life-span,
diurnal variation, etc. and the role of local feedbacks involving ground hydrology and
surface conditions in determining the life span and the tracks of lows and depressions
are also planned.

Thus, in the observational programme, a major goal will be the
elucidation of the nature of the cloud systems in the CTCZ. The
microphysics of warm and cold clouds and the characteristics of the meso
and synoptic scale cloud systems in the CTCZ will be studied. Special
observations aimed at elucidating the nature and variation of cloud
condensation nuclei and aerosols (natural and anthropogenic over land
and some oceanic regions) and of cloud microphysics and aerosol-cloud-
precipitation interactions are planned.

1.3.2 Land surface-atmosphere interaction

Seasonal evolution of the atmospheric circulation and rainfall over the monsoon
zone is accompanied by pronounced changes in the important characteristics of the
land surface viz. vegetation cover (e.g. Fig 1.20 comparing the vegetation cover after
the deficit rainfall in June-July 2002 with that after the normal rainfall of June-July
2003 and soil moisture.

OVERVIEW
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Variation of the land surface characteristics (either in response to the variation
of the atmospheric forcing or anthropogenic factors) leads to a variation in the fluxes
of heat and water vapour to the atmosphere which, in turn, can lead to changes in the
circulation and precipitation. Charney et al. (1977) first suggested that such a
biogeophysical feedback between vegetation and radiation and circulation over deserts
could lead to ever increasing desertification.

That the Indian monsoon zone is one of the major ‘hot spots’ where soil
moisture variations have a significant impact on the precipitation on the synoptic
time scale has been clearly established by  the Global Land-Atmosphere Coupling
Experiment (GLACE) in which 12 models participated  (Fig 1.21 after Koster et al.
2004,2006). Rajendran et al. (2002) showed that when the surface moisture is
determined interactively in the NCAR CCM3 Atmospheric GCM, the simulation of
the active and weak spells of rainfall over central India was more realistic than when a
fixed hydrology was assumed (Fig.  1.22). However, over the region where the major
rainbelt occurs in the simulation, there is not much impact of interactive hydrology.
Rajendran et al. (2002) also showed that for simulation of meridional propagations of
the TCZ from the equatorial Indian Ocean, incorporation of interactive hydrology
was a necessary condition.

1.3.3 Aerosols: role in monsoon variability

Recent studies have shown that aerosols can cause substantial alteration in the
energy balance of the atmosphere and the earth surface, thus modulating the hydrologic
cycle (Hansen et al. 2000; Jacobson 2001; Ramanathan et al. 2001). Over the Indian
region, there is a large concentration of aerosols during April to June (Fig 1.23). Yet
the effects of aerosol and possible interactions with the monsoon dynamics remain
largely unknown. Absorbing aerosols such as dust and black carbon are characterized
by their ability to heat the atmosphere by absorbing solar radiation. In contrast, non-
absorbing aerosols such as sulphate, scatter solar radiation and have relatively weak
atmospheric heating effect. Both absorbing and non-absorbing aerosols cause surface
cooling by blocking solar radiation from reaching the earth surface. This has been
referred to as the ‘‘solar dimming’’ effect (Stanhill and Cohen, 2001). The dimming
effect is global even though sources of aerosols are local, because of the abundance
and diverse geographic locations of the sources, continuous emission, and long-range
transport of aerosols (Ginoux et al. 2001). On the other hand, some recent work hae
suggested a possible reduction of aerosol optical depth (AOD) and an increase in
solar radiation reaching the ground over large parts of the globe, noticeable from the
beginning of 1990s (Mishchenko et al., 2007, Wild et al., 2005). Significant multiyear
changes in the AOD over the Arabian Sea is noticed on the basis of satellite
observations during the same period (George et al., 2008). In Asian monsoon regions,
the dimming effect is especially large due to heavy pollution, and frequent occurrence
of dust storms (Kaiser and Qian, 2002; Zhou et al. 2002).

OVERVIEW
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Fig. 1.20: Comparison of the vegetation fraction after deficit rainfall in June-July of 2002 with
after the normal rainfall in June – July, 2003

Fig. 1.21: The land – atmosphere coupling strength diagnostic for boreal summer

(the difference, dimensionless, describing the impact of soil moisture on precipitation),

during JJA, averaged across the 12 models participating in GLACE
(after Koster et al. 2004, 2005)

OVERVIEW
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Fig. 1.22: Simulated rainfall over Central India with interactive hydrology for two years (above)
and fixed hydrology for the same years (below) over (i) 75-90 E, 15-250 N i.e. north of the major
rainbelt in the simulation (left) and (ii) 75-850 E, 5-150 N i.e. the region of the major rainbelt (right)
after Rajendran et al. 2002

Fig 1.23: Aerosol Optical Depth averaged over 65E-95E Land only (Jethva 2008)

OVERVIEW
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Recent atmospheric GCM experiments have demonstrated significant impacts

of aerosols on the Asian monsoon. However there is no consensus yet on the sign of

the impact on the Indian monsoon. Ramanathan et al. (2005) suggest that global

dimming causes a long-term (multi-decadal) weakening of the South Asian monsoon

by reducing the meridional surface temperature gradient between the Asian land

mass and the Indian Ocean. However dimming is not the only mechanism that may

affect the Asian monsoon water cycle. Menon et al. (2002) found that atmospheric

heating induced by increasing loading of black carbon in the Asian monsoon region

may be responsible for the long-term dry (wet) pattern over northern (southern) China.

On the other hand, Chakraborty et al. 2004 showed in their GCM simulation study

(January to September with NCMRWF GCM) that there is an overall increase in the

monsoon rainfall with zero aerosol forcing during monsoon (non zero aerosol forcing

prior to that). More recently, Lau et al. (2006a) demonstrated that absorbing aerosols

(dust and black carbon), may intensify the Indian monsoon through the so called

‘‘Elevated-Heat-Pump’’ (EHP) effect. Lau et al. (2006b)’s analysis of observations

suggest that the observed relationship between absorbing aerosols and the monsoon

rainfall and circulation is consistent with the basic premise of the ‘‘EHP’’ hypothesis

and suggest that aerosols lead to enhanced rainfall over the Indian region in June and

July. While these studies indicate plausible but different scenarios of aerosol impacts,

they also suggest that aerosol effects on monsoon water cycle dynamics are extremely

complex, and strongly dependent on aerosol distribution and characteristics, as well

as on spatial and temporal scales.

Elucidation of the space-time variation of aerosols particularly over

regions which are considered to be critical for impact on the monsoon,

of aerosol sources and sinks, aerosol life cycles in clouds, and of impact

of aerosols on  atmospheric radiation is one of the objectives of the

CTCZ Studies of the impact of the observed aerosols on the monsoon

with models which can realistically simulate the variability of the monsoon

are also required.

1.4 APPROACH

 The approach adopted will involve special observations as part of a field

campaign in addition to analysis of existing data from conventional platforms as well

as satellites, buoys, ARGO floats. Special observational experiments will be conducted

over regions of the ocean considered to be critical such as northern and southern

Bay, and some river basins/watersheds which come under the sway of the CTCZ.

OVERVIEW
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Theoretical studies with process models, atmospheric general circulation models and

coupled ocean-atmosphere models to understand the role of land surface processes

in intraseasonal variation of the CTCZ and propagations of the synoptic scale systems

will be undertaken. In addition, an attempt will be made to generate short range and

medium range predictions with a high resolution GCM and impact of additional

observations provided by the CTCZ field campaign will be studied.

  

OVERVIEW
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2.12.12.12.12.1 INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION

The major phases of the Indian summer monsoon are (i) the spring to summer

transition which occurs in the onset phase culminating with the establishment of the

CTCZ in the core monsoon zone, (ii) the peak monsoon months of July and August

in which the CTCZ fluctuates primarily in the core monsoon zone, and (iii) the

withdrawal phase in which the CTCZ retreats from the monsoon zone at the end of

the summer monsoon season. The withdrawal of the monsoon is characterized by

reduction in rainfall over India and is more gradual than its onset.

The major focus of the CTCZ programme would be on the intraseasonal variation

after the CTCZ is established in the monsoon zone. The onset phase, which is

characterized by northward propagation of the oceanic TCZ, will also be investigated.

2.2 SPRING TO SUMMER TRANSITION: THE ONSET PHASE

During April-May, the subcontinent gets very warm due to the intense heating

from the sun, the surface pressure decreases and a trough of low pressure appears

over the heated landmass. This trough is shallow with the associated ascent restricted

to 2-3 kms near the surface. Above this level, there is descent of air. This trough is

known as a heat trough to distinguish it from the trough associated with the TCZ

which is characterized by ascent up to the upper troposphere. During this period, a

TCZ appears intermittently over the equatorial Indian Ocean. In the onset phase,
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the TCZ over the equatorial Indian Ocean propagates northward in one or more

spells. At the end of the onset phase, the continental TCZ gets established over the

monsoon zone. Thus a major transition from a heat trough to a moist convective

regime characterizing a TCZ occurs in the onset phase.

   The onset of the summer monsoon over Kerala (southern tip of the peninsula)

marks the commencement of the onset phase of the Indian summer monsoon and

the beginning of the rainy season for the country. Monsoon onset over Kerala (MOK)

generally occurs around late May/early June. MOK has always been considered to be

a very important event and there is considerable demand for reliable, accurate forecasts

of MOK. At the surface, MOK is recognized as a rapid substantial and sustained

increase in rainfall over the region and the mean date of the monsoon onset over

Kerala is 1 June (Ananthakrishnan and Soman 1988).

IMD has determined the date of MOK operationally every year for more than

100 years primarily on the   basis of the rainfall over Kerala. If after 10 th May, any five

stations out of the seven stations viz., Colombo, Minicoy, Thiruvananthapurm,

Alapuzha, Cochi, Kozhikode, and Mangalore, receive rainfall (1 mm in 24 hrs.) for

two consecutive days, the onset of the monsoon over Kerala is declared on the second

day, provided that the lower tropospheric westerly wind over Kerala is strong and

deep and the relative humidity of the air is high from the surface to at least 500 hPa

(Rao 1976). IMD has been taking these factors into consideration in a subjective way

to determine the onset date. Ananthakrishnan and Soman (1988) proposed an objective

method of identifying MOK using rainfall data from a large number of stations over

Kerala (Fig 1.11).

The transition from spring necessarily involves a reversal in the meridional

thermal and pressure gradients over the Indian longitudes (Ananthakrishnan 1977).

Also, the cross equatorial flow over the western equatorial Indian Ocean and westerlies

over the Arabian Sea have to be established before the commencement of the rainy

season over India. Hence a criterion based only on the rainfall over Kerala is not

sufficient to ensure that the onset is indeed the beginning of the rainy season, being

followed by advance of the monsoon over the country. For example, in 2004 IMD

declared the onset over Kerala on 18 May since good rainfall occurred over Kerala

(Fig. 2.1). However, this rainfall activity was associated, not with a seasonal transition

of the circulation, but with a severe cyclone over the Bay of Bengal (Fig. 2.2) which

SEASONAL TRANSITION AND INTRA-SEASONAL VARIATION
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led to enhanced wind speed over the Arabian Sea and enhanced moisture transport

to the Kerala coast, triggering rainfall activity over Kerala. The rainfall activity was

short lived and rainfall decreased once the storm moved away. In fact, on 18th May

there was neither significant cross equatorial flow over the west equatorial Indian

Ocean nor westerlies over the Arabian Sea in contrast to the circulation on 5 June,

when the onset corresponding to the commencement of the rainy season occurred

over Kerala (Fig. 2.3). The earlier rainy spell over Kerala from 18 May is said to be

associated with a false onset or a bogus onset (Flateau et al. 2004, Joseph et al. 2006).

Different criteria have been suggested for identifying the onset of Asian monsoon

(Ananthakrishnan and Soman (1988), Fasullo and Webster (2003), Wang et al. (2004),

Zeng and Lu (2004), Wang and Wu (1997), Tanaka (1992), Wu and Wang (2000),

Joseph et al. (2006), Taniguchi and Koike (2006), Mapes et al. (2007)). These criteria

are based either on OLR, wind speed or specific humidity. Taniguchi and Koike

(2006) examined the monsoon onset over India by considering three variables,

integrated water vapour, moisture transport and low level wind speed. They suggest

that the onset criterion based on the wind speed successfully screens out “bogus

onsets” and is more suitable for monsoon onset over India. Joseph et al. (1994)

suggest that onset is associated with the northward movement of a cloud band

generated several days before the onset, over the equatorial region south of the Arabian

Sea.  Joseph et al. (2006) recommended that the monsoon onset identification be

based on the strength and extent of the monsoon circulation, rainfall around Kerala

and northward movement of maximum cloud zone. Anathakrishnan and

Thiruvengadathan’s (1968) analysis of the data at three stations viz. Trivandrum, Nagpur,

and Delhi showed that the onset at each of these stations takes place when the

meridional thermal gradient has reversed at all levels between 700 and 200 hpa. Thus

there is a lag of about six weeks between the reversal of thermal gradients at Delhi

relative to the reversal at Trivandrum. The establishment of the winter type gradients

occurs first at Delhi around mid-September and almost two months later at

Trivandrum. Goswami and Xavier (2005) have used the change in sign of the meridional

gradient of the tropospheric temperature averaged between 200 hPa and 700 hPa

between two large regions (300-1100E, 100N - 350N and 150S - 100N,) to define onset

and withdrawal of the monsoon. They show that ENSO has an impact on the length

of the monsoon season so defined and hence the correlation between the seasonal

rainfall with ENSO is higher than that with the June-September rainfall.

SEASONAL TRANSITION AND INTRA-SEASONAL VARIATION
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Fig.2.1:  Daily rainfall over Kerala in 2004

Fig.2.2:  Satellite picture of 18 May, 2004

SEASONAL TRANSITION AND INTRA-SEASONAL VARIATION
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Fig. 2.3: Mean wind flow at 850 hPa for two different periods
(4-6 June, 17-19 May, 2004)

SEASONAL TRANSITION AND INTRA-SEASONAL VARIATION
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In 2006, IMD reviewed its method and adopted new criteria for declaring MOK
operationally. These criteria are based on the rainfall and large scale circulation patterns
as in Joseph et al. (2006). The criteria for declaring the MOK are based on rainfall,
wind field and OLR.

1. If after 10 May, 60% of the available 14 stations enlisted viz, Minicoy, Amini,
Thiruvananthapuram, Punalur, Kollam, Allapuzha, Kottayam, Kochim Trissur,
Kozhikode, Talassery, Cannur, Kasargode and Mangalore report rainfall of 2.5
mm or more for two consecutive days, the onset over Kerala be declared on the
second day, provided the following criteria are also satisfied.

2. Depth of westerlies should be maintained up to 600 hPa, in the box equator to
0-100N,  -550-800E. The zonal wind speed over the area 50-100N, 700-800E should
be of the order of 15-20 knots at 925 hPa. The source of data can be RSMC
wind analysis / satellite derived winds.

3. INSAT derived OLR value should be below 200 Wm-2 in the box confined by
50-100N and 700-750E.

Onset dates for the period 1971-2007 have been determined using the recently
adopted criteria for MOK. The composite OLR for the MOK thus determined is
shown in Fig. 2.4. There is an appreciable acceleration of cross equatorial flow across
the Somali coast and westerly zonal flow over the equatorial Indian Ocean south of
10N (Fig. 2.5). The westerly zonal flow extends up to 600 hPa.

There are a large number of studies of the onset over Kerala, which is associated
with commencement of the rainy season over the country (Joseph et al. 2006, Ding
and Sikka 2006 and references therein). There is a rapid buildup of convective activity
over the southeast Arabian Sea and east Bay of Bengal with the approach of the
monsoon. The relative humidity of the air also increases at least up to 500hPa (Rao
1976). At the upper tropospheric levels, the onset is generally associated with a
northward shift in the subtropical westerly jet stream to the north of the Tibetan
Plateau (Yin, 1949), westward shift of the quasi-stationary trough at 500hPa, from
about 90oE to about 80oE and appearance of a tropical easterly jet stream over south
India (Koteswaram 1958 & 1960). Ananthakrishnan et al. (1983) examined the onset
phase of the southwest monsoon using the data of 1901-1982. An interesting aspect of
the onset phase is the manner in which the pressure gradient along the west coast
(from Trivandrum to Mumbai) changes. The pressure gradient along the west coast is
extremely feeble at the beginning of May but increases progressively reaching a value
of about 3 hPa by the time of monsoon onset on the Kerala coast and nearly 6 hPa by

SEASONAL TRANSITION AND INTRA-SEASONAL VARIATION
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the end of June. The superposed epoch analysis of Ananthakrishnan et al. (1983)
showed that almost simultaneous with the MOK there is an increase of pressure
gradient by about 4 hPa. This increase begins to manifest about 2 days before the
onset and the maximum value of the gradient is reached 2 to 3 days after the onset
date. They suggested that this increase of pressure gradient along the west coast
associated with the onset of the monsoon appears to be linked with onset vortex
which forms in the southeast Arabian Sea.

Soman and Krishnakumar (1993) examined the space-time evolution of
meteorological features associated with the onset of Indian summer monsoon using
the composite method. The first change with the approach of the monsoon is the
gradual strengthening of the equatorial easterlies in the upper troposphere. They
strengthen, descend and spread northward. The surface westerlies rapidly deepen to
about 400-hpa level with the onset. Vertical distribution of relative humidity shows
rapid deepening of the moist layer a few days before the onset. In the composite, the
moisture buildup occurs in two epochs: a) over the southern peninsula about a week
before the onset and b) over the rest of the country, except the northeastern parts,
immediately after the onset. Pearce and Mohanty (1984) suggested  that the period
prior to monsoon onset consists of two main phases: a) a moisture buildup phase
over the Arabian sea during which synoptic and mesoscale transient disturbances
develop and b) a rapid intensification of the Arabian Sea winds and a substantial
increase in latent-heat release, essentially a large scale feedback process. Reversal of
winds over the equatorial Indian Ocean occurs about a month before the onset and
there is a significant increase in the total water vapour about two and a half weeks
before the onset (Simon et al. 2006).

Krishnamurti et al.’s. (1981) analysis of the FGGE MONEX data showed that
the onset in 1979 occurred with the genesis of an  onset vortex over Southeast Arabian
Sea. Following this study, several authors have examined the MOK for several years
for the occurrence of an onset vortex. It has been found that monsoon onset over
Kerala is not always associated with the onset vortex. On an average, the onset vortex
forms in nearly 50% of the years and in other years the onset is accompanied by either
a mid-troposphere shear line or formation of an offshore trough along the west coast.
In the wind composite of 850 hPa associated with the monsoon onset (Fig. 2.5) it is
seen that there is high cyclonic shear over the southeastern Arabian Sea off the coast
of Kerala but no onset vortex. However, it is interesting that the OLR composite
shows a blob of intense convection off the coast of Kerala rather than a zonal band of
intense convection which is generally associated with the TCZ.

SEASONAL TRANSITION AND INTRA-SEASONAL VARIATION
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Fig.2.4: Mean pattern of OLR associated with the monsoon onset over Kerala(1988-2007)

Fig.2.5: Mean wind flow at 850 hPa associated with the monsoon onset over Kerala (1988-2007)

SEASONAL TRANSITION AND INTRA-SEASONAL VARIATION
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It is also important to understand and predict the advance of the monsoon
during the onset phase. MOK as well as the advance process exhibit considerable
interannual variability. The northward advance over the subcontinent from its
commencement over Kerala to its culmination over the western part of the Indian
monsoon zone takes about 40-45 days (Ding and Sikka 2006 and references therein).
The advance generally involves several northward propagations, each pushing the
limit of the monsoon farther northward (Rao 1976, Sikka and Gadgil 1980, Webster
et al. 1998). Over the monsoon zone, the onset first occurs over the eastern part. The
onset over the western part is often a consequence of westward propagations of synoptic
scale systems from the eastern part of the monsoon zone (e.g. Fig 1.11 for 2007).
There is considerable variation from year to year in the advance process. Clearly for
the CTCZ programme, understanding and prediction of the entire onset phase, which
commences with MOK and culminates with the establishment of the CTCZ over the
core monsoon zone, is of more relevance than that of only the MOK.

The date of onset over the core monsoon zone has been derived by Singh et al.
(2008) as the date on which the cumulative rainfall over the zone exceeds 50mm. The
date so derived for 1951-2003, is close to the date declared by IMD for central India
most of the years. Composites of the evolution of various important facets of the
planetary scale monsoon system such as meridional winds over the Arabian Sea, low-
level jet off east Africa, Tibetan anticyclone undergo a rapid transition around the
onset date of the core monsoon zone and peak seasonal values are attained soon
thereafter (Fig. 2.6).

It has been observed that the advance of the monsoon is often arrested before it
reaches parts of northern and northwestern India. For example, during 1960-93
prolonged stagnation of two weeks or more was observed in 12 years with stagnation
of the advance of both the Arabian sea and the Bay of Bengal branches in 1976, 1982
and 1991. Biswas et al. (1998) have suggested that the hiatus in the monsoon advance
is linked to the abnormal circulation features with penetration of the sub-tropical
ridge, the westerly trough activity in the mid-tropospheric levels extended to the
southern latitude disrupting the monsoon flow, when synoptic scale forcing over
north India is absent. Intense convection over the Indian Ocean just south of the
equator near 90O E and comparatively warmer SST over the same area also had been
noticed during some hiatus events. The advance of the summer monsoon over the
Gangetic valley and NW India is associated with the establishment of an active TCZ
across India and building up of a strong subtropical ridge to the north of 25°N in the
middle tropopause. Biswas et al. (1998) suggested that prolonged stagnation can be
attributed to the mechanical forcing of the western Himalayas – Tibetan plateau on
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Fig 2.6: Superposed epoch analysis of selected meteorological parameters during onset phase of
the rainy season over the core monsoon zone region (1971-2003): a) rainfall over the core monsoon
zone ; b) precipitable water over the core monsoon zone; c) v-wind over Arabian Sea at 925 hPa;
and d) geopotential height of 200 hPa level over Tibetan Plateau (N Singh et al. (2008)).
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the mid- tropospheric westerly flow in absence of any synoptic scale forcing over
north India. It is believed that the warming up of the Tibetan plateau is one of the
causes for the establishment of the subtropical ridge, throughout the middle and
upper troposphere. The presence of the mid-tropospheric subtropical ridge (STR)
and its location and the mid-latitude westerly troughs during the onset phase of the
monsoon appears to be very important in determining the advance. In such synoptic
situations, the effect of the mechanical barrier of the Himalayan massif and the elevated
Tibetan plateau on the mid-tropospheric westerly troughs is also important. Thus it
is important to understand (and hence predict) the establishment of a strong mid–
tropospheric STR over North India and adjoining Tibetan plateau and its role in the
advance of the monsoon.

The key elements in the onset process are genesis of synoptic and
larger scale convective systems over the equatorial Indian Ocean, Bay of
Bengal and the eastern Arabian Sea and   their northward and westward
propagations onto the Indian region. It is necessary to identify factors
that lead to the genesis and propagations of synoptic and larger scale
systems. It is very important to determine the factors/processes that
determine the meridional/longitudinal extent of each of the propagations.
In addition to the role of the surrounding oceanic regions, that of the
Tibetan plateau and mid-latitude circulation needs to be elucidated.

2.3 INTRASEASONAL VARIATION OF THE CTCZ

Two distinct approaches have been adopted in the study of intraseasonal variation.
In the first, the more traditional approach, the focus is on special events, such as
breaks in the monsoon, or special features of some systems, such as the propagation
of the TCZ. The major features of these events are studied with analysis of data and
attempts are made at their simulation by models in order to understand the underlying
mechanisms. In the second approach, the variation is viewed as a superposition of
waves/modes or spatial patterns. Structure and evolution of these modes is investigated
in detail for further understanding and generating predictions. We consider first what
is known about intraseasonal variation using the traditional approach, focusing on
events such as active/weak spells or breaks and transitions between them.

2.3.1 Breaks

Blanford (1886) first described this fluctuation in the rainfall over the monsoon
trough zone between spells ‘during the height of rains’ and ‘intervals of drought’, and
elucidated the nature of the pressure distribution and circulation associated with
these phases of contrasting rainfall conditions. Blanford’s (1886) “intervals of droughts”,
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during which the large-scale rainfall over the Indian monsoon zone is interrupted for
several days in the peak monsoon months of July-August, have been called ‘breaks’
in the monsoon (e.g., Ramamurthy 1969, Alexander et al. 1978, Raghavan 1973,
Krishnamurti & Bhalme 1976, Sikka 1980 etc.). Although interruption of monsoon
rainfall is recognized as the most important feature of the ‘break’, the criteria used by
India Meteorological Department (IMD) and by  several meteorologists for identifying
a ‘break’, are the low level pressure and wind patterns  associated with such a rainfall
anomaly, rather than the rainfall distribution itself (Rao 1976). In Ramamurthy’s (1969)
comprehensive study of breaks during 1888 – 1967, a break situation was defined as
one in which the surface trough is located close to the foothills and easterlies disappear
from the sea level and 850/hpa charts (similar to the situation described by Blanford
1886), provided the condition persisted for at least two days. Subsequent to the classic
work of Ramamurthy (1969), De et al. (1998) identified the breaks during 1968-1997

Fig. 2.7: Mean Rainfall anomaly during break spells (after Ramamurthy 1969)
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using the same criteria. The rainfall anomaly composite of Ramamurthy’s (1969) breaks
shows large negative anomalies over a belt around the normal position of the monsoon
trough and positive anomalies near the foothills of the Himalayas and southeastern
peninsula (Fig 2.7). During active monsoon conditions, the surface trough is either
near the mean position or a little to the south of its normal position and the rainfall
anomaly pattern is the opposite of that for breaks.

The break phase is characterized by a marked change in the lower tropospheric
circulation over the monsoon zone, with the vorticity above the boundary layer
becoming anticyclonic (Ramamurthy 1969, Sikka & Gadgil 1978). It should be noted
that whereas active-weak cycles in the fluctuation of the monsoon rainfall occur every
year, breaks do not (Ramamurthy 1969), and long breaks such as the one in 2002
(Fig.1.4) is a rare occurrence. During long intense breaks, the surface temperature
increases rapidly and a heat-trough type circulation gets established over the monsoon
trough zone with subsidence over most of the troposphere and no disturbances are
generated (Raghavan 1973). The occurrence of a heat trough type circulation over the
core monsoon zone, in place of a TCZ, in the peak monsoon months of July and
August, implies a major transition.

Since the pioneering study of Ramamurthy (1969), active spells and weak spells/
breaks of the Indian summer monsoon have been extensively studied, particularly in
the last decade (e.g. Magana & Webster (1996), Rodwell 1997, Webster et al. (1998)
Krishnan et al. 2000, Krishnamurthy and Shukla (2000,2007,2008), Lawrence and
Webster 2001, Annamalai and Slingo 2001, Kripalani et al. 2004, Goswami and
Ajayamohan 2001, Goswami and Xavier 2003,  Waliser et al. 2003, Gadgil and Joseph
2003, Wang et al. 2005, Mandke et al. 2007, and recent  reviews  by Goswami 2005
and Waliser 2006). However, different scientists have used the same term ‘break’, to
denote different features of convection and/or circulation over different regions.
Webster et al. (1998) used the term ‘break’ as defined by Magana & Webster (1996)
to denote weak spells of convection and 850 hPa zonal winds over a larger scale
region (65°-95°E, 10°-20°N). On the other hand, Goswami & Ajaya Mohan (2001)
defined ‘breaks’ on the basis of the strength of the 850 hpa wind at the single grid-
point 15°N, 90°E. Krishnan et al. (2000) defined break days as days with positive OLR
anomalies over northwest and central India (i.e. only over the western part of the
monsoon trough zone), provided the average OLR anomaly over 73°-82°E, 18°-28°N
exceeds 10Wm-2.

Since it is recognized that rainfall is the most important facet of the monsoon
and has a direct socioeconomic impact, it has been the basis for identification of
active spells and breaks in many studies. However, even when the “breaks” are
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identified in terms of rainfall or convection over the Indian region, a variety of
definitions are used. Rodwell (1997), Annamalai & Slingo (2001) and Ramesh Kumar
and Prabhu Desai (2004) used the term ‘break’ to denote weak spells of the daily all-
India average rainfall calculated operationally by the IMD. Annamalai and Slingo
(2001) used the daily all-India rainfall based on data at more than 200 stations
representing the whole country. Mandke et al. (2007) identified the active/break days
on the basis of the precipitation anomaly over an area 73-820 E, 18-280 N, which they
called the Indian core region. The periods were identified as active (break) when the
standardized rainfall anomaly over the Indian core region exceeded (was less than)
0.7 (-0.7) for three consecutive days during 15 June to 15 September. Krishnamurthy
and Shukla (2000, 2007) used the all-India daily rainfall index (IMR) from the 10 by 10

rainfall data for 1901-70, prepared from the IMD raingauge data (Hartmann and
Michelson 1989) and Krishnamurthy and Shukla (2008) used the IMD gridded 10 by
10 rainfall data  (Rajeevan et al.  2006) for identifying the active and break spells. The
threshold used for identifying the spells was one-half of the standard deviation of the
IMR index. Gadgil & Joseph (2003) have defined breaks (and active spells) on the
basis of the daily rainfall over the monsoon trough zone. They defined a break (active)
day as a day on which the rainfall is below (above) specified thresholds for western
and eastern parts of the monsoon zone. The thresholds for defining a break were
chosen so as to have maximum possible overlap with breaks identified by Ramamurthy
(1969) and De et al. (1998) on the basis of the synoptic situation as per the IMD
definition (Rao, 1976). The break composite of rainfall of Gadgil and Joseph (2003) is
very similar to that of Ramamurthy (1969), with positive rainfall anomalies over the
Himalayan foothills and southeastern peninsula.

Since different criteria are used for identification of breaks and active spells in
different studies, there are differences in the breaks identified (and hence in the
frequency distribution of the duration) and the associated circulation and convection
patterns. Krishnamurthy and Shukla (2008) show (their Fig.1) that  the OLR anomaly
patterns over  the Indo-West Pacific longitudes for active spells and breaks identified
by them differ considerably from those of Goswami and Ajay Mohan (2001) and
Webster et al. (1998). The OLR anomaly patterns for the break and active composites
over the Indo-West Pacific longitudes of Krishnamurthy and Shukla (2008), shown
in their figure 1,  are rather similar to those of Gadgil and Joseph (2003).

A major focus of the CTCZ programme is the intraseasonal variation of the
CTCZ and an important objective is unravelling the factors that determine the life-
span of active and weak spells or breaks of the CTCZ and mechanisms/ processes
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involved in the transition between these states. To address these problems, clearly
the first step is to decide on a reasonable and objective criterion for identifying breaks
and active spells. Since rainfall is the critical facet of the monsoon (Krishnamurthy
and Shukla (2002, 2007) and Gadgil and Joseph 2003), it seems reasonable to use
criteria based on rainfall. Rajeevan et al. (2008) have suggested criteria for  identification
of  active and break spells on the basis of the recently derived daily gridded rainfall
data set (Rajeevan et al. 2006), which is routinely updated by the India Meteorological
Department (IMD). Active and break events are identified from the average rainfall
data over the core monsoon zone over which large negative anomalies have been
observed in the traditionally defined (Ramamurthy 1969) breaks. Intraseasonal variation
is coherent over this zone and the average rainfall over this zone is indeed
representative of the rainfall within sub-regions of the zone (Fig. 2.8). Active spells
and breaks are defined as periods in which the normalized anomaly of the rainfall
over this region exceeds 1.0 or is less than -1.0 respectively, provided the criterion is
satisfied for at least three consecutive days. The active and break events using this
criterion are found to be comparable to those identified by Ramamurthy (1969) and
De et al. (1998), using the IMD definition and those of Gadgil and Joseph (2003).

We suggest that for the CTCZ programme, active/break days identified
by the method used by Rajeevan et al. (2008) based on the recently
derived daily gridded rainfall data set (Rajeevan et al. 2006), which is
routinely updated by the India Meteorological Department (IMD) and
made available at http://www.imdpune.gov.in, form the basis for identifying
these spells of the CTCZ..

The composite rainfall anomaly pattern for these breaks (Fig. 1.14) is similar to
those for the breaks identified by Ramamurthy (1969, Fig.2.7). The break composite
OLR anomaly pattern (Fig. 1.15) is characterized by large positive OLR anomalies
over the core monsoon zone and the equatorial west Pacific and central Pacific and
large negative OLR anomalies over the eastern equatorial Indian Ocean and northern
west Pacific (1200-1300 E, 200-300N). Thus, over 700-1300 E, the quadrapole pattern
described by Annamalai and Slingo (2001) is seen. The negative anomaly over the
northwest Pacific is associated with the northward tracks of typhoons in the break
phase (Rajeevan, 1993, Vinay Kumar and Krishnan 2006). The presence of a large
negative anomaly over EEIO associated with anomalously active oceanic TCZ and a
positive anomaly over WEIO suggests that the relationship of the rainfall over the
monsoon zone with convection over EEIO and WEIO, noted earlier for interannual
scale, holds for intraseasonal scales as well.
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Fig. 2.8: (a) Correlation coefficient of 5-day average rainfall over the monsoon zone with rainfall
at all grid points. Rainfall during only July and August months have been considered and (b) the
same as (a) but only rainfall during the active and break spells was considered.
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It is seen that during breaks, convection is also suppressed over the central and
northern Bay of Bengal. Thus, in the break phase, the genesis of the cloud systems
over the Bay, which subsequently propagate onto the Indian region and maintain the
CTCZ is suppressed.

2.3.2 Active spells

Active spells of the CTCZ are characterized by a sequence of time-clustering,
partly overlapping development of monsoon disturbances (Murakami 1976) and
cyclonic vorticity above the boundary layer (Sikka & Gadgil 1978). During active spells,
the rainfall is well distributed with positive rainfall anomaly over the entire core
monsoon zone. The composite rainfall anomaly for active spells over the Indian
region (Fig.1.14) is almost a mirror image of the break composite. Composite OLR
anomaly pattern for active spells (Fig. 1.15) shows large negative anomalies over the
core monsoon zone and over the equatorial central and west Pacific. Positive anomalies
are seen over the eastern equatorial Indian Ocean.

During active spells convection is also enhanced over the central and northern
Bay of Bengal. Thus, in the active phase, frequency of genesis of the cloud systems
and/or their intensity, over the Bay, (which subsequently propagate onto the monsoon
zone and maintain the CTCZ) is enhanced.

2.3.3 Revival from breaks and transitions from active spells to breaks

Revival of the monsoon from a break occurs either with northward propagation
of the equatorial TCZ (Sikka & Gadgil 1980) or with westward propagation of synoptic
scale systems generated over the warm waters of the Bay of Bengal (Sikka & Dixit
1972, Sikka & Gadgil 1980). If the break is long and intense, the surface temperature
increases rapidly and a heat trough type circulation gets established over the monsoon
zone with moist convection replaced by dusty winds from the northwest. The condition
is similar in many aspects to the situation before the onset. Revival from such breaks
generally occurs with northward propagation of the TCZ from the equatorial Indian
Ocean onto the monsoon zone (Sikka and Gagil 1980). The transition from an active
phase to a break generally occurs with a northward movement of a synoptic scale
system from the Bay to the foothills of the Himalayas and subsequent attenuation of
convection and disappearance of the CTCZ.

The evolution of the active and break phases is elucidated with lagged composites
of daily rainfall anomalies for lags ranging from –12 to +12 days (Fig. 2.9 and b). Lag-
0 refers to the midpoint of the break/active period. Evolution of the active spells has
some interesting features. At lag -12, i.e. 12 days before the active spell, a large part of
the monsoon zone has negative rainfall anomalies, whereas there is a belt just to the
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south of about 200N with positive anomalies and the west coast also has positive
anomalies of rainfall. In the next ten days, this zonal band of positive anomalies shifts
northwards, intensifies and expands and at lag 0, the pattern is the mirror image of
the break spell with negative anomalies over the foothills and positive anomalies over
the monsoon zone as well as the west coast. By lag +4 days, the region of positive
anomalies shrinks and moves northward and by lag +8, negative anomalies occur over
most of the peninsular region, including the west coast.

Eight days before the break (at lag-8 days), negative rainfall anomalies appear
over the western part of the monsoon zone and the west coast, which increase and
slowly expand northwestwards. At lag-4, the negative rainfall anomalies cover the
entire monsoon zone whereas positive anomalies are seen along the foothills of the
Himalayas (associated with the shift in the monsoon trough over that region) and over
southeastern peninsula. The same pattern (albeit with more intense negative anomalies)
characterizes the break (lag 0). From lag +2 days, positive anomalies over the peninsula
spread northward and westward and subsequently cover the monsoon zone and the
west coast by lag +12. At lag+12, negative anomalies are restricted to the foothills of
the Himalayas and large positive anomalies are observed along the west coast. The
evolution of the composite patterns suggests that the revival from breaks occurs primarily
from northward propagations. This feature is also seen in the evolution of breaks and
active spells of Krishnamurthy and Shukla (2008).

2.3.4 Relation of interannual variation to intraseasonal variation
between active spells and breaks

The relationship of the interannual variation of the monsoon with intraseasonal
variation between active spells and breaks has been extensively studied. It has been
shown that the major difference between the rainfall variation in good and some poor
monsoon seasons is the occurrence of a long dry spell (break) in the latter (e.g. Ramdas’s
comparison of the weekly rainfall over central India during the excess monsoon season
of 1917 with the deficit year of 1918 (Normand 1953) and comparison of the daily
rainfall over central India during the excess monsoon season of 1975 and the drought
of 2002 in Fig.1.4). While it is recognized that intraseasonal variation and particularly,
long intense breaks can have an impact on the total seasonal rainfall of the Indian
monsoon, there is no consensus as yet on the extent of the contribution of the
intraseasonal variation to the interannual variation. Ferranti et al. (1997), Goswami et
al. (1998) and Goswami (2005) suggest that the intraseasonal and interannual variability
are governed by a common spatial mode of variability. According to Goswami and
Ajay Mohan (2001), a higher probability of active (break) conditions within a season is
associated with a stronger (weaker) than normal monsoon. On the other hand,
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LAGGED COMPOSITES FOR DAILY RAINFALL ANOMALIES

FOR BREAK PERIOD

Fig 2.9 a: Lagged rainfall composites during the break spells (1951-2004)
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LAGGED COMPOSITES FOR DAILY RAINFALL ANOMALIES
FOR ACTIVE PERIOD

Fig 2.9 b: Lagged rainfall composites during the active spells (1951-2004)
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Krishnamurthy and Shukla (2000) showed that the nature of intraseasonal variability
is not different during the years of major droughts or major floods. The multi-channel
singular spectrum analysis of Krishnamurthy and Shukla (2008) using OLR data reveals
two dominant intraseasonal oscillatory modes and two large-scale standing patterns,
one over the equatorial Pacific and the other over the equatorial Indian Ocean. They
show that seasonal rainfall is determined mainly by two persisting large-scale standing
patterns, without much contribution from the oscillatory modes.

The variation of the ISMR with the number of break days and active days in
July-August of that year derived by Rajeevan et. al., (2008) is shown in Figs. 2.10 a and
b respectively. It is seen that ISMR is significantly negatively correlated with the number
of break days. Although the magnitude of the correlation is high (0.61) there is
considerable scatter. Note that even in the absence of breaks, the deficit in rainfall
was almost 10% in 1991, while with only 3 break days, the season of 1974 was a
drought. The correlation with the number of active days is relatively poor. Thus, it is
not surprising that the ISMR was near the average value for monsoon season with the
largest number of active days viz. 2006. The low correlation with the number of active
days is consistent with the result that the all-India rainfall is not well correlated with
the number of depressions or depression days but is largely determined by the lower
intensity systems (Sikka 1980, Mooley and Shukla 1987).

We consider next the implications of the convection anomaly patterns associated
with active spells and breaks (Fig. 1.15) for the relation between intraseasonal and
interannual variation. It is well known that ISMR is negatively correlated with the
convection over the central Pacific (Fig. 1.16), which is a. manifestation of the well
known ENSO-monsoon relationship on the interannual scale (Sikka 1980, Rasmusson
and Carpenter 1983 and several subsequent studies). This is clear from the correlation
of OLR with ENSO index (which is defined as the negative of the normalized Nino
3.4 SST anomaly, so that it is positive when ENSO index is favourable for the monsoon)
depicted in Fig 1.17. It is seen that the impact of ENSO is suppression/enhancement
over the equatorial and north Indian Ocean as well as the Indian region.

ISMR is positively correlated with convection over the western equatorial Indian
Ocean and negatively correlated with convection over the eastern equatorial Indian
Ocean (Fig 1.16). The equatorial Indian Ocean Oscillation (EQUINOO, Gadgil et
al. 2004) is characterized with convection anomalies of opposite signs over the western
and equatorial Indian Ocean. The correlation of OLR with the index EQWIN of
EQUINOO (Gadgil et al. 2004), which is again defined so that it is positive when
favourable for the monsoon, is shown in Fig. 1.18. It is seen that the large positive
correlation of ISMR with convection over the western equatorial Indian Ocean is a
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Fig. 2.10: Scatter plot between (a) number of break days and ISMR and
(b) number of active days and ISMR for the period 1951-2007
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manifestation of the link of the interannual variation of ISMR with EQUINOO (Gadgil
et al. 2004, 2007). The two standing persistent modes over the Indian-west Pacific
region identified by Krishnamurthy and Shukla (2008) are the ENSO and EQUINOO
modes of Figs 1.17 and 1.18. Gadgil et al. (2004) showed that there is a strong
relationship between the extremes (droughts and excess monsoon seasons) and a
composite index which is a linear combination of the ENSO index and EQWIN.
Using a longer data set (from 1881 to 1998), Ihara et al. (2007) showed that the variation
of ISMR is better described by use of indices of ENSO as well as EQWIN than by
ENSO index alone. Krishnamurthy and Shukla’s (2008) inference on the importance
of these two modes for interannual variation of the monsoon is consistent with these
studies demonstrating the importance of ENSO and EQUINOO.

Comparison of Fig. 1.15 with Figs. 1.16, 1.17 shows that the pattern of convection
anomalies over the central Pacific associated with breaks and active spells is opposite
to that characteristic of the interannual variation of ISMR associated with ENSO. On
the other hand, Figs 1.15, 1.16, and 1.18 show that the intraseasonal anomaly patterns
over the eastern equatorial Indian Ocean are similar to those on the interannual scale
associated with the link to EQUINOO.

2.4 INTRASEASONAL OSCILLATIONS

Observations

The important timescales of variation of rainfall over the Indian region during
the summer monsoon have been identified in the past three decades as the 10–20
day and the 30–50 day scales, in addition to the synoptic scale (Sikka & Mishra 1974;
Krishnamurti & Ardanuy 1980; Krishnamurti & Bhalme 1976; Bhalme & Parasnis
1975; Yasunari 1979, 1980; Lau & Chan 1986). Peaks corresponding to these scales
are clearly seen in the spectra of rainfall and wind (Fig 2.11. after Goswami 2005).
There are several studies of intraseasonal variation using the second approach, in
which the intraseasonal variation is viewed as a superposition of waves/modes or spatial
patterns the intraseasonal oscillations (ISOs). The observed spatial and temporal
characteristics of the intraseasonal oscillations and their relationship with circulation
of regional and large scale have been discussed in a recent review by Goswami (2005).

The fraction of the total variance of the daily wind anomalies at 850 hpa in the
10-20 day mode and the 30-60 day mode are shown in Fig 2.12 (from Goswami 2005).
It is seen that each mode makes a substantial contribution, between 15 and 25%, to
the daily variance. Both the modes are characterized by coherent evolution of
circulation and convective anomalies suggesting a strong coupling with convection.
Prominent features of intraseasonal variation, such as northward propagations, are
also seen in the ISOs. The Madden & Julian (1972) 30–50 day (MJO) mode is believed
to be associated with northward propagations from the equatorial Indian ocean (Wang
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& Rui 1990), whereas the 10–20 day mode is associated with westward propagation
from the west Pacific (Krishanamurti & Ardanuy 1980).

In the case of northward propagations, the first approach reveals that although
the dominant timescale for the interval between successive propagations is 30–50
days, there is considerable variation in this period within the same season or from
year to year (Fig. 1.8b). On the other hand, from an analysis of filtered data (e.g.
Fig.2.13 depicting the lag-latitude section of regressed anomalies of 30-60 day filtered
850-hpa relative vorticity averaged over 850-900E, from Goswami 2005), the variation
appears more like a simple oscillation with northward propagations of regions of
positive and negative vorticity at regular intervals.

For studying the spatial structure of the ISOs, Goswami (2005) has defined an
index based on 10-90 day band passed filtered pentad CMAP (Xie and Arkin 1996)
rainfall data which are interpolated to daily values and averaged over 700-900E and 150-
250N. The ISO index for any day is defined as the anomaly of the value so derived,
normalized by its own standard deviation. Values of the index of magnitude larger
than one are taken to represent active (break) days for positive (negative) signs. It is
interesting to note that the active minus break composite (Fig 2.14) also shows
suppression of convection over EEIO.

Fig. 2.11: Spectrum of (a) rainfall anomalies for 20(1971-1990) summer seasons (1 June – 30
September) from station data averaged over 750E – 850E and 150N-250N, and (b) zonal wind anomalies
at 850 hPa for 20 (1979-1998) summer seasons from NCEP Reanalysis averaged over 550E – 650E
and 50N-150N (Arabian Sea) (c) same as (b) but averaged over 850E – 900E and 100N-150N (Bay of
Bengal) (d) same as (b) but for meridonal wind anomalies averaged over 800E – 850E and EQ-50N.
Spectra are calculated using the Turkey-window method and the dotted lines represent a 90%
confidence level with respect to a red noise null hypothesis (Goswami 2005).
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Fig. 2.12: Percentage of total daily variance of
850 hPa zonal winds explained by (a) 10-20 day
mode and (b) 30-60 day mode during summer
monsoon season (1 June – 30 September) for
1979-1998)(Goswami ,2005).

Fig. 2.13: (a) Lag-latitude section of regressed
anomalies of 30-60 day filtered 850 hPa relative
vorticity (10-6 s-1) and averaged over 800E-90E0

(b) lag-longitude section of regressed and
averaged over 100N-200N (Goswami, 2005).

Fig. 2.14: Active minus break components of precipitation (mm day-1) constructed from active
(ISO index > +1) and break days (ISO index < -1) as defined by ISO index (Fig. 2.3) from 23
summers (1979-2001) of 10-90 day filtered CMAP anomalies (Goswami, 2005).
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Scale selection and prediction of ISO

The theories proposed for scale selection and propagating ISOs have been
reviewed by Goswami (2005) and Nanjundiah and Krishnamurti (2007). Goswami
and Shukla (1984) suggested that intraseasonal oscillation with time scales similar to
the observed arises from interaction between organized convection and the large-
scale Hadley circulation. It has been shown that convective coupled wave dynamics
involving a Kelvin and Rossby wave can give rise to an intraseasonal oscillation with a
time-scale of 30-50 days (Lau and Peng 1990, Wang and Xie 1997). Krishnamurti et
al. (2003) have shown that interaction of the MJO time scales (characterizing the SST
fluctuation) with tropical disturbances arising out of instabilities around the synoptic
time scales in the constant-flux and boundary layers leads to a large amplification at
the MJO time scales.

2.5 MECHANISMS OF INTRASEASONAL VARIATION

Gadgil & Srinivasan (1990) analyzed the variation of the TCZ over different parts
of the tropics using a bi-spectral algorithm based on OLR and albedo data developed
by Gadgil & Guruprasad (1990). They found that occurrence of active-weak cycles is a
ubiquitous feature of the TCZ, although the time scales vary in different regions. For
example, active spells tend to be of shorter duration over the African region (10°E)
than the Indian monsoon zone during the northern hemispheric summer. Over the
Indian longitudes, there are two favourable locations for the TCZ, one over the
Indian monsoon zone and the other over the warm waters of the equatorial Indian
Ocean. Northward propagations of the TCZ from the equatorial Indian ocean to the
Indian monsoon zone occur at intervals of 2 to 6 weeks with a dominant time-scale of
about 40 days. Gadgil & Srinivasan (1990) showed that bimodality (existence of two
favourable zones) is a special feature of the Asian summer and winter monsoon
regimes. While poleward propagations of the TCZ are occasionally seen over other
regions, they appear to be a basic feature of the TCZ variation only over the Asian
summer monsoon zone. Thus we expect the mechanisms leading to active-weak cycles
to be related to the intrinsic features/dynamics of the TCZ such as cloud-radiation
feedbacks. On the other hand, special features of the Asian monsoon zone are likely
to be important in poleward propagations of the TCZ.

We consider the mechanisms that have been proposed for the basic elements
of intraseasonal variation: (i) fluctuations in the intensity of the CTCZ, (ii) genesis of
convective systems over oceans and land, and (iii) propagations of convective systems
of synoptic and larger scales.

2.5.1 Fluctuations of the TCZ

Fluctuations in the intensity of the TCZ have been attributed to feedbacks of
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the dynamical-thermodynamical system characterizing the TCZ. Sikka and Gadgil
(1980) suggest the following “In a simplified form the action of the clouds may be
represented as follows: Initially when the ITCZ is getting established near the radiative
source we expect a positive feedback from clouds because the latent heat released in
the clouds leads to the intensification of the ITCZ by CISK (Charney and Eliassen,
1964). However, over long time scales, the negative effect of increased albedo dominates
the positive effects of increased absorption of longwave radiation and a negative anomaly
of the radiative heat flux will appear. As suggested by Monin (1972, p. 112) as a result
of this negative anomaly-”The surface of the ocean (in our case of the moist continent)
will cool and begin to cool the atmosphere; downward motions will develop in the
atmosphere and the clouds will begin to disappear. With a decreased amount of
clouds the ocean (again, land in our case) will undergo an increased warming, the
conditions with which we began will be established and the whole process repeated.”
Such a process could lead to fluctuations between active and weak spells in the
monsoon. Krishnamurthy and Bhalme (1976) attribute the prominent 10-15 day
periodicity they found in the fluctuations of all the components of the monsoon
system they studied, including rainfall, to the mid-tropospheric warming associated
with clouds. Thus, it appears that the fluctuations of the TCZ and (hence) the monsoon
could arise from feedbacks involving clouds.” Blade and Hartmann (1999) have
attributed Madden-Julian oscillations (involving fluctuations of convection) to charge-
discharge of instability.

We have already noted that during breaks, convection is suppressed over the
Bay of Bengal and active spells over the Indian monsoon zone are characterized by
negative OLR anomalies over the Bay. The first observational experiment over the
Indian seas under the ICRP was BOBMEX, conducted during July-August 1999 (Bhat
et al. 2001). During BOBMEX, high-resolution measurements of the vertical profiles
of temperature and humidity, from which reasonable estimates of CAPE/vertical moist
stability could be obtained, were made over the north Bay. The composite profiles
of temperature and specific humidity for active and weak phases of convection over
the Bay from these observations (Fig.2.15 after Bhat et al. 2001) are consistent with
the theory that vertical moist instability/CAPE builds up in the weak phases and gets
depleted in active phases. A surprising observation was the short time required for
recovery from the low values characterizing active spells. It was found that CAPE
decreased by 2-3 kJkg-1 during convective episodes but recovered in 1-2 days (Fig.
2.16 after Bhat et al. 2001). The quick recovery of CAPE suggests that the
thermodynamic conditions become favourable for convection within 2 days of its
cessation. After that, dynamical conditions determine when the next active spell
commences.
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The analysis of observations by Kempball-Cook and Weare (2003) has shown
that after the passage of a Madden-Julian Oscillation, mid-level moist static energy
builds up with a drying of the mid-troposphere (‘charging’) and this energy is consumed
during the passage of a Madden-Julian Oscillation (the discharge). Stephens et al.
(2004) consider the intraseasonal oscillation (over the tropical oceans) to comprise
three phases, i.e. (i) destabilization phase in which the instability of the atmosphere
builds up through radiative cooling of the upper atmosphere, surface warming and
development of shallow boundary layer cumulus clouds, (ii) convection phase with
heavy precipitation, cooling of the surface and moistening of the upper troposphere,
in which the instability decreases rapidly, and (iii) the restoring phase in which strong
winds keep the surface cool and high clouds associated with high humidity stabilize
the atmosphere (Webster 2006). Webster et al. (2002) report observation of these
three phases during JASMINE.

2.5.2 Northward Propagations

Different hypotheses for the mechanisms responsible for meridional propagations
of cloud systems/TCZ have been reviewed by Goswami (2005) and Nanjundiah and
Krishnamurti (2007). Northward propagations (Fig 1.8 b) of cloud bands during April-
October emanate from the equatorial Indian Ocean, culminate in the monsoon zone
or the head Bay and are characterized with speeds of about 1o per day (Singh and
Kripalani 1985, Singh et al. 1992). Using continous space-time wavelets, Shanker and
Nanjundiah (2004) have shown that the dominant spatial scale related to these latitundal
variations is about 30 degrees and the associated temporal scale is about 30-40 days.
Many hypotheses have been proposed for the mechanism of the poleward
propagations. Here we discuss briefly a few of them. A detailed discussion of these
theories can be found in Gadgil (2003), Goswami (2005), Waliser (2006) and Hoskins
and Wang (2006).

Lau and Lau (1990) studied vorticity disturbances over Bay of Bengal, Phillipine
Sea and South China Sea. They proposed that these waves with a horizontal scale of
about 4000 km and north-westward propagation speed of 4-5 m/s are a manifestation
of unstable equatorial Rossby waves. They also tried to understand the northward
movement in terms of rotation of the horizontal vorticity vector by the equatorward
gradient of vertical velocity. They assumed a constant easterly vertical shear. This
gives rise to a horizontal vorticity vector. About the centre of convection, if the upward
velocity is higher southward, then it results in ‘lifting’ of the vorticity vector, resulting
in a vertical component of vorticity north of the centre of convection. This vertical
component of vorticity results in low level convergence north of the convection centre
causing convection there and the convection centre moves northwards. The opposite
effect occurs to the south of the convection centre and prevents a southward movement.
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Fig. 2.15:  Vertical variation of moist static energy (h) measured during BOBMEX in the north
Bay during convectiveand weak (clear sky) phases of convection. The average for the

observation period is denoted by ‘avg’.

Fig. 2.16: Variation of CAPE and CINE at 17.5°N, 89°E; for the surface air and
that of the lowest 50-mb layer.

Also shown (top panel) are SST and cumulative daily rainfall at TS2.
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A class of zonally symmetric models of increasing complexity has yielded
increasingly realistic simulations of the intraseasonal variation of the TCZ over the
Indian longitudes during the summer monsoon.  The first model to simulate poleward
propagations of the TCZ was the simple, two-level, zonally symmetric climate model
developed by Webster & Chou (1980a, b). However, the simulated propagations
were restricted to the region over the continent (whereas the observed propagations
are across the equatorial ocean and the continent), and were far more frequent than
observed. Gadgil & Srinivasan (1990) and Srinivasan et al. (1993) modified the model
to incorporate thermal inertia of land and a realistic SST distribution and simulated
more realistic propagations across ocean and continent. In all these simulations, at
the culmination of each propagation, the TCZ over the continent disappeared and
another propagation commenced. Thus the active phase of the monsoon at the end
of each poleward propagation, in which the TCZ fluctuates over the monsoon zone
(around 20°N), was not simulated. A realistic simulation of all the important features
was obtained by the model developed by Nanjundiah et al. (1992).

Webster (1983) had suggested that hydrological feedbacks leading to cooling of
the land surface beneath the TCZ, i.e. to a perturbation in sensible heat flux, played
an important role in poleward propagations. Goswami & Shukla (1984) also suggested
that hydrological feedbacks gave rise to propagations simulated in the all-land case of
the symmetric GLAS model. Obviously, mechanisms based on hydrological feedbacks
cannot explain the propagations over the ocean. The mechanism of propagation over
land and ocean was identified by Gadgil & Srinivasan (1990) and Srinivasan et al.
(1993). They showed that northward propagations occurred because of the north-
south differential in total heating arising from the north-south gradient in the convective
stability and moisture availability which led to the maximum of convective heating
being northward of the maximum in the profile of vertical ascent. This mechanism
can explain propagations over both ocean and land. The same mechanism was shown
to operate for the propagations simulated in the model of Nanjundiah et al. (1992).
The simulation of the active phase with TCZ persisting over the continent at the
culmination of the poleward propagation by Nanjundiah et al. (1992) was found to be
associated with anchoring of the TCZ in the surface trough. Rajendran et al. (2002b)
examined poleward propagations in an AGCM. They found that their model with
the moist convective adjustment (MCA) simulated poleward propagations better than
with the mass flux Hack scheme. They showed that in the model run with MCA, the
propagations occurred in the belt 5oN and 25o N over which meridional gradient of
moist static energy in the lower troposphere (which governs the moist vertical static
stability) was favourable according to the the mechanism proposed by Nanjundiah et
al. (1992).
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 From the monthly profiles of moist static stability at Port Blair, Calcutta and
Tibet (Fig.2.17 from the data of GAME; after (Bhat 2007)  it is seen that the gradient
is positive between Port Blair and Calcutta but almost zero between Calcutta and
Tibet, i.e. over the latitudinal belt of the Indian Monsoon zone and northward of it
over the subcontinent. This is consistent with the mechanism proposed by Gadgil &
Srinivasan (1990), Srinivasan et al. (1993) and Nanjundiah et al. (1992). However, this
hypothesis needs to be validated with the detailed observations planned under the
CTCZ programme. An interesting result of Nanjundiah et al. (1992) that also needs
to be examined is that the duration of the simulated active spell depends on
hydrological processes over the region equatorward of this trough.

It is interesting to note that the dynamical theory of Lau and Lau (1990) and that
of Nanjundiah et al. (1992) are similar in one respect: the offset between the vertical
ascent associated with the rainbelt/cloud band and the convergence occurring to north
of the band. In one case it is the poleward gradient of the convective instability factor
and in the other mechanism it is the lifting of horizontal vorticity vector. It is important
to have detailed observations during the CTCZ programme to determine whether
one or both of these factors play a role in the northward propagations over the Indian
monsoon region.

2.5.3 Genesis of synoptic and larger scale convective systems

Most of the convective systems which give rainfall over the Indian monsoon
zone are generated over the Bay of Bengal, eastern Arabian Sea and equatorial Indian
Ocean (section 1.2). Satellite data show that there is a greater propensity for atmospheric
convection over the oceans when SST exceeds a critical threshold, which is 27.5–
280C for the Indian Ocean (Gadgil et al. 1984; Graham and Barnett 1987). The
threshold is a necessary, but not sufficient, condition for convection to occur. Over
the Bay of Bengal, unlike over the Arabian Sea, SST exceeds 280C almost throughout
the summer monsoon (Shenoi et al. 2002; Gadgil 2003), making the former favourable
for convection throughout the summer monsoon. Convection does not, however,
occur all the time.

Data from moored buoys (Premkumar et al. 2000; Sengupta and Ravichandran
2001) and microwave-based remote sensing (Harrison and Vecchi 2001; Vecchi and
Harrison 2002) show large-amplitude intraseasonal oscillations in SST of the bay;
SST varies by 1–20C on the basin scale and has been attributed to large-scale changes
in surface winds and atmospheric convection (Fig. 2.18 after Premkumar et al. 2000).
Similar changes occur in the structure of the upper ocean during the summer monsoon
(Bhat et al. 2001), with a low-salinity surface mixed layer (due to rainfall and freshwater
influx from rivers) playing a role in the SST variations (Vinayachandran et al. 2002;
Shenoi et al. 2002), leading to a coupling between the ocean and the monsoon (Gadgil
2000, 2003; Shenoi et al. 2002).

SEASONAL TRANSITION AND INTRA-SEASONAL VARIATION



62

Fig. 2.17: Monthly average vertical
distribution of moist static energy at Port

Blair, Kolkatta and Tibetan Plateau
(after Bhat 2007).

Fig. 2.18: Variation of INSAT OLR and
SST from moored buoys during Jul–Aug
1998 (after Premkumar et al. 2000) over

head Bay (18°N, 88°E).

Fig. 2.19: TMI SST (colour, ?C), superimposed are QuikSCAT wind vectors (m s-1);
Boxes are shown for regions considered in the northern bay (88–92?E and 18–22?N)

and in the southern bay, 82?–88?E and 4?–8?N.
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Thus over the Bay, the SST is above the threshold throughout the monsoon
season and CAPE recovers in a day or two after convection/precipitation ceases. What
then determines the genesis of convection is the dynamics. Genesis of synoptic scale
systems over warm tropical oceans is believed to be a consequence of different types
of tropical instabilities, e.g., barotropic shear flow instabilities (Yanai and Nitta, 1968);
Wave CISK (Lindzen, 1974), combined barotropic–baroclinic instabilities plus CISK
(Rennick, 1977), vertical shear and convection (Moorthi and Arakawa, 1985), and
several others. The focal point of these studies is the mechanisms of growth of tropical
wave disturbances whose time-scale is of the order of 2 to 7 days (Reed et al. 1977).
Mak (1987) has reviewed the theories for genesis of monsoon disturbances. Since the
physics of these instabilities has already been incorporated into some of the
atmospheric general circulation models,, the short range forecasts by some of them
are reasonably accurate. It is necessary to make observations of sufficient resolution
over some regions of the Bay such as the head Bay from which most of the monsoon
disturbances are generated (Fig. 1.8a ), to test these theories and improve the models
used in the country for short term forecasts.

Shankar et al. (2007) show that during mid-May to September, the genesis  of
convection over the central Bay of Bengal (880–920E, 140-180N)   is linked to the
meridional gradient of SST between two boxes in the northern (88–920E ,18–220N)
and southern (820–880E, 40–80N) bay (Fig. 2.19 after Shankar et al. 2007). The latter
oceanic region of the southern Bay off the east coast of Sri Lanka is also of great
interest in terms of its physical oceanography. The gap between the southern tip of
Sri Lanka and the equator separates the coastal wave guide of Sri Lanka from the
equatorial wave guide and the monsoon currents squeeze through this gap (Shankar
et al. 2002). The Summer Monsoon Current (SMC) flows eastward to the south of Sri
Lanka, curves around it and intrudes into the Bay of Bengal (Vinyachandran et al.
1999). A cyclonic gyre, driven by local Ekman pumping, known as the Sri Lanka
Dome, is located to the east of Sri Lanka (Vinayachandran and Yamagata 1998). There
is intense upwelling along the southern coast of India which plays an important role
in cooling the sea surface in this region (Vinayachandran et al. 2004). Detailed
observations over the ocean and atmosphere over each of these regions need to be
made as a part of the CTCZ programme.

It has been seen that MOK involves intense convection over the southeastern
Arabian Sea which is a mini warm pool. One of the major aims of the ARMEX
programme was observations to test the hypotheses for the mechanism governing the
evolution of the mini-warm pool from winter to spring (Rao et al. 2006 a,b, Shenoi et
al. 1999) and its collapse with the onset of the monsoon. The field experiment and
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the accompanying modeling studies have generated new ideas about the evolution of
warm SSTs in the southeastern Arabian Seas. A synthesis is given by Vinayachandran
et al. (2007). Clearly more observations over this region are required for testing the
new ideas.

So far we have considered genesis over the oceans. Genesis over land is also an
important focus of the CTCZ programme. This will involve genesis of meso-scale
convection as well as synoptic scale convection over the eastern part of the monsoon
zone.

2.6. SIMULATION AND PREDICTION

Simulations by six coupled GCMs under the IPCC have been analyzed by
Mandke et al. (2007) to study the active break spells of the Indian summer monsoon
for the cases representing the present climate as well as that corresponding to enhanced
carbon dioxide. Active and break spells were identified on the basis of the rainfall
over 73-82E, 18-28N during 15 June to 15 September. Active (break) spells are
associated with occurrence of standardized anomaly larger than 0.7 for at least three
consecutive days. The duration of the breaks varied from a few days to a few weeks.
The composite rainfall patterns for simulated breaks show large negative anomalies
over the Indian region. However, the signatures on the surrounding oceans are not
well simulated.

The assessment of the skill of models in simulating MJO by Slingo et al. (1996)
showed that the variability was weak and propagations too fast and too sensitive to
mean state conditions. The study of Sperber et al. (2001) on the performance of 7
AGCMs in simulating the monsoon intraseasonal oscillation found that the models
have difficulty in representing the pattern of precipitation associated with the dominant
mode, and the models usually fail to project the subseasonal modes onto the seasonal
rainfall anomalies. Waliser et al. (2003) analyzed 10 AGCMs that participated in the
CLIVAR/AAMP AGCM inter-comparison project and found that (a) the most
problematic feature is the overall lack of variability in the equatorial Indian Ocean,
(b) many of the simulated ISO patterns did exhibit some form of northward
propagations, and (c) the fidelity of a model to represent boreal summer versus winter
ISO appears to be strongly linked. Lin’s et al. (2006)’s analysis of 14 IPCC AR4
models showed that MJO is realistically simulated in only one or two models.

Nanjundiah and Krishnamurti (2007) have also discussed the studies of prediction
of ISOs. Waliser et al. (2006) discussed the prediction of MJOs using both dynamical
and statistical methods. They conclude that considerable research is required for
prediction of intraseasonal scales to attain levels of skill currently available in short
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term forecasts. Webster and Hoyos (2003) developed a physically based statistical
scheme for forecasting regional intraseasonal variability of the monsoon over the
Indian region. The scheme employs a wavelet banding technique and linear regression
to forecast 5-day average rainfall variability over regions of South Asia on 15-30 day
time scales. Xavier and Goswami (2007) suggest that useful predictions of active weak
spells could be made three weeks in advance using an empirical model developed by
Goswami and Xavier (2003). Krishnamurti et al. (1992, 1995) have shown that it is
possible to predict the ISO/MJO scale for a few cycles when the initial state excludes
the high frequency modes. In a recent study Krishnamurti et al. (2007) have shown
that the observed northward propagating ISO over the Bay of Bengal is well simulated
by a coupled model run in which the observed ARGO profiles of ocean temperatures
are assimilated.

2.7. THE ROLE OF THE OCEAN

The ocean has been shown to play a major role in ensuring that the Bay of
Bengal remains warmer than the convection threshold of 28°C (Gadgil et al. 1984).
The more vigorous circulation in the Arabian Sea, forced by the stronger mean winds
over that basin, cools the surface layer by exporting heat out through the southern
boundary and into the deeper ocean; the mean monsoon winds are weaker over the
bay and the circulation is more sluggish, allowing the bay to remain warm through the
summer monsoon (Shenoi et al. 2002). In the northern bay, salinity also plays a role:
the low-salinity surface layer ensures that the northern bay can recover quickly from
the fall in SST during an active phase (Premkumar et al. 2000, Sengupta and
Ravichandran 2001, Vecchi and Harrison 2002) and provides an additional barrier to
cooling by the weak mean winds (Shenoi et al. 2002).

BOBMEX observations have shown that the exceptionally large surface heat
flux (relative to that over other tropical warm oceans) also contributes to the
maintenance of high SST of the Bay (Bhat 2002, Bhat and Narasimha 2007). Over the
head Bay, latent heat fluxes are 30-40% smaller compared to that over other warm
tropical basins at a given wind speed. During the weak phase of convection (when
ocean tends to warm) wind speed is very low over the Bay while over Arabian Sea it
remains high. Further, the atmosphere is very humid over the Bay and the net longwave
radiation is around 30-35 Wm-2 compared to 40-50 Wm-2 over other oceans. The
sensible heat flux is negligible in both the cases. The net result is that when all terms
are added up during the weak phase of convection, the daily average value of Q is in
the range of 140-180 Wm-2 in the head Bay, whereas over the Arabian Sea, it can vary
from +50 to –80 Wm-2 with a mean value (averaged over several days) very close to
zero or even slightly negative during the weak phase of convection. Q

pen
 is not
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negligible over the head Bay, but Q is sufficiently large to provide enough heat to
warm the mixed layer by more than 1oC in just 4 days (Bhat 2002) after organized
convection decays. Calculations show that both the shallow mixed layer and significantly
larger value of surface heat flux (compared to other warm tropical oceans) contribute
almost equally to increase the SST so rapidly over the North Bay. Thus, the
combination of shallow mixed layer and large net heat flux into the ocean result in
the rapid increase in SST over the Bay. Therefore, in the head Bay, ocean and
atmosphere cooperate to maintain high SST. These numbers are based on limited
observations during BOBMEX and need to be verified during CTCZ.

The northward propagation of the TCZ, as detailed above,also occurs over the
warm bay. Recent studies (Krishnamurti et al. 2007) show that including sub-surface
ARGO data improves intra-seasonal features in a seasonal forecast. An investigation
of the role of the ocean in the convective regimes in the northern and central bay was
carried out during BOBMEX (Bhat et al.2001), but the ocean observations during
BOBMEX, though providing tantalising glimpses into the potential role of the ocean
in regulating SST (Vinayachandran et al. 2002, Vinayachandran and Kurian 2007), are
incapable of resolving the processes involved. The role of the southern bay, in the
regime of the (SMC (Shankar et al. 2002), which was not sampled during BOBMEX,
has also received attention of late following the launch of TRMM. The relatively cool
pool in the southern bay (Joseph et al. 2005) seems to play a role in the active-break
cycle (Joseph and Sabin 2007) and the onset of convection over the central bay (Shankar
et al. 2007).

Hence, we need to test various hypotheses, now nebulous, with more focussed
observations and modelling during the CTCZ programme. The hypotheses, which
need to be tested quantitatively, are listed below.

First, the role of the low-salinity surface layer in the northern bay and its potential
role in the genesis of disturbances (low-pressure systems) has been mentioned in
several studies in the past (see Bhat et al. 2001 for a brief summary). The potential of
this low-salinity surface layer in air-sea interaction is obvious: it keeps the mixed layer
shallow, allowing rapid recovery from the cooling associated with an active phase.
There are, however, several questions that need to be addressed.

· What is the relative importance of in situ rainfall over the northern bay, which
is considerable (Xie and Arkin 1997), and the freshwater influx due to rivers?
Are there regimes within the northern bay in which one dominates over the
other? For example, the highest rainfall occurs in the northeastern bay, the
contours hugging the Arakan range in eastern Myanmar (Xie and Arkin 1997),
while the influx from the Ganga and Brahmaputra occurs into the northern and
northeastern bay. Hence, the relative roles of these two sources of freshwater
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cannot be quantified without accounting for the role of advection. North-south
and east-west hydrographic sections are needed in the northern bay to map the
spatial variability of the low-salinity surface layer. (Both these sections would go
beyond Indian and international waters.)

· Quantification of the role of freshwater influx from rivers is dependent on the
availability of estimates of the discharge of these rivers. Though access to the
measurements is itself a problem, another problem is that these discharge gauges
are typically located far from the river mouths and therefore do not account for
the rainfall downstream of the gauging site. On the Brahmaputra, for example,
the last gauge is at Bahadurabad, just across the international border in Bangladesh,
which implies that the rainfall in the basin within Bangladesh is not accounted
for by the measured discharge. The only solution to this problem seems to be
numerical modelling to obtain information on river discharge; such a modelling
strategy would use available discharge data to validate the model results and
provide an estimate of the discharge at the river mouth, this being the input
needed by ocean models. This modelling therefore is another aspect of land
hydrology (in addition to the land-atmosphere interaction detailed in chapter 4)
that has to be an integral part of the CTCZ programme. The modelling envisaged
here is on the continental scale, using rainfall and evapo-transpiration data in
conjunction with a digital elevation model (DEM) and a river-routing model
(Coe 2000) to estimate the discharge into the sea (Shankar et al. 2004, Suprit and
Shankar 2008).

Fig 2.20:  Bathymetry (m of  the Bay of Bengal.)
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· The freshwater is debouched by the rivers onto the continental shelf, which is
100-200 km wide in the northern bay, but is narrow (about 25-50 km) at the
eastern and western boundaries (Fig. 2.20). The currents in the shallow-water
regime of the continental shelf are dominated by the astronomical tide. No
study, however, has examined the role of the tidal circulation (and the mixing
due to it) in the regulation of SST in this region. This wide shelf in the northern
bay covers a large fraction of the region where depressions form during an active
phase (of the summer monsoon), implying a possible role for tidal circulation
in the air-sea coupling in the region.

· The recent simulations of Kurian (2007) show that the low-salinity pool in the
northern bay is trapped on the continental shelf, with the local large-scale
boundary current, the EICC flowing westward along the northern boundary
during the summer monsoon as a result of remote forcing from the equatorial
Indian Ocean (McCreary et al. 1996 Vinayachandran et al. 1996). The low-salinity
plume veers off the shelf and onto the slope near the northeastern corner of the
bay, where the plume encounters the poleward EICC forced by the strong local
winds (Shankar et al. 1996 McCreary et al. 1996 Vinayachandran et al. 1996).
This offshore salinity minimum is also seen in the BOBMEX observations
(Vinayachandran and Kurian 2007). These model simulations do not include
the tide, but the freshwater pool is still limited to the shelf in the northern bay
because of the large-scale circulation.

· The implications of such a large salinity gradient for the mixed-layer physics and
the regulation of SST are obvious, but we need observations that distinguish the
shelf hydrography from that on the slope and farther offshore over the deep
ocean. We need cross-shore sections, extending from the near-coastal regime
to the centre of the northern bay, to map the shelf-to-deep-ocean transition in
hydrography. Only one such transect (P-TS2 in Vinayachandran and Kurian
(2007)) was mapped during BOBMEX: what is needed are a set of transects
radiating out of the centre of the northern bay towards the coast. (Some of these
sections would go beyond Indian and international waters.) We also need focussed
modelling studies to unravel the mechanisms that regulate SST in the northern
bay.

In summary, while considerable emphasis has been laid on the low-salinity surface
layer in the northern bay, little is yet known of its spatial and temporal variability and
of the interaction between the vastly differing regimes represented by the continental
shelf and the deeper ocean.
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Second, the presence of the low-salinity surface layer has led to less attention
being paid to the role of ocean dynamics in the mixed-layer physics of the northern
bay. The BOBMEX sections reported by Vinayachandran and Kurian (2007) provide
a tantalising glimpse into the potential impact of upwelling, a consequence of large-
scale, wind-forced dynamics, in the variability of the mixed layer. A section that was
occupied twice during the summer monsoon of 1999 showed that upwelling could
shallow the thermocline to push up the base of the low-salinity surface layer. The
potential effect of the cyclonic wind-stress curl (due to a depression over the northern
bay) on the hydrography of the region is not known; it is evident, however, that a
shallowing of the thermocline due to wind-forced upwelling would affect the vertical
mixing at the base of the surface mixed layer and therefore play a role in regulating
the intra-seasonal variability of SST. Examining the role of wind-forced upwelling on
the mixed layer will involve a focussed modelling effort. The ocean-modelling activities
in India over the last few years and the results of Kurian and Vinayachandran (2007)
for the southeastern Arabian Sea suggest that the models are now capable of fairly
realistic simulations. As noted above, one major lacuna in the model forcing is the
freshwater forcing due to rivers. Successful analysis of the processes involved (in
determining SST) is contingent upon the availability of a reliable estimate for the
discharge from major rivers like the Ganga, Brahmaputra, and Mahanadi.

Third, the earlier description of the northward propagation of the TCZ
mentioned the role of the ocean. This northward propagation was one of the foci of
the BOBMEX programme, but, as is now apparent from the recent studies on the
relatively cold pool that forms in the southern bay (Joseph et al. 2005) due to the
SMC (Shankar et al., 2002, 2007, Rao et al., 2006), the southern time-series location
at 13°N was too far north. A more useful location would be within the cold pool in
the regime of the SMC. As noted by Shankar et al. (2007), the cooling in this part of
the Bay of Bengal is driven more by the seasonal cycle of ocean circulation rather
than by air-sea fluxes, implying the need for current observations (using moorings) in
addition to hydrography. The cold waters advected into the southern bay by the SMC
(Vinayachandran et al. 1999, Shankar et al. 2002, Rao et al. 2006) lower SST by 1-2°C
from May to July, smaller fluctuations due to air-sea fluxes being superimposed on
this continuous drop in SST. The salinity is also higher here than in the northern
bay, implying a different heat budget for this part of the bay. Embedded in this region
is the cold Sri Lanka Dome (Vinayachandran and Yamagata 1999). What is needed
during the CTCZ programme is a focussed observational programme to map the
hydrography and modelling studies of the intra-seasonal variability of the SMC and of
the mixed-layer thermodynamics of the region affected by it; we need sections that
map the spatial variability of the hydrography of the region; as with the northern bay,
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these sections would run north-south and east-west. (Both sections would go beyond
Indian and international waters.) What we understand fairly well today is the seasonal
cycle of the SMC, but the altimeter data show that intra-seasonal variability is
considerable in the regime of the SMC (Shankar et al. 2002). Coupled model studies
(Krishnamurti et al. 2007) also suggest that the northward propagation is a coupled
phenomenon. From this perspective, an exercise where additional surface data from
the CTCZ programme from the land surface and the ocean (both surface and sub-
surface data) are assimilated into a coupled model would lead to insights into the
relative contributions of each of these coupling prcoesses to the simulation and
prediction of sub-seasonal variability.

Fourth, there exists considerable interannual variability associated with ENSO,
EQUINOO and IOD. It is well known that the CTCZ and ENSO are mutually
interactive phenomena with the variation of the CTCZ having an impact on ENSO
and ENSO an impact on the variation of the CTCZ and monsoon (Webster and
Yang 1992). The strong association of the extremes of ISMR with ENSO and
EQUINOO have already been discussed. Francis et al. (2007) have suggested recently
that the positive phase of the IOD could be triggered by severe cyclones over the Bay
in April-May. What is poorly understood yet, however, is the impact of ENSO and
EQINOO and IOD on the Bay of Bengal. How do these events condition the bay?
Do these impacts on the bay (through the wind anomalies before and during the
summer monsoon) play any role in the coupling between the bay and the overlying
atmosphere? The potential role of the inter-annual variability of the bay in the
interannual variability of the Indian summer monsoon and the CTCZ has not been
studied so far, but the CTCZ programme, with its multi-year approach, provides an
opportunity to assemble observations that would help address this issue.

  

SEASONAL TRANSITION AND INTRA-SEASONAL VARIATION



71

33333

Cloud Systems and AerosolsCloud Systems and AerosolsCloud Systems and AerosolsCloud Systems and AerosolsCloud Systems and Aerosols

G. S. Bhat, K. Krishnamoorthy, S. N. TripathiG. S. Bhat, K. Krishnamoorthy, S. N. TripathiG. S. Bhat, K. Krishnamoorthy, S. N. TripathiG. S. Bhat, K. Krishnamoorthy, S. N. TripathiG. S. Bhat, K. Krishnamoorthy, S. N. Tripathi

3 .13.13.13.13.1 INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION

For Indians, monsoon is synonymous with copious rains. Rain is an end product
of a complex chain of processes occurring over a wide range of scales, with the major
player being the cloud.  Although several monsoon experiments have been carried
out so far, cloud microphysics and dynamics are yet to be addressed. This lacuna
needs to be rectified in the CTCZ programme. In the first part of this chapter, we
address the, issues related to clouds. We begin with a brief description of scale
interactions since  there is interaction and influence across a very wide spectrum of
scales ranging from sub-micron to synoptic.

Scale interactions

The CTCZ is often a part of the planetary scale TCZ stretching across from the
Indian region to the tropical Pacific on a daily scale. The intensity of the CTCZ, i.e.
of the associated deep convection and rainfall is seldom uniform across its large
longitudinal extent. Generally some synoptic scale disturbances are embedded in it
(e.g. Fig 1.1a). Within each synoptic system, rainfall is concentrated in few meso-scale
systems which in turn contain regions of active cumulus and cumulonimbus (Cb)
clouds and a connected anvil region formed by the merger of older Cb clouds (Houze
1981). Individual convective clouds contain eddies on scales of meters to kilometers
and are composed of liquid drops and/or ice crystals with scales on the order of
microns to millimeters. The supply of moist air needed for the formation of these
clouds is controlled by the air motion taking place on synoptic or larger scales i.e. on
scales of several hundred to thousand km. Thus, there is interaction and influence
across a very wide range of scales and we can expect convection in CTCZ to be
inherently a multi-scale problem.
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Consider first the planetary scale. The CTCZ is a manifestation of the migration
of the TCZ onto the heated subcontinent during the summer monsoon. On the
planetary scale, the axi-symmetric component of the tropical circulation (i.e. the
component independent of longitude) is the Hadley cell, schematically shown in Fig.
3.1a. The TCZ, the ascending limb of the Hadley cell, is characterized by convergence
of the lower tropospheric air (rich in moisture) and deep convective clouds. The air
ascending in the TCZ flows out in the upper troposphere, after almost all of its
moisture is condensed out, and this moisture depleted air subsides in the cloud free
region driven by the radiative cooling. The subsiding air eventually reaches the boundary
layer, and the large-scale circulation cell is closed through the flow in the boundary
layer (Fig. 3.1b). Air gets recharged in the boundary layer due to the supply of heat
and water vapour as a result of continuous interaction with the underlying surface.
Hence the boundary layer plays a critical role in the maintenance of deep convection
characterizing the TCZ.

Deep convection influences the planetary boundary layer through downdraughts
(Figure 3.1b). It has been proposed that the timescale of tropical intraseasonal
oscillations is determined by feedbacks between the planetary boundary layer and
deep convection (e.g., Emmanuel 1994, Wang 2005). Thus, although the time scale
of the processes in the boundary layer is normally considered to be about an hour,
the boundary layer can play a role in scale interactions in the atmosphere involving
spatial scales from micro (few km at most) to planetary scale and timescales from
minutes to months. Properties of the boundary layer (also called sub-cloud layer)
determine convective cloud properties and are required for the representation of
cloud processes in global atmospheric models i.e. cloud parameterization schemes.
For example, mass-flux based cloud parameterization schemes require a moisture
budget of the sub-cloud layer to initialize the cloud-base mass flux. Similarly, schemes
based on adjustments (e.g., Betts and Miller 1986) and quasi-equilibrium models
(e.g., Arakawa and Schubert 1974, Emanuel, 1991) require boundary layer properties
to fix the reference thermodynamic profile. CAPE-based and moisture-convergence
closure schemes are fundamentally dependent on the properties of sub-cloud layer
properties. Thus, although the boundary layer is often treated separately, it is an
important facet of the large scale circulation, closely connected with clouds and
convection, and hence is included in this chapter.

In order to address clouds in the CTCZ, processes/phenomena on a diverse
range of scale are to be linked. Interactions between different scales over which
convection is organized, play an important role in the variability of convection. We
need to understand phenomena occurring on these diverse scales and address both
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cloud physics and dynamics together. The major objective of the ‘Cloud Systems’
component of the CTCZ programme is the elucidation of the nature of the convective
systems ranging from a single cloud to the CTCZ scale  and the interactions between
different scales. The focus will be on synoptic and mesoscale convective systems
(MCSs), boundary layer, cloud scale processes, cloud microphysics and aerosols. The
variability of synoptic and planetary scale convection has been considered in chapter
2. We discuss the present status of understanding on remaining scales in section 3.2.
Elucidation of the nature of the space-time variation of aerosols and assessment of
their impact on cloud microphysics, regional radiation balance and climate are the
objectives of the aerosol component of the CTCZ programme. The present
understanding of these facets is also discussed in section 3.2 We consider the
outstanding problems in section 3.3 and  identify the key objectives in section 3.4.
The resource requirements to meet these objectives are listed in chapter 5.

3.2 PRESENT UNDERSTANDING

3.2.1 Atmospheric boundary layer

The atmospheric boundary layer (ABL, also called the planetary boundary layer,
PBL) is the lowest layer of the atmosphere (typically less than 2 km deep) which
forms the interface between the surface and rest of the atmosphere. It has sub-layers
(e.g., surface layer, mixed layer, transition or entrainment layer, etc., e.g., Stull 1988,
p11) whose properties are basically related to the surface characteristics and synoptic
conditions. Air may move several thousand kilometers in the ABL before reaching
the ascending region again (Fig. 3.1b). As air travels within the ABL, it continuously
interacts with the underlying surface and extracts sensible and latent heats from the
surface. The air thus regains its moisture and internal energy and becomes ready for
another ascent. Over the land, evapotranspiration is an important component of the
hydrological cycle. Properties of the surface layer strongly influence evapotranspiration.
Flow in ABL is normally turbulent. Turbulence in ABL along with thenature of the
surface determines the properties of aerosols and CCN. Thus, ABL is not only an
important link between convective (i.e., ascending) and subsiding regions in the global
circulation system but also directly or indirectly plays a role (directly or indirectly) in
several other processes and phenomena in the atmosphere.

We consider here what is known about the ABL which is of relevance to the
CTCZ programme. In the study of ABL, its height, vertical profiles of wind,
temperature and specific humidity, and surface fluxes figure prominently. ABL
properties over land and ocean differ as the surface forcing as well as measurement
related problems are different. Hence ABL over land and ocean are considered
separately next.

CLOUD SYSTEMS AND AEROSOLS



74

Fig. 3.1a: Schematic picture of the Hadley cell

Fig. 3.1b: A schematic of large-scale circulation in the atmosphere showing scale interactions
(not to scale and horizontal and vertical scales are vastly different). In the area marked

above L refers to surface low (Stull 1988).
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Land

Within the ABL, the surface layer (the lowest 10-50 m of the atmosphere) is
most critical, and this layer is usually investigated by tower instrumentation over land.
Several large-scale field experiments have been carried out in different parts of the
globe addressing land surface processes taking place in the surface layer (e.g., see Rao
2001 for a summary). Many of these experiments were motivated by the desire to
understand and accurately represent the near surface processes and the ABL in the
numerical models. With this objective, MONTBLEX (Monsoon Trough Boundary
Layer Experiment) and LASPEX (Land Surface Processes Experiment) were carried
out in India. MONTBLEX was carried out in 1990 in the monsoon trough region
over land (figure 3.2). The main objectives of MONTBLEX were: elucidation of the
structure of the ABL across the entire extent of the trough, study of eddy fluxes and
energetics, and formulation of better parameterization schemes for the boundary
layer for use in atmospheric general circulation models (e.g., Sikka and Narasimha
1995). The project included observations from four 30 m surface layer masts,
respectively at Jodhpur, Delhi, Varanasi and Kharagpur (figure 3.2). LASPEX was
carried out over the Sabarmati river basin in Gujarat during 1997-98 with understanding
the land surface processes over a semiarid region as one of the main objectives (Rao
2001). Micrometeorological towers were installed at 5 stations (Anand, Khandha,
Derol, Sanand and Arnej, with Anand at the centre) which are 35-125 km from each
other. A comprehensive account of the results from the various investigations carried
out using MONTBLEX data was published in 1997 (Narasimha et al. 1997) and that
from LASPEX data in 2001 (special issue of Jnl Agrometeorology, June-Dec. 2001).
Data from MONTBLEX and LASPEX did help in elucidating the nature of the
surface fluxes and ABL over the land surface during monsoon and also in devising
new parameterization schemes (see the special issues mentioned above and also Rao
and Narasimha 2006). Both Mohanty et al. (1997) and Rao et al. (1997) noted that the
bulk aerodynamic coefficients showed an appreciable increase as wind speed decreased.
A detailed study of this dependence, with the data segregated on a stability parameter
like the flux Richardson number, showed that Monin-Obukhov (M-O) theory could
be in considerable error at sufficiently low speeds (Rao et al. 1996).

CLOUD SYSTEMS AND AEROSOLS
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Fig. 3.2: Recent monsoon experiments carried out by Indian scientists. The location of the monsoon
trough and the region in northern India where MONTBLEX observations were carried out is
shown (pink line). The filled boxes show the locations of 30 m towers operated during MONTBLEX.
The open boxes in western India show the observation sites of LASPEX. The lines over the bay
and AS show cruise tracks of ORV Sagar Kanya during BOBMEX and ARMEX respectively, and
TS1 to TS5 the corresponding time series observation stations. DS1, DS2, DS3 and DS4 (diamond)
are moored buoys deployed by NIOT. (Bhat and Narasimha 2007)

While a large number of boundary layer experiments have been carried out in
the last 50 years around the globe, none of them addressed the surface energy balance
on monthly and seasonal timescales. In the last 10 years, a global network of
micrometeorological tower sites are being established under the international
FLUXNET programme, where continuous measurements of the exchanges of carbon
dioxide (CO

2
), water vapor, and energy between terrestrial ecosystem and atmosphere

are being carried out (Wilson et al. 2002). These FLUXNET sites have been set up
in North America, Europe, Australia and Asia (Japan, China, Korea and Thailand)
enabling the precise calculations of surface energy balance on different timescales
purely based on observed/measured fluxes. At these sites, radiative fluxes are accurately
measured and fluxes of CO

2
, water vapor and sensible heat are calculated from eddy
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correlation method (ECM) using sonic anemometer and infrared sensor data (e.g.
Hollinger et al. 1999; Anthoni et al. 1999; Schmid et al. 2000; Wilson and Baldocchi
2000).  Results show that there is a general lack of closure at most sites, with the
available energy (net radiation minus the energy stored) larger than the sum of SHF
and LHF (e.g., Wilson et al. 2002). The mean imbalance is about 20%. (The advection
term is neglected in these calculations on the ground that the sites chosen are
horizontally homogeneous.)

Ocean

Over the ocean, ABL measurements are primarily based on the vertical profiles
measured by the radiosondes and surface fluxes derived from surface met observations.
Dropsonde and radiosonde data collected during the International Indian Ocean
Expedition (IIOE, e.g., Colon 1964), MONSOON 77 and MONEX79 have been
used to elucidate ABL structure over the Arabian Sea and Bay of Bengal during
monsoon (e.g., Holt and Raman 1987). Holt and Raman (1987) showed that the
boundary layer up to 900 hPa is more stable during pre-monsoon and break monsoon
than that during the active monsoon over AS. The vertical resolution of 50 hPa in
these soundings is too coarse to determine the vertical structure of the ABL accurately.
High-resolution data obtained during BOBMEX and ARMEX helped in characterizing
the properties of ABL (ABL height in particular) better (e.g., Bhat 2001, Bhat 2006).
They showed the presence of  an unstable surface layer in the lowest 25-50 m of the
atmosphere, then a mixed layer capped by a stable layer (inversion). During or just
after rains, ABL was found to be more stable.

BOBMEX observations revealed that there are important differences in the
near-surface characteristics between the northern bay and the western Pacific warm
pool (both have comparable SST during boreal summer). The average difference
between SST and air temperature is less than 0.5oC over the northern bay whereas
the corresponding value is in 1.2o-1.5oC range over the western Pacific (Bhat 2002).
Average sea-air specific humidity difference over the northern bay is nearly 50% of
that over the western Pacific (Bhat 2002). As a result, moist static energy of the air in
the surface layer over the head bay during July-August period is among the highest
over the tropical oceans. (Perhaps, this could be one of the reasons for the high
frequency of convection over the bay during June-September period.) It has been
observed that the surface moist static energy and specific humidity decrease after the
passage /development of a convective system and the boundary layer regains its
properties in about 2 days after the event. CAPE of the surface air decreased by 2–3
kJ kg-1 in response to deep convection and recovered in a time period of 1–2 days
(Bhat 2001). Thus, the recovery process over the bay is rapid.
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The major challenge over the oceans is in measuring the surface fluxes accurately.
During BOBMEX and ARMEX, measurements required to calculate all components
of surface fluxes were made. While radiative components were directly measured,
wind velocity, temperature and water vapour concentration (along with ship motion)
were measured at 10 Hz using fast response sensors. This enabled the computation
of latent and sensible heat fluxes using eddy correlation and inertial dissipation
methods, the so called direct methods of computing these fluxes. These fluxes have
been compared with those derived from the bulk method based on TOGA-COARE
algorithm (e.g., Zeng et al. 1998) and also some GCM algorithms (Raju 2008). For
example, direct estimated latent heat flux (LHF) and that based on the bulk method
is compared in Figure 3.3. The agreement between direct and bulk methods is not
very satisfactory. However, this result is based on the few measurements that were
available. Clearly, more such measurements are needed. The flow distortion around

Fig. 3.3: Calculated fluxes based on BOBMEX data for the head bay. (a) Comparison of latent
heat flux measured by bulk (BM), inertial dissipation (IDM) with the eddy correlation methods
(ECM). (b) Comparison of TOGA-COARE bulk (UA), ECMWF and CCM3 fluxes with ECM.
(c) Variation of LHF with wind speed for three methods. (Raju 2008)
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the ship is a major issue and estimates show that at the point of measurement (sensors
mounted on a horizontal boom which extended about 7 m outside the ship deck at
a mean height of 11.5 m above the surface), the surface streamline (zero velocity line)
was lifted up by about 2 m (Raju 2008). This has non-negligible influence on the
calculated fluxes and it is necessary to apply corrections (requires simulation of flow
around the ship which has not been done so far for ORV Sagar Kanya).

BOBMEX and ARMEX observations have improved our understanding of SST
evolution in BoB and AS respectively. For example, Figure 3.4 shows SST evolution
during weak convective conditions in the head bay (Bhat 2002). One-dimensional
heat budget analysis revealed that in the head bay, both horizontal advection and net
heat flux are important. When advection is not important, SST can increase by more
than a degree Celsius in about 5 days of clear sky conditions. The shallow depth of
the mixed layer due to freshwater and nearly twice the value of net surface heat flux
compared to that over other equally warm tropical oceans enable this to happen in
the bay (Bhat 2002).

Fig. 3.4: Observed SST and predicted mixed layer temperature (using 1-D heat balance model) in
the head bay during BOBMEX in August 1999. Dashed lines indicate mean trends. During Leg1,
observed and predicted temperatures differ suggesting the importance of advection whereas during
leg 2, advection is not important. (Bhat 2002)
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Over the Bay, there are marked variations in the freshwater flux and wind forcing
between the northern and southern parts. These two result in north-south SST gradient
in the bay. SST of the bay is above the convection threshold (Gadgil et al. 1984) but
studies show that spatial gradients can have an impact on convection and the
propagation of monsoon systems (Shankar et al. 2007). How this happens and whether
differences in ABL properties across the bay play a role need to be understood
during CTCZ. Hence determining the properties and temporal evolution
of the atmospheric boundary layer over land as well as over critical regions
of the oceans during active and weak phases of the TCZ should form a
major objective of the CTCZ programme.

3.2.2 MONSOON CLOUD SYSTEMS

Synoptic Systems

Huge cloud bands over the Indian sub-continent, whose size may vary from
synoptic to planetary scale (Fig. 3.5), characterize the active monsoon conditions.
Monsoon low pressure systems (LPSs) have been investigated in detail using IMD’s
daily surface pressure charts (Mooley and Shukla 1987, Sikka 2006). While majority
of LPSs form over the bay and move onto the monsoon zone, some form over land
too (Rao 1976, Sikka 2006).

Fig. 3.5: Infrared imagery (Meteosat), showing monsoon clouds
during an active monsoon (July 2005)

CLOUD SYSTEMS AND AEROSOLS
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Mesoscale systems

A monsoon LPS contains several MCSs. MCSs correspond to active (deep)
convective areas within a synoptic system, and major fraction of the total precipitation
results from MCSs. Initial understanding of MCS came from GATE (Global
Atmospheric Research Programme Atlantic Tropical Experiment) observations carried
out during 1974 (Houze and Betts 1981). Subsequent studies have supported the
idea that MCS possesses a structure that is universal, i.e., they contain a region of
active cumulus and cumulonimbus (Cb) clouds and a connected anvil region (formed
by the merger of old Cb clouds) with well separated updrafts and downdrafts (Houze
1981). In fact, most MCSs belong to one of the two categories, namely squall line and
non-squall line (Fig. 3.1.c, Houze 1981). MCS passes through a life cycle of initial
growth, mature stage and then decay. Life span can vary from few hours to more than
a day. Despite this simplicity, MCSs still remain among the most important and
poorly understood problems in atmospheric sciences. The main reason being, clouds
form under a variety of environmental conditions which strongly influence the
nucleation and precipitation processes. Differences in synoptic conditions and local
surface characteristics also add to natural variability.

There have been few studies on MCSs over the Indian region using radar
observations (Webster et al. 2002), INSAT pixel level data (Laing and Fritsch, 1993;
Gambheer and Bhat 2000, Roca and Ramanathan 2000) and numerical simulation
experiments using regional models (e.g., Rao and Hari Prasad 2005, Das et al. 2006).
During JASMINE (Joint Air-Sea Monsoon Interaction Experiment) carried out over
the equatorial Indian Ocean and southern and central Bay of Bengal during April-May
1999, radar measurements were made from the US research ship Ron Brown (Webster
et al. 2002). The results indicate that MCSs over the bay have structures broadly similar
to those observed over the tropics (based on R. A. Houze’s presentation at MONEX-
25 meeting in New Delhi in February 2005). Gambheer and Bhat (2000, 2001) carried
out a detailed study of the life cycle characteristics of MCS over the Indian region
including the size and number distribution, regions of formation and dissipation,
propagation characteristics, diurnal variation, etc., using 3 hourly IR (infrared) imageries
for April 1988-March 1989 period. About 20%–40% of MCSs have life spans less than 6
hours, while a few systems live for more than 24 hours. The mean speeds of propagation
of MCSs  varied  in  a  narrower  range  of 7 to 9 m s-1, which is much smaller in
comparison to that of the systems over the Atlantic Ocean. There is also strong diurnal
variation across the Indian sub-continent, head Bay of Bengal, and equatorial and
southern Indian Ocean. For example, while morning and early afternoon periods are
preferred time of convection over the head Bay, convective activity peaks at late night
and early morning hours over other parts of the Indian Ocean.
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The climatology of the tracks of monsoon LPSs (i.e., lows and depressions) in
the CTCZ area is reasonably well known. However, their tracking using satellite
imageries and association /connection with planetary scale features are yet to be studied
in detail. The inter-relations between monsoon LPSs and MCSs in terms
of the dependence of the nature of MCSs and their life cycle on synoptic
forcing and the resulting feedback on large scale are yet to be addressed.
Understanding MCS, its spatial structure, life cycle, mass (moisture),
momentum and energy transport are required to properly model moist
convection in numerical models. Visual observations reveal that monsoon
clouds often have layered structures. To what extent this influences large
scale cloud processes and whether all monsoon cloud systems fit into the
prototypes shown in Fig. 3.1.c or are distinctly different also need to be
establ ished.

3.2.3 CLOUD SCALE

The most active raining areas often have convective cells. Processes taking place
on individual convective cloud scale become important in determining the variability
of the rainfall. Apart from the Cb clouds that are often a part of the raining systems,
the shallow cumulus and cumulus congestus clouds are also important as they modify
the planetary boundary layer, extend the depth of the moist layer and play a major
role in destabilizing the atmosphere. Many processes taking place on cloud scale (e.g.
turbulence, entrainment and mixing of the ambient dry air) determine the cloud air
temperature, cloud buoyancy, vertical development, amount of condensate and
precipitation processes. Downdrafts in the clouds are important in stabilizing the
boundary layer, and could play a role in the propagation of cloud systems. These
issues require in situ measurements and are yet to be studied in the Indian context.

Results of the in situ measurements have direct implications for the cloud models.
For example, in the theoretical calculations, often a moist adiabatic process is assumed
to predict cloud growth. There are also models that assume a laterally entraining
cloud, of which the entraining and detraining cloud model of Arakawa and Schubert
(1974) is a prime example. Analysis of data collected in growing cumulus clouds (in
Colorado, USA) revealed that clouds are highly diluted in contrast to the assumptions
in parcel theory (e.g., Emanuel 1994), while at the same time, some air from cloud
base rises to the cloud top undiluted even in tall clouds (Paluch 1979). This
observation is not in agreement with either the undiluted parcel assumption or the
assumption of an entraining cloud (e.g., Arakawa and Schubert 1974). Laboratory
experiments that mimic the latent heat release in clouds offer an explanation (Bhat
and Narasimha 1996, Venkatakrishnan, et al. 1999, Narasimha and Bhat 2008). These
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lab experiments showed that when heat is released locally in a turbulent jet/plume
flow similar to that in natural clouds, the mechanism of entrainment and mixing
changes drastically. While the dilution in the outer part of the flow increases, the
central core gets insulated and remains practically unmixed. Thus at a given height in
the heated flow, strongly diluted and undiluted fluids can co-exist. This laboratory
finding needs to be tested in the real clouds. It may be remarked here that cloud
resolving models have been thought to overcome the cumulus parameterization issues
(Grabowski, 2001). However, in the absence of detailed measurements at cloud scales,
understanding of entrainment and mixing processes in convective clouds and downdraft
physics, even these sophisticated cloud models will not be realistic.

Some recent measurements carried out in cumulus clouds using temperature
sensors specially designed to prevent the wetting of the temperature probe suggest
that earlier measurements could have been in error by as much as few degree Celsius
(Sinkevich and Lawson 2005). Studies on convective clouds have been carried out
previously over Australia, in USA and Europe to understand these issues (e.g., Ludlam
1980, Emanuel 1994). However, these measurements were with probes that didn’t
adequately address/prevent wetting. Such errors can mislead the theoretical
formulations. For example, if measurements erroneously show lower temperature
than real, then explaining this calls for excess entrainment of environmental dry air.
This in turn will alter calculated cloud mass flux and buoyancy, and the prediction of
cloud vertical development. Thus, while we expect a cloud model based on in situ
data to be closer to real clouds, in fact it will not be. Therefore, there is a need to
revisit the cloud-scale measurements even at the global level. As far as Indian scenario
is concerned, no in situ measurements in monsoon clouds are available with modern
sensors/instruments and velocity field measurement has never been carried out.

Thus, accurate measurement of temperature within and outside the cloud, water
(in vapour and condensed forms), velocity profiles, inside cloud circulation and
turbulence in monsoon clouds is an outstanding problem. This needs to be taken up
if we are to make progress in modeling clouds and cloud parameterizations. Cloud
downdrafts are important in the vertical circulation, energy and moisture transport
and modification of the boundary layer. Downdraft initiation and structure in monsoon
clouds has not been studied so far.  The feedback between boundary layer energy/
entropy and precipitating clouds are to be understood.

3.2.4 CLOUD MICROPHYSICS

A brief review of the historical developments in cloud microphysics can be
found in Pruppacher and Klett (1997), and a review of interaction between turbulence
and cloud droplets can be found in Shaw (2003). The initial drop size distribution is
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governed by the cloud condensation nuclei (CCN) present in the air at cloud base.
CCN /aerosols undergo transformation in clouds and this transformation has a profound
impact on the CCN activation. Gases in the atmosphere may condense onto the
existing particles, thereby increasing the mass and changing the composition of the
aerosol. Gases may also condense to form new particles. If new particles are formed
they are generally in the Aitken nuclei range. The aerosols can be internally or externally
mixed, some trace gases can condense onto existing aerosols and form a coating
modifying the surface tension properties and modify the super-saturation at which
they would activate as cloud condensation nuclei.

CCN

CCNs are a small subset of atmospheric particles that upon activation lead to the
formation of droplets and after growth these small droplets become cloud drops.
The activation generally occurs at 0.1-1% supersaturation, defined as relative humidity
(%) -100. The supersaturation, required for the activation, is a function of particle size
and its chemical nature and Köhler theory is used to predict this (e.g., Rogers 1979).
The variation in the equilibrium supersaturation of the air surrounding the solution
droplet plotted against radius is referred to as Köhler curve (Fig. 3.6). Normally,
droplets above 1 micron in size are called cloud droplets and the smaller ones as
haze particles. It is observed that both the chemical nature and size of CCN are
important in determining which particles will become cloud droplets. For example,
both the red and green curves (Fig. 3.6) contain 10-19 kg of solute, but made of NaCl
and (NH

4
)

2
SO

4
 respectively. When placed in an environment with a supersaturation

of 0.4% for example, the NaCl particle will continue to grow whereas, (NH4)2SO4

Fig. 3.6: Köhler curve Fig. 3.7: Cloud condensation nucleus spectra in
the boundary layer from measurements near the
Azores in a polluted continental air mass (brown
line), in Florida in a marine air mass (green line),
and in clean air in the Arctic (blue line).

[Adapted from Wallace and Hobbs, 2006]
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particle will not pass the critical radius (the radius above which the droplet is unstable
and corresponds to the peak in green curve) and will remain sub-micron in size. Such
droplets are said to be unactivated. The number of aerosol particles which get activated
as cloud condensation nuclei increases as the moist air ascends in the atmosphere
and the super-saturation increases with increasing altitude. Therefore, it is
important to measure the aerosol size distribution and the chemical
composition of cloud condensation nuclei.

CCN variation: Global and Regional

Worldwide measurements of CCN have not revealed any systematic latitudinal
or seasonal variations (Wallace and Hobbs, 2006). However, CCN concentrations
near the surface are generally higher over the continents than those found in marine
air masses. CCN concentrations, measured at 0.1% supersaturation, were 300 cm-3,
100 cm-3, and 30 cm-3 in Azores (continental air mass), marine air mass over Florida
and Arctic air mass, respectively (Hudson and Yum, 2002) (Fig. 3.7). Further the ratio
of CCN to CN (condensation nuclei) was found to be ~0.2-0.6 in marine air and up
to 0.1 in continental air.

In India concentrations of hygroscopic and non-hygroscopic particles were
measured as early as during 1960-62 in New Delhi in different seasons. The
concentrations of hygroscopic particles varied significantly, at least, during monsoon

Fig. 3.8: (left): Median CCN spectra, comparing continental, maritime and   Karnataka
spectra. (Right): Aerosol (red line) and CCN (blue line) concentrations as a function of altitude

over Karnataka on 14 October 2003   [Adapted from Bruintjes, 2003]
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season (Sekhon and Murty, 1966). In this study ice nuclei component of particles
were also measured. The CCN concentration measured by an aircraft during INDOEX
showed strong latitudinal variation with CCN concentration (at 1% supersaturation)
decreasing from ~ 2000 cm-3 at 40 N to 200 cm-3 at 40 S (Hudson and Yum, 2002). The
aircraft altitude varied little during these experiments and most of the observations
were made within the boundary layer. Weather Modification Inc. conducted cloud
seeding in 2003 to enhance rainfall in the states of Karnataka and Andhra Pradesh
(Bruintjes, 2003). The measurements showed that CCN concentrations were higher
than at many continental sites (Fig. 3.8). To the best of our knowledge these are the
most recent and only data on CCN concentrations using latest techniques over India.
INDOEX observations were carried out during winter time. Measurements made
during the cloud seeding experiments conducted in Karnataka were on a couple of
days in October 2003. Thus, observations during the pre-monsoon and peak monsoon
seasons are missing.

We expect the precipitation processes to be strongly influenced by
the CCN characteristics, which in the eastern end of CTCZ is marine in
nature whereas dominated by the land aerosols towards the western end.
Owing to the changes in the land surface properties with season, land
aerosols will have seasonal dependence. Thus, the mechanism of
precipitation formation is expected to depend on the season and distance
from the coast.

Precipitation Mechanism: Warm Vs. Cold

Clouds that lie completely below 00C isotherm, referred to as warm clouds,
contain water in only liquid and vapor forms. The growth of the droplet immediately
following nucleation (i.e., near the cloud base in convective clouds in tropics) is
governed by the diffusion of water molecules from vapour to liquid, and droplets can
grow to a size of about 5 ì m diameter within few minutes (Rogers 1979). Further
growth of these droplets takes place by collision and coagulation mechanism which is
efficient provided a few large drops (size more than 20 ì m), sufficient enough to be
efficient collectors, are present. The source of these large drops needs to be
examined.

Cloud that extends above the 0 0C is called cold cloud. These clouds can contain
both supercooled droplets and ice crystals (mixed-phase) or only ice crystal (glaciated).
For ice nucleation (between –5 to –35 0C), a special type of aerosol particle called ice
nuclei are needed. Ice nucleation is complicated by the fact that it is a highly temperature
dependent process. A particle, which is not an ice nucleus may become one at a
lower temperature. Since monsoon clouds are warm clouds and reasonably big droplets
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are present at heights around the freezing level, these droplets can freeze at temperatures
below –5 0C which tend to split and provide additional ice nuclei (Bruintjes, personal
communication while discussing Karnataka cloud seeding results). However, this
mechanism of precipitation in monsoon clouds needs to be investigated further.

Radar has been quite extensively used in India to study the formation of rain in
clouds. The studies by Koteswaram and De (1959) at Kolkata, by Mani and
Venketeshwaran (1961) at Pune and by Kundu (1970) at Agaratala have reported that
the origin of the first precipitation in most of the clouds in these regions was below
the freezing level. Ramanamurty et al., (1960) and Roy and Mukerjee (1969) have
estimated that although the occurrences of rain from warm clouds are frequent, the
actual yield of such rain is quite small. Around Delhi and Kolkata, the contribution
of warm rain to the total rainfall has been estimated to be only 1.8 and 5 % respectively.
These numbers are to be reexamined with data from modern digital radars.

The effect of aerosols on clouds (indirect and semi-direct effect) and in turn
on precipitation is another crucial topic, which needs immediate attention. Model
simulations by Ramanathan et al. (2005) have shown that aerosols in South Asia have
doubled the atmospheric solar heating rate since 1930s. On the regional scale, Tripathi
et al. (2007) used satellite data to understand the indirect effect over Indo Gangetic
basin which overlaps with a significant region of CTCZ. They found that the positive
indirect effect is significant in 43, 37, 68 and 54% area for water clouds in the winter,
pre-monsoon, monsoon and post-monsoon seasons respectively, whereas the
corresponding values for ice clouds are 42, 35, 53 and 53% for the four seasons
respectively (Figure 3.9).

Electrification-microphysics-dynamics interactions in clouds

Evolution of electrical, microphysical and dynamic characteristics occur almost
simultaneously in a cloud and influence each other. For example, shape, growth,
breakup and evaporation of water drops are strongly influenced if the drops are charged
or they are falling through electric fields (Kamra and Ahire, 1989; Kamra et al., 1991;
Bhalwankar et al., 2004). Kamra (1982, 1985) and Tripathi et al. (2006) have shown
that electrification in storms can modify the distribution of drops and thus create
accumulation zones of liquid water content inside storms. Cloud electrification has
been reported to strongly enhance the collision and coalescence characteristics of
cloud drops. Laboratory experiments support these views. Observations of rain-gush
phenomena below thunderstorms are one of the strongest manifestations of such an
enhancement in collision and coalescence efficiencies of water drops. A better
understanding of the rain-gush phenomena can certainly help in evaluating the
efficiency of electrical forces in weather modification efforts.
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Figure 3.9 (a) : Spatial distribution of correlation coefficient (rw ) between Aerosol Optical
Ddepth and Reff of water clouds in the winter (top left), pre-monsoon (top right), monsoon (bottom
left) and post-monsoon (bottom right) seasons. rw>0.5 indicates statistically significant (at 95%
confidence level) positive indirect effect (Adapted from Tripathi et al., 2007). Figure 3.9 (b) Same as
Figure 3.9 (a), but for ice clouds (ri). ri<-0.5 indicates statistically significant (at 95% confidence level)
negative indirect effect.
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Physical and chemical characteristics of raindrops on the ground

As the precipitation particles leave the cloud base and fall through a comparatively
drier and more polluted sub-cloud air, their physical and chemical properties undergo
change through processes such as evaporation, scavenging of various types of aerosol
particles, collection of ions, etc. As a result, the physical and chemical properties with
which a precipitation particle leaves the cloud base are significantly modified when it
reaches the ground surface. However, the raindrop properties at the ground surface
can be used to infer some of their characteristics inside the cloud and their modification
during their fall journey. Kelkar (1962, 65) Sivaramakrishnan (1961), Sivaramakrishnan
and Selvam (1967), Srivastava and Kapoor (1961) studied the raindrop size distribution
at the ground surface. Khemani (1993), Khemani et al., (1989), Kulshreshtha et al.,
(2001, 2003) have studied  precipitation chemistry and found that because of the
alkaline nature of the particles found in the atmospheric boundary layer over the
Indian regions, incidents of acid rain are not observed over wide regions in India.

3.2.5 AEROSOLS

The role of atmospheric aerosols, particularly the anthropogenic component of
it, which contribute most of the accumulation mode fraction, is assuming increased
importance, not only because of their potential health hazards, but also because of
their potential to perturb the regional and global radiation balance and hence produce
significant climate perturbations. Absorbing aerosol species, particularly the elemental
or black carbon (EC/BC), emitted as a   by-product of all low-temperature combustion
processes, is known to significantly lower the aerosol single scatter albedo and offset,
at least partly, the white house effect of scattering aerosols. The region-specific nature
of the aerosol characteristics and the large spatial and temporal variations make the
problem more complex. Mineral dust, transported by winds and convective motion
over vast arid regions and deserts of western Asia and Eastern Africa, constitutes one
of the major natural aerosol species over the CTCZ region during spring and summer
(eg., Chinnam et al., 2006, Nair et al., 2007). These particles contribute significantly
to the coarse mode concentration of aerosols and thereby to the longwave radiative
forcing. The scenario becomes complex when BC gets deposited on to these coarse
dust particles, making the dust more absorbing in nature (Dey et al., 2008). This
situation leads to higher absorbing efficiency for dust over Indian regions than over
African regions (Moorthy et al., 2007; Deepshikha et al. 2005). Aerosols influence
the monsoon through cloud microphysics (CCN) and altering atmospheric stability
through interaction with radiation. When the CCN have significant amounts of BC
or dust coated with BC, the cloud microphysics and precipitation pattern could be
perturbed significantly (Dey and Tripathi, 2008). Terrestrial ecosystems modulate
aerosols including biogenic particles.
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Recent National and International Efforts

To address the above complexity of aerosols, several well focused campaigns
and activities have been carried out globally. In the international scenario several
extensive investigations and coordinated field campaigns have been carried out to
assess the impact of natural and anthropogenic aerosols on climate. Among these
studies, Aerosol characterization experiment-1 (ACE-1) focused on natural aerosols.
Aerosol characterization experiments (ACE) were designed to increase the
understanding of how atmospheric aerosol particles affect the Earth’s climate system.
ACE-1 was conducted over southern hemispheric mid-latitudes with a specific goal of
understanding the properties and controlling factors of aerosols in the remote marine
atmosphere that are relevant to radiation balance and climate. This environment
provided an opportunity to establish the chemical, physical and radiative properties
of a natural aerosol system. ACE-2 was conducted to study the radiative effects of
anthropogenic aerosols from Europe and desert dust from Africa as they are transported
over the North Atlantic Ocean. ACE-1 and ACE-2 focused mostly on natural and
anthropogenic aerosols, respectively. Smoke, Clouds, Aerosols and Radiation-Brazil
(SCAR-B) of 1998 focused on the radiative impacts of smoke and aerosols form the
biomass burning in Brazil. The Troposphere Aerosol Radiative Forcing Experiment
(TARFOX) in 1999 aimed at characterizing the eastern U.S. emission into the Atlantic
and their radiative impacts. The Indian Ocean Experiment (INDOEX) assessed the
radiative impacts of the heavily mixed aerosols over the Indian Ocean while the
recent ACE-Asia, conducted off the coast of east China, Korea, and Japan examined
the anthropogenically modified aerosol environments of east Asia and their impact
on regional radiative forcing. However, most of these campaigns primary focused on
oceanic environments, which are less heterogeneous than the landmass.

In India, systematic investigations on the microphysical and optical properties
of aerosols were initiated during the Indian middle atmosphere programme (IMAP).
This programme was taken as thrust area under the Aerosol Climatology and Effects
(ACE) project of the Indian Space Research Organisation’s Geosphere Biosphere
programme (ISRO-GBP), with the long-term objective of evolving empirical models
of the optical and physical properties of atmospheric aerosols over distinct geographical
environments (such as coastal, continental, arid, urban, rural, and industrial) of India.
Under this a network of aerosol observatories has been established and are operational
over Indian landmass covering most of the representative regions and island locations
in the Arabian Sea and Bay of Bengal. The ISRO GBP has plans to enlarge this
network to cover the entire country with adequate spatial resolution and measure
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most of the aerosol parameters vital to radiative forcing. Besides this, well-focused

and thematic campaigns have been carried out under ISRO GBP (the land campaiagn-

1 over peninsular India, Moorthy et al. 2005a,  and land campaign-2 over Indo-

Gangetic plains in 2004, Nair et al., 2007), the ARMEX-I (summer of 2002), ARMEX-

II (pre-monsoon and monsoon of 2003, Moorthy et al., 2005b) and ARMEX-IIA

(pre-monsoon period of 2005) and measurements of latitudinal gradients over northern

and southern oceans during southern ocean expeditions of 2004 and 2006 are some

of the major Indian efforts in this direction. Recently, an integrated multi-instrumented

and multi-institutional campaign (ICARB, Moorthy et al., 2008) was very successfully

carried out under ISRO-GBP using collocated measurements from ships (over Bay

of Bengal and Arabian Sea), aircrafts and land network stations. This is the most

exhaustive of all campaigns conducted so far in India for understanding the aerosols.

All these efforts have brought to light the spatio-temporal heterogeneity in aerosol

properties (Fig 3.10), the role of long range transport of aerosols from west and east

Asia to Arabian Sea and Bay of Bengal respectively (Fig. 3.11), the role of mesospheric

processes coupled with orography and prevailing circulations in modifying the aerosol

properties and the changes with season around the area in the aerosol characteristics

and the resulting direct short wave forcing (Fig. 3.12). The preliminary results from

the ICARB indicate strong impacts of “elevated aerosol layers” on the optical

characteristics of aerosols over the Indo Gangetic plain (IGP) region during late spring,

early summer. It also indicates that strong modulations in the spatial distribution of

aerosol optical depths by the synoptic winds (through divergence and vorticity)

particularly overhead Bay of Bengal (Fig. 3.13) and North Central Arabian Sea (Aloysius

et al., 2008). Preliminary information available from the aircraft measurements show,

surprisingly high levels of BC, remaining nearly altitude independent up to >3 km

over the coastal BoB off Bhubaneswar (Fig. 3.14) and existence of strong “elevated

layers” at altitudes of 3 to 5km attributed to long-range transport (Babu et al., 2008).

From extensive micropulse lidar measurements over a continental site, Satheesh et

al., (2006) have demonstrated that the contribution of such elevated layers (above 2

km from the ground) to the columnar optical depth increases from a mere 18% in

winter to as high as 37% during pre-monsoon periods. Even after the monsoon, these

high altitude regions continue to contribute as much as 30% to the columnar AOD.

It also showed that ABL dynamics and deep convection would lift the particles to

higher levels of the atmosphere. Such elevated layers, if contain high concentration

of absorbing aerosols, could lead to the “Elevated Heat-Pump” scenario with

consequent predicted impacts on monsoon. It is also postulated that the increased
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Fig. 3.10: Climatology of aerosol spectral optical depths obtained using long term database (1986-
87 to 2000, except for Minicoy) at some distinct locations (MCY-Minicoy; TVM- Trivandrum;
MYS- Mysore; JDR- Jodhpur; and VSK- Visakhapatnam) from the ACE project of ISRO-GBP.
Months from January to December are along the X axis and wavelengths from 380nm (.38µm) to
1025 nm (1.025 µm) along the Y Axis. The colour bar shows the AOD at 500nm. Note the sharp
contrast between TVM and MCY, despite them being very close and the similarity between MCY
and JDR, despite being far off and one being desert-like and the other oceanic environment.  The
rapid reduction in summer AOD (particularly towards the longer wavelengths) is very clear from
June at TVM and MYS to a certain extent in VSK; same time increases to extremely high values at
JDR. VSK shows the signature of large anthropogenic impact.

Fig. 3.11: The impact of long- range transport
of aerosols Asia to the Southeastern Arabian
Sea during the intermonsoon season (March
April) of 2003. Note the large increase in the
radiative forcing due to aerosols transported from
West Asia – Results from the ARMEX.

Fig. 3.12: The temporal change in the aerosol
direct radiative forcing and forcing efficiency
over southern Arabian Sea from March to June,
in comparison with those reported for the same
region during the INDOEX. Note the gradual
reduction in forcing efficiency – Results from
the ARMEX.

CLOUD SYSTEMS AND AEROSOLS



93

aerosol loading in the atmosphere would lead to a ‘global dimming’ at the surface,
while the absorbing aerosols aloft would lead to a local warming. This increases the
atmospheric stability, reduces the land-ocean thermal contrast with consequence on
hydrological cycle and precipitation. “Aerosol self-cleansing hypothesis” also has been
put forth whereby increased aerosol concentration at higher levels in the atmosphere
(due to strong convection) could lead to increased precipitation at the cloud seed
zone, resulting in increased precipitation. This leads to enhanced wash out of aerosols.
All these are strongly controlled by the atmospheric boundary layer dynamics and the
prevailing wind systems and clouds in the free troposphere. Understanding these
needs extensive experimental (using aircrafts) and modeling studies.

Modeling studies using HYSPLIT and Chemical transport models (MATCH-
MPIC) by NCMRWF have shown the effects of varying influence of marine airmass
advection over the IGP region during monsoon (Fig. 3.15) which will eventually modify
the aerosol and CCN properties. The effects of these on the CTCZ characteristics
can be investigated using simulation and modeling efforts.

Fig. 3.13: Spatial variation of AOD and surface winds over Bay of Bengal during March- April
2006, as revealed during the ICARB campaign. The convergence of winds over the ocean
associated with a low-level anticyclone causes a “detached high” in AOD over the ocean.
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Fig. 3.14: Altitude profile of the mass concentration (MB) of BC aerosols off  Bhuhaneswar,
over Head BoB obtained during ICARB

Fig. 3.15: 24-hr back trajectories over the IGP showing varying modulations to the aerosol
characteristics with continental, desert and marine aerosols over different parts of the IGP,

leading to regional differences in radiative forcing.
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Besides the physical properties of atmospheric aerosols and their
radiative implications, information on atmospheric chemistry and chemical
reactions involving aerosols and certain trace gas species are important in
better understanding of the anthropogenic implications. In this context,
Ozone and particulate matter are important as they are chemically coupled. The
interactions between these are of great importance in understanding the processes
that control thelevels of both. Heterogeneous chemistry involving reactions in aerosol
particles may affect O

3
 concentrations indirectly (through production and loss of HOx

and NOx), and directly through the production of halogen radicals. Understanding
the radiative and heterogeneous chemical effects of aerosols on ozone is a major
issue for models of the oxidizing power of the atmosphere, radiative forcing and
surface air quality. Most of the global models overestimate surface O

3
 over

IG region. As of now there exists no simultaneous and reliable measurements of
ozone and precursors over the IGP. Recent observations have shown that aerosols
from biomass burning and other sources in the Ganges valley reduce photolysis
frequency of O3 by a factor of 2. Thus, it is important to make simultaneous and
collocated measurements of BC, particulate matter and the trace gas species such as
O

3
, NO

x
, CO and total hydrocarbons during the CTCZ from some of the network

observatories. The necessary instruments and modelling tools are already available
with several organizations in the country, e.g., IITM, PRL and NPL.

3.3 OUTSTANDING ISSUES

It is proposed to focus on the following issues during the CTCZ programme.

3.3.1 Atmospheric boundary layer

Land

While both MONTBLEX and LASPEX facilitated the study of ABL
characteristics over land in the monsoon region, they had some limitations too. In
particular, the data time series are discontinuous and continuous measurements even
a few weeks are missing. Further, these measurements are not comprehensive in the
sense that in some cases radiation data is not available while in other experiments the
humidity data. Thus, continuous time series of sufficient duration and including all
variables needed to comprehensively study the ABL is missing in the Indian context.
This gap needs to be bridged during CTCZ.

There is a fundamental problem in measuring Q
net

 and moisture flux accurately,
and this issue needs to be understood and addressed in the Indian monsoon context.
Surface energy flux comprises of SHF (sensible heat flux), LHF (latent heat flux),
ground heat flux (G) and radiative (short and long wave) fluxes in addition to storage
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and advection terms. Radiative fluxes and G can be directly measured using radiometers
(pyrgeometers and pyrheliometers) and heat flux plates respectively. However, there
are no sensors or instruments to measure sensible and latent heat fluxes and they
have to be computed from wind velocity, temperature and humidity measurements.
Majority of the algorithms for their estimation are based on Monin-Obukhov similarity
theory which works well when wind shear (i.e., turbulence) and surface heat flux
determine the flow characteristics. During the monsoon season, a large area over
land in the CTCZ region can come under the low wind regime (especially during the
breaks). M-O theory is not applicable under low wind speed conditions (e.g., Rao
and Narasimha 2006), and how to estimate the fluxes during these periods remains a
challenge. Examination of data reveals that fraction of the time when low-wind regime
prevails (say wind speed less than 4 m/s) is more than 50% over land in many places,
and hence the fluxes during these periods directly influence the estimation of surface
energy and moisture budgets and also the hydrological cycle. Formulations for
fluxes under low wind speed conditions under unstable and stable
conditions needs to be established  and validated. Thus, determining
the surface fluxes under the entire wind speeds that prevail during
monsoon, including the low-wind regime, is an outstanding problem and
CTCZ offers an ideal opportunity for this study.

The net surface heat flux (Q
net

) is important in the evolution of the surface
temperature. However, the partitioning of received solar radiation into different
components is also crucial. It is important to study how Q

net
 and the individual

components of the surface heat flux vary with diurnal cycle, season and location, and
their effect on ABL properties and convection. This will help in testing surface flux
formulations in numerical models.

As stated in the beginning in this chapter, ABL has a profound influence on the
evolution of a convective system. Despite the importance of the sub-cloud layer,
there has been little emphasis on its evolution in tropical experiments even at
international level. Both ABL and moist convection show pronounced diurnal
variation, and their inter-relation needs to be investigated. Convective inhibition energy
(CINE) is generally believed to be responsible for the absence of (deep) clouds in the
presence of substantial and positive CAPE in the tropics (Emanuel 1994). However,
there is very little information available on the evolution of CINE (diurnal as well as
dependant on synoptic conditions) as the convection develops. The modification of
ABL due to downdrafts has not been properly investigated over land in India. Both
these issues can be addressed by having an array of stations frequently launching high
resolution radiosondes and profilers. Such data will help in addressing fundamental
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questions related to convection and in developing better cumulus parameterization
schemes.

Ocean

BOBMEX and ARMEX have provided some data on the ABL characteristics
during monsoon over the seas around India. One issue that could not be addressed
during BOBMEX was north-south gradients in properties. Marked variations in the
freshwater flux and wind forcing between the northern and southern parts result in
north-south SST gradient in the bay. SST is above the convection threshold in the
Bay but studies show that spatial gradients can have an impact on convection and the
propagation of monsoon systems (Srinivasan et al. 1993) and also on the transition
from break to active monsoon (Shankar et al. 2007). Detailed measurements are
needed to understand the role of SST gradients on the ABL properties and its
consequence on convection (e.g., does Lindzen-Nigam (1987) mechanism work?).

 LHF and SHF have been estimated using data from fast response sensors. Careful
analysis of the data has revealed that flow distortion due to ship structure is important.
In order to minimize this, flow distortion around ORV Sagar Kanya needs to be
simulated using numerical models and the distortion effect accounted for in the
calculation of fluxes using ECM.  So far, fast response sensors could measure up to
10 Hz sampling rate. Higher sampling rates enable data over a larger frequency band
in the inertial sub-range unaffected by ship motion which improves the accuracy of
the inertial dissipation method (another direct method to calculate fluxes). Also, at
present while reasonable number of data points are available in 4-9 m/s wind speed
range (for the direct method) there is no data below 2 m/s and above 12 m/s. Therefore,
larger wind speed range also needs to be covered.

3.3.2 Cloud Systems & MCS

While satellite data based studies have been made on MCSs, monsoon systems
have not been tracked using satellite data. Further, one main limitation of the earlier
studies is that the entire Indian region (40o-110 oE, 30 oS – 30 oN) was considered in
characterizing MCSs and smaller regional areas were not studied. Also, no distinction
was made between active and break monsoon conditions. The characteristics of
monsoon synoptic systems and MCSs in the CTCZ region remain to be studied
using satellite and radar data. The movement of monsoon synoptic systems (i.e., lows
and depressions) in the CTCZ area, using satellite imageries and their association /
connection with planetary scale features are the key issues to be studied in CTCZ.
Further, the inter-relations between monsoon synoptic systems and MCSs in terms
of the nature of MCSs, their life cycle, etc. are also outstanding issues.
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Deep convective systems often form over the CTCZ area along the Indo-Gangetic
plains due to complex interaction between land surface, large-scale radiative-convective
processes and mesoscale dynamics. The environmental conditions in the CTCZ are
special with the presence of both horizontal and vertical wind shears, eastward moving
upper air westerly trough and westward moving low along the monsoon trough. Such
systems produce heavy rainfall over the Indo-Gangetic plains and their life cycle may
be about few days. Details of convergence-divergence profiles, vertical profiles of
heating (energy and moisture budget) at different stages of the life cycle of a MCs are
yet to be measured. The microphysical and dynamical characteristics of cloud clusters
associated with such systems have not been studied. The fractional area covered by
stratiform clouds, estimation of the cumulus mass flux, and the mesoscale mass flux
are essential to ascertain the deficiencies of the representation of cloud dynamics in
numerical models.

Active monsoon systems have deep clouds. While a broad area is under low
pressure,  clouds appear to form and grow in some preferred area. What are these
preferred locations of formation & dissipation in the CTCZ area? How the systems
get triggered there, grow and propagate? Is it a finite amplitude instability? What is
the role of CAPE and CINE, boundary layer properties and other and local conditions
in this process?

In order to numerically study MCSs, regional models at high resolutions (possibly
at cloud resolving scales) have to be used. The problems however, in employing
these models are that, (1) such models have to depend upon large scale models for
boundary conditions, (2) the present network of observations are not compatible
with the scale of the phenomena that we intend to study, (3) the resolution of
observations are too coarse to initialize the models at cloud resolving scale and, (4)
there is hardly any observation of the cloud microphysical and dynamical structures
of the cloud systems. CTCZ along with STORM and PROWNOM networks will
offer an excellent opportunity to gather higher spatial resolution data suited for limited
area models.

Stratiform vs. convective rain

Precipitation during monsoon results from convective clouds (cumulus and
cumulonimbus organized on mesoscale) and stratus clouds. While the earliest radar
studies seem to indicate the dominance of ice phase in precipitation formation, the
contribution of warm rain processes needs to be better understood and quantified.
The dynamics of the monsoon stratus clouds is yet to be established using observations.
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3.3.3 Cloud Scale processes

Accurate and high spatial and temporal resolution data on velocity, temperature,
water vapour concentration (or RH), super saturation, droplet size distribution, and
cloud liquid water content (CLW, amount of liquid water per unit mass of cloud air),
ice/snow amounts in clouds are needed at different vertical levels and stages of
development to understand and verify theories concerning cloud development, droplet
growth and entrainment and mixing in clouds. Relevant data of the surrounding
environment, including CCN characteristics, temperature and humidity, are also
required. The nature of downdrafts in monsoon clouds is another outstanding issue.
These studies are yet to be taken up over the Indian sub-continent.

3.3.4 Cloud Physics

No data on CCN, cloud microphysics and precipitation mechanism are available
in the CTCZ region. It is necessary to measure the surface CCN concentration variation
(inter and intra seasonal) at various locations during CTCZ experiment along with the
altitude profile of it. CTCZ area is spatially inhomogeneous, and there is a large variation
in the surface characteristics, humidity levels, aerosol and CCN characteristics. How
cloud microphysics responds to these changes is yet to be explored. Another important
scientific question is to quantify the effect of chemical composition and size of CCN on
droplet activation from droplet distribution measurements and Köhler curves.
Simultaneous measurement of CN (condensation nuclei), as suggested in aerosol
measurements section, will be immensely useful in the closure studies of CCN.

In the warm-rain mechanism, presence of sufficiently large droplets (20  and
above) is assumed but not confirmed observationally. The most critical droplet size
range is 20-50 mm ?for collision-coalescence mechanism to work efficiently. Efforts
should to made to find out how monsoon clouds attain this size range of cloud droplets.

3.3.5 Aerosols

Detailed aerosols characteristics have been documented under winter and pre-
monsoon conditions, i.e., under dry, clear sky conditions. Detailed characterization
of the aerosols during the monsoon period is yet to be seriously taken up. There are
several outstanding issues listed below.

1. Altitude variation of BC and dust aerosols during the pre-monsoon season

2. Aerosol Indirect effect: Aerosol as cloud condensation nuclei (CCN).

3. Role of changing aerosol levels (both natural and anthropogenic) on cloud
microphysics (including droplet activation/growth processes, chemistry and
dynamics).

4. Variation of CCN and CN in the CTCZ zone, cloud liquid water content,
identification of aerosol sources and sinks, aerosol life cycles in clouds, aerosol
characteristics over continent and ocean (using ship and aircraft based platforms).
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5. Aerosol-cloud-precipitation-climate interactions and influence on monsoon circulation.

6. Influence of aerosols and clouds (including cirrus) on atmospheric radiation,
environmental pollution and hydrological cycle.

7. Improve cloud parameterization schemes aimed at numerical weather prediction
and climate forecast.

8. Simulation / diagnosis of different atmospheric processes, sensitivity studies,
data assimilation schemes, initial and boundary conditions in cloud and radiative
transfer models.

9. Impact of the changes in ABL (atmospheric boundary layer) characteristics on
the vertical distribution of aerosols

10. Collated measurements of aerosols, and precursors.

11. Chemical speciation of aerosols

12. Atmospheric chemistry and chemical reactions involving aerosols and certain
trace gas species

3.4 OBJECTIVES

3.4.1  Atmospheric Boundary Layer

CTCZ offers a unique opportunity to address several scientific issues related to
ABL. The eastern end is marine in characteristics whereas the western part semi-arid.
The largest amplitude of diurnal cycle in the troposphere occurs in ABL. Soil
temperature and moisture, and vegetation evolve with the progress of the monsoon.
Also, we may expect ABL properties to vary between active and break monsoon
conditions. These changes are to be documented.

Over Land

1. Surface fluxes under different wind speed and thermal stability conditions for
surfaces representative of CTCZ region

2. Diurnal, intraseasonal and seasonal variations in the individual components of
the surface fluxes

3. Surface energy balance on seasonal timescale

4. Formulation and validation of fluxes under low-wind regime

5. ABL properties and variation in CAPE and CINE as convection develops and
ceases and/or diurnal cycle progresses

6. Interactions and feedbacks between ABL and downdrafts

Over Ocean

1. Role of north-south SST gradient on ABL properties

2. Interactions and feedbacks between ABL and downdrafts
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3. LHF and SHF after accounting for flow distortion from ship structure.

4. Surface heat balance and SST evolution

3.4.2 Cloud Systems: MCS & Synoptic

1. Life cycle : Preferred location of formation, intensification/development,
propagation,

2. local feedbacks, duration, diurnal variation, etc.

3. Tracks of lows and depressions and their relationship with onset tracks and
ground conditions

4. Hydrology and surface conditions

5. Heating and moistening profiles and Q1 and Q2 budgets

6. Moisture source for cloud systems in CTCZ area: The supply of moisture for the
monsoon systems over land, relative contributions from Arabian Sea and Bay.

3.4.3 Cloud Scale

1. Variations in temperature, water, velocity and turbulence across the cloud and
its immediate environment at different vertical levels.

2. Cloud types and their distributions in the vertical

3. Cloud updraft & downdraft areas, velocities, interaction with the boundary layer

3.4.4 Cloud Physics

1. Cloud liquid water vertical profile and the spectra and distribution of
a. Small (non- precipitating) cloud droplets
b. Small (non- precipitating) ice crystals
c. Large (precipitating) raindrops
d. Large (precipitating) ice particles/ hail

2. Changes in the cloud microphysics from moist east coast to dry west and
relationship with boundary layer and regional features

3. Initiation of rain: warm rain (collision-coalescence) mechanism versus ice processes

4. Size distribution and chemical compositions of CCN

5. Wind, turbulence and wind shear and its relation to cloud microphysics

6. Lightning and its relation to storm size, cloud top height, winds, and precipitation

7. Cloud electrification in convective and non-convective clouds and its role in
droplet growth by collision coalescence mechanism, drop breakup, etc.

3.4.5 Aerosols

Under ISRO-IGBP, some aerosol related observational programmes are already
going on. One such programme is the Aerosol Radiative Forcing over India (ARFI)
with an objective to derive aerosol radiative forcing maps over the Indian region using
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measured aerosol properties, under ISRO-GBP. Another programme is the
characterization of dust with an objective to study the transport of dust from source
regions and its impact over other locations, under ISRO-GBP. Indian small satellite
for aerosols and trace gases (I-STAG) with an objective to study aerosols and trace
gases over continental locations (ISRO) is also planned. CTCZ objectives will take
advantage of these and the following issues will be addressed.

1. Altitude variation of BC and dust aerosols during the pre-monsoon season

2. Aerosol Indirect effect: Aerosol as cloud condensation nuclei (CCN).

3. Role of changing aerosol levels (both natural and anthropogenic) on cloud
microphysics (including droplet activation/growth processes, chemistry and
dynamics).

4. Variation of CCN and CN in the CTCZ zone, cloud liquid water content,
identification of aerosol sources and sinks, aerosol life cycles in clouds, aerosol
characteristics over continent and ocean (using ship and aircraft based platforms).

5. Impact of the changes in ABL (atmospheric boundary layer) characteristics on
the vertical distribution of aerosols

6. Characterizing the absorbing efficiency of dust over the CTCZ zone during pre-
monsoon and monsoon seasons.

7. Modelling and simulation studies incorporating HYSPLIT and aerosol Chemical
transport model (MATCH-MPIC) examine the impact of interannual and
intraseasonal variability on aerosol on CTCZ activity and vice-versa using global
GCM. The new observations shall be included the model to explore the changes/
improvement on forecast performance during May to September (NCMRWF).

8. Aerosol-cloud-precipitation-climate interactions &  effect on monsoon rainfall.

9. Influence of aerosols and clouds (including cirrus) on atmospheric radiation,
environmental pollution and hydrological cycle.

10. Contribute towards improving cloud parameterization schemes for  numerical
weather prediction and climate forecast.

11. Simulation / diagnosis of different atmospheric processes, sensitivity studies,
data assimilation schemes, initial and boundary conditions in cloud and radiative
transfer models.

12. Collated measurements of aerosols, and precursors as well as Chemical speciation
of aerosols

13. Use of Box models to characterize and understand the photochemistry involving
these species.

Atmospheric chemistry and chemical reactions involving aerosols and certain
trace gas species.   

CLOUD SYSTEMS AND AEROSOLS
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4.1 BACKGROUND4.1 BACKGROUND4.1 BACKGROUND4.1 BACKGROUND4.1 BACKGROUND

Seasonal evolution of the atmospheric circulation and rainfall over the

monsoon zone is accompanied by pronounced changes in the important characteristics

of the land surface viz. vegetation cover and soil moisture. Variation of the land

surface characteristics (either in response to the variation of the atmospheric forcing

or anthropogenic factors) leads to a variation in the fluxes of heat and water vapour to

the atmosphere which, in turn, can lead to changes in the circulation and precipitation.

Charney et al. (1977) first suggested that such a biogeophysical feedback between

vegetation and radiation and circulation over deserts could lead to ever increasing

desertification.

The sensitivity of the atmosphere to variations in these characteristics varies in

space and time. For example, the impact of  soil moisture variations through this

interactive process is found to be significant in relatively dry monsoonal regions, such

as the Indian monsoon zone; but not in the humid monsoon regions, such as south-

east Asia ( Yasunari 2006 and references therein). That the Indian monsoon zone is

one of the major ‘hot spots’ where soil moisture variations have a significant impact

on the precipitation on the synoptic time-scale has been clearly established by  the

Global Land-Atmosphere Coupling Experiment (GLACE) in which 12 models

participated  (Fig 1.22 after Koster et al. 2004,2006). Rajendran et al. (2002) showed

that when  the surface moisture is determined interactively in the NCAR CCM3
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Atmospheric GCM, the simulation of the active weak spells of rainfall over central

India were more realistic than when a fixed hydrology was assumed ( Fig 1.23). However,

over the region where the major rainbelt occurs in the simulation, there is not much

impact of interactive hydrology. Rajendran et al. (2002) also showed that for simulation

of meridional propagations of the TCZ from the equatorial Indian Ocean,

incorporation of interactive hydrology was a necessary condition.

Despite the recognition of the role of land surface processes in generating

mesoscale circulations, very few studies have been conducted on land surface processes

in India. The Monsoon Trough Boundary Layer Experiment (MONTBLEX),  has

provided valuable data on momentum and heat fluxes but has not yielded information

on the feedback to atmospheric processes due to lack of  soil moisture measurements

(Sikka and Narasimha 1995, Bhat and Narasimha 2007 and references therein). The

Land Surface Processes Experiment (LASPEX-97) over the Sabarmati basin (Sastry

et al. 2001) area has provided some insights into land-atmosphere exchange processes

but not adequate data on land-hydrology-atmosphere interactions. It is, therefore,

necessary to make further efforts to enhance our understanding about land surface

and hydrological processes modulating the monsoon patterns and surface hydrology

under the CTCZ programme.  This understanding can be achieved through a

combination of observations, modeling, and analysis at a range of spatial and temporal

scales. The observations should enable the assessment of the different land surface

hydrology schemes (which also take into account the nature of the land cover/vegetation

cover) in the AGCMs.

Impact of vegetation cover and soil moisture on the atmosphere

A number of studies have explored the role of land surface processes and the

mechanisms that govern land surface/monsoon interactions in monsoon systems. Lee

(1992) argues that the primary effects of vegetation are stronger mixing due to greater

surface roughness, increased supply of moisture from surface and the microscale

circulations associated with changes in vegetation cover. This is in general agreement

with Graetz (1991), who found the physical structure of the vegetation to be the most

important meteorological aspect, as related to the roughness, albedo and

evapotranspiration. Garret (1982) found that vegetation cover, surface roughness, and

stomatal resistance all impacted the development of convection. Chang and Wetzel

(1991) found that vegetation and, in particular, soil moisture introduces a differential

heating, which enhances the frontal activity. Model runs without vegetation and soil

moisture variations are less realistic in the evolution of weather system and resulting

LAND-ATMOSPHERE HYDROLOGY AND VEGETATION ASPECTS
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precipitation. Xian (1991) simulated convection during Indian monsoon and found

that wet soil promoted the formation of mesoscale convective systems through increased

supply of moist static energy. Raman et al. (1998) investigated the influence of soil

moisture and vegetation in simulating monsoon circulation and rainfall by incorporating

a simple land surface parameterization scheme. Meehl (1994) found that stronger

Asian summer monsoon were associated with lower surface albedo, greater soil

moisture, less snow cover, and greater sea/land contrast. Xue et al. (2004) have observed

that improved initial soil moisture and vegetation maps led to improvement in the

intensity and spatial distribution of the summer precipitation. However, a recent

study using observational records for several decades revealed that the land wetness-

monsoon precipitation relationship is not so clear (Robock et al. 2003).

Land surface and boundary layer coupling

The coupling of land surface processes with the upper layers of the atmosphere

occurs through exchange of momentum, heat, and moisture. The exchange processes

in the atmospheric surface layer and soil are the result of complex interactions. Proper

land surface parameterization includes soil and vegetation characteristics which play a

vital role in modifying the surface energy balance and thus influence planetary boundary

layer (PBL) processes. Zhang and Anthes (1982) demonstrated that variations in soil

moisture could cause significant effects on the boundary layer characteristics.

Modelling of regional scale land surface processes describing the exchange of

energy, water, carbon fluxes at land-vegetation-atmosphere scheme needs a set of

representative temporal and spatially distributed environmental land surface parameters

as an input. The necessary inputs fall into two broad  categories of parameters, site

characteristics ( such as elevation, land use) and temporally varying characteristics

such as  vegetation status, surface roughness, canopy water content, leaf area index

and soil variables like soil moisture content. Meteorological variables like temperature

and rainfall are drivers of processes. The conventional methods for specifying these

parameters have proved to be inadequate, time consuming and impractical to

implement for capturing spatial variability.  But on the other hand, satellite remote

sensing can provide many of these inputs with acceptable accuracy (e.g. the land use

land cover map in Fig. 4.1). Thapliyal (2005) has made a major contribution by the

development of methodology for estimation of the large area soil moisture from

satellite-based microwave radiometric observations over Indian region, and assimilation

of satellite-derived soil moisture to assess the impact on monthly scale simulation of

Indian summer monsoon using a GCM.

LAND-ATMOSPHERE HYDROLOGY AND VEGETATION ASPECTS
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4.2  OBJECTIVES AND APPROACH

The approach  for this component of the CTCZ programme, which has the
ovearall objective of developing a better  understanding of land-vegetation-atmosphere
interactions over the  CTCZ region, will thus have to involve (i) elucidation of the
observed variation of critical attributes such as vegetation cover, soil moisture by
combining satellite data with ground truth from special field observation (ii)
observations collected in special field experiments for selected catchments/river basins
and (iii) studies with a hierarchy of models ranging from simple hydrological models
to complex GCMs, which can be validated by observations (such as of inflow into
reservoirs or runoff to the sea in the case of river basin). The sources of spatial  variability
in  the basin-wide hydrological components  of CTCZ region  at event, intraseasonal,
inter-annual, time-scales and their impact on land surface and  monsoon characteristics
have to be determined. The specific tasks, projects needed are considered next.

4.3  ELUCIDATION OF THE NATURE OF THE VEGETATION AND
LAND COVER DISTRIBUTION

While some important characteristics such as land cover, vegetation type / crop
type etc.  vary with time, others such as  elevation, soil type and soil hydrological
properties do not. The former can be easily be mapped by currently available remote

Fig. 4.1: Land use/land cover map

LAND-ATMOSPHERE HYDROLOGY AND VEGETATION ASPECTS
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sensing data. The next issue is the mapping legend, while initially it is easy to adopt a
classification scheme of adopted in most of the global/ regional models such as USGS,
IGBP etc., however, a within class variability/ characterization-based classification such
as that developed for ECOCLIMAP will be better. Proper definition of agricultural
land use is necessary. Irrigated paddy lands have to be separately classified from view
point of its strong influence on surface energy balance (Kim et al. 2001; Yorozu et al.
2005). Given the large variability in monsoon, the land cover varies significantly across
the seasons, thus the land cover for study season and period needs to be taken in
account.

Thus the important tasks involved are:

1. Preparation of 1km soil and elevation layer for use in modeling.

· The elevation is available as GTOPO5 which is at approx 30 arc seconds
resolution. SRTM public access data for tropics is available at 90m
resolution.

· Global soil maps/data sets have 5/2 minute resolution and specified as
2 layers. For each soil texture class hydrological properties are available.
Soil association maps at 1:500,000 scale have been published by
NBSSLUP, however not provided as digital data set. While additional
soils maps may also exist, the challenge would be to specify soil
hydrological properties in fixed number soil layers and also bring out
in a consistent manner the soil, physiography, depth of soil and
hydrological properties.

2. Preparation of land cover data at 1km for monsoon months during the CTCZ
project period.

3. Characterize the vegetation types in the CTCZ region with respect to
parameterized inputs used in the model

4.4  LAND-VEGETATION-ATMOSPHERE INTERACTIONS

The phenology of the vegetation is the seasonal evolution of vegetation governed
by abiotic factors (temperature and precipitation) and is broadly specific to each
vegetation type. Since monsoon variability has to be studied at seasonal scale, predicting
vegetation dynamics is important because it has strong feedback to atmosphere (Suzuki
and Masuda 2004) via vegetation cover. Since monsoon onset and progress varies
across space and from year to year, observation (remote sensing-based) or model-
based phenology input for each year is required. Currently 10-day composites on
vegetation vigour are available. Data on shorter interval are not expected due to
frequent cloud cover. While rainfall-vegetation analysis will bring this out, change in
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land transformation/vegetation type or change in agricultural practice (sowing, irrigation,
variety) can also alter phenology. Issue of vegetation phenology can be dealt in following
ways:

1. Collect vegetation type-wise phenology response data as affected by rainfall on
the sub-regional scale in the CTCZ region.

2. Generate RS-based vegetation phenology for (a) CTCZ region at high spatial
and temporal scales, (b) Modeling domain at moderate spatial and temporal
resolution. In many models the vegetation response is not dynamic but is
provided externally as monthly timescale information on two parameters,
Vegetation Fraction (VF) and Leaf Area Index (LAI).

4.5 SATELLITE DERIVED PARAMETERS FOR LAND SURFACE
MODELING

Land surface parameters play a critical role in the evolution of the planetary
boundary layer of the atmosphere. Several key components of the land surface that
significantly affect surface sensible heat and moisture fluxes include Vegetation types
(VT) fractional vegetation coverage (FVC ), and green leaf area index (LAI), and surface
roughness length,  soil  moisture (SM) and temperature.  The lack of observational
data for accurate specification of these components in model initial conditions is one
of the most difficult aspects in the evaluation of land surface models. Soil temperature
and moisture measurements are not available in most areas and routine observations
of fraction vegetation cover (FVC) and LAI are not available at high resolution, i.e.,
with pixel widths on the order of 1 km and daily updates. This gap in our observational
capabilities seriously hampers the evaluation and improvement of land surface model
parameterizations, since it is very likely that model errors are related to improper
initial conditions as much as to inaccuracies in the model formulations. Furthermore,
the vegetation physiology itself is very sensitive to climate forcing and therefore provides
several feedback mechanisms between the land surface and the atmosphere (Bounoua
et al. 1999).

Clearly it is not appropriate to use surface parameters derived from climatological
means in model simulation of climate. Satellite remote sensing provides a wealth of
data as descriptor of the earth surface. Biospheric properties are derived at fine spatial
and temporal scale only by remote sensing product such as Normalized difference
vegetation index. Sellers et al. (1996) incorporated all geographic and seasonal variations
of NDVI into LAI distributions. Gutman and Ignatov (1998) revealed that the limited
information contained in NDVI precludes construction of seasonal variations for
both FVC and LAI, and thus derived time varying FVC while prescribing a constant
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LAI. The regional climate modelers across the world have realized that time varying
fields of biospheric properties improves land surface model results and subsequently
meteorological forecasts. For example, the improvement in surface temperature
forecast was noticed by use of fractional vegetation cover from AVHRR in Eta model
(Kurkowski et al. (2003).  Incorporation of vegetation fields , vegetation types (VT)
and LAI  from MODIS (Moderate Resolution Imaging Spectroradiometer) in
community land model  has improved simulated ground and canopy evaporation
rates (Tian et al., 2004). Proper specification of initial soil moisture (SM) and
temperature is also imperative for land surface models to accurately forecast surface
variables (Crawford et al. 2000). Soil moisture affects runoff and is important in
regulating the interchange between latent heat flux and sensible heat flux. Without
accurate soil information, the planetary boundary layer scheme may incorrectly
distribute heat near the surface. Recently in RCM experiments over India, Pal et al.
(2007) observed improved model simulation of monsoon regional climate by
prescribing  initial condition such as   VT and  FVC  from SPOT-VEGETATION
and SM from Special Sensor Microwave Imager (SSMI).

4.6 RELATIONSHIP OF THE SPATIAL AND TEMPORAL
VARIATION OF SURFACE HYDROLOGY TO LAND SURFACE
PARAMETERS AND MONSOON VARIABILITY?

Surface hydrology often acts as a low pass filter both in time and space. Arid and
semi-arid areas of CTCZ region in particular are highly sensitive to seasonal and
interannual variability in surface hydrological components (precipitation, soil moisture,
runoff). Vegetation cover changes in these areas are closely linked to interannual
rainfall fluctuations (Prasad et al. 2007). Previous year rainfall or stored soil moisture
strongly modify land surface characteristics and energy fluxes which can affect
atmospheric processes and monsoon (Nicholson, 2000). Thus, interannual variability
in hydrological components and surface processes needs to be studied. Likewise, soil
wetness (near surface soil moisture) is expected to play an influential role in the
persistence of monsoon rainfall after the onset through a feedback process. Particularly
during pre-monsoon dry phase, deep soil moisture and its influence on exchange
processes and subsequent feedback to monsoon variability needs to be understood.
For example, evergreen forests extract stored moisture from deep layers and exhibit
maximum transpiration during dry phase and can thus alter the boundary layer fluxes.
Some of the above issues need to be answered. Some secondary questions are:

· How is the intra-seasonal variability in hydrological components linked to
land surface/vegetation characteristics on basin/regional scale?

· How does vegetation degradation act to enhance or reduce the runoff
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coefficients and can thus modify the impact of rainfall deficit?
· How does the geology contribute to the various components of the water

budget and to the partition between fast and delayed responses of the rivers?

· To what extent can we evaluate the deep infiltration and evaporation terms at
the local scale so as to be able to close the water balance of small watersheds?

These questions can be addressed by

1. Analyzing intra-seasonal and inter-annual variability in components of hydrological
cycles and their possible linkage with land cover characteristics (vegetation cover,
deep soil moisture) and surface energy exchange processes. This task needs
studies of hydrological cycles over at least three to four years using bucket model.
Possible feedback on surface process can be verified with remote sensing derived
land surface characteristics and systematically planned or available tower based
flux measurements for different vegetation across climatic regions. Sub-surface
soil moisture at coarse spatio-temporal scales can now be derived from satellites.
Global RS-based soil surface soil moisture is available / can be derived from
passive microwave (e.g., SSM/I) and scatterometer at 0.25-0.50 degree and weekly
to monthly scale. This may have to be scaled to higher resolution through
disaggregation techniques, extended to sub-surface and for shorter time intervals
using rainfall and models. MEGHATROPIQUES data also would be available
during CTCZ but would have coarse resolution (~60km) but equatorial orbit
can give multiple passes during the day and novel techniques for its use need to
be developed.

2. Study of surface hydrology through rainfall/soil moisture-runoff modeling using
sophisticated hydrological models (SHEELS, VIC) and remote sensing inputs
in various sub-watersheds or a basin. Disaggregated hydrological balance models
in GIS using dense rainfall observation network or RS-derived rainfall.

4.7 CHARACTERIZATION OF THE VEGETATION TYPE/LAND-
COVER WISE ENERGY AND WATER BALANCE AT VARIOUS
SPATIAL AND TEMPORAL SCALES FOR THE DIFFERENT
PHASES OF THE INTRASEASONAL MONSOON VARIATION

The influence of vegetation and surface type on the overlying atmosphere is
manifold. Surface properties critically influence transfer processes between the land
and atmosphere and thereby influence the thermal, hydrological and aerodynamic
characteristics of boundary layer. For a non-vegetated surface, soil moisture is the
prime determinant of surface albedo and temperature (Idso et al. 1975). The wet
surface in general is cooler than dry ones and experiences less extreme diurnal variation.
For a vegetated surface, the geometry of leaves and structures and partial transmission
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through canopy introduce a number of complexities in the interception, reflection
and emission of radiation which in turn influence the surface temperature (Dickinson,
1983). Thus, the characteristics of land surface via thermal effects and surface
evaporation and transpiration determine the distinct partitioning of net energy into
expenditures as latent heat and sensible heat flux. Large degree of surface
heterogeneity over a region or landscape can, therefore, lead to variability in energy
and water cycles across spatial and temporal scales. Apart from this, high sensible heat
loss from bare soil increased transpiration from vegetated portion by advection. Thus
the complex land surface-atmospheric exchange processes need to be studied in
detail by systematic and continuous flux measurements over a variety of land cover
and climate setting. In addressing the key issue of land surface-atmospheric exchange
from heterogeneous terrain over different climatic regions, we need to address:

· What are the effects of surface heterogeneities (vegetation/hydrological
characteristics) on surface energy fluxes over different climatic zones within CTCZ?

· How useful are remote sensing techniques for deriving regional fluxes during
clear sky and cloudy condition?

4.8  RAINFALL OVER THE RIVER BASINS IN THE CTCZ REGION

The major river basins of the Indian region are shown in Fig.4.2 Variability of the
most important component hydrological component viz. rainfall over the major river
basins of the CTCZ region has been studied by Singh et al. (2008). The core monsoon
zone region (Fig. 1.2a) occupies 1 million sq. km area over the contiguous India. The
summer monsoon rainfall and the monsoon monthly rainfall of the period 1871-2005
prepared using data from 114 raingauges of the monsoon zone are shown in Fig.4.3.
Decline in rainfall, particularly July and August rainfall, from 1962 onwards is noteworthy.
There are 15 major/minor river basins in the monsoon zone. A brief account of the
rainfall features of the river basins which will be studied under the CTCZ programme
based on longest available instrumental data are from Singh et al. (2008).

The Betwa basin (drainage area: 44,479 km2; annual PE: 1528.4 mm; mean
annual rainfall: 1039.2 mm- winter 2.6%, summer 1.9%, monsoon 90.7% and post-
monsoon 4.8%; annual rainy days: 49.2; rainy season: start- 16th June, end- 22nd

September & duration- 99 days)- It originates at an elevation of 470 m in the Bhopal
district (Madhya Pradesh). The river flows 590 km to join the Yamuna near Hamirpur.
The Dhasan River is an important tributary. Rainfall data from Hamirpur is available
from 1844; Jalaun was added in 1861 and Nowgong and Bhopal in 1868. Data for all
7 stations of the selected network (Hamirpur, Jalaun, Nowgong, Bhopal, Tikamgarh,
Vidisha and Raisen) is available from 1871.  The longest rainfall sequence could be
developed for the period 1844-2003. The major epochs in annual rainfall fluctuation
are: 1861-1894 wet, 1895-1930 dry, 1931-1961 wet and 1962-2003 dry.
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Fig. 4.2: Basin Map

Fig. 4.3
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The Sabarmati Basin (drainage area: 36,688 km2; annual PE: 1676.8 mm;
mean annual rainfall: 742.8 mm- winter 0.4%, summer 1.4%, monsoon 95.4% and
post-monsoon 2.8%; annual rainy days: 34.5; rainy season: start- 18th June, end- 18th

September & duration- 93 days) - The river rises in the Aravalli hills and flows 300 km
through the Rajasthan and the Gujarat states to join the Arabian Sea. The Sei, the
Wakul, the Harnar, the Hathmati and the Watrak are the main tributaries. Earliest
rainfall record for Ahmedabad is available from 1843; Kaira was included in 1861.
The data for 4 stations of the selected network (Ahmedabad, Kaira, Idar and Wadhwan)
is available from 1871. Longest rainfall sequence for the basin could be developed
for the period 1861-2003. The major epochs in annual rainfall fluctuation are: 1861-
1898 wet, 1899-1925 dry, 1926-1959 wet and 1960-2003 dry.

The Mahanadi Basin basin (drainage area: 145,040 km2; annual PE: 1519.4
mm; mean annual rainfall: 1410.4 mm- winter 2.6%, summer 5.5%, monsoon 84.0%
and post-monsoon 7.9%; annual rainy days: 70.2; rainy season: start- 8th June, end-
13th October & duration- 128 days)- The river originates from a pond near a village
called ‘Pharsiya’ (Raipur district, Jharkhand). It flows for 587 km and beaks into two
branches, the Katjuri and the Birupa, that fall into the Bay of Bengal. Its drainage area
is spread over the Jharkhand, the Orissa, the Bihar and the Maharashtra states. Earliest
rainfall record from 1848 is available for Puri; Sambalpur was included in 1861. The
data for all 11 raingauge stations of the selected network (Puri, Sambalpur, Bilaspur,
raipur, Cuttack, Raigarh, Rajgangapur, Bolangir, Phulbani, Bhawanipatna and Durg)
is available from 1871. The longest rainfall sequence for the basin could be developed
for the period 1848-2003. The major epochs in annual rainfall fluctuation are: 1848-
1878 dry, 1879-1961 wet and 1962-2003 dry.

The Subarnarekha basin (drainage area: 32,647 km2; annual PE: 1416.8
mm; mean annual rainfall: 1509.4 mm- winter 3.3%, summer 10.3%, monsoon 76.0%
and post-monsoon 10.4%; annual rainy days: 79.1; rainy season: start- 20 th May, end-
19th October & duration- 153 days) - The river originates in the Jharkhand state, flows
395 km through the states of Jharkhand, Orissa and West Bengal before falling into
the Bay of Bengal. The Kanchi, the Karffari and the Karkai are its important tributaries.
There are 4 rain-gauges in the basin- rainfall record for Ranchi is available from 1848,
for Balasore from 1859, for Chaibassa from 1869 and Baripada from 1871. Longest
rainfall sequence for the basin could be developed for the period 1848-2003. The
major epochs in annual rainfall fluctuation are: 1859-1900 wet, 1901-1939 dry, 1940-
1952 wet and 1953-2003 dry.
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For addressing the science questions, it will be necessary to analyze observations
on land, from moored buoys and ARGO floats over the oceans surrounding the
continent, from satellites over ocean and land as well as from field experiments over
critical regions of the land and oceans. In addition, it is important to undertake focused
modelling studies, development of data assimilation schemes and detailed analysis of
prediction models.

Observational component

Here we discuss briefly the existing and planned observational networks on
land and oceans, satellite derived products and then the critical regions identified for
field experiments.

5.1 IMD OBSERVATIONAL SYSTEM

The atmospheric observation system in India, has evolved over the last 130
years within the IMD, to meet the requirements of weather and climate monitoring
for general societal needs and special requirements for agriculture, aviation, NWP
and Mountain Meteorology taking advantage of the developments in technology.

Rainfall Network

At present, there are about 9200 rain-gauge registration stations in the country,
which include 458 stations under the direct control by the IMD where rainfall is
measured twice a day depending upon the category of the station. There are only 70

stations maintained by the IMD, which are equipped with self recording raingauges

whose data are used to provide hourly or sub-hourly rainfall rates. There is a large
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network of raingauges under the system of raingauges run by the different State

Governments. Some of the State Governments like Madhya Pradesh, Andhra Pradesh,

Maharashtra, Karnataka and Kerala have recently established a fairly dense network

of automatic raingauges under World Bank aided Hydrometeorology Project. Fig.5.1

shows the raingauge network (all stations) in the country and Fig.5.2 shows the network

being used for real time rainfall monitoring.

Surface Meteorological Observatories

With the establishment of the IMD in 1875, 77 meteorological observatories,

existing under the provincial meteorological organization in Bengal, Punjab, Northwest

Provinces, Madras, Bombay and Central Provinces, under direct control of the British

administration, were transferred to the IMD. In 1875, there were only 87 observatories

under the control of the IMD, spread across undivided India and neighbouring regions.

Over the years IMD has integrated and expanded the surface meteorological

observatories network which now comprises 423 working observatories which are

divided under different categories, as follows:

· Class I observatories manned by full time IMD personnel, record and report 4

to 8 sets of observations per day and are equipped with self recording instruments.

· Class II a observatories which record and report two sets of observations per day

and are also manned by full-time IMD personnel.

· Class II b observatories which record and report two sets of observations per day

and are manned by part-time observers under the supervision of a Hon.

Superintendent for each observatory.

· Class II c observatories which record 2 sets of observations per day and report

one observation per day.

The present network of observatories comprises 137 Class I observatories, 62

Class II a observatories, 202 Class II b and II c observatories and 22 Class III

observatories (Fig. 5.3). There are large gaps in Rajasthan, Chattisgarh, Orissa, Punjab,

Haryana and Jharkhand. At present, there are 253 districts which do not have even a

single observatory. The number of such unrepresented districts is large in the Indo-

Gangetic Plains, Himachal Pradesh, moderate in Central India and small over the

South Peninsular India.

APPROACH
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Fig. 5.1: Rain-gauge Network in India
 (All stations)

Fig. 5.2: Rain-gauge network used for rainfall
monitoring Surface Observing Sub-System

Fig. 5.3: Surface Observatory Network Fig. 5.4: Districts without a surface
observatory

APPROACH



117

Fig 5.5: Network of Agrometeorological
Observatories

Fig. 5.6: Network of soil moisture stations

Fig. 5.7: The upper air network of RS/RW stations
and pilot balloon stations.
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Agricultural – Meteorological Observing Subsystem

At present, in addition to the surface meteteorological observatories, there are

149 agro-meteorological (Fig. 5.5) observatories in India. There are 236 pan

evaporimeter stations, whose records go backward for 10 to 50 years; 43 stations record

soil moisture using the gravimeteric method and 42 stations record evapotranspiration

(ET) with Lysimeters. Out of the 42 ET stations, both soil moisture and ET are

recorded at 28 stations. As these observatories are located in the premises of agricultural

colleges and State Agricultural Universities, the distribution of the network is uneven

with concentration in agricultural states like Punjab, Haryana, Uttar Pradesh, Bihar,

Andhra Pradesh, Maharashtra, Gujarat, Karnataka, Tamil Nadu. There is scope to

increase the network over Madhya Pradesh, Chattisgarh, Orissa, West Bengal,

Jharkhand, Kerala and in the NE Indian States. Also the equipment and techniques

for measuring soil moisture and evaporation / evapotranspiration are based on old

and cumbersome technologies. Besides, the recording of data is mostly for two

observations a day (7 AM and 2 PM)  which is not synchronous with the synoptic

weather observations at other surface meteorological observatories which leads to

some problems in  use of the agro-met observations for weather forecasting service.

Upper air network

Weather Radar Observing Network

At present, IMD weather radar network consists of 30 storm detection radars

(25 X band and 5 S band) and 11 Cyclone Detection Radars (S Band). In addition,

IMD also maintains 5 Doppler radars at Chennai, Sriharikota, Machilipatnam,

VisakaPatnam and Kolkata.

Plans for modernization of the IMD observational Network

IMD has the following plan for modernization of their observational network

based on the recommendation of a committee under the chairmanship of Shri. D.R.

Sikka, constituted by Ministry of Earth Sciences in 2006.

1. Installation of 3600 automatic rain-gauges in the next 5 years (2007-2012) with

recording and reporting the data via satellite communications.

2. Installation of about 30 snow gauges to be installed in western Himalayas and

Sikkim.
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3. Establishment of AWSs at all 199 IMD observatories and in the unrepresented

districts, where there is no surface observatory.

4. Installation of AWSs in all the agro-climatic zones (127) with satellite

telecommunication.

5. Enhancement of ET and soil moisture network in the Gangetic Plains as

hydrological feedback to monsoon intra-seasonal oscillation is triggered from

this zone.

6. Equipping the existing as well as additional soil moisture recording stations with

instruments based on Time Domain Refractometric (TDR) technique.

7. Retention of all 62 pilot balloon stations with modern technology.

8. Improvement of the accuracy of Indian radiosonde data.

IMD has already initiated action to procure additional dopplar radars, automatic

weather stations and automatic rain-gauges. Recently, IMD has installed 125 Automatic

Weather Stations at different parts of the country.

Analysis of observations

While the meteorological observations of IMD have been extensively analyzed

to give insight into the nature of the circulation, energetics etc, data on important

hydrological facets such as soil moisture have not been analyzed as yet. Even the

monthly climatological values of soil moisture are not available. Since it is clear that

land surface processes play an important role in the variability of the CTCZ, it is

essential that the existing data be scrutinized and analyzed. For studying the variation

of soil moisture over regions of different scales, it is necessary to analyze the station

data together with satellite derived values. Such an exercise is also required for

generating input on observed soil moisture is for prediction models. .

5.2  INDIAN AIR FORCE OBSERVATIONAL SYSTEM

The network of existing and planned stations by Indian Air Force is shown in

Figs. 5.8 and 5.9. Half Hourly Current Weather Observations by trained observers

are regularly made at 55 airfields. In addition, automatic weather observations of

Temp, Pressure, Humidity, Wind Speed and Direction are also made. Pilot Balloon

Observations are made at selected (28) airfields/locations where upper air observations

are not taken by IMD.
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It is planned to modernize the air force observational system by adding 11 Dual

Polarimetric C- Band Doppler Weather Radars during 2009-2011, 10 GP Sonde

Systems in 2008-09 and 10 Wind Profilers by 2009-10.

5.3  MONITORING THE OCEANS AND THE ATMOSPHERE ABOVE:

DATA FROM BUOYS AND ARGO FLOATS

National Institute of Ocean Technology (NIOT), Chennai has established real-

time monitoring of surface marine meteorology and oceanographic parameters such

as wind vector, air-pressure, humidity, air temperature, sea surface temperature, current

vector, and surface salinity in Bay of Bengal and Arabian Sea. All the parameters are

available in 3 hour time interval to capture diurnal and intra-seasonal signals effectively.

Currently, 8 Moored Buoys are operational. Efforts are also underway to establish 40

buoys by the end of the year 2008. The present locations of moored buoys are shown

in Fig. 5. 10.

Further, CLIVAR/GOOS Indian Ocean Panel (IOP) is establishing important

ocean observational components in Indian Ocean called IndOOS (Indian Ocean

Observing System), which include array moored buoys, Argo floats, drifting buoys,

XBT lines, tide gauges, current meter moorings, etc. The “RAMA” (Research moored

Array for African-Asian-Australian Monsoon Analysis and prediction) programme is

similar to TOGA. The RAMA mooring array is sub-set of IndOOS, consisting of 47

buoys, including 6 flux moorings. The mooring array is being built with active

collaboration from France, India, Indonesia, Japan, US. The plan of mooring array

under RAMA and present status of mooring is shown in Fig. 5. 11. As of April 2007,

15 sites in the array have been occupied; representing 32% of the 47 sites in the array

and two more Buoys (red circle) one in 12 N/90 E and other at 15 N/90 E were

deployed during November 2007. The data from these mooring will be available on-

line from INCOIS/PMEL website.
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Fig. 5. 8
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Fig. 5. 9
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Fig. 5.10: Present locations of moored
buoys buoys

Fig. 5.11: Plan of mooring array

Fig. 5.12: Present status of ARGO floats in Arabian Sea and Bay of Bengal

Argo Profiling floats

In order to understand the upper ocean thermo-haline structure and thereby to
map the heat and mass transport in the global ocean in general and Indian Ocean in
particular, these robotic floats are deployed in the ocean. These “Oceanographic
Radiosonde” provides temperature and salinity profile up to 2000 m depth in the
global ocean once in 10 days. However, due to strong upper ocean variability in the
Bay of Bengal, Argo floats were deployed with 5 days temporal sampling and 500 m
depth profile. This will facilitate to understand the intra-seasonal variability of fresh
water and heat content over the Bay of Bengal. Presently, there are 2950 floats in the
Global Ocean, 512 floats in Indian Ocean and 18 floats in Bay of Bengal, which are
operational. The present status of floats in the Indian Ocean and Bay of Bengal is
shown in Fig. 5.12.
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5.4.  SATELLITE DERIVED DATA PRODUCTS

In the large scale cloud band characterizing the CTCZ, cloud systems of synoptic
scale and mesoscale are generally embedded. Satellites provide continuous and
simultaneous observations covering a large area, and are extremely useful in
understanding facets of clouds such as (i) the life cycle (preferred location of formation,
intensification, propagation, local feedbacks, duration, diurnal variation,  (ii) tracks of
lows and depressions and their relationship with onset tracks and ground  hydrology
and surface conditions. The following data from different satellites over the study
region will be available for the analysis.

a) IR, visible, water vapour channel data from INSAT satellites. The Sounder on
INSAD-3D will be an additional bonus.

b) Sea surface temperature from AMSR-E, TMI, NOAA-AVHRR

c) Chlorophyll, cloud parameters such as height, amount, etc from MODIS sensor
from AQUA satellites

d) Sea surface height anomaly from Altimeters once in 7 days

e) Wind vector from QuikSCAT

f) Air temperature and humidity from AIRS/AQUA

g) It is hoped that MEGHA-TROPIQUES will be launched during CTCZ period
and it will provide data on clouds at higher temporal and spatial resolutions.

h) Land cover and natural resources from Resourcesat (ISRO)

i) Vegetation and surface characteristics from Terra Aqua/MODIS(NASA):

j) soil moisture from SMOS(NASA)-

Satellite data archival and analysis should be a major component in CTCZ

5.5  FIELD EXPERIMENTS OVER CRITICAL REGIONS

The focus of the CTCZ programme is on the variability of convective systems of
scales ranging from the cloud scale to supersynoptic scale. The variability of these
systems comprising the CTCZ depends on the variability of important facets of the
atmosphere such as moist static stability, nature and concentration of natural and
anthropogenic aerosols  as well as the nature of the land surface such as the hydrology,
vegetation cover etc. A major objective is the understanding and prediction of the
major features of intraseasonal variation viz. active and break spells. Commencement
of breaks is often preceded by movement of a synoptic system /CTCZ north of the
core monsoon zone. Mid-latitude systems are also known to have an impact on breaks.
It has been proposed that absorbing aerosols can intensify the Indian monsoon through
the ‘Elevated-Heat-Pump’. Thus for a deeper insight into the variability of the CTCZ,
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the region north of the monsoon zone also needs to studied. We suggest that the
land region northward of about 18o N could be identified as the major
study area of the CTCZ programme.

The variability of the CTCZ also depends on the variability of genesis of
convection over the surrounding oceans and propagations onto the monsoon zone.
Hence special observational experiments are also required over northern and southern
Bay (Fig. 5.13), southeastern Arabian Sea and western and eastern equatorial Indian
Ocean (Fig 5.14).

Observations for the cloud systems and aerosol component

Measurements are needed for this component over all, the identified critical
regions (land and ocean).

Boundary layer

a. Flux towers over land at 3 or 4 locations representative of contrasting surface
conditions (from pure marine to semi arid). Tower height in 30-50 m range is
desirable. All measurements required to calculate the individual components
of surface energy flux components have to be made. This includes 4 components
of radiation, soil heat flux, soil temperature and moisture at 3 or 4 depths, SHF
and LHF. The last two to be computed using both slow and fast response sensors.

b. High vertical resolution radiosondes, preferably at or near by the flux tower.
Such radiosonde profiles are also required from the ship.

c. Measurement of all components of surface energy flux from the ships. Ship
navigation data, and fast motion correction to be included. SHF and LHF to be
computed using both slow and fast response sensors.

Aerosols:

In-situ measurements of the altitude profiles of aerosols, cloud properties and
water vapour would be an important component of CTCZ. The exhaustive airborne
measurements made during the ICARB of ISRO-GBP and the earlier ARMEX
campaigns would form the guiding lights for planning such measurements. The
observation tools / platforms needed are:

Platforms and networks:
1. Satellites: Geostationary (INSAT), GPM, TRMM & MT
2. Instrumented Aircraft - table 1 comprises a list of airborne instruments.
3. High resolution radiosonde network forming polygons
4. Boundary layer Flux Towers
5. AWS network, disdrometer, rain intensity instruments
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Fig. 5.13: TMI SST (colour, 0C),
superimposed are QuikSCAT wind vectors
(m s-1); Critical regions are shown by boxes
the northern bay (88–92 E and 18–22N) and
in the southern bay, 82–88E and 4–8N.

Fig. 5.14: Critical regions of the equatorial
Indian Ocean are WEIO: 50-70 E, 10S-10N
and EEIO: 90-110E, 0-10S shown as boxes on
the map of   correlation of July-August OLR
with OLR of WEIO.

Fig 5.15: Proposed basins/Transects for
land surface-hydrological processes study in
the CTCZ region (Sabarmati, Mahanadi,
Subarnarekha, Upper Ganga and North –
South Transect)

Fig. 5.16: Relief of the Indian subcontinent (in
metres above mean sea level) based on the 20¢
(~33 km) ETOPO20 data.
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Instruments:

1. Radars: DWR and rain radars

2. Profilers: Wind, temperature and water vapor

3. Cloud Imaging Probe, LWC (Hot Wire Probe), Cloud Droplet Probe, wind
and turbulence characteristics, on board Doppler radar and aerosol instruments
(see Table 1)

4. Boundary layer lidar and sodar

5. CN & CCN Counters, Ice Nuclei Counter

6. Instruments for chemical & isotope analysis of water

7. Cloud Electrical characteristics -

Electric Field Mill, Conductivity Probe (Gerdien Cylinder), Maxwell Current
Measurement

Table – 1: Proposed airborne measurements during CTCZ programme
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Observations for the land-atmosphere hydrology component

 Since the major study area is very large, the strategy for observations could be to
use (a) all existing observations, (b) establish a network by supplementing current
network with additional observation sites. Intensive process studies on the regional
or basin-scale energy and water cycle can be implemented for the four areas, i.e., the
sub-humid-mixed vegetation (Solani/yamuna) semi-arid crop lands (Sabarmati river
basin), semi-arid forested (Betwa river basin) and semi-arid (Ranchi) (Fig 5.15). In
addition, a meridional transect (750 -800E, 200 – 300N, Fig 5.15) can be identified for
land surface and hydrological processes study. These process studies shall be conducted
at least one year to obtain the full seasonal cycle of the energy and water cycle processes
of the four areas. The identification of a possible influencing zone and impact zone
could help in focusing this effort. The observation would consist of rainfall,
temperature, humidity, wind speed etc).

It is also necessary to undertake tower-based observations of energy and water
balance in CTCZ region. The towers could be 30-50m tall and have standard
meteorological sensors, fast observation sensors for wind and water vapour, direct
and diffuse radiation and depth-wise soil parameters (soil moisture and temperature).
The towers need to be located in dominant vegetation cover types in CTCZ (Moist
deciduous forest, dry deciduous forest, irrigated croplands, rain-fed croplands, arid
scrublands).

Observations of aerosols and vertical profiles of temperature and humidity from
the current network of RS/RW measurement, supplemented by those from the
instruments developed by SPL, are also required. An important task is the up-scaling
from point observation to regional fluxes using RS data and models and validating
regional fluxes.

The data needed are:
Atmospheric column
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1) Flux measurements

Data needed for (a) surface layer parameterization (b) 1-D energy,water, CO2 balance
(c) needed for meso scale model testing

2) Meso-Net

Data will be used for hydrology and 1-D models of H
2
O/CO

2
,
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3) Hydrology

Data needed for (a) Rainfall-runoff modeling (b) Soil moisture storage and atmosphere
water vapor feedback (c) vegetation-hydrology-land cover interaction. Proposed study sub
basins are Mahanadi, Betwa, Subernarekha, Sabarmati, one sub-basin in Ganga basin

4) Vegetation and Soil Parameters

Data needed for (a) Model runs

APPROACH



131

5) RS- spatial Fields

Spatial fields of land surface parameters would be required as boundary conditions
in meso-scale models e.g. MM5

5.6  MODELLING STUDIES

It has been seen (chapter 2) that the general circulation models of the atmosphere
and the coupled ocean-atmosphere system, are as yet not able to simulate realistically,
the intraseasonal variation of the CTCZ. Considerable effort needs to be made  to
investigate these as well as simpler models in detail so that the simulation can become
realistic and the models can be used to unravel the mechanisms involved in the
important phenomena like the active–weak fluctuations, breaks etc. In this endeavour,
detailed analysis of the observed variation of important facets of the CTCZ from the
enhanced observation network over land and ocean as well as field experiments under
the CTCZ programme will play an important role.

Studies of intraseasonal variation have shown that atmosphere, land and ocean
interactively govern variations on this scale. It would thus be necessary to study and
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understand intraseasonal variations with a hierarchy of models of an atmosphere-
alone as well as of coupled ocean and atmosphere. An important question that needs
to be addressed with AGCMs is the role of cloud-processes on intraseasonal variations.
One focus could be simulation of westward migrations of cloud systems from W
Pacific and their intensification over the Indian region and the poleward propagation
of cloud bands from the equatorial Indian Ocean. Rajendran et al. (2002) have shown
the sensitivity of the simulated variation to cumulus parameterization schemes. Special
observations on the cloud scale and mesoscale and of factors such as cloud
condensation nuclei should make it possible to assess the slew of convective
parameterization schemes used in the GCMs and contribute towards development of
more appropriate ones for the Indian monsoon. The high resolution data obtained
from CTCZ experiments could be analysed and based on this and data from earlier
experiments (such as BOBMEX and ARMEX) cloud scale processes suitably modified
to realistically represent the variations on synoptic and intraseasonal scales. One of
the major problems in modelling cloud processes could be the improper partitioning
between mid-level convection and deep convection. Most models have a tendency to
overestimate deep convection, while a substantial percentage of rainfall over the Indian
region could be contributed by mid-level convection. Data from CTCZ could help
in improving the modelling of these processes especially the partitioning of rainfall
into various sub-components. For improved understanding of monsoon cloud-
convection-radiation processes for monsoon and  improvement of  parameterization
schemes in NWP models at various scales, scientists at NCMRWF are planning to
configure the current 25 km WRF model to a very high resolution CRM at 1 ~ 2 km
resolution and also attempt to develop cloud resolving models. In addition to such
studies, meso-scale structures and life cycles of cloud systems will be investigated with
high resolution (25 x 25 km) regional model.

Scientists at NCMRWF are planning to study various facets of the CTCZ such as
(i) formation of the trough over the monsoon zone, transition from the heat trough to
CTCZ during the onset phase (ii) establishment of CTCZ and it’s fluctuations
(iii) genesis, intensification and propagation of embedded systems the associated
rainfall patterns and intensity; anomalous frequency of genesis and  (iv)northward
propagations  of TCZ over the oceans and land  by analysis of data from NCMRWF
NWP Models (Global ~ 50 km horizonal grid data, and regional ~ 25 km horizontal
grid data ) as well as other models. It is important to assess the simulation of at least
some of these facets by other models in the country.

  The sensitivity of the simulated intraseasonal variation to land surface modeling,
vegetation cover, aerosols etc. has to be determined in addition to the sensitivity to
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convective parameterization schemes and boundary layer processes. It is important to
test the land-surface parameterization schemes with data collected under the CTCZ
programme. Comparison of the results of such sensitivity studies with observations
including those under the CTCZ programme can lead to an assessment of the different
available schemes and hence improvement through further R &D. For example,
from the data of the PILPs semi-arid experiment it was shown that models had
problems in simulating the soil moisture and runoff and a majority of models produce
runoff when none is observed (Bastidas et al. 2007).

Hydrological modelling encompasses more than one aspect of interaction within
the framework of the CTCZ programme.  One component concerns the exchange
between the land surface and the atmosphere, for which  Noah LSM and ALEXI
models will be used.  Another component concerns the hydrological processes, which
includes biophysical feedbacks to to land hydrology; for these investigations, IBIS,
VIC, and SHEELS models will be used. A third component concerns the exchange
between the land and the ocean. As noted earlier in Section 2.6, salinity has been
conjectured to play a key role in the mixed-layer physics, and therefore in air-sea
coupling, in regions like the northern Bay of Bengal, which receives a huge freshwater
influx from rivers.  For modelling salinity, river discharge is therefore a critical input
for ocean models. For the reasons discussed in Section 2.6, hydrological modelling
on the scale of the large basins is necessary to obtain information on river discharge.
This need led Shankar et al. (2004) to use a hydrological routing algorithm called
THMB (Terrestrial Hydrological Modelling with Biogeochemistry; Coe (2000)), which
is capable of scaling from small basins like that of the Mandovi on the Indian west
coast to large, continent-scale basins like the Ganga, Brahmaputra, or the Amazon.
Given the distribution of local precipitation and evapotranspiration, THMB (earlier
called HYDRA) can route the run-off to destination, the sea or an inland lake. The
basic data required by the model are modest: THMB needs a digital elevation model
(DEM) that maps the topography on the required scale, and it needs data on
precipitation and evapotranspiration. DEMs on a range of scales, from 1° latitude and
longitude (ETOPO60) to ~ 1 km (GLOBE) are now available through satellite remote
sensing (Fig 5.16).  Rainfall or precipitation data are now available from a variety of
sources, which include the recent data sets of Rajeevan et al. (2006), AGCM outputs,
satellite-based data sets like GPCP, etc.  Evapotranspiration and runoff can either be
deduced from models that include details of the vegetation cover, such as simple
models which are based on pan evaporation etc., or the more complex models which
are a component of the GCMs. Available discharge data, which form an independent
data set, have to be used to validate the performance of the models.
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Modeling of transport processes to understand the regional advection and mixing
process of aerosols and trace gases is also proposed to be undertaken at NCMRWF
and is expected to be done at other institutions such as IITM.  Different transport
processes and atmospheric chemistry over the CTCZ region will be studied using
HYSPLIT and MATCH model installed at NCMRWF and the new WRF model
with chemistry which will be installed shortly. Focus of the radiation process modeling
is to understand the role of aerosol and trace gases on the radiative forcing and energy
balance over CTCZ and surrounding region. Radiation models available at NCMRWF
are capable of both on line and off line computation of radiation forcing from different
aerosol species and trace gases, including CH4, NOX, CFCs. Observations collected
during the campaign can be incorporated in addition to other observations including
satellite observations. A substantial contribution to the total aerosol forcing over CTCZ
region is due to mineral dust. So the modeling of this aerosol is of utmost importance.
Role of anthropogenic aerosol on the direct radiative forcing over this region as well
as its indirect effect on cloud radiative forcing are also important processes requiring
detailed studies.

Vinayachandran et al.’s (2007) studies with the latest version of the MOM model
have shown that the variation of SST of the north Indian Ocean is realistically simulated
on the monthly and seasonal scales. Since intraseasonal variation of the CTCZ is
linked with that over the oceans, it is important to test whether the ocean models
respond realistically to the variation in OLR and wind (Fig. 2.17)  Studies with coupled
models to assess the simulation of the air-sea interaction  and in particular genesis of
convection over the oceans are required.

5.7 PREDICTION AND DATA ASSIMILATION FOR THE CTCZ
PROGRAMME

Recently a very high-resolution global model (T254/L64) along with its assimilation
system has been implemented at NCMRWF. It is having roughly 50 km of horizontal
resolution and has 64 layers in the vertical. It has 14 layers below the 800 hPa level.
The regional meso-scale model WRF over the Indian region with 25 km horizontal
resolution has 20 layers in the PBL. The meso-scale model has also its data assimilation
system. Both these models could be great tools to study many aspects of the CTCZ
experiment.

5.7.1 Providing real-time specialized products from NCMRWF Global
and Regional models analysis-forecast system during the field
campaign and the IOP period:

NCMRWF is planning to provide real-time forecast from different NWP models
and multi-model ensembles, both global and regional,  and  obtain the  feedback on
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strengths and weaknesses of the model forecasts during the field phase(s). Specialised
NWP products from different high resolution models from NCMRWF, both global
and regional, can be provided during field phases of the CTCZ campaign. This forecast
can be used for planning different observation strategies during the campaign. Short,
medium and extended range forecasts can be used for planning the IOP periods.
Special analysis and forecast using real time data from the experiment could be
prepared and disseminated in near-real time during the experiment. These analyses
and forecasts will be useful for real time monitoring of the processes and also for
tactical planning during the experiment.

5.7.2 Assimilation of extra data coming from CTCZ field campaigns
in NCMRWF Global and regional data assimilation systems.

Real time meteorological and land-surface data collected during field phases
can be assimilated using the high-resolution variational assimilation system available
at NCMRWF. Data from different platforms including Radar, satellite (including
GPS radio occultation data) can be assimilated in addition to conventional observations
to generate high-resolution analysis. Evaluate the impact from ingesting data from
new observing systems during CTCZ on forecast skill. This will generate improved
analysed (Reanalysis) data for the CTCZ period. The impact of this improved data
will be studied on prediction skill of monsoon systems and monsoon processes.

5.7.3 Assimilation of ARGO data

Recent studies (Krishnamurti et al. 2007) have shown that including sub-surface
ARGO data improves intraseasonal features in a seasonal forecast. An exercise where
additional surface data from CTCZ from land-surface, ocean surface and sub-surface
is assimilated into the coupled model would be an interesting exercise to understand
the relative contributions of each of these on the simulation and prediction of
subseasonal variability.

5.7.4 ‘Land-Surface Model & Assimilation System’ at two resolutions
50 km x 50 km for the global model and 25 x 25 km for the
regional model

NCMRWF is planning to develop, test and implement a land-surface assimilation
scheme/model, generate data for research /routine use and investigation. High density
data will be used in assimilation. Conventional and Satellite data for the following
parameters are planned to be used:  Soil wetness, soil moisture, soil temperature,
vegetation data , Surface drag, Albedo, Stomatal resistance, Radiation, precipitation ,
Surface roughness parameters (roughness length and height) , Evapotranspiration,
High resolution SYNOP type data, micrometeorological data for surface layer &
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boundary layer. The model will be used to study land-surface processes, hydrological
processes in soil, provide improved data for boundary layer studies and study how
land surface parameters can modulate the monsoon.

5.8  RELEVENT NATIONAL AND INTERNATIONAL PROGRAMMES

The ISRO GBP programme involves several projects which will contribute
directly to the CTCZ programme. Systematic investigations on the microphysical and
optical properties of aerosols were initiated during the Indian middle atmosphere
programme (IMAP). This programme was taken as thrust area under the Aerosol
Climatology and Effects (ACE) project of the Indian Space Research Organisation’s
Geosphere Biosphere programme (ISRO-GBP), with the long-term objective of
evolving empirical models of the optical and physical properties of atmospheric aerosols
over distinct geographical environments (such as coastal, continental, arid, urban,

Fig. 5.17: Spatial distribution of ARFI network observatories under ISRO-GBP. The red and
yellow symbols represent observatories that are currently operational and expected to be functioning
through the CTCZ period. The orange symbols circumscribing the blue wheel represent stations
that are in the pipeline and expected to be ready by early 2009. While stations coloured yellow will
have basic AOD measurements with BC at some of the locations, while stations coloured red will
have parameters. The dotted circle approximately represents the study region, including the core
monsoon zone and the foothills of Himalayas.
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rural, and industrial) of India. Under this a network of aerosol observatories is
operational over Indian landmass covering most of the representative regions and
island locations in the Arabian Sea and Bay of Bengal. Under the Aerosol Radiative
Forcing over India (ARFI), a network of aerosol observatories (Fig. 5.17), making
measurements of columnar aerosol optical depth (AOD) and several other parameters,
is being established. Under the project on Atmospheric Boundary Layer Network &
Characterization, indigenously developed Boundary Layer Lidar by NARL is going
to be installed in about 8-10 locations in the country, which are meteorologically
critical.

The Megha-Tropiques Mission is an ISRO-CNES (Indo-French) collaborative
programme in which a low orbit satellite the Megha-Tropiques satellite for studying
the water cycle and energy exchanges in the tropics will be launched. Megha-Tropiques
& INSAT 3D - satellites will provide data on clouds, water vapour, vertical profiles of
temperature & humidity, etc. These also need ground validation sites. One of the
land Cal-Val sites for these satellites can be in the CTCZ area, which will provide
comprehensive measurements of several critical parameters. Thus, collaboration with
the Megha Tropiques programme which commences in 2009 will add enormously to
the data collected in the CTCZ campaign. Indian Institute of Tropical Meteorology
(IITM) has planned a national-level “Cloud Aerosol Interaction and Precipitation
Enhancement EXperiment (CAIPEEX)” during the period 2008-2011, which will
also provide very valuable inputs to the CTCZ programme. The objectives of the
experiment are: (1) to enhance understanding of cloud-aerosol interactions, (2) to
enhance knowledge of cloud microphysics for improving cloud parameterization, (3)
better understanding of direct and indirect aerosol forcing and (4) precipitation
enhancement. The experiment will involve extensive cloud microphysical and aerosol
observations over the entire country. A variety of aircraft measurements of aerosols,
clouds and radiation are planned.

There are a large number of common elements between the proposed CTCZ
programme and the two major programmes of the World Climate Research Programme
(WCRP) which are Climate Variability and Predictability (CLIVAR) Project and Global
Energy and Water Cycle Experiment (GEWEX). A major objective of CLIVAR is to
describe and understand the physical processes responsible for climate variability
and predictability on seasonal, interannual, decadal, and centennial time-scales. A
particularly important CLIVAR focus is on the role of the ocean in climate. GEWEX
provides the scientific focus in WCRP for studies of atmospheric, hydrologic and
thermodynamic processes that determine the global hydrological cycle and energy
budget and their natural variability, and their adjustments to global changes such as
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the increase in greenhouse gases. An important question addressed by GEWEX is
how can the cumulative outcome of wet atmospheric processes be accurately taken
into account (parameterized) in weather forecasting and climate models? Significant
improvements in modelling and predicting precipitation have been realized from
GEWEX research into land-atmosphere interactions and related model
parameterizations. It is obvious that there is considerable overlap between the
objectives of CLIVAR and GEWEX and of the major issues of the CTCZ programme
involving understanding the variability of the monsoon on intraseasonal and
interannual scales, elucidating the role of oceans and land hydrology- atmosphere
interactions. Thus the CTCZ programme will benefit from the achievements of these
two programmes and will in turn make significant contribution towards these projects.

Global Monsoons is the theme of a crosscutting project of WCRP. Major
programmes to study the monsoons have been launched for the African monsoon
(AMMA) and the American monsoon (VAMOS). From 2008 several Asian countries
are planning a joint programme on the Asian Monsoon (AMY Asian Monsoon Years).
Given the strong links of the Indian monsoon with the monsoon over the other parts
of Asia (Pant and Rupakumar), each of the CTCZ programme and AMY are expected
to contribute to the other.

THORPEX (THe Observing system Research and Predictability Experiment)
was established in 2003 under the auspices of the WMO Commission for Atmospheric
Sciences (CAS). It is a 10-year international research and development programme to
accelerate improvements in the accuracy and the social, economic, and environmental
benefits of 1-day to 2-week high-impact weather forecasts. Another international
programme of relevance to CTCZ is the ‘Year of Tropical Convection’. For this
programme, a strategy for a coordinated observing, modelling and forecasting with
emphasis on the organized tropical convection and its influence on predictive skill
will be adopted.
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