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Abstract

With the advent of Global Warming it has become very important to under-
stand hydrological cycle as it has shown several changes in the recent years. Models
predict even more drastic changes in the coming years. Measurements of changing
atmospheric water vapor and understanding its causes may help in modelling the
frequency of rain events in monsoon regions. This thesis work tries to understand
several hitherto unexplored features of the hydrological cycle using stable water
isotopes as tracers.

Stable isotopes of water have proved efficient tracers to study various hydro-
logical processes. Isotopes store information of hydrological processes by means of
isotopic fractionation during phase change. Recently, a few isotope based models
have become available which incorporate the full hydrological cycle. Accuracy of
these models depend on the a priori information of source parameters (such as in
initial isotopic composition of a reservoir), fractionation factor, type of fraction-
ation and various processes which may change isotopic composition at different
stages of evolution. Only a few studies are available to characterize them and
most of these are laboratory experiments or model generated results. So the aim
of the present work is to understand isotopic equilibrium /disequilibrium conditions
during phase change over land and ocean and demonstrate the potential of sta-
ble isotopes as powerful tracers to capture microphysical processes associated with
rain formation.

Cruises were made to understand surface water and atmospheric water vapor
properties over the Southern Ocean and the Indian Ocean. To understand various
ocean surface water processes in the northern and southern hemispheres and sur-
face water isotopic variability, for the first time a large transect (13°N to 68°S) was
explored. This study shows a very clear signature of the domination of evaporation-
precipitation process near the equator whereas precipitation dominated zone was
located between two evaporation dominated zones south of the equator. For the
first time signature of the Agulhas Front and the Subtropical Front in the surface

waters were identified at 41°S and 44°S in February. During the return jour-



ney (March) these two fronts had merged and were located at 41°S. Our study
demonstrates that the region between 41°S and 45°S is a transition zone between
evaporation/precipitation processes dominated zone (north of this zone) and melt-
ing/freezing processes dominated zone (south of this zone up to Antarctica). We
also found that the Southern Ocean evaporates under the isotopic non-equilibrium.
For the first time a simultaneous collection of atmospheric water vapor and ocean
surface water was done to understand isotopic equilibrium/disequilibrium condi-
tions over the Bay of Bengal. It is a general understanding that ocean properties
are homogeneous. Our results are the first to show small scale stable isotopic het-
erogeneity for atmospheric water vapor (~2.8%¢ for 680, ~20%c for 6D) in a
small region (1° X 2°). Vapor was mostly not in the isotopic equilibrium with
surface water. Effect of kinetic fractionation was seen all the time and it increases
towards north. Our results show that the deviation in the fractionation factors
from their equilibrium value can be explained by kinetic fractionation over ocean
surface.

High time resolution stable isotopic study of rain water can be an effective
tool to get micro-physical information of rain formation processes as isotopic frac-
tionation is very sensitive to phase change. This thesis demonstrates the potential
of stable isotopes as powerful tracers to understand microphysical processes asso-
ciated with rain formation. For the first time a high time resolution stable isotopic
study of rain water along with radar and disdrometer data show that a single rain
parcel can change from stratiform to convective nature in the same day.

Efforts are also made to understand annual atmospheric water vapor cycle,
rain water - vapor isotopic equilibrium, source characterization of vapor and effect
of rain on local atmospheric water vapor. This study shows a large impact of
rain water on the local water vapor during the monsoon, when rain water and
atmospheric water vapor were in the isotopic equilibrium mostly. This is not true
for the non-monsoon period. Stable isotopes of vapor are also able to trace short

term effects such as western disturbances in the month of February.
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Chapter 1

Introduction

1.1 Earth’s hydrological cycle

The hydrological cycle on the planet earth is driven by the unequal solar energy
distribution on the surface. It mainly comprises of evaporation from oceans and
land water bodies, rain from clouds and water discharge from rivers. There are
several potential factors such as global warming and pollution which may affect
hydrological balance by influencing the heat budget. In the present day scenario
continuously increasing surface temperatures and pollution may have serious effects
on the hydrological cycle. Collectively they may change ocean and cloud properties
drastically. Increase in the specific humidity due to global warming in the lower
atmosphere is likely to have important implications for extreme precipitation events
and tropical cyclones [Willett et al., 2007]. So it is very important to understand
the hydrological cycle in the changing global scenario for better predictions.
Stable isotopes of water deuterium (D) and oxygen (*¥0) are important trac-
ers of the natural hydrological processes [ Friedman et al., 1964; Craig and Gordon,
1965; Clark and Fritz, 1997] because they fractionate during phase change (1.2.1).
This isotopic fractionation is very sensitive to the changes in the atmospheric pa-
rameters (e.g. temperature, humidity). Their usefulness in studying atmospheric

water vapor transport [Smith et al., 2006], cloud physics [Jouzel and Merlivat,
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1984; Scholl et al., 2007], paleoclimatology [Duplessy, 1993; Ramesh, 2001; Gupta
et al., 2003] and oceanography [Archambeau et al., 1998; Delaygue et al., 2001]
has been amply demonstrated. In the present study stable isotopes of water are

used as tracers to decipher some aspects of the hydrological cycle.

1.1.1 Oceans: An important source of moisture

In the ocean-atmosphere energy exchange process, ocean loses energy to the at-
mosphere in the form of vapor. Being the largest water body on the earth it is a
major source of moisture. Evaporation of ocean surface waters not only depends on
the local climatic conditions (e.g. sea surface temperature, air temperature, wind
speed and salinity) but also on the global climatic conditions (e.g. atmospheric
circulations, global warming and ocean currents). For example sea surface temper-
ature (SST) plays an important role in deciding the nature of the clouds i.e. if SST
is higher then the cloud system formed is more turbulent. There is a threshold
of about 28°C of SST above which the tendency of convection is high [Gadgil,
1984]. Likewise other parameters too have important effects on evaporation. Thus
the source parameters decide the nature of cloud. This necessitates the study of
water vapor over oceans for the proper understanding of ocean-atmospheric energy
exchange and cloud formation. Unlike the land based studies, direct measurements
of vapor properties over oceans are sparse due to its vastness and the experimental
difficulties.

It is very important to understand isotopic variability of ocean surface wa-
ters (OSW) as it is an important parameter for isotope based models and decides
isotopic composition of atmospheric water vapor. Isotopic variability of OSW
depends upon the physical processes affecting the ocean surface such as evapora-
tion/precipitation, melting/freezing, upwelling/advection and continental runoff.
For a proper understanding of these processes and isotopic variability of OSW,

large spatial and temporal data coverage is needed. The Southern Ocean has been
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proved an important ocean affecting tropical monsoon system but such datasets
are limited [e.g. Schmidt et al., 1999] for this region. This makes the Southern
Ocean an important region to study.

Evaporation, the first step in the hydrological cycle, plays a key role in de-
termining relation between 6D and §'¥O (4 refers to the deviation of the isotopic
ratio (e.g. 80/1°0) of the sample from that of the standard in parts permil, for
details see 2.2.2) in the global precipitation. The Craig-Gordon model [Craig and
Gordon, 1965] describes the initial isotopic compositions in the water vapor (d,,)
as a function of the isotopic compositions of the evaporating water (0g) , rela-
tive humidity (h), and sea surface temperature (SST). However, the value of d,,
is difficult to estimate as it is difficult to estimate or observe the dz. Making a
global-scale closure assumption (d,, = dg) [Merlivat and Jouzel, 1979], the model

can be written as
1 (1-k)

1 S
00 = )

(1 + docean) (1.1)

where k is a kinetic fractionation factor, « is an equilibrium fractionation factor,
and dyeeqn 18 an ocean isotopic composition. But this global-scale closure assump-
tion (d,, = dp) causes a systematic bias [Jouzel and Koster, 1996]. So, for the
accuracy of isotope based models, fractionation between OSW and atmospheric
water vapor needs to be tested under various climatic conditions.

Also a few models (isotope based) are available to understand the rain for-
mation process [ Jouzel, 1986; Ciais and Jouzel, 1994]. They require stable isotopic
composition of OSW as an input parameter and based on the prior information
about amount and type of fractionation (i.e. equilibrium or kinetic fractionation),
which occurs during the phase changes at various steps, they predict the isotopic
composition of rain. Models use indirect way of calculating isotopic compositions
of water vapor i.e. they calculate isotopic composition of vapor using isotopic
composition of ocean surface water with the assumption of vapor-OSW isotopic

equilibrium with surface water. So precise data on the isotopic compositions of
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water vapor over ocean surface are very critical. In most models it is assumed that
vapor is in isotopic equilibrium with ocean surface water which need not to be nec-
essarily true. Kinetic fractionation (for details see 1.2.1) plays an important role
for the open water bodies like ocean and causes deviation from the equilibrium.
Very few systematic experimental studies are available to date for the characteri-
zation of fractionation over oceans [Lawrence, 2003; Lawrence et al., 2004; Uemura
et al., 2008] but they are limited to small regions. No observations have been made
for the stable isotopic composition of the atmospheric water vapor over the Bay of
Bengal and the Arabian Sea prior to this work.

This gives strong motivation for stable isotopic study of ocean surface water
and atmospheric water vapor to understand ocean-atmosphere interaction and iso-
topic fractionation over ocean surface. This will help to understand the first phase

of the hydrological cycle.

1.1.2 Cloud formation and its importance

Clouds play a very important role in the atmosphere. They influence the energy
budget of the atmosphere through two main ways (1) latent heat is released on
condensation and liquid water is removed from the atmosphere by precipitation;
(2) by scattering, absorption and emission of solar and terrestrial radiation clouds
strongly influence the atmosphere’s radiation budget. Figure (1.1) shows the re-
cent radiation budget of the atmosphere estimated by Inter governmental panel
on climate change, assessment report IV (IPCC, AR4). It demonstrates strong

influence of clouds in the earth’s energy budget.
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Figure 1.1: Earth’s radiation budget (source: IPCC, AR4)

Most of the quantitative information on clouds and precipitation, and the pro-
cesses which are involved in producing them, has been obtained since 1940 though
the first classification of clouds was done in 18" century by Lamarck [Lamarck,
1802]. Since then this field has been making remarkable progress as can be eas-
ily seen by increasing number of publications. But still due to lack of of in-situ
observations and sample collection from clouds, many aspects (specially the mi-
crophysical processes related to cloud and rain formation) are not well understud.
This leads us to poor weather predictions in spite of having good computational
power and frequent satellite observations.

Very recently it has been realized that poor weather predictions may be due to
insufficient understanding of cloud microphysical processes such as condensation,
collision and coalescence. Though these processes operate on a smaller scale in
comparison to the other processes such as evaporation from ocean and cloud parcel
dynamics, their collective strength becomes very strong and decides the fate of the
cloud parcel. So for only radars provide ground based observations of the cloud

parcel but they are limited to the large scale dynamics only. Stable isotopes may
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act as a good tracer to study cloud microphysical processes, as they are very
sensitive to these processes.

Cloud formation takes place by the adiabatic cooling of ascending moist air.
This cooling super saturates the air parcel and nucleation begins with the help
of cloud condensation nuclei (CCN). This process is called condensation. If cloud
temperatures are very low (~ -20°C) then nucleation is triggered by the ice nuclei

(Bergeron-Findeisen process, after T. Bergeron and W. Findeisen) (Fig. 1.2a).
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Figure 1.2: (a)Rain formation through Bergeron-Findeisen process and (b)Rain for-

mation through collision-coalescence process. (source:(a) www.cbs3springfield.com
and (b) Lutgens and Tarbuck, 1998)

Collision and coalescence process converts these tinny cloud drops (~10 pm)

to rain drops (~1000 pm) (Fig. 1.2b). On the basis of the strength of these
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microphysical processes and turbulence, cloud systems can be classified into two:

e Convective (or Cumulus) clouds: These clouds are generally associated
with high turbulence. Their vertical extent is much higher than the horizon-
tal one (tower or cauliflower like structure). They generally form due to the
strong heating of the surface. These clouds ascend very fast and in a very
short time (order of minutes) they become supersaturated and start condens-
ing. Due to the high vertical extent of these clouds, cloud drop which forms
in the top-most part in the cloud has to travel more distance inside the cloud
to come out from the cloud base. During the downward motion this small
cloud drop collects other smaller drops by collision-coalescence and converts
into a rain drop. Due to high turbulence and high vertical dimension of these
clouds, condensational growth of the cloud drops is less prominent than the
growth through collision and coalescence process. Cumulus clouds form and
become mature in a very short time with lots of thundering and lightening.

They produce heavy rains and die fast.

e Stratiform clouds: In contrast to convective clouds, stratiform clouds have
higher horizontal extent than the vertical. They generally form during mon-
soon period and cover large area. Due to the large cloud coverage land
surface cools faster which makes these clouds less turbulent. Their life time
is more (of order of days) than the convective clouds (of the order of min-
utes to hours). Due to less turbulence and high horizontal dimension, cloud
drops have sufficient time to grow through condensational process. So the
stratiform clouds can be characterized by less prominent collision-coalescence

process and more prominent condensation process.

Stable isotopic analysis of rain water is a promising way of getting microphysi-
cal information of rain formation processes, because the isotopic fractionation of
rain water depends, primarily, on phase changes of hydrometeors and evaporation.

Temporal changes in the isotopic content of rain water, thus, provide clues to the
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microphysical processes occurring within the cloud and precipitation below the
cloud base. Condensation of vapor, as an air parcel cools progressively, lowers
the isotope ratio of the remaining vapor and the condensate that forms from it.
Because most condensation results from moist adiabatic ascent, the stable isotopic
ratios of vapor and precipitation both decrease with altitude [Dansgaard, 1964].
Using these isotopes it is possible to study various processes in the hydrological
cycle. Large scale variations, both in temporal as well as spatial, of stable isotopic
abundances are widely reported [Rozanski et al., 1993] but shorter term variations
are yet to be studied extensively [Celle-Jeanton et al., 2004].

In-cloud processes may involve fast advective transport of moist air from be-
low, phase changes during the formation of rain and/or snow, isotope exchange
between liquid and gaseous phases in the cloud and during rain-out. Rain drops
on their way down to the surface undergo partial evaporation in the unsaturated
atmosphere below the cloud base. As the stable isotopic ratio of the drops de-
pends on the condensational growth, higher growth would lead to higher isotopic
enrichment in the rain drop. Due to the small size of cloud drops, collision and
coalescence would not affect the isotopic composition much and this can be treated
as mixing of small reservoirs (smaller drops). Dependence of isotopic fractionation
on temperature can be neglected to a first order because in tropical environments,
its temperature dependence is small.

Variations in drop size distribution (DSD) with space and time have been
widely reported, which show that cloud processes are very sensitive to the climatic
conditions (local as well as global). In addition, they show large variations from
storm to storm within a season and also within a storm from one rain regime
to the other [ Tokay and Short, 1996; Atlas et al., 1999; Rao et al., 2001]. It
is well known that the rain DSD depends on rain intensity. However, Tokay and
Short (1996) have shown that the DSD in convection differs from that in stratiform
precipitation, even at the same rainfall rate, indicating that the DSD varies with

rain type as well. Such differences do exist and are attributed mainly to the
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different microphysical processes, a proper understanding of which is essential for
better weather prediction [Baker, 1997]. Thus stable Isotopes can be a sensitive
tool to study such microphysical processes. So simultaneous measurements of rain
DSD and stable isotopic analysis of rain water has been performed in the present
thesis work to get better insight on cloud precipitation-evaporation processes in
the tropical monsoon environment, which is the second step of the hydrological

cycle.

1.1.3 Atmospheric Water vapor

Water vapor plays an important role in the global warming [Hartmann, 2002] and
is a good tracer for atmospheric transport due to its long atmospheric residence
time [Webster and Heymsfield, 2003]. Lower tropospheric water vapor reservoir
is very dynamic, quickly responding to ambient changes. The amount of atmo-
spheric water vapor (AWV) depends on evaporation from open water bodies, soil
and plants. Evaporation of rain drops is also a significant source of water vapor,
contributing to humidity, typically 20% in the lower troposphere and up to 50%
near the convective clouds [Worden et al., 2007]. Increase of water vapor in the
lower troposphere induces precipitation (rain) by providing saturation to the un-
saturated cloud systems, especially in convective zones. Measurements of changing
AWV and understanding its causes, are useful in modelling the frequency of rain
events in the monsoon regions.

Several studies have reported the isotopic composition of rain water [e. g.
Rindsberger et al., 1990; Rozanski et al., 1993; Celle-Jeanton et al., 2004]. However,
measurements of the isotopic composition of AWV and clouds [He and Smith, 1999;
Scholl et al., 2007; Angert et al., 2008; Wen et al., 2008] are relatively recent. Some
studies are limited to either only cyclonic events or to very few rain events [Lee et
al., 2006; Fudeyasu et al., 2008]. Very recently a few satellite based observations

for the hydrogen isotopic composition of AWV are also documented [Worden et al.,
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2007; Brown et al., 2008] but these satellite observations have a large uncertainty
(~10%0 in the tropics and ~24%¢ at the poles). Ground-based observations
of the isotopic compositions of AWV provide an opportunity to validate satellite
data and could help to verify their accuracy. Thus the stable isotopic study of the
AWYV and rain help to understand the important aspects of the hydrological cycle
i.e. secondary evaporation of rain drops, local recycling of moisture, rain-vapor

isotopic equilibrium and the annual vapor cycle.

1.2 Isotopes

Atoms having same atomic number but different atomic masses are known as
isotopes (Greek isos = equal, topes = place). Isotopes can be either unstable
(known as radioactive) or stable. Radioactive isotopes have a certain probability
of decay whereas stable isotopes do not spontaneously disintegrate by any known
mode of decay. So for 270 stable nuclides and over 1700 radionuclides have been
identified [Clark and Fritz, 1997].

There are two stable isotopes of hydrogen (*H and 2H) and three of oxygen
(160, 170, 80) present in the nature. Among all isotopes of oxygen and hydrogen
'H and %O are the most abundant. Their natural abundances as a percent are

given below [Mook, 2006]:

Hydrogen 1'H=99.985 %
H=0.015 %

Oxygen 160=99.760 %
170=0.035 %
180=0.205 %

Among the three stable isotopes of oxygen, 7O is the least abundant. So in
the present study only O and O are used. The first precise measurements of
the isotope abundance ratios were done by Alfred Nier in 1939 using a mass spec-

trometer. Since then several advancements have been made in mass spectrometers
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to improve the detection limit, precision and to make them fully automatic. The
present day mass spectrometers have given more power to isotopes by providing

high precision and ability to measure a very small amounts of samples.

1.2.1 Isotopic fractionation

The heavier isotopologue of water (HDO or Hi3O) have lower vapor pressure than
the lighter ones (i.e. H}%0) and, therefore, are relatively enriched in liquid or solid
phases and correspondingly depleted in the vapor phase [Gat, 1996] as explained
by Rayleigh rain out process [Ciais and Jouzel, 1994]. Isotopic fractionation highly
depends on the changes in atmospheric parameters (e.g. temperature, humidity).
This occurs in any thermodynamic reaction due to differences in the reaction rate
for different molecular species. The result is disproportionate concentration of
one isotope over the other on one side of the reaction. It is expressed by the

fractionation factor (a)) which is the ratio of the isotope ratios for the reactant and

product.
R roduc
* R .
(180/160)
18 o vapor
€.g. « Ovapor—water - (180/16O> ) (13)

Mathematical formulation of fractionation factor: For a isotopic exchange
reaction

A+B < A"+ B (1.4)

where asterisk indicates the presence of heavier isotope. We can define the equi-

librium constant for this reaction as:

K= = ] (1.5)

where square brackets denote the activity. The concentration of the isotope on

either side of the exchange reaction is determined by its partition function (Q). If

11
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Q is the total partition function (Q = Qtranslation * Qvibrational * Qrotational) deﬁned

as:

Q — O_—lm2/3 Z e—E/k‘T (16)

where o= symmetry number
m= mass
E= integrated energy states from zero point energy to dissociated
state of molecule
k= Boltzmann constant (1.38 x 1072 JK™1)
T = absolute temperature (in K)

Then the equilibrium constant for the reaction (1.4) can be written as:

K= @Qa/@a) _Ba_ (17)

(Q3/QB) R

As for the isotopic species translational and rotational frequencies are nearly iden-
tical so the vibrational frequency is effectively responsible for the isotopic fraction-

ation. « also depends on temperature:
o= AeP/T (1.8a)

where the coefficients A and B do not depend on temperature, but contain all
temperature independent quantities (such as atomic and molecular masses of the
isotopes and molecules involved). The natural logarithm of the fractionation factor

can be approximated by the power series:

C C
Ina = ¢ + Tl + 7732 (1.8b)
108 103
10%na*®0,,_, = 1.1 — | —041 — ) -2 1.
0*Inat®0,_, 37 (T?) 0.4156 ( = ) 0667 (1.8¢)
5 108 103
103Ina*H,,_, = 24.844 =) - 76.248 - ) - 52.612 (1.8d)
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Values of coefficients (cy, co, c3) for 80 and *H for water-vapor are shown in
equations (1.8¢c) and (1.8d) [Majoube, 1971].

Isotopic fractionation can take place during a physical or chemical process.
On the basis of forward and backward reaction rates, isotopic fractionation can be

divided into three categories (Fig. 1.3):
1. Kinetic Fractionation
2. Equilibrium Fractionation

3. Non-equilibrium Fractionation

Figure 1.3: Schematic diagram of (a) kinetic (b) equilibrium and (c) non-
equilibrium fractionation processes (where «: fractionation factor and R: isotopic
ratio)(source: Mook, 2006).

Kinetic fractionation results from one-way physical or chemical processes i.e.
there is a one-way mass transport. For example combustion of organic matter or
the evaporation of water with immediate removal of the water vapor without any
further contact with the evaporating water body.

Equilibrium fractionation is essentially the isotope effect involved in a re-
versible equilibrium reaction, where the total as well as isotope mass transport is
equal in both directions (forward and backward)[example: the equilibrium between

water and water vapor in the closed volume].

13
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In nature, isotopic fraction processes are often neither purely kinetic, nor
purely equilibrium processes. These are referred as a non- equilibrium fractionation
[example: evaporation of vapor from ocean as there is a net evaporation].

Equilibrium fractionation process can be well explained by the Rayleigh frac-
tionation model [Dansgaard, 1964|. The Rayleigh equation (1.9) provides informa-
tion about how the isotopic ratio of parent reservoir changes with fraction remain-

ing of the original reservoir.

R=R,f*! (1.9)

where  R,= Initial isotopic ratio of parent reservoir
f= Fraction of the parent reservoir remaining
a = Fractionation factor

R= Isotopic ratio of parent reservoir at time when fraction left is f

The Rayleigh equation is based on four assumptions:

1. Temperature of the system should remain constant. If this is not valid,

different values of o must be used.

2. The abundance of heavier isotope should much smaller than the lighter iso-

tope. (%0 <« 90).

3. The parent reservoir homogenizes itself all the time. There should not be

any isotopic gradient in the parent reservoir.

4. Product should be in the isotopic equilibrium with the reservoir before it gets

removed.

14
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Figure 1.4: Rayleigh isotopic fractionation during (a) evaporation from a confined
water body and (b) rain-out process (source: (a) Mook, 2006 and (b) Clark and
Fritz, 1997).

Figure 1.4(a) shows the change in the isotopic composition of an evaporating
confined water body as time progresses. As water evaporates, the parent water
body enriches in the heavy isotopes while the vapor gets depleted. When all water

gets evaporated, the isotopic composition of vapor becomes same as the initial iso-
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topic composition of water body. In the same way clouds will continuously deplete
in the heavier isotopes as rain progresses because heavy isotopes preferentially go
to the liquid phase (rain) (Fig. 1.4(b)). The upper part of the figure 1.4(b) shows

the progressive cooling of cloud parcel which provides saturation for the rain.

1.2.2 Meteoric Water Line (MWL):

On the global and annual scale 180 and ?H in the fresh water follow a linear relation

which is known as “global meteoric water line (GMWL) ”[Craig, 1961] defined as:
6D =8 60 + 10 (1.10)

Here the slope is due to the equilibrium fractionation effect (because 103Ina
/10%In'8a= 72.8/9.2 ~ 8, for equilibrium fractionation at 25°C) whereas intercept
is due to the kinetic fractionation effects. Slope of MWL changes with changing
humidity conditions over oceans (decreases with low humidity conditions). Slope
8 of MWL can be achieved only when humidity approaches to 90% [Gat, 1971].
Local meteoric water line can be different than GMWL as it is highly governed by
the local atmospheric conditions such as temperature and humidity. Subsequent
monitoring of the stable isotopic composition of precipitation world wide (IAEA
Global Network for Isotopes in Precipitation - GNIP) has refined this relationship
[Rozanski et al., 1992] .

6D = (8.13 4+ 0.07)0"°0 + (11.27 + 0.65) (1.11)

1.2.3 d-excess:

The combined use of hydrogen and oxygen isotopes in the rain water provides an

additional parameter, deuterium excess (the d-excess, Dansgaard, 1964)

d=6D—85"%0 (1.12)
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The d-excess parameter provides information of local moisture recycling. Kinetic
fractionation occurs during the evaporation of water bodies under low relative
humidity conditions (significantly <100%). Under evaporative conditions, a water
body will become enriched in *¥*O and D, generating values on slope<8 with a d-
excess less than the initial value. Considering conservation of mass, the resultant
vapor and precipitation will have a d-excess value greater than the source value.
As a water body goes through successive evaporation and precipitation cycles, the
d-excess will consequently increase [Lachniet and Patterson, 2002]. Thus, water
that is evaporated back into the atmosphere is effectively labeled and can be traced

through the water cycle.

1.3 Aim of This work

The aim of the present work is to understand isotopic equilibrium /disequilibrium
conditions during phase change over land and ocean and demonstrate potential
of stable isotopes as powerful tracers to understand the microphysical processes
associated with rain formation.

The specific aims of the present study are:

e To understand stable isotopic heterogeneity of the atmospheric water vapor
over the Indian Ocean. Only a few direct observations are available for the
stable isotopic compositions of the vapor over the Indian Ocean. Generally it
is assumed that vapor over oceans is highly homogeneous for the isotopes but

this needs experimental verifications over several parts of the world oceans.

e To understand stable isotopic heterogeneity of the ocean surface water, as
isotope based models require this as an input. Still isotopic studies of ocean
surface waters are sparse especially in the Indian Ocean and the Southern

Ocean.

e To understand isotopic equilibrium /disequilibrium between ocean surface wa-
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ters and atmospheric water vapor. Also to study the dependency of the iso-
topic equilibrium on the different atmospheric parameters such as relative

humidity, sea surface temperature and winds.

e To trace changes in the isotopic composition of atmospheric water vapor and
precipitation over Ahmedabad (23°N, 72.5°E) during pre-monsoon (April and
May), monsoon (June, July, August, and September), and post-monsoon

seasons (October, November, and December).

e Investigate from the above data whether the rainfall is in isotopic equilibrium
with the atmospheric water vapor. Investigate whether the Rayleigh isotopic

fractionation model is obeyed.

e Investigate whether the overall isotopic variability in rain, vapor and clouds

has any patterns that could help to understand the monsoon better.

e To test whether rain isotopic ratios have some relation with the rain drop size

distribution. This will help to gain insight into the rain formation process.

e High resolution sampling of rain water for isotopic study along with MST
radar operation at Gadanki (13.5°N, 79.2°E) to understand microphysical

processes associated with rain formation.

1.4 Scientific questions addressed

The present study has attempted to address following important scientific ques-

tions:

e What is the extent of isotopic heterogeneity in the ocean surface and atmo-

spheric water vapor?
e Are water and its vapor in isotopic equilibrium over the Indian Ocean?

e How does water-vapor equilibrium vary in space and time?

18
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e [s there any significant contribution of kinetic fractionation over the Indian

Ocean?
e Israin over land/ocean in isotopic equilibrium with atmospheric water vapor?
e What is the contribution of secondary evaporation of rain over the land?

e [s there a pattern in the isotopic variability of rain and vapor that can be

useful to understand the monsoon better?

e What is the role of local moisture during the monsoon and non-monsoon

days?

e Does high time-resolution study of rain water help to understand microphys-

ical processes associated with rain formation?

e How do microphysical processes associated with rain formation vary in dif-

ferent types of clouds?

e [s there any relationship between the rain drop size distribution and its iso-

topic composition?

In short, the main aim of the present study is to understand the hydrological cycle
by analyzing its important component i.e. ocean surface water, vapor and rain and
fill the gaps related to equilibrium/disequilibrium conditions during phase change
over land and ocean. Also to explore the usefulness of stable isotopes as a tracer

to understand microphysical processes associated with rain formation.

1.5 Organization of the Thesis

This thesis has been divided into five chapters. Their contents are as follows:
Chapter 2 discusses details about the instruments used for the present study
along with the international protocols followed.

Chapter 3 discusses important findings from the ocean studies from ocean surface
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water, water vapor and rain water samples. For this cruises were undertaken to
the Southern Ocean as it is a less explored region and the Indian Ocean.
Chapter 4 deals with the important results obtained from the land based studies
performed at Ahmedabad and Gadanki. This includes results from the simultane-
ous study of rain using MST Radar, Disdrometer and isotopic composition of rain
water over Gadanki. This chapter also includes atmospheric water vapor and rain
water studies over Ahmedabad.

Chapter 5 This chapter summarizes the results obtained from the present study
and discusses their importance in the global scenario. This chapter also provide a

future direction to develop better understanding of earth’s hydrological system.
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Chapter 2

Experimental Techniques

This chapter discusses the instruments used in the present study and the interna-
tional protocols followed. Atmospheric water vapor, rain water and ocean water
samples were collected to understand various processes related to the hydrologi-
cal cycle such as atmosphere-ocean interaction and rain formation processes. A
glass line was designed to collect atmospheric water vapor (2.1.1) whereas rain
water collection was done using a rain collector (2.1.2). Ocean water samples were
collected with the help of Niskin bottles attached to a CTD rosette (2.1.3). Some-
times a clean plastic bucket with a plastic rope was also used to collect the ocean
surface water (plastic was used to avoid any metallic contamination). Disdrometer
(2.1.4) and MST Radar (2.1.5) were used for the drop size distribution and cloud
structure studies. Water samples were analyzed for stable isotopic studies (680
and §D) using a stable isotope ratio mass spectrometer (2.2). Calibration and

reproducibility of the lab standards are discussed in 2.3.
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2.1 Instruments and sampling

2.1.1 Vapor Collection Line

Atmospheric water vapor (AWV) samples were collected at the Physical Research
Laboratory, Ahmedabad (23.03°N, 72.55°E) at a height of ~8 m above the ground
level. There are no open water bodies nearby for ~2 km. These samples were
collected daily from 1000 Hrs -1200 Hrs IST (IST = Universal Time + 5:30).
Weekly cleaning and maintenance of the vapor sampling line was carried out on
sundays, when samples were not collected.

Water vapor was collected cryogenically using liquid nitrogen (-196°C) and
an extraction line composed of U-shaped glass traps (Fig. 2.1) [e.g. Fudeyasu
et al., 2008]. Three U-shaped vapor traps were used to ensure efficient trapping
of vapor, as partial trapping may cause fractionation. In the schematic diagram
of vapor collection only two traps are shown for simplicity of figure. Ambient
air was sampled using a rotary vacuum pump through a system consisting of a
funnel, polyethylene tube, and an extraction line. The funnel was connected to
the extraction line through the polyethylene tube. Proper arrangements were made
to ensure that the rain water did not enter into the extraction unit. The flow rate
of air was about 2 Lmin~! for the water vapor collection (to obtain at least 2
ml of vapor sample). Generally, vapor samples were collected for a period of 2
h from 1000 Hrs - 1200 Hrs IST (except in April 2007 when low humidity values
necessitated the collection for 4 h, from 1100 Hrs - 1500 Hrs to ensure sufficient
amount of vapor sample). Trapped atmospheric COy was removed by pumping
out the extraction line at the end of the vapor collection by replacing the liquid
nitrogen with ethanol slush (maintained at -90 °C). Thus, CO, free water vapor was
collected and immediately transferred to good quality double cap sample bottles

for subsequent isotopic analysis.
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Figure 2.1: (a) Schematic diagram of Vapor Collection and (b) Author with At-
mospheric water vapor collection unit on ship.
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2.1.2 Rain water collection

Rain water collection was done using a rain collector (Fig. 2.2). This collector
contains a carboy and a funnel on its mouth. The mouth of the funnel was kept
very narrow with the help of one another cap and a thin wire. This thin wire creates
a narrow way for the rain water to go inside the carboy. This whole arrangement
was made to prevent re-evaporation of rain water after its collection in the carboy.
A special metallic stand was designed to hold the carboy vertical and to prevent it
from moving by winds. Finally the collected rain water was transferred to double
capped plastic bottles and taped on the neck. Bottles were filled up to the brim

to prevent any re-evaporation.

Figure 2.2: Author with rain collector.
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2.1.3 Ocean water collection

Most of the time ocean water collection was done using Niskin bottles attached to a
CTD rosette (Fig. 2.3). These bottles were kept open when CTD goes down. Once
it reaches to the required depth, bottles were triggered to close before bringing it
up. Occasionally when CTD did not work, a cleaned plastic bucket with plastic
rope was used for ocean surface water collection; these ocean water samples were
transferred in 100 ml plastic bottles with tight-fitting double cap to prevent any
further evaporation after collection. The bottles were filled to the brim and taped

at the neck as a further precaution.

Figure 2.3: Niskin bottles attached to a CTD rosette used to collect sea-water
samples from surface and different depths.
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2.1.4 Disdrometer

A simultaneous study of drop size distribution (DSD) and stable isotopic compo-
sition of rain water was done to understand the microphysical processes related
to the rain formation. For this study rain water collection and DSD measure-
ments were done at National Atmospheric Research Laboratory (NARL), Gadanki
(13.5°N, 79.2°E). The rain DSD at the ground was measured with a RD-69 Joss-
Waldvogel (JW) disdrometer, located ~5 m away from rain collection spot. This
was used to measure rain drop size distributions continuously and automatically
at every minute. It records number and size of raindrops hitting the 50 cm? sen-
sor head. This allows estimating rain rate, liquid water content, and the median
volume diameter. The range of drop diameters that can be measured spans from
0.3 mm to 5 mm in 20 drop-size classes. The instrument consists of a sensor and a
processor connected to a computer. The sensor consists of styrofoam body, driving
coil and magnet, and an amplifier in a common housing (Fig. 2.4 (a) and (b)).

When a rain drop falls over the styrofoam surface, the two moving coils
attached with it move downwards and a voltage is induced in the sensing coil.
This voltage is amplified by an amplifier and also applied to the driving coil so
that a force counteracting the movement is produced which brings the system to its
original position within a short duration. The amplitude of the pulse so produced
by the electromechanical transducer is a function of drop diameter [Suresh et al.,
2004]. The instrument transforms the vertical momentum of an impacting rain
drop into an electric pulse whose amplitude is a function of the drop diameter. A
conventional pulse height analysis yields the size distribution of the raindrops.

To ascertain quality of disdrometer measurements, the disdrometer estimated
rainfall rates were compared with those obtained with a co-located Optical Rain
Gauge (ORG-815). Very good agreement has been found between these measure-

ments (with a linear correlation coefficient, r, of 0.99).
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Figure 2.4: (a) Disdrometer and (b) Schematic diagram of Disdrometer.
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2.1.5 MST Radar

The Indian Mesosphere-Stratosphere-Troposphere (MST) radar located at, NARL,
Gadanki is a powerful very high frequency (VHF) Doppler radar, which not only
provides 3D wind and turbulence information but also useful to study the precipi-
tation [Rao et al., 1999] (Fig. 2.5). Vertically pointing Doppler radars operating at
VHEF and ultra high frequency (UHF) can provide information about ambient air
motion and the structure of hydrometeors, respectively, in the precipitating clouds
that are present overhead. As a result, one can directly determine the fall velocity
spectrum of hydrometeors by using accepted empirical relations. The DSD can
be estimated accurately from its fall velocity spectrum. The Indian MST radar
operates at a frequency of 53 MHz and with a peak power of 2.5 MW. The antenna
array consisting of 1024 crossed yagi antennas and generates a radiation pattern
with a half power beam width of 3°. During the campaign period, the radar was
kept on alert and operated in a special mode, whenever rain occurred over Gadanki.
The important parameters of the radar for this experiment were as follows: pulse
width - 1 s, inter pulse period - 250 us, coherent integrations - 128, incoherent in-
tegrations - 4, FF'T (Fast Fourier Transform) points - 512, number of radar beams
- 3 (zenith and 10° off-zenith towards west and south), temporal resolution - 4
min, and range resolution - 150 m. Echoes due to refractive index fluctuations and
hydrometeors were identified in the spectral domain and were separated [Rao et
al., 1999].

There are two approaches to get DSD from radar: (1) parameterization
method and (2) deconvolution method. The parameterization method first as-
sumes a functional form for DSD, either an exponential [Wakasugi et al., 1986;
Sato et al., 1990] or a gamma [Currier et al., 1992; Rajopadhyaya et al., 1998;
Cifelli et al., 2000] and then convolutes with the known clear-air spectrum. This
model spectrum is then fitted, using nonlinear least squares fitting, to the observed

precipitation spectrum to retrieve DSD parameters. The deconvolution method
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obtains the true precipitation spectrum from the observed precipitation (UHF)
spectrum by deconvolving it with the clear-air (VHF) spectrum [Kobayashi and
Adachi, 2005; Kirankumar et al., 2007]. Schafer et al. [2002] compared these two
approaches for dual-frequency retrievals and found that the deconvolution method
generally performed better for a broader range of median diameters. So the direct
deconvolution method has been employed to retrieve rain DSD. The JW disdrome-
ter is used for absolute calibration of the radar power. Modeling and experimental
studies have shown that DSD retrieval with VHF radars may not, always be able
to resolve drops smaller than 1 mm [Rajopadhyaya et al., 1993].

Figure 2.5: MST radar At Gadanki.

2.2 Mass Spectrometer (Stable Isotope Ratio Mass Spec-
trometer)
Mass spectrometry is a technique to separate ions according to their mass to charge

(m/q) ratios. In the mass spectrometer, gas is ionized using high energetic electrons

emitted by a thoriated tungsten filament. These ionized gas particles get acceler-
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ated by an accelerating potential and enter into the magnetic field which splits it
into beams of ions of different masses. These separated ion beams get collected
in Faraday cups and isotope ratios are calculated according to their fluxes. Stable
isotopic study of the collected water samples was done using a dual inlet Stable
Isotope Ratio Mass spectrometer (PDZ-Europa Geo 20-20). This mass spectrome-
ter was manufactured by Europa Scientific, UK and became operational since 1998
at the Physical Research Laboratory, Ahmedabad (Fig. 2.6). It is a triple collector

mass spectrometer and contains a separate collector for Hy measurements. It has

two separate spurs for the measurement of Hy and COs isotopic ratios.

Figure 2.6: Author with stable isotope ratio Mass Spectrometer at PRL.

Dual inlet mass spectrometer contains two separate inlets for reference and

sample gas. Gas sample goes into the source chamber through a metallic capillary
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(length ~1m and diameter ~10~#m). This not only provides a steady mass flow
due to high pressure gradient but also prevents the back diffusion of gas sample.
Change from sample gas to standard gas is done by changeover valve. So once
measurement for reference gas is done it allows the sample gas to flow inside. Like
this it keeps on changing and helps rapid and repeated comparison of the sample
with reference.

Mass spectrometer mainly consists of three units (Fig. 2.7).

| | ion beam

source

T TITETT

Mass Spectrometer
Schematic: depicting a
triple-collector system
arranged to analyze CO3.

Bk S heavier atom
9 or molecule

or rnolecule_?___ & L
ion detectors UUU

CO3s molecular masses { 44 45 46

Figure 2.7: Schematic diagram of a mass spectrometer.

1. Source: This part of the mass spectrometer converts purged gas into posi-
tively ionized gas molecules. High energetic electrons (~70 eV) are emitted
by a thoriated tungsten filament by the thermionic emission. This energy is
sufficient for single ionization of gas molecules. A low magnetic field makes
these electrons path spiral, so that they travel a longer distance within the
source. This provides more interaction of electrons with gas molecules and
increases the ionization rate. These electrons strike gas molecules, leav-
ing molecules positively charged. Ionized gas molecules are then acceler-

ated by the high voltage (0-5kV) and focused into a narrow beam (beam
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diameter<lmm) with the help of collimating plates and electronic lenses.
These accelerated positively charged gas molecules then enter the magnetic

field.

2. Analyzer: Main function of analyzer is to split the ionized beam according
to m/q ratio. A stable magnetic field is generated (3.8 k Gauss for CO, and
1 k Gauss for Hy) around the flight tube from which ionized gas molecules

travel and get deflected according to their m/q ratio and enter the collector.

3. Collector: Collector is made of Faraday cups, resistances (~ 10°Q) and
counters. A Faraday cup (Fig. 2.8) is a metal cup designed to catch charged
particles in vacuum. These cups are positioned in such a way that ionized
deflected gas molecules enter into the cups and get neutralized. The result-
ing current is measured and used to determine the number of ionized gas

molecules entering in the cups.

Faraday cups are connected with a glass encapsulated high resistance (~ 10°Q).
Resultant voltage is measured and converted to the frequency using voltage to

frequency converter (VFC) which is then converted to the digital form.

|V \

+

p Electrometer

Figure 2.8: Schematic diagram of faraday cup.

In the faraday cup when a beam or packet of ions hits the metal it gains a

small net charge while the ions get neutralized. The metal can then be discharged
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to measure a small current equivalent to the number of impinging ions. By mea-
suring the electrical current (the number of electrons flowing through the circuit
per second) in the metal part of the circuit the number of charges being carried
by the ions in the vacuum part of the circuit can be determined. For a continuous

ion beam (each with a single charge)

q=1It= Ne (2.1)

1

i (2.2)

where ‘N’ is the number of ions observed in a time ‘t’ (in seconds), ‘I’ is the
measured current (in amperes) and ‘e’ is the elementary charge. Separated ion
beams of different masses are electronically counted and compared in this part of

mass spectrometer.

2.2.1 Mathematical basis of isotope separation:

Energy gained by an ion of charge ‘q’ in an accelerating voltage ‘V’ is given by

‘qV’. This energy is transferred to the molecule as kinetic energy. So

1 2
qV = §mv2 — v = (%) (2.3)

If the molecule enters in a magnetic field, it experiences a force (Lorentz
force) of magnitude g(v x B) which imparts a centripetal force (mv?/r) of equal

magnitude.

TTL’U2

olv xB) = " (2.4)

Since magnetic field is perpendicular to the velocity vectors, 8§ = 90°.

Using equation(2.3), equation (2.4)can be written as
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2Vm

"t By

(2.5)

So for a constant V, B and q, radius of curvature will be proportional to the
square root of mass. Hence ions of different masses follow different radial paths

and get deflected by the magnetic field.

2.2.2 Delta notation

Isotope ratios such as

2R:i_g 13R:$_g 18R:12_(0)
are generally not reported as absolute ratios because of necessity for international
comparison which requires the use of standards to which the sample has to be re-
lated. Also absolute ratios are less relevant than the changes in the ratios occurring
during certain processes.

Therefore, isotopic abundance is generally reported as a deviation of the

isotope ratio of a sample ‘A’ relative to that of a reference sample or standard ‘r’:

Sape = (];A - 1) x 103 (2.6)

T

For example oxygen isotopic composition will be written as [Coplen, 1996]

680 = {(180/160) P 1% x 10 in permil (2.7)

standard

In the present study VSMOW (Vienna Standard Mean Ocean Water) has
been used as a standard. This standard is provided by International Atomic Energy

Agency (IAEA).
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2.2.3 Water equilibration System (WES):

Water sample equilibration was done with the help of a separate preparation unit
attached to the mass spectrometer known as water equilibration system (WES)
(Fig. 2.9). It is an automatic system controlled by computer. WES contains
a constant temperature bath with a sample tray having capacity of keeping 59
samples at a time, Gilson needle (for injection and taking out the gas from sample
vials), metallic line (to insert gas into the mass spectrometer), a rotary pump (to
create vaccum in the line), a vapor trap (to remove vapor from the equilibrated
gas), valves (to control gas flow) and electronic circuits.

1 ml of each water sample was first loaded in a 6.8 ml glass bottle and
then covered using a cap with neoprene septum (provided by LABCO, UK). Good
quality caps and septum are very important to prevent any leak from the sample
bottles. After loading water sample in sample bottle air was flushed by CO, gas
(or by Hy gas for dD) using Gilson needle (Fig. 2.10) at a little higher pressure
than the atmospheric pressure. Each sample was flushed for about 30 seconds and
left with pressurized COs gas in the bottle for equilibration.

Equilibrated gas was taken out by Gilson needle and purged to the mass
spectrometer through a spiral line (trap) for the isotopic analysis. This trap was
kept at -70°C using a cryocool to remove any moisture that might be present along

with CO4 gas.
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Figure 2.9: Schematic diagram of Water Equilibration System.

Figure 2.10: Schematic diagram of Gilson needle in a sample bottle.
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2.2.4 %0 measurements:

Water samples were first isotopically equilibrated with CO4 gas (Provided by Vadi-
lal Company, 99.9% pure) [Gonfiantini, 1981]. Equilibration takes minimum 8
hours at 35°C. Equilibrated CO, is 41.2%0 [Clark and Fritz, 1997] enriched rela-
tive to the water in ¥0. 80 preferentially goes to COy as heavier atoms prefer
stronger bonding ((H-OH) = 492 kJ mol™!, (O=CO) = 531 kJ mol™!) [Atkins
and Paula, 2002]. This equilibrated CO, gas is purged into mass spectrometer for
stable isotopic analysis. Mass spectrometer is capable of measuring even a very
small amount of COs (~ 5 umole) with the precision of 0.1%¢. Measurement of
stable isotope ratios of CO, involves preparation of calibrated working standard.
This working standard gas (Vadilal COy gas with 6'¥Oysprow = 17.4%0) was used
regularly in mass spectrometer as a reference gas.

The measurement of §'80 and §'8C is done simultaneously at the same fo-
cusing condition in this mass spectrometer. The ion beams corresponding to the
different species (i.e. 44, 45 and 46 which correspond to the species 2C'%00,
BO6OI60 +12 C1T0B0 and 120160180 +13 0160170 +12 C1TOV0), respectively)
are collected separately in the different collectors. Major ion current corresponds
to the mass 44 as it is most abundant in the nature than the other COy forming
species. First d45 and d46 were calculated according to the number density ratios
using electronic circuit. As these were the molecular ratios so to convert these

molecular ratios to atomic ratios Craig corrections [Craig, 1957] were applied:
§13C = 1.0676 045 — 0.0338 §'°0 (2.8)

50 = 1.0010 d46 — 0.0021 §°C (2.9)

This gives the 6'*O value with respect to the working gas (0;,,). For all measure-
ments, after every 8 water samples a secondary lab standard (Narmada river water

calibrated with VSMOW) was kept to monitor the performance of mass spectrom-
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eter. This standard also goes through the same procedure as other water samples.
Isotope ratios of the samples were corrected according to deviation in value of the
Narmada standard. Such deviations were small (<0.1%¢ for 6'%0).

0,y 15 used to calculate delta value with respect to the Narmada standard
(0% 2rm) DY applying a simple algebraic equation (derived using definition of delta
value).

56 = 05 + 08 + 0568 x 1073 (2.10)

Here 04 represents isotopic composition of A with respect to C. This can be re-
written for our case as:

f\/arm = 5181)g + 5]“\}[%7"m + 55}95]11\}/Z7“m X 10_3 (211)
Where s: sample, Narm: Narmada standard water, wg: working gas. Using equa-
tion (2.10) 63 again is converted to the delta value with respect to the interna-

Narm

tional standard, which is VSMOW.

s _ 58 +5Narm +5s 5Narm % 10—3 (212)

V smow Narm V smow Narm™V smow

(')‘Narm
Vsmow

is determined by analysing the water standard provided by TAEA.

2.2.5 6D Measurements:

Water samples were equilibrated with Hy gas (Hy gas purchased from Vadilal,
99.9% pure) for hydrogen isotopic (6D) analysis [Gonfiantini, 1981]. As H is a
lighter gas relative to COa, it requires more time for the equilibration. To reduce
the equilibration time, platinum coated beads (known as Hokko Beads) were used
as catalyst. This catalyst reduces the equilibration time up to two hours. After
loading water samples, 3 beads were added for each sample. Then bottles were
closed and flushed with Hy gas for 40 seconds. Water samples were left for equi-

libration for 2 hours at 35°C in the WES. This equilibrated Hy gas was purified
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through spiral trap (maintained at -70°C ) and taken to mass spectrometer. The
hydrogen gas was ionized to Hy and HD" ions due to the impact of high ener-
getic electron in the mass spectrometer and the ratio of mass -3 to mass -2 i.e.
HD™/HJ was calculated. For §D analysis again Narmada river water was used
as a secondary lab standard whereas Hy gas calibrated with respect to VSMOW
was used as the reference gas. In the same way as for §'0 measurements, after
eight water samples one Narmada water standard was kept to continuous monitor
the performance of mass spectrometer. Mass spectrometer gives 6D value of the
sample with respect to the working gas (Hz). This value is then converted relative
to the international standard (VSMOW) using equation (2.10).

During ionization process H; ion is also being produced by the following
reaction

Hf + Hy, — Hif + H (2.13)

which has the same mass as HD™. To get the correct isotopic ratio, a correction is
applied (known as Hj correction) [Gonfiantini, 1981]. Formation of HJ is directly
proportional to the major ion current. So by calculating (HDT+HZ)/ HJ) for
different values of major ion currents, actual ((HDT)/ HJ ) can be calculated. This
correction is estimated by the GEO 20-20 using a linearity routine which is run
(before every batch of samples) at different concentrations of the major beam (HJ)
using the reference Hy gas. The correction is then applied to all the HD analysis.

Contribution from Hj ions is around 4.2%.

2.3 Calibration tables

2.3.1 TAEA Inter laboratory comparison exercise for 50O

and 0D analysis of water samples

Inter comparison exercise was organized by IAEA in 2002 (WICO-2002). More

than 85 laboratories participated in this work. Results from our laboratory and
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provided by IAEA (consensus value) are shown in Table (2.1) and (2.2)

Table 2.1: Results from water samples provided by IAEA for §'**O measurement

(with respect to VSMOW).

Sample code | PRL values (%q) | Consensus values (%o)
OH-5 -0.29 -0.20
OH-6 -4.16 -4.17
OH-7 -10.69 -10.65
OH-8 -16.21 -16.20

Table 2.2: Results from water samples provided by TAEA for §D measurement

(with respect to VSMOW).

Sample code | PRL values (%0) | Consensus values (%o)
OH-5 -2.5 -1.7
OH-6 -38.2 -38.7
OH-7 -77.3 -77.8
OH-8 -121.1 -121.8

2.3.2 Laboratory standard (Narmada water) reproducibil-

ity

(A) For §'®0 Measurements:

Values for the different runs of Narmada water standard are given in Table

(2.3). Mean of all runs of the standard is -4.51 = 0.09%0 which is same as calibrated
value of Narmada water relative to the VSMOW (-4.51%). Old Narmada standard

got finished after May 08. So a new Narmada standard was used with 680 = -
4.57%¢ (with respect to VSMOW) (Table 2.4).
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Table 2.3: §'80 values (with respect to VSMOW) of Narmada water standard
measured at PRL.

Date 6120 (%o)
Date 50
10/05/06 ~4.45 (o)
~4.63
447
“4.52
“4.48
“4.55
“4.54
50 “4.30
22/06,/07 “4.35
~4.56
~453
~4.50
454
451
461
451 15
12/05/06 437
453
“4.42
i 444
' 26/06,/07 “4.42
~4.52
“4.45
~4.62
~4.46
~4.60
451
“4.55
453
“4.56 15
14/05/06 ~4.36
451
447
457
454
06 ~4.60
' 28/06,/07 451
457 150
16,/05/06 “4.49
“4.50
“4.50
“4.59
451
“4.55
~4.54
~4.50
451 i3
18/05/06 ~4.36
451
“4.46
o 453
: 30/06,/07 451
“4.56
“4.50
“1.64
~4.46
457
451
454 15
01/05/07 434
453
“4.56
“4.50
“4.30 IS
“4.37
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09,/07/07 455 433
~4.59 ~4.60
445 “453
455 “4.53
“4.50 05/10/07 ~4.48
“4.54 “4.54
“4.49 09/12/07 ~4.43
445 445
~4.46 443
20,/09/07 44 “4.62
~4.26 ~1.63
452 12/12/07 ~4.37
.62 ~4.37
~4.63 ~4.56
448 ~4.68
~4.67 ~4.55
24/09/07 447 10/04/083 445
441 ~4.46
~4.50 454
~4.55 ~4.76
457 ~4.69
451 -4.63
~4.60 477
~4.50 482
28/09/07 ~4.64 12/04/083 453
~1.60 442
“4.46 ~4.50
452 ~4.58
~4.58 “4.57
~4.39 457
~4.37 449
449 ~4.46
01/10/07 ~1.62 14/04/08 “4.46
~4.58 448
434 452
03/10/07 ~4.52 ~4.56
447 452
454 “457
“4.57 444
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16/04/08 427 02/05/08 ~4.39
441 ~4.39
452 ~4.49
462 455
455 ~4.60
“4.59 ~1.62
~4.60 452
18/04/08 445 12/05,/08 444
~456 450
451 457
22/04/08 443 455
444 14/05/08 437
443 444
447 454
~4.64 459
455 455
451 457
~456 15/05,/08 ~4.38
458 438
24/04/08 423 445
“4.28 458
443 456
458 458
459 ~456
~4.64 46
467 17/05/08 “4.49
“1.68 454
25/04/08 435 448
441 454
~4.46 ~4.49
455 20/05/08 443
457 448
455 “4.61
~4.60 454
4,62 22/05/08 “4.46
27/04/08 438 448
443 454
~4.36 443
4483 ~459
4164
“4.65
~4.65
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Mean 60 = -4.51 £ 0.09%0(n=233); where n is number of times standard

measured.

Table 2.4: §'80 values (with respect to VSMOW) of new Narmada water standard
measured at PRL.

Date 60 (%o)
54/05/08 457
-4.58
-4.56
-4.64
-4.61
27/05/08 153
-4.52
-4.65
-4.60
-4.65
-4.54
-4.67
-4.52
29/05/08 454
-4.55
-4.62
-4.68
-4.61
-4.54
-4.61
-4.56
03/06/08 450
-4.53
-4.69

Mean §'0 = -4.59 + 0.06%0(n=24); where n is number of times standard
measured.
(B) For 6D Measurements:
Values of the different runs of Narmada water standard is given in Table 2.5. Mean
of all runs of the standard is -35.78 4 0.81%0 which is same as the calibrated value
of Narmada water relative to the VSMOW (-35.78%u).
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Table 2.5: 6D values (with respect to VSMOW) of Narmada water standard mea-
sured at PRL.

Date 0D (%) Date 0D (%)
2705706 35.07 25,07 /07 36.15
-36.16 -35.41
34.47 27/07/07 35.19
-36.37 -36.10
-36.83 -36.23
28/05/06 -35.21 -35.60
-36.27 28/07/07 -36.94
-36.00 -36.41
-34.28 -36.37
-36.35 -35.51
-36.57 -34.66
29/05/06 -36.37 -34.79
-35.95 30/07/07 -34.31
-34.48 -37.37
-35.83 -35.66
-36.27 01/08/07 -36.24
30/05/06 -35.87 -35.56
-33.76 -36.06
-34.90 -35.25
-35.52 02/08/07 -35.99
-36.21 -36.20
-38.51 -35.32
-35.69 -35.61
03/06/06 -36.67 05/08/07 -36.25
-36.10 -36.77
-35.61 -36.01
-34.74 -34.74
04/06/06 35.62 3541
-35.94 -35.49
09,/06/06 36,54
-35.16
-34.82
-36.74
-35.64

Mean §D = -35.78 £ 0.81%0(n=62); where n is number of times standard

measured.
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Ocean surface water and water

vapor studies

3.1 Stable isotopic study of the Southern Ocean surface

water:

The Southern Ocean, defined as the region between the south of 60°S and Antarc-
tica [International Hydrographic Organization, 2000], is an important region that
affects the climate of the earth. The main bottom and intermediate water masses
of the world ocean originate here. The Antarctic zone of the Southern Ocean refers
to the vast area between the polar front and the Antarctic continent. The surface
water in this zone, characterized by a commonly observed summer minimum sur-
face temperature, is the Antarctic Surface Water (AASW) [Park et al., 1998]. The
thermohaline structure of this water mass is determined by seasonally changing air-
sea interaction (air-sea fluxes of momentum, heat and fresh water), advection and
formation/melting of sea ice [Gordon and Huber, 1984]. Despite its close relation-
ship with changing atmospheric conditions, the vertical and horizontal structures
of AASW of the Indian sector of the Southern Ocean, as a whole, have not been

studied to any extent, although some detailed studies exist for limited locations.
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Several expeditions have been made earlier to explore the Indian Ocean as
well as the Southern Ocean [Duplessy, 1970; Kallel, 1985; Archambeau et al., 1998;
Delaygue et al., 2001]. But due to high spatial and temporal variability this region
needs more studies to characterize its physical (such as temperature and salinity),
chemical and isotopic properties adequately. Some studies have shown that due to
global warming, parts of Antarctic ice sheet are melting and the Southern Ocean is
getting more and more melt water [Banks and Bindoff, 2002; Aoki et al., 2003; Aoki
et al., 2005; Barnett et al., 2005]. This makes the isotopic study of the Southern
Ocean all the more urgent.

The stable isotopic composition (6'¥0 and dD) of ocean waters provides
specific information on several aspects of the water cycle, and is useful to elucidate
the mechanism and estimate the magnitude of the fluxes between the ocean and
atmospheric reservoirs. The spatial distribution of §'®0 (and §D) is useful to
understand the mechanism responsible for the internal variability of water masses
in their source region and allows one to follow their circulation far away from their
origin. The isotopic compositions at various stages of the hydrological cycle help
constrain different water masses as well as their movement. The variation in the
isotopic composition of deep-sea water is relatively smaller than that in freshwater
and mainly determined by freshwater input and mixing between water masses [Paul
et al., 1999].

A simultaneous study of §**O and salinity provides specific information about
sea surface processes such as (1) evaporation/precipitation (2) melting/freezing (3)
upwelling /advection (4) continental runoff and also helps to understand reasons for
the isotopic heterogeneity of the surface waters. In the case of the Southern Ocean,
changes due to continental run off are very small. Salinity and §'80 co-vary in the
case of evaporation/precipitation because both parameters decrease due to pre-
cipitation whereas evaporation increases both. Salinity and §'80 exhibit a linear
relationship and its slope depends on regional climate, but in the case of melt-

ing/freezing, §'80 does not change much while salinity changes significantly. 6D
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co-varies with §'80 generally. Being lighter than oxygen, fractionation factor is
higher for hydrogen. 6D not only helps to confirm processes detected by 680 but
also provide information about the humidity conditions at the time of evaporation
and extent of kinetic fractionation through the deuterium excess. Proper under-
standing of these surface processes is very important over the Southern Ocean as
it influences monsoon. So a combined study of stable hydrogen (§D) and oxygen
(6'80) isotopes and salinity is ideal to monitor various oceanic processes.

The Southern Ocean is characterized by the presence of several fronts; fronts
are defined as water masses with marked changes in the properties [Park et al.,
1998]. The Indian sector of the Southern Ocean is characterized by the presence of
two such major fronts: the Agulhas Front (AF) and the Subtropical Front (STF)
(Fig. 3.1) [Rintoul and England, 2002; Belkin and Gordon, 1996; Michael et al.,
1996; Rintoul and Bullister, 1999]. The former is the connecting link between
the generically similar Southern Atlantic and Southern Indian Ocean Currents
[Deacon, 1937]. It is a major source of water exchange between the Atlantic and
the Indian Oceans | Peterson and Stramma, 1991; Read and Pollard, 1993; Lut-
jeharms,; 2006]. It is characterized by the temperature gradient between 15.7°C
to 21°C at 200 m depth [Gordon et al., 1978]. AF can merge with the STF or
form a separate front to the north of STF between 39°S to 40°S [Lutjeharms and
Valentine, 1984]. STF makes an interface between Subtropical Surface Waters and
Subantarctic Surface Water [Deacon, 1937]. It is characterized by the horizontal
surface temperature and salinity transitions of 10°C to 14°C and 34.6 to 35.1, re-
spectively with the mean location of 42°S [Whitworth and Nowlin, 1987]. While
these criteria may be useful to recognize the positions of AF and STF at depths,
but we found in the surface they are traceable using §'®0 (and §D) as well, as we
show here. Thus, to understand the characteristics of the Southern Ocean (fronts

and ocean surface processes) a special expedition was undertaken.
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3.1.1 Cruise Track and sampling locations:

Surface seawater samples were collected during the second expedition to the South-
ern Ocean and Larsemann Hills, Antarctica on board R/V “Akademik Boris
Petrov” during January to March, 2006. We reached the Prydz Bay area, Antarc-
tica, on 25" February, a time when freezing started in the Antarctic Zone. This
cruise covered a large area (from 13°N to 68°S and 71°E to 77°E). 97 ocean surface

water samples were collected at one degree latitude intervals.

40°N -
30°
20" Africa 0
10°1 %
0O . 1 G
10°4 ——
20" 3‘-:/ Mauritius
300_ NSTF ‘I|‘ Australia
40 :
-~ € PF
70° - -
80°S - Antarctica
[ I [ [ I
20°E 40° 60° 80° 100°E

Figure 3.1: Cruise track along which sampling was done. Approximate locations of
the various fronts are marked (after Belkin and Gordon, 1996): AF: Agulhas Front;
NSTF & SSTEF: North and South Sub-Tropical Fronts; PF: Polar front; SAF: Sub-
Antarctic Front; SAMW & STMW: Sub -Antarctic and Sub -Tropic Mode Waters.
Onward and return journeys are shown by arrows.

The cruise track is shown in figure 3.1. Using a Niskin bottles or clean
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plastic bucket, sea surface water samples were collected. Salinity was measured on
board using a salinometer (Autosal) with a reproducibility of 0.001. The accuracy
was checked by using TAPSO standard sea water of salinity 34.995, conductivity
1.997435, conductivity ratio (K15) 0.99987. An isotope ratio mass spectrometer
(PDZ-Europa, Geo 20-20) was used for isotopic analysis.

3.1.2 Salinity and Oxygen isotopic study

The observed latitudinal variations of 80, salinity and Sea Surface Temperature
(SST) are shown in figure 3.2 (a), (b) and (c) respectively. From 5°N to 45°S
salinity follows the 6'80 pattern. North of 4.5°S lies a high salinity and high §'*O
region, indicating a positive E-P (i.e. evaporation dominates). Between 4.5°S to
20°S lies a low salinity and low 630 region, with a negative E-P (i.e. precipitation
dominates). Moving further south of 20°S, the salinity and 6O values again
start increasing. This indicates again the domination of evaporation. Due to
solar heating, water around the equator (from 13°N to 4.5°S) evaporates and rains
south of 4.5°S upto 20°S in the austral summer, when the ITCZ (Inter Tropical
Convergence Zone) is located south of the equator.

AF and STF have been reported earlier to be at subsurface; but during our
poleward journey (February) we could observe their signature at the very surface.
At 41°S there is a change in salinity by 0.69 while §'*0 changes by 0.35%o , showing
the presence of AF. Again at 44°S sharp changes in the salinity and oxygen isotopic
composition occur. Between 44°S and 45°S, salinity changes by 1.02 and 630 by
0.49%o , indicating the position of STF. SST too decreases by 2°C (from 18°C to
16°C) at AF whereas a decrease of 4.5°C (from 15°C to 10.5°C) at STF is seen
figure 3.2 (c). During the return journey (March) a sharp increase in §'80 by
0.95%0 is noticed at 41°S. This indicates that both fronts (AF and STF) have
merged at least at the surface; SST too decreased sharply by 9°C at 41°S [Fig.

3.2(c)].
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Figure 3.2: Latitudinal variation of (a) salinity (b) 680 and (c) SST of surface
waters. The two vertical bands refer to positions of the fronts: STF (left) and AF
(right). The filled circles and crosses refer to data collected during onward and
return journeys, respectively.
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In the case of freezing/melting of an in situ ice, sea water §'%0 does not
change much whereas the salinity varies significantly. Since the fractionation factor
for water to ice transition is very small, freezing does not change the §'*O of the
remaining water or ice significantly. But salinity changes as during freezing ice
discards salt; the salt content in the remaining water increases; during melting
salinity decreases due to fresh water input from ice. The case of continental ice
melt is different. The ice forms by precipitation which is highly depleted in the
heavier isotope. So mixing of continental melt water decreases salinity as well as
6180 of the ocean surface water [e.g. Archambeau et al., 1998]. The region from
45°S to 68°S shows much less variation in §'80 (between -0.2%0 and -0.4%o ) than
salinity. From 45°S to 61°S salinity follows the same trend as 6'80 except for some
minor variations. From 47°S to 51°S increase of 0.17 in salinity and 0.08%o in 580
are observed. This is a cyclonic area. Winds are very strong (about 10 m/s to 14
m/s) in this region. Due to strong winds evaporation is also high and thus salinity
and §'80 increase. From 51°S (58.8°E) to 62°S (67°E) salinity and §'80 co-vary,
indicating minor effect of precipitation/evaporation. The region between 63°S to
67°S exhibits high salinity (increase in salinity by 0.25 for first region and 0.49
for second region) while §'®0O remains constant. This region is affected by ocean
water freezing; we observed freezing during the cruise south of 63°S (Fig. 3.3).
From 67°S onwards both §'80 and salinity start decreasing possibly due to mixing
of continental melt ice to the coastal ocean water. During the return journey
(March) we have only one sample for salinity up to 41°S (48°E) at 65°S. This high
value of salinity (34.38) is due to a strong freezing effect, as visually observed. This
is also the beginning of the austral fall. §'80 shows a constant value from 68°S
to 42°S but for small variations between -0.25%0 to -0.45%¢ during the return
journey. From 41°S to 33°S salinity and §'80 are both constant except for small

variations.
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Figure 3.3: Surface water freezing observed during the Southern Ocean cruise.
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Figure 3.4: §'®0 — salinity relationship for the Indian Ocean, 2006.

99



Chapter 3. Ocean surface water and water vapor studies

Figure 3.4 shows the relationship between §'*0 and salinity. All points plot-
ted as circles and crosses are from north of 44°S (13°N to 44°S). In the graph, best
fit line has a slope of 0.27 4 0.03 (best fit line: 60O = (0.27 + 0.03)S - (8.89 +
0.98), 1> = 0.73, P < 0), indicating that this region is governed by local evapora-
tion and precipitation. On the other hand, points plotted as triangles from 45°S to
68°S, lie in a line of negligible slope (best fit line: §'¥0 = -(0.01 4 0.06)S + (0.04
+ 2.10), r* = 0.0011, P = 0.88). The data points are further distinguished as filled
(upto 62°S) and open triangles (south of 63°S). While the freezing effect is clearly
seen for the latter, some evaporation effect can not be ruled out for the former.
LeGrande and Schmidt [2006] presented global gridded data set of sea water 60
values, with variable number of observations for different oceanic regions. They
reported 6'®O-salinity relationships for different oceanic regions, whose definition
was somewhat arbitrary, according to them. They cautioned that their data set
was too sparse to capture consistently seasonal or longer variability except in local-
ized regions. Our §'80 data fall in a similar range reported by them. Our results
are consistent with their general observations that (i) the §'8O-salinity slope is
greatest at mid-latitudes and shallowest at low latitudes and the Southern Ocean,
and (ii) in areas of sea ice formation and melting, the slopes tend to be shallow.
They reported slopes of 0.24 and 0.16 respectively for the Southern Ocean and
the Indian Ocean. A direct comparison of the slopes obtained by us is difficult
because (i) our data are seasonal and theirs pertain to long term means, and (ii)
our data pertain only to the Indian sector of the Southern Ocean and theirs cover

most parts of the Southern Ocean.
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3.1.3 Hydrogen isotopic study

4

5 D (%o)

s
¢ Return Journey

_6 1 1 1 1
-80 -60 -40 -20 0 20

Latitude (deg)

Figure 3.5: Latitudinal variation of ¢ D.

By and large, hydrogen isotopic composition (6D) follows the same trend as 60
and salinity (Fig. 3.5) except depleted isotopic values between 4.5°S and 20°S, as
observed in the 60 and salinity. This may be due to the sparse of sampling in
this zone. A sharp decrease in 0D of ~8%¢ from 41°S to 45°S with an increase
of ~2%0 at 44°S confirms the effect of shoaling of AF and STF. Barring some
fluctuations, which are within the experimental uncertainties, 6D shows an overall
increasing trend, moving towards the south. This increase in the D values confirms

the increasing effect in situ melting of sea ice.
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3.1.4 Sea water line over the Southern Ocean

The relation between 6D and 580 of the ocean surface water gives information
about the humidity at the time of evaporation. For worldwide fresh surface waters,
Craig [1961] has found that §'80 and § D exhibit a linear correlation, which defines
the global meteoric water line (GMWL). Its slope is ~8 and intercept is ~10%o.
The slope is 8 because this is approximately the value produced by equilibrium

Rayleigh fractionation of evaporating water surface at about 90% humidity.

& D (%o)

-0.6 -0.4 -0.2 00 0.2 04 0.6 0.8 1.0
81 8O (%0)
Figure 3.6: Plot of 60 vs. 6D of surface sea water from the Indian Ocean (best

fit line with slope = 7.35 + 0.29, intercept = 0.30 4+ 0.14, r?> = 0.88). Global
Meteoric Water line is also shown for comparison.

The value of the slope of the GMWL is close to the ratio of the equilibrium
fractionation factors for H and O isotopes at 25°C-30°C [Clark and Fritz, 1997].
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Slope reduces to less than 8 due to evaporation controlled by ambient humidity (and
also due to diffusion through the water vapor boundary layer and exchange with
atmospheric water vapor) at the ocean surface. The non-equilibrium evaporation
process is characterized [Dansgaard, 1964; Gat, 1981; Mook, 2006] by a slope of
less than 8. The relation between 6D and §'80 for the Indian Ocean is depicted in
figure 3.6, where data points cluster in two distinct bunches. The best fit line has
a slope of (7.35 £ 0.29), which is significantly lower than the slope of the GMWL
(8.12 + 0.07).

This indicates the Southern Ocean as a whole is evaporating under isotopic
non-equilibrium, with a mean ambient humidity significantly less than 95%, as
also borne out by humidity observations during the cruise. As a result, the Indian
Ocean samples show an intercept of (0.30 £ 0.14) which is much less than the
intercept of GMWL (9.20 £ 0.53). The relation between 6D - 680 is similar to
two end member mixing(points in the two big circles). This again emphasizes that
the region between 41°S and 45°S is a transition region between two different types

of zones.

3.1.5 Zone demarcation for the Southern Ocean

Thus on the basis of salinity and oxygen (and hydrogen) isotopic data it is
inferred that the Indian Ocean north of 41°S is a zone of dominant evapora-
tion/precipitation whereas south of 47°S is dominated by melting/freezing. The
region between 41°S and 47°S is a transition zone between the above mentioned

two regions. A schematic representation of these zones is shown in figure 3.7.

63



Chapter 3. Ocean surface water and water vapor studies
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Figure 3.7: Schematic diagram showing different zones in the Southern Indian
Ocean depending on domination of different hydrological processes.

3.2 Effect of the Global warming over oceans

Oceans are getting highly affected due to the effect of global warming. Observations
shows that ~80% of the total heating of the Earth system (oceans, atmosphere,
continents and cryosphere) over the last 40 years has gone into warming the oceans
[Levitus et al., 2005]. Due to the effect of warming fresh water input, sea surface
level, sea surface temperatures and current structures are significantly changing.
But these changes are different for different oceans. A recent model study [Barnett
et al., 2005] suggests that ocean warming can not be explained by only taking
account the natural internal climate variability or solar and volcanic forcing. To
fully explain ocean warming the anthropogenic forcing also has to be taken into

the account.
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Figure 3.8: Sampling locations for Duplessy (+), Kallel (o), Archambeau (A) and
this work (x).

Ship based studies demonstrate the effect of global warming in the various
part of the globe. They show the pattern of cooling and freshening on isopycnals
in midlatitudes, with warming on isopycnals at high latitudes. They also show
that the water mass changes are related to changes in the surface fluxes and sur-
face warming is the dominant factor in producing water mass changes [Banks and

Bindoff, 2002]. A few recent studies show the effect of global warming in the Indian
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sector of the Southern Ocean as well [Aoki et al., 2003; Aoki et al., 2005] yet such
studies are sparse.

To study the effect of global warming on the ocean surface water salinity-
580 relation over the Indian sector of the Southern Ocean, a comparative study
was done using the previous available stable isotopic and salinity data set (data
from Duplessy and Kallel available at http://data.giss.nasa.gov/ol8data and Ar-
chambeau, taken from his paper) [Archambeau et al., 1998; Schmidt et al., 1999].
Sampling points for different studies are shown in figure 3.8. For the comparison,
data from the south of 25°S are used as it is common for all studies. NASA data
bank does not contain information about the sampling months for Duplessy and
Kallel whereas Archabeau and present study were performed in the same season
(February-March). All studies were done almost in the same region and likely in
the same season. This study demonstrates not only changes in the salinity-6'20O
relation but also changing pattern in the water currents between 40°S and 50°S
(sharpness of salinity and §'80 decrease). This region is very important as it
makes demarcation between warm tropical water and Antarctic cold water. Sud-
den decrease in the salinity and 60 between 40°S and 50°S shows the change in
the surface water properties. Comparison show that the sharpness of the decrease
in the salinity and §'80 between 40°S and 50°S is increasing from 1969-2006 except
during 1993. This may be due to the difference in the study region (Fig. 3.8). This
decrease was very fast in 2006 in comparison to the previous data sets. This may
be an indication of ocean warming and consequent meredional mixing. The com-
bined effect of these two may shrink the transition zone. More studies are required

to confirm this hypothesis.

66



Chapter 3. Ocean surface water and water vapor studies

2.0 T g 7 36
(@) o 00 © °&®
15 : 0 135
: o i
: o
S 10 000 il 134 >
2 oS £
o o : ° =
o 05 5 ‘o9 ¢ ] 3
o : .5 . LI 33
0.0 | -
. '; o’ : 1%
b ®e o® | 4
93 .: : 3
© Lm
1.5 OOE oO@ : 435
: 0®
S 1of 656 B Do 3 x>
s og 0 © 7% 98 oew . s
o ° i o =
[ ] ©
2 05 Sve 133 o
[ ]
001 e * .o °s o {32
o .o e ® s [T
el °® ()
pi g : , . : 30
L (©) : .
15 : : 135
E 1'0:_OO®1;Q) Cbctmilmd% : 134 >
< ® reitet e : : 'S
o e : : %
2@ 0.5 § 133 »
r ? °
0.0 [ 1Y 132
oo ®
[} : :
prgr N R i : 36
: : o
(d) : 8600880900000 00
15[ : o & © 135
o °°
o 10f 134 >
g 9% © 000 00000, . £
o) oo ° 2 20228008300 ¢, =
© 0.5 : o L ©
~ ' : : 133 0
[%e] . ° [ ]
0.0 . . 132
(] o_,000000: (1] :
et o e e
0.5 v .
1 i i 1 31
-70 -60 -50 -40 -30

Latitude (degree)

Figure 3.9: Comparison among (a) Duplessy (1969), (b) Kallel (1984), (¢) Archam-
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Salinity- 6'80 relation also shows a significant increase in the slope for 2006
study whereas for other studies it is same within the uncertainty limit (Fig. 3.9).
This mainly due to the increase of mean §'%0 in the tropics, which could be due
to enhanced evaporation in this region, the salinity increase being compensated by

influx of ocean water from the surroundings.

3.3 Stable isotopic study of Ocean surface water and At-

mospheric water vapor over the Bay of Bengal

Isotopic equilibrium between ocean surface water (OSW) and atmospheric water
vapor (AWV) just above the ocean surface is still an open question. So for very few
experimental studies are available [Lawrence, 2003; Lawrence et al., 2004; Uemura
et al., 2008] in this regard. For the first time, an experiment was carried out to
understand the stable isotopic equilibrium conditions between OSW and AWV over
the Bay of Bengal (BOB). Isotopic composition of AWV mainly depends on the
isotopic composition of OSW, winds, sea surface temperature, salinity and relative
humidity. Literature shows that in the open oceans apart from the equilibrium
fractionation, kinetic fractionation is also very prominent. Vapor is assumed to
be in stable isotopic equilibrium with the surface water for most of the model
inputs. As the BOB is a very important source of moisture for the India monsoon,
a cruise was undertaken from 14* May — 4 June 2007 to study OSW and AWV
isotopic equilibrium. This is the pre-monsoon period and due to strong heating,

evaporation is high during this period.

3.3.1 Cruise track and sampling locations

Sampling was kept limited to a small region (1° x 2°) of the BOB to study small
scale temporal and spatial variability of the OSW and AWYV. The cruise track is
shown in figure 3.11(a) and (b).
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Figure 3.11: Cruise track for the Bay of Bengal study.
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Vapor samples and surface water samples were collected twice in a day (0930
Hrs and 1930 Hrs, IST) simultaneously. Morning and evening collections were
done for detecting diurnal changes. AWV samples ware collected with the help of
vapor collection line and liquid nitrogen whereas OSW sampling was done using
Niskin bottles or a small, clean plastic bucket. Vapor collection was done for the
duration of one hour. So vapor isotopic composition will be the average for one
hour. Most of the time ship was stopped during the vapor collection. On a few
occasions ship was sailing during the vapor sampling. Thus isotopic composition
of AWV comprises of both spatial (10 nautical miles assuming average ship speed

of 10 knots) and temporal (one hour) averages.
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Figure 3.12: Oxygen isotopic variation of vapor and surface water over the BOB.
Sample number increases on moving towards north.
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Figure 3.13: Hydrogen isotopic variation of vapor and surface water over the BOB.
Sample number increases on moving towards north.

It is a general belief that oceans are homogeneous reservoirs. Our results
show that on a small scale (1° x 2°) stable isotopic composition of the OSW and
AWYV are highly variable with space and time. For all water vapor samples 60O
ranges between -9.7%¢ to-12.5%0 (Fig. 3.12) whereas 0 D ranges between -56%q to
-76%0 (Fig. 3.13). It shows a large variation (~2.8%¢ for 680, ~20%¢ for §D) in
the isotopic composition of AWV in a very small region. OSW does not show much
variation (0.3%o for §'80, 3.4%¢ for 6D) within the experimental limit. Isotopic
composition of AWV shows more fluctuations than the ocean sea surface water.
The effect of wind, atmospheric temperature and atmospheric turbulence is less
for ocean water because ocean water is a bigger reservoir than atmospheric water
vapor. These parameters cause much of variation in the isotopic composition of

water vapor.
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Overall stable isotopic values of vapor show a decreasing trend on moving
towards north. This may be due to the depleted values of OSW. OSW also shows
a little decrease on moving towards north but this trend is not as prominent as in
the case of AWV especially for the 0 D. These depleted values of OSW may be due

to the effect of fresh water input from the rivers.
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Figure 3.14: Plot of §'80 vs. §D for atmospheric water vapor over the BOB.

If evaporation has occurred under isotopic equilibrium (with humidity values
higher than 90%) then §'®0 and §D follow the global meteoric water line (6D
= 8 60 + 10) with high correlation. Our results show a moderate correlation
between 480 and 6D (r* = 0.56) (Fig. 3.14). This moderate correlation may be
due to the prominent kinetic effects. These kinetic effects do not permit vapor to
completely equilibrate with ocean surface water. The best fit line between d D and

5180 for vapor shows a slope of 4.8. This indicates that evaporation has occurred

73



Chapter 3. Ocean surface water and water vapor studies

under strong kinetic effects.
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Figure 3.15: Variation of fractionation factor for (a) oxygen and (b) hydrogen over
the BOB.

If evaporation occurred at 25°C  under isotopic equilibrium condition
then the oxygen isotopic fractionation factor (10%lna) expected from theory is
9.3%0 (76%0 for 6D) at 25°C [Majoube, 1971]. Our results show an increas-
ing trend in fractionation factor on moving towards north (Fig. 3.15). Overall,

variations in the fractionation factor for oxygen and hydrogen are similar. The
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minimum value of fractionation factor is 10%¢ for the oxygen isotope, close to the
equilibrium fractionation factor but the all other values are higher. For hydrogen,
the fractionation factor is mostly lower than the equilibrium value, reaching the
equilibrium value in the northern most point. This indicates that in general BOB
does not evaporate in stable isotopic equilibrium. Fractionation factor depends on
sea surface temperature (SST) but in this case it can be ruled out as the overall
SST variation is only 1°C which may cause a change in fractionation factor by not
more than 0.1%0 for 60 and 1%¢ for §D. Changing humidity also affects the
fractionation factor. Kinetic effects in terms of humidity can be described by the

following relationship [Gonfiantini, 1986]:

Ae®Oy_, = 14.2(1 — h) permil

A Hy_, = 12.5(1 — h) permil

Where bl represents boundary layer, “v vapor and "h ‘relative humidity. During
the cruise period humidity values show a decreasing (max 77% to min 68%) trend
on moving northward with some fluctuations. This 9% change in humidity may
cause a change of 1.1%¢ in fractionation factor for §'80 and 1%¢ for dD. So
changes in humidity and temperature are not fully able to explain the changes in
the fractionation factor. This show that kinetic fractionation due to the winds also
play an important role. As winds get stronger while moving towards north effect
of kinetic fractionation factor will increase. So taking into account all the three
parameters (temperature, humidity and winds) change in the fractionation factor
can be explained.

Our results show that the BOB evaporates under non-equilibrium (isotopic)
conditions. This is also confirmed by the slope of §'0 — §D. Fractionation factor

is higher than the equilibrium fractionation factor for most of the time. Also it
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show an increasing trend which can be explained by taking into account all the
three parameters (temperature, humidity and winds), responsible for the kinetic
fractionation. Although the study region is small, it shows high isotopic variability,
especially in the vapor. This suggests that oceans are not a homogeneous reservoir,
at least for vapor. Apart from this, the variable nature of fractionation factor
proposes to take a distribution (depending upon the degree of kinetic fractionation)
of fractionation factors rather than taking a fixed value for the model calculations.
This necessitates study of other oceans on wider scale for the better understanding

of isotopic fractionation over oceans.
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Chapter 4

Rain and Atmospheric water

vapor studies over land

4.1 Microphysical studies of rain formation processes over

the tropical region

Clouds are very important component of hydrological system. They regulate our
hydrological cycle by transporting water away from the earth’s surface, redistribut-
ing it through the atmosphere and back to the surface by means of precipitation.
Not only they produce rain but also influence our atmospheric dynamics by latent
heat and cooling. All of these phenomena have their origin in cloud microphysics,
whose spatial scale ranges from under a micrometer to a few millimeters. Changes
in cloud microphysical processes can modify the spatial extent, spatial distribu-
tion and lifetimes of clouds, the water vapor distribution outside of clouds, the
fluxes of water and radiation through the atmosphere. Recent research suggests
putting more focus on the microphysical processes associated with rain for bet-
ter predictability. Here, the present study mainly focuses on the microphysical
processes associated with the rain formation.

Stable isotopic study of rain water can be an effective tool to get micro-
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physical information of rain formation processes as isotopic fractionation is very
sensitive to the phase changes. So, temporal variations in the isotopic composition
of rain water may provide information about the progressive changes occurring in
the cloud parcel. It is important to have high resolution temporal study to un-
derstand microphysical processes associated with the rain formation. Large scale
variations, both in temporal as well as spatial, of stable isotopic abundances are
widely reported [Rozanski et al., 1993]. Mostly they have been used for local
hydrological study. But shorter term variations for microphysical processes associ-
ated with rain formation are yet to be studied [Celle-Jeanton et al., 2004]. Radar
is an important ground based instrument which can penetrate the cloud system
and provide information about the cloud dynamics. For obtaining supportive ev-
idence to isotopic variations of rain water, radar was operated simultaneously .
Cloud and rain drop size mainly depends on condensation, collision, coalescence
and evaporation, all very sensitive to climatic conditions, as is the isotopic compo-
sition. So a simultaneous measurement of rain drop size distribution (DSD) and
stable isotopic analysis of rain water may provide better insight on cloud precipi-
tation/evaporation processes in the tropical monsoon environment.

An attempt has been made, for the first time, to effectively utilize the synergy
of various approaches providing microphysical information of precipitation to study
short term variations in the raining cloud system. A campaign has been conducted
wherein rain samples are collected during the rain and simultaneously a powerful
VHF radar and disdrometer have been operated to infer the characteristics of
the vertical structure and rain DSD of precipitation. Here we present results of
simultaneous measurements of rain DSD and stable isotope analysis of rain water
and discuss implication to the cloud precipitation/evaporation processes in the
tropical monsoon environment. The questions addressed include (i) Is there a
relationship between DSD and the stable isotope ratios of the rain water and does
it depend on the nature of the cloud system (e.g. stratiform versus convective)?

(ii) Can a high resolution stable isotopic study of rain water be useful in elucidating
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microphysical processes associated with rain formation? (iii) Can the stable isotope
ratio be used to differentiate stratiform and convective cloud systems? (iv) Is there

significant effect of secondary evaporation or local moisture recycling?

4.1.1 Sampling Location

For the present study rain water samples were collected at National Atmo-
spheric Research Laboratory, Gadanki (13.5°N, 79.2°E) [Fig. 4.1] during Septem-
ber—October 2006. Gadanki is largely influenced by two rainy seasons: Southwest
(June—September) and northeast monsoons (October—December). The maximum
rainfall occurs generally in October, which is rather a transition month from south-

west to northeast monsoon.

Tirupati, Andhra Pradesh India

“"Google
£y ail 75488 m)

Figure 4.1: Sampling location (NARL, Gadanki).

Rain water collection was done with the help of a rain collector. Several
samples were collected for each rain event at different times for the high time
resolution stable isotopic study. Rain samples were collected close (about 5 m)
to the disdrometer location. The JW (Joss-Waldvogel) disdrometer (RD-69) used
in the present study is an impact type disdrometer, which provides the number
density of rain drops in 20 diameter classes with a high temporal resolution (1

minute). The prescribed maximum error in the measurement of rain DSD is about

82



Chapter 4. Rain and Atmospheric water vapor studies over land

5%. The rainfall rate, reflectivity factor and mass weighted mean diameter are
estimated from each 1 minute rain DSD using the standard formulae [Rao et al.,
2001]. During campaign period, the Mesosphere-Stratosphere—Troposphere (MST)
radar was kept on alert and operated in a special mode, whenever rain occurred
over Gadanki. Important operational parameters of radar are presented in chapter

2 of this thesis.

4.1.2 Short term variations in the raining cloud parcel

During the observational period, there were five rain events (12, 14 September
2006 and 05, 17, 26 October 2006), significant in rain amount and duration over
Gadanki. Cloud pictures taken from satellite are shown in figure (4.2) (form

Kalpana-1, Indian Meteorological Department, India).

12-09-06 140906 05.10.06

o
¥ e F

17-10-06

Figure 4.2: Satellite pictures of five major rain events.
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A number of samples were collected in each event, and were used for the

combined study of rain drop size, §'*0 and §D of rain water.
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Figure 4.3: Temporal variation of rain integral parameters (R, Z, and D,,) on (a)
12 September, (b) 14 September, (c¢) 5 October, (d) 17 October and (e) 26 October
2006. Horizontal gray bars represent sampling duration.

The temporal variations of rain integral parameters (reflectivity factor, Z in
dBZ, rainfall rate, R in mm hr~' and mass weighted mean diameter, D,, in mm)

are shown in figure (4.3) for all the events. All parameters follow similar patterns.
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Figure 4.4: Plot of §'80 variation with time for (a) 12 September, (b) 14 September,
(¢) 5 October, (d) 17 October and (e) 26 October 2006.

Both stratiform and convective rain features are present in all the events,
however, the duration of convection and the numbers of convective cells vary. Ac-
cordingly the number of rain sample vary from 3 (17 October) to 7 (14 September).
Time series plots of 680 show a ‘V’ like structure for the rain events of 12 Septem-
ber, 5 and 17 October whereas it shows a ‘W’ like structure on 14 September and
26 October [Fig. 4.4]. On 17 October variations in stable isotopic ratios are very
small but still a V-shape is apparent though not very sharp. Schematic diagrams of
6180 variations with time are depicted in figure 4.5 (a) and (b). The first conden-
sation starts at the topmost part of the cloud because of low temperature and high
saturation level. While moving vertically up in the cloud the stable isotopic ratio
of the vapor decreases. Thus the vapor in the upper most part is more depleted in
the heavier isotope (**O and D) [He and Smith, 1999; Smith et al., 2006]. In this
case due to (i) low temperature, (ii) high condensation rate and (iii) depleted vapor
isotopic values at the top of cloud parcel, the first rain sample is more depleted

than the second. Part "A” of figure 4.5 (a) shows this. Here this effect is so strong
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that it dominates over other effects (such as evaporation during fall). This trend
is more prominent in the deep convective systems whose specified vertical extent
is larger than the horizontal extent and the first rain forms at the upper part than

the later rain that forms at the lower part of the cloud parcel [Fig. 4.4(a)].
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Figure 4.5: Schematic diagram of §'®O variation of (a) type 1 and (b) type 2.

The isotopic composition of the drop changes due to (i) condensational
growth (ii) evaporation or (iii) re-condensation of the atmospheric moisture on
the drop on its way down. If the condensational growth of the cloud drop follows
the Rayleigh isotopic fractionation it continues to be enriched in the heavier isotope
(**O and D) with its growth, because the heavier isotopologues prefer the liquid
state (the isotopic composition of the remaining vapor is not likely to change due
to its large amount). The initial rain samples are more affected by evaporation
than the later samples, because as rain progresses, the atmosphere below the cloud
base gets saturated and also cools down. Thus the initial samples are isotopically
more enriched than the later ones. Re-condensation on the falling drop can also
deplete the isotopic composition of the drop. This is also seen in the stable isotopic
data. "B” in figure 4.5 (a) could be the combined effect of condensational growth
of the drop in cloud parcel, re-condensation of the atmospheric moisture on the

falling drop and evaporation where applicable. Once the atmosphere saturates,
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effect of evaporation decreases and the signature of condensational growth starts
manifesting. "C” in figure. 4.5(a) shows the domination of condensational growth
over evaporation. If convective nature dominates then condensational growth of
the cloud drop would be less prominent, as in high turbulence, the drop would pref-
erentially grow by collision-coalescence process. In stratiform clouds, drops would
have enough time to grow by the condensation from vapor [Rogers and Yau, 1976].
This condensational growth makes the drops more enriched in the heavier isotope
which is seen as "C” of figure 4.5(a). Thus a dip in the time series plot of isotopes
might be a good indication of the changing nature of the cloud parcels from convec-
tive to stratiform type. Isotopic time series plot on 14 September and 26 October
show a special structure which is shown as "D” in figure 4.5(b). This sudden
increase in the isotopic composition could be due to the replacement of first cloud
by another at the location by horizontal advection. A detailed study was done for
the rain event of 5 October. On this day a Mesoscale Convective System (MCS)
passed over Gadanki producing ~26 mm of rainfall (accumulated) in 3 hours. For
about 90 minutes (02:05 — 03:35 LT (LT = UT+5:30)), the MST radar spectra
have shown a clear bimodal structure up to 6 (8) km after (before) 02:13 LT, ex-
cept during 02:28 — 02:51 LT, when the bimodality is seen intermittently both in
time and height. Spectral moments are estimated independently after separating
the clear air and precipitation echoes and are depicted as time—height contours in
figure (4.6). Positive velocities indicate upward motion. It clearly shows the typi-
cal structure of mesoscale convective system [Houze, 2004]. In convection (before
02:13 LT), both clear air and precipitation echo powers are large and extend up
to 9 km. Corresponding to this time, strong updrafts of the order of 8 ms™! [Fig.

2.5(b)] and moderate to intense turbulence [Fig. 2.5(c)] are observed.
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Figure 4.6: Time-height contours of profiler spectral moments at vertical incidence:
(a) and (d) range corrected SNR, (b) and (e), Doppler velocity, and (c) and (f)
spectral width for (left) clear air and (middle) precipitation echoes observed on 5
October 2006. Note that color scales of Doppler velocity contours are different for
clear air and precipitation.

A clear bright band, signature of stratiform precipitation, with enhanced pre-
cipitation echo power at around 4.35 km is observed after 02:51 LT [Fig. 2.5(d)].
Above 4 km, the Doppler velocity of precipitation [Fig. 2.5(e)] (resultant of fall ve-
locity of hydrometeors and vertical air motion) shows upward motion in convection
which indicates that raindrops are carried aloft because of strong updrafts [Fig.
2.5(b)]. As expected, strong gradients in Doppler velocity of hydrometeors are seen
around the bright band in stratiform region. The spectral width of precipitation
echo, which represents the rain DSD (after correcting it for beam broadening and
turbulence), is wide below 4 km in two time intervals (before 02:28 LT and after

03:19 LT). The precipitation observed after the intense convection and before the
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stratiform rain (i.e., during 02:13 — 02:51 LT) can be considered as transition rain

with properties intermediate to convection and stratiform rain [Rao et al., 1999].
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Figure 4.7: Temporal and vertical variation of rain DSD.

The precipitation echoes are used to retrieve DSD in rain region (3.6-1.65
km). DSD retrievals are not performed in the later part of transition rain and
early stratiform rain at a few range gates, where the precipitation echo is too noisy
to get meaningful rain DSD. The temporal and vertical variation of rain DSD is
shown in figure 4.7. The temporal variation of DSD at all heights shows a common
feature with wide distribution during convection and initial part of transition rain
and also in later part of stratiform rain and narrow distribution in the initial stages

of stratiform rain. Vertical variation of DSD displays marked variation with height
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as well from convection to stratiform rain. Number of smaller drops is generally
high in both rain regimes at higher altitudes (above 2.85 km), however, gradually
reduces to small at lower altitudes. The reduction of smaller drops is significant in
the stratiform rain.

Dip in the V-shape [Fig. 4.4(c)] of temporal variations in stable isotopic
composition of rain sample corresponds to the transition point from the convective
nature to the stratiform nature of the cloud parcel as shown by the radar data.
Radar observations clearly support our cloud evolution hypothesis which is based
on the isotopic composition of rain. This indicates that stable isotopic composition

of rain water is a good indicator of microphysical processes happening inside cloud.
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Figure 4.8: Scatter plot between §'®0 and mass weighted mean diameter of rain
drops on (a) 12 September, (b) 14 September, (c) 5 October, (d) 17 October and
(e) 26 October 2006. A indicate samples either start or end of the rain events. So
they have not been taken into the account while calculating regression.
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Stable isotopic ratio shows a negative correlation with mean drop size for the
rain events of 14 September and 5 October [Fig. 4.8 (b) and (c)]. The change in
the isotopic composition of the drop due to the evaporation will be the combined
effect of surface evaporation (proportional to a?, where a is the radius of the falling
drop) and inversely proportional to the volume of the drop (1/a®). Therefore
bigger rain drops are less affected by evaporation (i.e. less enrichment in #0O) than
smaller drops. Since smaller drops are affected more by evaporation, they are more
enriched relative to bigger drops. For most of the time the isotopic composition
of smaller drops is affected by evaporation rather than by condensational growth.
For the rain events on 12 September, 17 and 26 October oxygen isotopic ratio
(6'0) does not change with drop size [Fig. 4.8 (a), (d) and (e)]. This could be
a case of cancellation of evaporation effect to the condensational growth effect on
the isotope ratio.

The relation between dD and §'%0 of the rain water gives information about
the humidity at the time of evaporation (slope) and effect of re-evaporation of rain
drops during fall (intercept) (Craig, 1961) . Slope 8 of global meteoric water line
(GMWL) can be achieved only when humidity approaches to 90% [Gat, 1971].
In the present study similar slope of §D - §'80 line (7.87 4+ 0.47) [Fig. 4.9] as
GMWTL shows that condensational growth of cloud drop has occurred under close
to isotopic equilibrium. Intercept of the meteoric water line over Gadanki is also

similar to the GMWL with this error.
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Figure 4.9: Plot of %0 vs. dD.
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Figure 4.10: Variation of stable oxygen (6'*0) and hydrogen (§D) isotopic com-
positions of rain water with d-excess. X-axis is labeled from first sample on 12
September (1) to the last sample on 26 October 06 (28). Gray bands demarcate
different rain events.
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Local moisture recycling is an important component of regional rainfall. The
combined use of hydrogen and oxygen isotopes in the rain leads to an additional
parameter, deuterium excess (the d-excess, calculated by d = ¢D - 8§'%0) [Dans-
gaard, 1964], which provides information on moisture recycling. As a water body
goes through successive evaporation and precipitation cycles, the d-excess would
consequently increase [Lachniet and Patterson, 2002]. Isotopic variations (6D and
§180) of rain and d-excess with sample numbers are depicted in figure 4.10. Gray
bands demarcate different rain events. After the first rain event (12 September),
all parameters (d-excess, 6'*0 and §D) show an increasing trend. This increase is
most likely due to the increasing effect of recycled moisture because as monsoon
progresses, due to availability of more water on land through rain, recycling of
moisture increases. Increasing trend in the isotopic composition of rain indicates
that rain is derived from the initial extraction from a vapor mass. One expla-
nation for this may be as follows: In the starting phase of monsoon, due to hot
land surface, clouds mature and die very fast. So the maximum rain occurs near
the coastal regions. Whereas as monsoon progresses land cools and cloud system
reaches more inland without raining much at coastal regions.

Stable isotope measurements were carried out to characterize the effects of
evaporation and condensational growth aimed at gaining insight into cloud pro-
cesses. Temporal variation of 6’0 along with DSD suggests that the strong tur-
bulence during the initial phases of the cloud system changes to less turbulent,
stratiform system with time in most cases. For two rain events temporal variation
of 80 shows the replacement of first air mass with second one after some time.
Rain over Gadanki shows a dominant effect of secondary evaporation. An increas-
ing trend in d-excess parameter indicates the increasing effect of recycled moisture
as monsoon advances. The results of this study are an important input for iso-
tope based models which seldom consider the evolving nature of cloud systems

(convective to stratiform, in the same day).
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4.2 Characterization of Atmospheric Water Vapor and
Rain over the tropical region (Ahmedabad)

Lower tropospheric water vapor reservoir is very dynamic, quickly responding to
the changes in external conditions such as temperature and relative humidity. In-
crease of water vapor in the lower troposphere induces precipitation (rain) by pro-
viding saturation to the unsaturated cloud systems, specially in convective zones.
Measurements of changing atmospheric water vapor (AWV) may be useful in deter-
mining the frequency of rain events in monsoon regions. An additional motivation
for this study is the fact that for a country like India where most of the precipitation
occurs during the monsoon period (June, July, August and September), it is very
important to know the water vapor cycle in the lower troposphere. The simultane-
ous determination of the isotopic compositions of rain and atmospheric water vapor
is a sound approach to assess not only the water vapor cycle but also to determine
the changes in local moisture due to the monsoon system. Ground-based observa-
tions of isotopic compositions of AWV provide an opportunity to validate satellite
data and could help verify their accuracy. This study focuses on the isotopic com-
positions of both rain and water vapor (for an extended period of time, one year)
over the tropical monsoon region. Thus, for the first time in India high resolution
(daily) rain water and atmospheric water vapor samples were collected. A special
sampling campaign was conducted for a period of one year between April 2007 and
April 2008 at Ahmedabad, India (23.03°N, 72.56°E). Monsoon was normal during
2007 (Indian Meteorological Department). These samples were analyzed for their
stable isotopic compositions. The main objectives of this study are to characterize
the temporal variability in the isotopic compositions of rain and water vapor, and
to understand the effect of rain on local water vapor isotopic composition. The
questions addressed include (i) Is there a significant change in the stable isotopic
composition of AWV during the onset of the monsoon? (ii) Is there an isotopic

equilibrium between rain and water vapor? (iii) If yes, then on what time scales
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and does it tally with that predicted from the observed temperatures? (iv) what is
the magnitude of annual/seasonal change in stable isotopic composition of AWV?
Such data are relevant for the study of plant-water isotopic relationship using

models and thus in tree ring based paleoclimatology [Sheshshayee et al., 2005].

4.2.1 Vapor sources over Ahmedabad

Probable sources of moisture in the Indian region are shown in figure 4.11.
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Figure 4.11: Sampling location (Ahmedabad) and possible water vapor sources
marked by arrows: SWM, South west monsoon (mid Jul to end Sep.); NEM,
North east monsoon (Oct-Jan); WD, Western disturbance (Nov-Mar).

During the boreal winter mostly dry winds from the Asian landmass pick
up moisture from the Bay of Bengal (BOB), bringing rains to north-eastern and
southern India (north-east monsoon). During the summer, the south-west monsoon

brings moisture both from the BOB and the Arabian Sea. Ahmedabad, being
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located in the west, gets vapor mainly from the Arabian Sea, and seldom from the
BOB. Additionally, vapor highly depleted in '#O from the Mediterranean region
also gets transported by the ‘western disturbances’ during winter [Yurtsever and

Gat, 1981; Das, 1995].

4.2.2 Annual water vapor cycle

Stable oxygen isotopic compositions of atmospheric water vapor (6'*0,,) during

the 2007-08 are shown in figure (4.12).
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Figure 4.12: Variation of stable oxygen isotopic composition of atmospheric water
vapor (6'80,,) (e) and relative humidity (RH) (o) over Ahmedabad from April
2007 —April 2008. Gray shade indicates the monsoon season. Beginning of each
month is marked by a pip.
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Between the first week of April and the first week of May, §'%0,,, values were
higher than in the later months, and a slight increasing trend is seen, which may
be due to the increase in humidity during this period (from 12% in April to 26%
in May). A large impact of rain water on the local water vapor is clearly marked
by a sharp decrease of ~3%0 in §'80,, and a sharp increase of 20% in relative
humidity (RH) from May to the second week of June [Fig. 4.12].

During the monsoon 6'%0,, attained an average value of ~ -11%o¢ and per-
sisted till the end of October, even though the last rain of the year was received
on 27 September. This may be due to the carry over effect of rain on 6*¥0,,.
From October onwards §'%0,, started stabilizing (fewer fluctuations) and reached
an average value of -9.5%o [Fig. 4.12]. Between 2 Feb and 8 Feb 08, §'80,, values
showed a decreasing trend. From 9 February onwards an increasing trend was ob-
served and the average 610, value was attained on 20 Feb 08. This may be due to
the short term effect of western disturbances as it brings moisture highly depleted
in heavy isotopes [Pande et al., 2000]. Back trajectory analysis using NOAA Hys-
plit Model confirms that during this period air mass is transported from Pakistan
and Arabian countries. A typical example back trajectory analysis on 8 Feb 08 is
shown in figure 4.13. From 20 Feb 08 to 31 March 08 a slight decreasing trend
was observed in §'80 which may be due to the continuous decrease of humidity in
the atmosphere. End of the monsoon can be clearly marked by a sharp decrease

in RH values.
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Figure 4.13: Back trajectory analysis on 8 Feb 08 to trace western disturbances.

4.2.3 Modifications in AWYV due to monsoonal rain

On the 20 June, 2007 first rain of the year was received over Ahmedabad [Fig.
4.14]. Stable oxygen isotopic compositions of rain (6'%0,, daily average) with the
amount collected (total amount collected for the whole day) is shown in figure 4.14.
Preferential removal of 180 during the rainout processes leaves behind **O depleted
vapor in the cloud: intense rain leads to 80 depleted cloud vapor and consecutively
180 depleted rain. This mechanism is well explained by the Rayleigh fractionation
during rainout and is known as the amount effect [Dansgaard, 1964]. During the
monsoon, amount of rain varied between 0.1-28.1 mm d=!. 680, showed a large
range of variations from 0.3%¢ to -10%o0 . Amount weighted average §'80, value

for the whole monsoon season was found to be -4.5%¢ . Except for the first few
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rains, major variations in the 680, can be attributed to the amount effect, i.e.,
whenever the amount of rain was less, §'%0,. values of rain was less negative (i.e.,

higher) and vice versa.
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Figure 4.14: Stable oxygen isotopic composition of rain water (A), atmospheric

water vapor (e) and rainfall (x) during monsoon 2007. Gaps in the data represent
days when it did not rain.

The maximum daily rain (28.2 mm) occurred on 8 August 07 and 6*¥0,
decreased upto -8.6%yo, the minimum 680, obtained for the monsoon season except
for the last few (less rain) events. At the onset of monsoon, 60, was significantly
more negative though the amount of rain was less. This may be due to the effect
of local moisture which can be highly depleted due to the strong evaporation and
mixing from regional water bodies as the air temperature reaches its maximum
(>40°C). Once monsoon sets in, the effect of local moisture decreases and the effect

of monsoonal rain takes over. The former dominates again after the withdrawal
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of the monsoon. Although the amount of rain was less during the retreat, 620,
was still depleted. Equilibration of rain drops with O depleted local moisture
probably decreases §'%0,. Rain samples were also collected ~4km way from PRL
by Dr. M. G. Yadava. Almost similar 6'80, values of his rain samples gives an

additional confidence to the present data.

4.2.4 Stable isotopic equilibrium between vapor and rain

The co-variation of §'80,, and §'80, is also shown in figure 4.14. Five major rain
events (22 June, 2 July, 9 August, 1 and 26 September) were marked by more neg-
ative 0'¥*0,,. During all of these events rain and vapor were found to be in isotopic
equilibrium, except on 22 June, when 680 of rain was highly depleted (-9.3%o )
but that of vapor was only -11.9%0 . One explanation for this anomaly may be as
follows. During the onset of monsoon air temperatures are high (>40°C) resulting
in strong evaporation of rain drops. The high temperatures and evaporation may
not permit the quick attainment of isotopic equilibrium between rain and water
vapor. For the rest of the events after the onset of monsoon, atmospheric humid-
ity has already increased (>80%) and this additional vapor dominates over local
vapor. Thus, the §'80,, initially decreases due to the depleted rain samples (due
to the amount effect) and remains in isotopic equilibrium with rain, but once it
stops raining, 6'¥0,, bounces back to its normal value during no rain of ~ -10% .
This observation shows that the atmospheric water vapor is in isotopic equilibrium
with rain at all times on a diurnal scale. It is also seen that isotopic equilibrium
between rain and vapor occurs quite fast with negligible time lag. §'80,, shows a
high stability between two consecutive rain events.

Apart from the regular vapor collection, a few (N=30) vapor and rain sam-
ples were collected simultaneously to assess the instantaneous isotopic equilibrium

between rain and water vapor; results are presented in Table 4.1.
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Sampling 5180 580 5180
Date | Time | duration | Temp | Rh | (Vapor) | (Rain) | (Vapor - Rain)
(2007) | (hrs) (hrs) C) | (%) (%0) (%00) (%0)
19-Apr | 23:15 01:00 34.0 18 -4.7 10.9 15.5
20-Jun | 18:30 02:00 29.0 74 -11.7 -2.4 9.3
1-Jul | 20:00 01:00 30.0 78 -15.6 -6.3 9.4
2-Jul | 21:15 01:00 26.5 82 -17.2 -8.9 8.3
3-Jul | 10:00 02:00 26.5 79 -17.6 -8.2 9.4
3-Jul | 14:30 01:00 25.5 86 -17.2 -8.3 8.9
9-Jul | 10:00 | 02:00 275 | 83 -10.2 -0.9 9.3
9-Jul | 16:00 02:00 26.0 85 -9.7 -1.1 8.7
9-Jul | 22:00 01:00 26.0 87 -9.6 0.2 9.8
10-Jul | 17:00 01:00 27.0 85 -9.5 -0.2 9.3
28-Jul | 15:00 01:30 28.5 76 -11.5 -1.3 10.2
29-Jul | 10:00 02:00 28.5 79 -9.4 -0.1 9.3
30-Jul | 10:00 02:00 28.0 33 -9.1 0.7 9.8
31-Jul | 10:00 | 02:00 29.0 | 75 -8.9 0.2 9.1
6-Aug | 19:30 01:00 27.0 83 -11.9 -2.7 9.3
8-Aug | 10:00 02:00 26.5 83 -19.2 -9.8 9.4
8-Aug | 14:15 01:00 26.5 86 -15.1 -2.8 9.3
8-Aug | 18:30 01:00 27.0 85 -17.3 -8.6 8.8
12-Aug | 20:30 01:00 26.0 86 -10.9 -1.3 9.7
21-Aug | 10:00 02:00 26.5 80 -10.1 -1.1 9.0
21-Aug | 14:30 01:00 26.0 80 -10.4 -0.8 9.6
27-Aug | 15:30 01:00 25.0 85 -12.5 -0.7 11.8
27-Aug | 18:45 01:00 27.0 80 -14.6 -4.3 10.3
28-Aug | 19:45 01:00 26.0 82 -13.5 -3.8 9.7
29-Aug | 20:15 01:00 26.5 80 -13 -3.8 9.2
2-Sep | 11:30 01:00 28.5 81 -13.2 -4.2 9.0
6-Sep | 21:00 | 01:00 26.5 | 80 | -13.0 -2.7 10.3
20-Sep | 23:15 01:00 27.5 75 -10.8 -1.0 9.8
24-Sep | 22:30 01:00 27.5 76 -14.9 -7.8 7.1
27-Sep | 16:00 01:00 27.0 89 -17.4 -7.8 9.6
Mean 27.1 | 815 | -12.9 -3.5 9.4
Sdv 1.2 4 3.1 3.3 0.8

Table 4.1: Simultaneous rain and vapor collection: date of collection (column
1), starting time (column 2), duration of collection (column 3), temperature and
relative humidity at start (columns 4 and 5 respectively), §'80 value of vapor and
rain relative to V-SMOW (columns 6 and 7 respectively) and difference between the
6180 value of vapor and rain (columns 8). Mean and standard deviation calculated
neglecting the first row of (pre-monsoon) data as it is not a monsoonal rain sample.
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Temperature and RH were measured using a digital hygrometer (calibrated
using a wet and dry bulb thermometer). It can be seen that for most cases (ex-
cept 19 April, 27 August and 24 September 2007) atmospheric water vapor was
~9%o0 depleted compared to that of the rain water during the monsoon. A mean
difference of 9.4%0 between 680 values of vapor and rain is consistent with iso-
topic equilibrium at the observed mean temperature of ~27°C, within uncertainties
[Clark and Fritz, 1997]. For the pre-monsoon rain event of 19 April 07, vapor was
15.5%0 depleted compared to rain. At that time air temperature was higher (34°C),
humidity lower (18%) and rain was enriched in 8O possibly due to strong evapora-
tion during fall. In general the atmospheric water vapor remained in instantaneous
isotopic equilibrium with rain water during the monsoon season (Table 4.1).

The present study shows significant impact of monsoonal rain over local at-
mospheric water vapor. Stable isotopic composition of rain and vapor show that
they are in the isotopic equilibrium at least during monsoon. It appears that by
monitoring the isotopic composition of atmospheric vapor using satellite sensors,

one may be able to detect the onset of monsoons over India.
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Chapter 5

Summary and Scope for Future

Work

Atmospheric moisture cycling is an important aspect of the earth’s climate sys-
tem. Global warming makes the study of atmospheric moisture more essential.
Increasing load of atmospheric moisture has been predicted to increase frequency
of severe storms. Stable isotopes of water deuterium (D) and oxygen (*¥0) already
have been proved important tracers of the natural hydrological processes. So to
study hydrological cycle using stable isotope based models, information of frac-
tionation factor at each phase change is highly essential. So for only a few studies
are available to characterize this and most of these are laboratory experiments.
This study provides first experimental information about the fractionation factor
over ocean and land by direct collection of atmospheric water vapor, ocean surface
water and rain water. Also for the first time this study demonstrates potential
of the stable isotopes to trace microphysical processes associated with rain forma-
tion. The present thesis also provides a new stable isotopic dataset of the ocean
surface water and atmospheric water vapor over the Southern Ocean and the Bay

of Bengal.
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5.1 Ocean Studies

5.1.1 Stable isotopic study of the Southern Ocean surface

water

Results from the isotopic study of ocean surface water over the Southern Ocean:

1. Near the equator: a very clear signature of the domination of evaporation-
precipitation process is seen, while a precipitation dominated zone is located

between two evaporation dominated zones south of the equator.

2. Signature of the Agulhas Front and the Subtropical Front (recognizable by
the sharp decrease in salinity and §'®0) in the surface waters are identified
at 41°S and 44°S in February. During the return journey (March) these two

fronts merged and are located at 41°S.

3. Region between 63°S and 67°S found affected by freezing of ocean water.
From 67°S onwards both ¢80 and salinity start decreasing possibly due to

mixing of continental melt ice to the coastal ocean water.

4. The region between 41°S and 45°S works as a transition zone: the region lying
north of 41°S is dominated by evaporation/precipitation processes while that

south of 45°S (upto Antarctica) is dominated by melting/freezing processes.

5. The best fit line between dD and §*30 indicates the Southern Ocean evapo-

rates under the isotopic non-equilibrium condition.

5.1.2 Stable isotopic study of ocean surface water (OSW)
and atmospheric water vapor (AWYV) over the Bay
of Bengal (BOB)

Results from the isotopic study of OSW and AWV over the BOB:
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. Stable isotopic composition of the OSW and AWV found highly varying
with space and time. For all vapor samples 580 ranges between -9.7%0 to

-12.5%0 whereas 0D ranges between -56%0 to -76%o.

. 00 and §D follow the same trends with the r2 value of 0.56. This moderate

correlation may be due to the prominent kinetic effects.

. Overall stable isotopic values of vapor show a decreasing trend on moving
towards north. This may be due to the depleted values of OSW. OSW also
shows a little decrease on moving towards north but this trend is not as
prominent as in the case of AWV. These depleted values of OSW may be due

to the effect of fresh water input from the rivers.

. The best fit line between §D and §'80 for vapor (with the slope of 4.84)

indicates that evaporation has occurred under strong kinetic effects.

. Isotopic composition of AWV shows more fluctuations than the ocean sea

surface water.

. Increasing trend in d-excess values on moving towards the north again verifies

the increasing effect of kinetic fractionation.

. Fractionation factors between OSW and AWV for both oxygen and hydrogen
were found different than their equilibrium value which indicates that in

general the BOB does not evaporate in stable isotopic equilibrium.

. Our results show that the deviation in the fractionation factor from their equi-
librium value can be explained by taking into account all the three parameters

(temperature, humidity and winds), responsible for the kinetic fractionation.
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5.2 Land Studies

5.2.1 Simultaneous study of rain drop size distribution
(DSD) and stable isotopic composition of rain wa-

ter

Results from the simultaneous study of the rain drop size distribution, MST radar

and stable isotopic composition of rain water:

1. Time series plot of 680 shows a specific ‘V’ or ‘W’ structure for all the rain

events.

2. For the first time the simultaneous study of cloud parcel turbulence (using
MST radar) and stable isotopic composition of rain water has been done.
This study reveals that the single rain parcel can also have both stratiform
and convective nature; however, the duration of convection is varying from

case to case.

3. The temporal variations of rain integral parameters: reflectivity factor (Z in
dBZ), rainfall rate (R in mm hr™!) and mass weighted mean diameter (D,,
in mm) also confirm both stratiform and convective rain features in all the

events.

4. Stable isotopic study of rain water suggests the formation of the first conden-
sate at the topmost part of the cloud parcel due to (1) low temperature, (2)
high condensation rate and (3) depleted isotopic values at the top of cloud

parcel.

5. The initial rain samples show more evaporation effect than the later samples.
Effect of evaporation decreases and the signature of condensational growth
start manifesting once the atmosphere saturates at the later part of rain

event.
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6. Turbulence and strong vertical motion in the first phase of the cloud system is
also confirmed by the MST radar data. It clearly shows the typical structure
of mesoscale convective system in the starting. This turbulence decreases
with time and cloud parcel attains a typical structure of stratiform system.
A clear bright band, signature of stratiform precipitation, with enhanced
precipitation echo power at around 4.35 km. This is the same time when a
sharp dip is observed in the time series plot of the §'*O of the rain water.
So a dip in the time series plot of isotopes may be the good indication of the

changing nature of the cloud parcels form convection to stratiform type.

7. A ‘W’ structure in the time series plot of §'80 might be due to the replace-

ment of first cloud parcel by another one at the site of sample collection.

8. Isotopic ratio shows a negative correlation with mean drop size for the rain
events of 14 September and 5 October. It shows that most of the time smaller
drops were dominated by evaporation over condensational growth. For the
rain events on 12 September, 17 and 26 October isotopic ratio (6'®*0) do not
change with drop size. This may be due to the cancellation of evaporation

effect to the condensational growth effect for the whole event.

9. Intercept of §D-§'80 line (7.87 + 0.47) indicate that the effect of secondary
evaporation (i.e. re-evaporation of rain drops) is prominent during the rain

events at Gadanki.

5.2.2 Stable isotopic study of rain water and atmospheric

water vapor (AWYV) at Ahmedabad

Results from the stable isotopic study of rain water and atmospheric water vapor

at Ahmedabad:

1. Between the first week of April and the first week of May, oxygen isotopic
composition of AWV (6'%0,,) values are higher than in the later months,
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and a slight increasing trend is seen, which may be due to the increase in

relative humidity (RH) during this period.

. A large impact of rain water on the local water vapor is clearly marked by
a sharp decrease of ~3%0 in 6'®0,, and a sharp increase of ~20% in RH

values of AWV from May to the second week of June.

. During the monsoon §'80,, attained an average value of ~ -11%0 and per-
sisted till the end of October, even though the last rain of the year is received
on 27 September. This may be due to the carry over effect of rain on §*¥0,,.
From October onwards §'®0,, started stabilizing (fewer fluctuations) and

reached an average value of -9.5%o .

. Short term effect of western disturbances is also traced by the §'¥0,,, between
2 and 20 Feb. Back trajectory analysis confirms that during this period air

mass is transported from Pakistan and Arabian countries.

. Amount weighted average of oxygen isotopic composition of rain water

(6'80,.) for the whole monsoon season is found to be -4.5%o .

. Except for the first few rains, major variations in the 680, can be attributed
to the amount effect. The maximum daily rain (28.2 mm) occurred on 8
August 07 and 6*%0, decreased up to -8.6%o , the minimum §'80, obtained

for the monsoon season except for the last few (less rain) events.

. At the onset of monsoon, strong effect of local moisture observed which
decreases as monsoon progresses and the effect of monsoonal rain takes over
during the monsoon period. The former dominates again after the withdrawal

of the monsoon.

. Five major rain events (22 June, 2 July, 9 August, 1 and 26 September) are

marked by more negative §'%0,,,. During all of these events rain and vapor
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are found to be in isotopic equilibrium, except on 22 June. One explana-
tion for this anomaly may be as follows. During the onset of monsoon air
temperatures are high (>40°C) resulting in strong evaporation of rain drops.
The high temperatures and evaporation may not permit the quick attain-
ment of isotopic equilibrium between rain and water vapor. For the rest of
the events after the onset of monsoon, atmospheric humidity has already in-
creased (>80%) and this additional vapor dominates over local vapor. Thus,
the 0'80,, initially decreases due to the depleted rain samples (due to the
amount effect) and remains in isotopic equilibrium with rain, but once it
stops raining, §'80,, bounces back to its normal value during no rain of ~
-10%o0. This observation shows that the atmospheric water vapor is in iso-
topic equilibrium with rain at all times on a diurnal scale. It is also seen that
isotopic equilibrium between rain and vapor occurs quite fast with almost no

time lag. 6*¥0,, shows a high stability between two consecutive rain events.

9. Simultaneous collection of rain water and AWV demonstrate instantaneous
isotopic equilibrium between rain and water vapor. It is found that for most
cases atmospheric water vapor is ~9%o depleted compared to that of the

rain water during the monsoon.

10. For the pre-monsoon rain events AWV is not found in stable isotopic equi-

librium with rain. This may be due to the strong evaporation of rain drops.

11. In general atmospheric water vapor remained in instantaneous isotopic equi-
librium with rain water during the monsoon season.
5.3 The future scope of the present work

Stable isotopes of water have been proved powerful tracers for the hydrological cycle
but for the first time present study demonstrates the potential of these isotopes to

trace microphysical processes occurring during rain formation. This suggests the
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additional use of these isotopes to understand finer physical processes happening
inside the cloud parcel. This study provides experimental data on the fractionation
factor over land and ocean both which is essential for the isotope based cloud
models. Though a few stable isotopic studies of atmospheric water vapor over
ocean and land have been done but they are limited to small regions. It requires
more experimental studies for the remaining parts for better understanding of
hydrological cycle. Results of the present thesis give motivation to address the

following interesting issues:

e More stable isotopic studies of ocean surface water and deep waters over
unexplored regions will help better understand ocean surface processes and
under water currents. Ocean surface show large seasonal influence. So sea-
sonal study of ocean surface water and deep water may provide valuable
inputs to our current understanding. Several isotopic studies have been done
in this regards but they are sparse over the Southern Ocean. This may also

help to understand monsoon system.

e Proper understanding of ocean-atmosphere interaction is not only important
for the hydrological cycle but also for the earth’s energy budget. Present
study show that the stable isotopes of atmospheric water vapor over oceans
can be an efficient tracers to study energy exchange between ocean and at-
mosphere. So stable isotopic study of atmospheric water vapor over different
parts of oceans will help to understand changing nature of ocean-atmospheric
interaction with space and time. Present study also demonstrates dependence
of isotopic fractionation factor on various environmental parameters. So the
temporal isotopic study of atmospheric water vapor will help to understand
this and will provide inputs to the isotope based hydrological models. This
study will also be helpful to trace changes due to the effect of global warming

in the ocean-atmosphere interaction.

e A big network for the stable isotopic study of rain water is established (Global
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network for isotopes in precipitation) but no such work is done for the vapor
isotopic studies. Such isotopic study of atmospheric water vapor are very
sparse. Isotopic studies of atmospheric water vapor provide better insight
to the monsoon system. Not only it gives information about the source of
moisture but also tells about the water vapor recharge during the monsoon
period. This necessitates isotopic study of atmospheric water vapor over
different parts of continents for the longer period. This may be helpful to

understand and predict monsoon better.

Present study shows that the microphysical processes occurring inside the
cloud parcel can be traced using stable isotopes. Proper understanding of
rain formation processes is necessary for better predictability. So the high
resolution isotopic study of rain water along with radar and disdrometer
observations during different seasons (e.g. pre-monsoon, monsoon and post-
monsoon) will provide better understanding of these microphysical processes

for the various cloud types.

Recently satellite based observations of atmospheric water vapor (hydrogen
isotopic composition only) have become available. Using present dataset with

some assumptions, satellite observation can be validated.

On the basis of experimental inputs such as information of fractionation
factor, isotopic composition of ocean surface water, atmospheric water vapor
and rain water, microphysical processes associated with rain formation, effect
of local moisture and amount of secondary evaporation, a good isotope based
model to study hydrological cycle can be developed. Also other existing

models can be tested and modified using the present data and information.
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[1] A combined study of stable oxygen isotopes (5'%0) and
salinity of surface ocean waters collected from the Southern
Indian Ocean during the late austral summer and early fall
(25th January to 1st April, 2006) helped to trace atmospheric
and oceanic processes: near the equator, a very clear signature
of the domination of evaporation-precipitation process was
seen, while a precipitation dominated zone was located
between two evaporation dominated zones south of the
equator. The signature of the Agulhas Front (AF) and the
Subtropical Front (STF, recognizable by the sharp decrease in
salinity and 6'®0) in the surface waters were identified at
41°S and 44°S in February; during the return journey (March)
these two fronts had merged and were located at 41°S. South
of 45°S, the slope of the §'®0O-salinity relationship was close
to zero; while north of 62°S could have some precipitation/
evaporation effect, south of 63°S was clearly dominated
by freezing/melting. Citation: Srivastava, R., R. Ramesh,
S. Prakash, N. Anilkumar, and M. Sudhakar (2007), Oxygen
isotope and salinity variations in the Indian sector of the Southern
Ocean, Geophys. Res. Lett., 34, 1.24603, doi:10.1029/2007GL031790.

1. Introduction

[2] Stable isotopes of light elements, deuterium (D) and
oxygen (*®0) are important tracers of the natural hydrolog-
ical processes [Friedman et al., 1964; Craig and Gordon,
1965; Clark and Fritz, 1997; Duplessy et al., 1991]. In the
modern ocean, 680 has been used as a tracer for sea ice
melt [Macdonald et al., 1999], glacial and river run-off,
deep ocean water masses [Meredith et al., 1999] and deep
water formation [Jacobs et al., 1985]. A simultaneous study
of 6'®0 and salinity provides specific information about sea
surface processes such as (1) evaporation/precipitation,
(2) melting/freezing, (3) upwelling/advection, and (4) con-
tinental runoff. In the case of the Southern Ocean, changes
due to continental run off are very small. Salinity and 6'°O
co-vary in the case of evaporation-precipitation because
both parameters decrease due to precipitation whereas
evaporation increases both. Salinity and §'%0 exhibit a
linear relationship and its slope depends on regional climate,
but in the case of melting/freezing, 6'*0 does not change
much while salinity changes significantly. For a proper
understanding of the processes and salinity-5'*0 slope,
large spatial and temporal data coverage is needed. In the
Southern Ocean, such data sets are limited (e.g., GISS &
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GNIP data bases) [Schmidt et al., 1999; International
Atomic Energy Agency (IAEA), 2001].

[3] The Southern Ocean is characterized by the presence
of several fronts; fronts are defined as water masses with
marked changes in the properties [Park et al., 1998]. The
Indian sector of the Southern Ocean is characterized by the
presence of two such major fronts: the Agulhas Front (AF)
and the Subtropical Front (STF, Figure 1) [Sparrow et al.,
1996; Belkin and Gordon, 1996; Rintoul and Bullister,
1999; Rintoul and England, 2002]. The former is the
connecting link between the generically similar Southern
Atlantic and Southern Indian Ocean Currents [Deacon,
1937]. It is a major source of water exchange between the
Atlantic and the Indian Oceans [Peterson and Stramma,
1991; Read and Pollard, 1993; Lutjeharms, 2006]. It is
characterized by the temperature gradient between 15.7 to
21.0°C at 200 m depth [Gordon et al., 1978]. AF can merge
with the STF or form a separate front to the north of STF
between 39°S to 40°S [Lutjeharms and Valentine, 1984].
STF makes an interface between Subtropical Surface Waters
and Subantarctic Surface Water [Deacon, 1937]. It is
characterized by the horizontal surface temperature and
salinity transitions of 10—14°C and 34.6 to 35.1, respec-
tively with the mean location of 42°S [Whitworth and
Nowlin, 1987]. While these criteria may be useful to
recognize the positions of AF and STF at depths, in the
surface they are traceable using §'*0 as well, as we show
here.

2. Sampling and Methodology

[4] Surface seawater samples were collected during the
second expedition to the Southern Ocean and Larsemann
Hills, Antarctica on board R/V Akademik Boris Petrov
during January to March, 2006. We reached the Prydz
Bay area, Antarctica, on 25th February, a time when
freezing started in the Antarctic Zone. This cruise covered
a large area (from 13°N to 68°S and 71°E to 77°E). 97
ocean surface water samples were collected at one degree
intervals. The cruise track is shown in Figure 1. Using a
small, clean plastic bucket, sea surface water samples were
collected. The bottles were filled to the brim. Samples were
stored in 100 ml plastic bottles with tight-fitting double caps
to prevent evaporation. The bottles were taped at the neck as
a further precaution. Salinity was measured on board using
a salinometer (Autosal) with a reproducibility of 0.001. The
accuracy was checked by using IAPSO Standard sea water
of salinity 34.995, conductivity 1.997435, conductivity ratio
(K15) 0.99987.

[s] An isotope ratio mass spectrometer (PDZ-Europa,
Geo 20-20) was used for isotopic analysis, by the CO, equili-
bration method [Epstein and Mayeda, 1953; Gonfiantini,
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Figure 1. Cruise track along which sampling was done.
Approximate locations of the various fronts are marked
[after Belkin and Gordon, 1996]: AF, Agulhas Front; NSTF
and SSTF, North and South Sub-Tropical Fronts; PF, Polar
Front; SAF, Sub-Antarctic Front; and SAMW and STMW,
Sub-Antarctic and Sub-Tropic Mode Waters. Onward and
return journeys are shown by arrows.

1981]. The isotopic compositions were expressed in the
conventional units defined by:

0= [(07%0)_ (707%0) ) 1] st

V-SMOW was used as a reference [Gonfiantini, 1981;
Coplen, 1996]. The overall reproducibility of §'%0
measurement was better than +0.1%o. Two IAEA standards
GISP and SLAP gave mean 6'°0 values of —54.56 and
—24.43, while the recommended values are —55.5 and
—24.85 respectively, indicating that a stretching of 1.7% is
needed for isotopically depleted samples. However, since
we are only measuring ocean water and the values fall
within the range of —1 to + 1%o, no correction was applied
to the measured values.

3. Results and Discussion

[6] The observed latitudinal variations of 6'%0, salinity
and Sea Surface Temperature (SST) are shown in Figures 2a,
2b, and 2c, respectively (see auxiliary material).! From 5°N
to 45°S salinity follows the §'®0 pattern. North of 4.5°S
lies a high salinity and high 6'®0O region, indicating a
positive E-P (i.e. evaporation dominates). Between 4.5°S
to 20°S lies a low salinity and low §'%0 region, with a
negative E-P (i.e. precipitation dominates). Moving further
south of 20°S, the salinity and 6'®0 values again start
increasing. This indicates again the domination of evapo-

'Auxiliary materials are available in the HTML. doi:10.1029/
2007GL031790.
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ration. It appears that due to solar heating, water around
the equator (from 13°N to 4.5°S) evaporates and rains
south of 4.5°S upto 20°S in the austral summer, when the
ITCZ (Inter Tropical Convergence Zone) is located south
of the equator.

[71 AF and STF have been reported earlier to be at
subsurface; but during our poleward journey (February)
we could observe their signature at the very surface. At
41°S there is a change in salinity by 0.69 while §'*0
changes by 0.35%o, showing the presence of AF. Again at
44°S sharp changes in the salinity and oxygen isotopic
composition occur. Between 44°S and 45°S, salinity
changes by 1.02 and §'®0 by 0.49%o, indicating the position
of STF. SST too decreases by 2°C (from 18°C to 16°C) at
AF whereas a decrease of 4.5°C (from 15°C to 10.5°C) at
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Figure 2. Latitudinal variation of (a) §'%0, (b) salinity, and
(c) SST of surface waters. The two vertical bands refer to
positions of the fronts: (left) STF and (right) AF. The solid
circles and crosses refer to data collected during onward and
return journeys, respectively.
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Figure 3. The 6'®O-salinity relationship for the Indian
Ocean, 2006.

STF is seen Figure 2c. During the return journey (March) a
sharp increase in 6'0 by 0.95%o was noticed at 41°S. This
indicates that both fronts (AF and STF) had merged at least
at the surface; SST too decreased sharply by 9°C at 41°S
(Figure 2c).

Lx] In the case of freezing/melting of in situ ice, sea water
8'0 does not change much whereas the salinity varies
significantly. Since the fractionation factor for water to ice
transition is very small, freezing does not change the 6'%0
of the remaining water or ice significantly. But salinity
changes as during freezing ice discards salt; the salt content
in the remaining water increases; during melting salinity
decreases due to fresh water input from ice. The case of
continental ice melt is different. The ice forms by precip-
itation which is highly depleted in the heavier isotope. So
mixing of continental melt water decreases salinity as well
as §'%0 of the ocean surface water [e.g., Archambeau et al.,
1998]. The region from 45°S to 68°S shows much less
variation in 6'%0 (between —0.2%0 and —0.4%o) than
salinity. From 45°S to 61°S salinity follows the same trend
as 6'0 except for some minor variations. From 47°S to
51°S increases of 0.17 in salinity and 0.08%o in 6'%0 are
observed. This is a cyclonic area. Winds are very strong
(about 10 to 14 m/s) in this region. Due to strong winds
evaporation is also high and thus salinity and 6'*0 increase.
From 51°S (58.8°E) to 62°S (67°E) §'*0 covary, indicating
minor effect of precipitation/evaporation. The region be-
tween 63°S to 67°S exhibits high salinity (increase in
salinity bgy 0.25 for first region and 0.49 for second region)
while 6'®0 remains constant. This region is affected by
ocean water freezing; we observed freezing during the
cruise south of 63°S. From 67°S onwards both §'%0 and
salinity start decreasing possibly due to mixing of conti-
nental melt ice to the costal ocean water. During the return
journey (March) we have only one sample for salinity up to
41°S (48°E) at 65°S. This high value of salinity (34.38) is
due to a strong freezing effect, as visually observed. This is
also the beginning of the austral fall. §'*0 shows a constant
value from 68°S to 42°S but for small variations between
—0.25%o0 to —0.45%o during the return journey. From 41°S
to 33°S salinity and 6'0 are both constant except for small
variations. Figure 3 shows the relationship between §'%0
and salinity. All points plotted as circles and crosses are
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from north of 44°S (13°N to 44°S). In the graph, best fit line
has a slope of 0.27 + 0.03 (best fit line: 6 SO = (0.27 +
0.03)S — (8.89 +0.98), r* = 0.73, P ~ 0), indicating that this
region is governed by local evaporation and precipitation.
On the other hand, points plotted as triangles from 45°S to
68°S, lie in a line of negligible slope (best fit line: §'%0 =
—(0.01 £0.06)S + (0.04 £2.10), * = 0.0011, P = 0.88). The
data points are further distinguished as solid (up to 62°S)
and open triangles (south of 63°S). While the freezing effect
is clearly seen for the latter, some evaporation effect can not
be ruled out for the former.

[o] LeGrande and Schmidt [2006] presented global grid-
ded data set of sea water §'20 values, with variable number
of observations for different oceanic regions. They reported
8'80-salinity relationships for different oceanic regions,
whose definition was somewhat arbitrary, according to
them. They cautioned that their data set was too sparse to
capture consistently seasonal or longer variability except in
localized regions. Our 6'*0 data fall in a similar range
reported by them. Our results are consistent with their
general observations that (1) the §'%O-salinity slope is
greatest at mid-latitudes and shallowest at low latitudes
and the Southern Ocean and (2) in areas of sea ice formation
and melting, the slopes tend to be shallow. They reported
slopes of 0.24 and 0.16 respectively for the Southern Ocean
and the Indian Ocean. A direct comparison of the slopes
obtained by us is difficult because (1) our data are seasonal
and theirs pertain to long term means and (2) our data
pertain only to the Indian sector of the Southern Ocean and
theirs cover most parts of the Southern Ocean.

4. Summary

[10] A new set of §'®0 and salinity data are presented for
the Southern Indian Ocean. The data show an evaporation/
precipitation dominated region near the equator whereas
from 63°S onwards towards Antarctica, melting/freezing
processes are more prominent. South of 45°S is character-
ized by minor effects of evaporation/precipitation. Signature
of Agulhas Front (AF) and Subtropical Front are found at
41°S (57.5°E) and 44°S (57.5°E), respectively, in February
whereas during the return journey (March) these fronts had
merged at 41°S.
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Antarctica (formulated by NCAOR) and the encouragement of P. S. Goel,
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NCAOR, are gratefully acknowledged. Thanks are also due to S. Pednekar,
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1.1 Column "Lat", degrees, latitude from where sample was collected.
1.2 Column "Lon", degrees, longitude from where sample was collected.
1.3 Column "SST", Sea surface temperature (in °C).

1.4 Column "Salinity", Ocean surface water salinity.

1.5 Column "6"0 ", 6"0 value of the samples.

Lat(°) Lon(°E) SST*(°C) Salinity 6"%0(%o)
13.11 71.00 NULL** NULL 0.64
11.96 70.54 NULL NULL 0.60
11.00 70.02 NULL NULL 0.62
9.01 68.91 NULL NULL 0.61
8.03 68.38 NULL NULL 0.51
7.01 67.84 NULL NULL 0.74
5.97 67.25 NULL NULL 0.70
5.00 66.70 NULL 3491 0.60
4.00 66.21 NULL 34.92 0.55
2.99 65.68 NULL 35.26 0.63
2.00 65.09 NULL 35.28 0.55
0.99 64.60 NULL 35.27 0.62
0.01 64.02 NULL 35.29 0.57
-0.72 63.67 NULL 35.35 0.57
-1.01 63.51 NULL 35.43 0.60
-1.37 63.30 NULL NULL 0.63
-2.00 62.94 NULL 35.45 0.62
-2.99 62.42 NULL 35.45 0.59
-3.48 62.19 NULL NULL 0.56
-4.00 61.92 NULL 349 0.56
-4.54 61.59 NULL NULL 0.41
-5.01 61.30 NULL 34.69 0.44
-6.01 60.75 NULL 34.62 0.45
-7.00 60.22 NULL 34.59 0.50
-7.50 59.96 NULL 34.75 0.50
-7.50 60.95 NULL 34.73 0.44
-20.17 57.35 NULL 35.06 0.45
-20.27 57.29 NULL NULL 0.52
-24.10 57.52 NULL NULL 0.58
-25.03 57.51 NULL 35.37 0.58
-26.04 57.50 27.31 35.39 0.63

-26.96 57.51 27.00 35.47 0.66



-27.98
-29.00
-29.98
-31.04
-32.01
-33.02
-34.96
-36.03
-37.00
-38.02
-39.00
-40.04
-41.00
-42.00
-43.00
-43.99
-45.00
-46.05
-47.02
-51.00
-52.02
-53.00
-54.06
-55.04
-56.02
-56.99
-58.00
-59.01
-60.05
-60.98
-62.02
-63.01
-64.04
-65.00
-66.00
-66.99
-68.01
69.33

-67.01
-66.34
-65.79
-65.79
-65.66
-65.50

57.50
57.50
57.49
57.50
57.51
57.50
57.50
57.51
57.50
57.50
57.50
57.50
57.50
57.50
57.50
57.50
57.50
57.50
57.50
58.79
59.51
60.25
61.07
61.86
62.63
63.44
64.30
65.18
66.11
66.97
67.96
68.99
70.03
71.03
72.16
73.95
77.54
76.09
71.12
69.06
64.96
64.96
64.00
62.94

26.93
26.67
26.08
24.05
23.24
20.91
20.56
20.31
19.99
19.51
18.25
18.05
18.26
16.25
16.06
15.37
10.86
10.24
8.35
4.82
4.15
3.44
2.99
2.49
2.28
2.46
1.94
2.33
1.88
1.00
0.91
0.80
0.66
0.40
0.23
-1.13
-1.85
-0.77
-1.83
-0.54
-0.29
-0.29
-0.18
-0.06

35.63
35.54
35.52
35.52
35.46
35.44
35.50
35.49
35.36
35.25
35.16
35.37
35.36
34.67
34.92
34.61
33.59
33.57
33.60
33.77
33.77
33.81
33.80
33.76
NULL
33.80
33.68
33.75
33.69
33.57
33.82
33.51
33.81
33.97
33.88
33.75
33.40
NULL
33.34
NULL
NULL
NULL
NULL
NULL

0.74
0.69
0.71
0.66
0.64
0.63
0.66
0.66
0.63
0.61
0.61
0.69
0.69
0.34
0.49
0.27
-0.22
-0.22
-0.27
-0.19
-0.21
-0.21
-0.23
-0.22
-0.24
-0.29
-0.31
-0.23
-0.31
-0.33
-0.35
-0.34
-0.24
-0.32
-0.32
-0.26
-0.30
NULL
-0.39
-0.25
-0.30
-0.31
-0.28
-0.43



-65.39
-65.23
-65.10
-64.97
-64.82
-64.56
64.01

62.95

-57.05
-56.00
-54.05
54.03

54.23

54.05

47.99

46.03

44.07

-43.82
-42.87
-42.01
-41.01
-39.00
-37.90
-37.00
-36.00
-35.02
-34.02
-32.99

62.00
60.99
59.97
58.99
58.01
56.09
52.72
51.86
4991
50.01
50.00
50.03
50.08
50.00
48.26
49.07
49.53
49.20
48.12
48.01
48.02
48.00
48.00
48.00
48.00
48.00
48.00
48.00

0.17
0.25
0.21
0.04
0.16
0.02
-0.05
0.81
1.96
2.20
2.18
2.90
2.73
291
5.77
6.72
8.99
9.22
11.30
10.60
17.13
20.22
20.18
2091
21.86
21.53
22.15
21.96

*SST=Sea Surface Temperature

**NULL = no data available

NULL
NULL
NULL
34.38

NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
35.49

35.51

35.54

35.51

35.57

35.53

35.54

NULL

-0.30
-0.38
-0.38
-0.38
-0.42
-0.41
NULL
NULL
-0.39
-0.40
-0.37
NULL
NULL
NULL
NULL
NULL
NULL
-0.36
-0.45
-0.36
0.59
0.70
0.67
0.68
0.69
0.64
0.72
0.71
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[1] An attempt has been made, for the first time, to
effectively utilize the synergy of various approaches
providing microphysical information of precipitation to
study short term variations in a Mesoscale Convective
System (MCS). A campaign has been conducted wherein
rain samples are collected during the passage of MCSs over
Gadanki, India, and simultaneously a powerful VHF radar
and disdrometer have been operated to infer the
characteristics of the vertical structure and rain drop size
distribution (DSD) of precipitation. Besides the convection
and transition rain, two distinctly different phases of the
stratiform rain are identified. Evaporation of rain drops
seems to be significant in both convection and stratiform
portions of MCS. Observed changes in the temporal
variation of the stable oxygen isotope ratios (6'°0) of
precipitation are interpreted in terms of microphysical
processes leading to isotopic fractionation. The pattern of
variability in isotopic abundance is found to be different
from convection to transition and to stratiform rain. The
present analysis clearly shows that the height (or
temperature) and the rain regime of condensation are of
paramount importance in determining §'*0. Correlations of
6'™0 with rainfall integral parameters stress the need for
caution in interpreting the depleted isotopic ratios are due to
high rainfall and/or bigger drops. Citation: Narayana Rao, T.,
B. Radhakrishna, R. Srivastava, T. Mohan Satyanarayana,
D. Narayana Rao, and R. Ramesh (2008), Inferring microphysical
processes occurring in mesoscale convective systems from radar
measurements and isotopic analysis, Geophys. Res. Lett., 35,
L09813, doi:10.1029/2008GL033495.

1. Introduction

[2] The Mesoscale Convective System (MCS) is one of
the highly intriguing features in the earth’s atmosphere,
given its links to hydrological cycle, dynamics, and radia-
tion budget [Houze, 2004]. Wind profiling radars operating at
VHF/UHF bands have contributed significantly to our un-
derstanding of the kinematics [Cifelli and Rutledge, 1994]
and microphysical characteristics of MCS [Rajopadhyaya
et al., 1993; Cifelli et al., 2000; Rao et al., 2006]. Most of
the studies mentioned above focused on the variability of
rain DSD from one rain regime to the other in a statistical
sense. However, the vertical and temporal variability of rain
DSD within a storm can provide better insight on micro-
physical processes occurring in MCS. This approach is

'National Atmospheric Research Laboratory, Gadanki, India.
Physical Research Laboratory, Navrangpura, Ahmedabad, India.
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highly relevant considering significant evaporation ob-
served below 2.5 km in convective systems within Austra-
lian [Cifelli et al., 2000] and Asian [Rao et al., 2006]
monsoons.

[3] Stable isotopic analysis of rain water is another
promising way of getting microphysical information, be-
cause the isotopic fractionation of rain water depends,
primarily, on phase changes of hydrometeors and evapora-
tion. Temporal changes in the isotopic content of rain water,
thus, provide clues to the microphysical processes occurring
within the cloud and precipitation below the cloud base.
While large scale variations, both temporal as well as
spatial, of stable isotopic abundances are widely reported
[Rozanski et al., 1993, and references therein], short term
variations are not properly documented [Celle-Jeanton et
al., 2004].

[4] A special campaign has been conducted during
September - December 2006 wherein rain samples, during
the passage of several MCS over Gadanki (13.5°N, 79.2°E),
are collected. Simultaneously, disdrometer and the Indian
MST radar, located at the same location, have been operated
to obtain rain DSD at the surface and aloft, respectively.
These measurements are used to (1) study short term
variations of rain DSD in MCS, (2) investigate temporal
changes in stable isotopic abundance within MCS, and (3)
investigate the relationship between the isotopic composi-
tion of rain water and rain integral parameters to better
understand microphysical processes occurring in the MCS.

2. Data and Analysis

[s] In each rain event, several rain samples were collected
with the help of rain collector. Enough care was taken to
prevent the evaporation during and after the sample collec-
tion. An isotope ratio mass spectrometer (PDZ-Europa, Geo
20-20) is used for isotopic analysis, by the CO, equilibra-
tion method. The stable isotopic ('*0) abundance is pre-
sented in conventional delta notation (6) (with V-SMOW as
reference). The external precision of §'®0 is better than
+0.1%0 [Srivastava et al., 2007]. The rain DSD at the
surface are measured with a RD-69 Joss-Waldvogel (JW)
disdrometer, located ~5 m away from rain collection spot.

[6] The Indian MST radar located at Gadanki is a
powerful VHF Doppler radar, which provides not only 3D
wind and turbulence information but is also useful to study
the precipitation [Rao et al., 1999]. During campaign
period, the radar was kept on alert and operated in a special
mode, whenever rain occurred over Gadanki. The important
parameters of the radar for this experiment are as follows:
pulse width — 1 us, inter pulse period — 250 us, coherent
integrations — 128, incoherent integrations — 4, FFT points
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Figure 1. Time-height contours of profiler spectral moments at vertical incidence: (a) and (d) range corrected SNR, (b) and
(e), Doppler velocity, and (c) and (f) spectral width for (left) clear air and (middle) precipitation echoes observed on
5 October 2006. Note that color scales of Doppler velocity contours are different for clear air and precipitation. Positive
velocities indicate upward motion. (g) Temporal and vertical variation of rain DSD.

— 512, number of radar beams —3 (zenith and 10° off-
zenith towards west and south), temporal resolution
— 4 min, and range resolution — 150 m. Echoes due to
refractive index fluctuations and hydrometeors are identi-
fied in the spectral domain and are separated [Rao et al.,
1999]. Direct deconvolution method has been employed to
retrieve rain DSD. The JW disdrometer is used for abso-
lute calibration of the radar power. Modeling and experi-
mental studies have shown that DSD retrieval with VHF
radars may not, always, be able to resolve drops smaller
than 1 mm [Rajopadhyaya et al., 1993].

3. Results

[7] On 5 October, an MCS passed over Gadanki produc-
ing ~26 mm of rainfall (accumulated) in 3 hours. For about
90 minutes (02:05-03:35 LT (LT = 5.30 + UT)), the MST
radar spectra have shown a clear bimodal structure up to 6
(8) km after (before) 02:13 LT, except during 02:28—
02:51 LT, when the bimodality is seen intermittently both
in time and height. Spectral moments are estimated inde-
pendently after separating the clear air and precipitation
echoes, as discussed above, and are depicted as time—height
contours in Figure 1. It clearly shows the typical structure of
mesoscale convective system [Houze, 2004]. In convection
(before 02:13 LT), both clear air and precipitation echo
powers are large and extend up to 9 km. Corresponding
to this time, strong updrafts of the order of 8 ms~!
(Figure 1b) and moderate to intense turbulence (Figure 1c)
are observed. A clear bright band, signature of stratiform
precipitation, with enhanced precipitation echo power at
around 4.35 km is observed after 02:51 LT (Figure 1d).
Above 4 km, the Doppler velocity of precipitation
(Figure le) (resultant of fall velocity of hydrometeors and
vertical air motion) shows upward motion in convection,
which indicates that raindrops are carried aloft because of

strong updrafts (Figure 1b). As expected, strong gradients in
Doppler velocity of hydrometeors are seen around the bright
band in stratiform region. The spectral width of precipitation
echo, which represents the rain DSD (after correcting it for
beam broadening and turbulence), is wide below 4 km in
two time intervals (before 02:28 LT and after 03:19 LT). The
precipitation observed after the intense convection and
before the stratiform rain (i.e., during 02:13-02:51 LT)
can be considered as transition rain with properties inter-
mediate to convection and stratiform rain [Rao et al., 1999].

[8] The precipitation echoes are used to retrieve DSD in
rain region (3.6—1.65 km) following the method discussed
in section 2. DSD retrievals are not performed in the later
part of transition rain and early stratiform rain at a few range
gates, where the precipitation echo is too noisy to get
meaningful rain DSD. The temporal and vertical variation
of rain DSD is shown in Figure 1g. The temporal variation
of DSD at all heights shows a common feature with wide
distribution during convection and initial part of transition
rain and also in later part of stratiform rain and narrow
distribution in the initial stages of stratiform rain. Vertical
variation of DSD displays marked variation with height as
well from convection to stratiform rain. Number of smaller
drops is generally high in both rain regimes at higher
altitudes (above 2.85 km), however, gradually reduces to
small at lower altitudes. The reduction of smaller drops is
significant in the stratiform rain.

[9] The rain DSD at the surface observed with disdrom-
eter (Figure 2a) is largely consistent with profiler DSD,
being broader during 3 time intervals (01:53-02:21, 03:05—
03:33 and 04:30—04:40 LT). Reasons for the reduction of
smaller drops in strong rain during 01:53—02:21 LT are
partly geophysical and partly associated with instrumental
problem (JW disdrometer severely underestimates smaller
drops in strong rain). For about 40 minutes between 01:50
and 2:30 LT, large values of rainfall integral parameters
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Figure 2. Temporal variation of (a) rain DSD, (b) rain integral parameters (R, Z, and D,,), and (c) §'%0 during the passage

of MCS on 5 October 2006. The sampling time of each sample is also shown in Figure 2¢. Scatterplots between 6

80 and

(d) D,, and (e) R. Numbers represent the rain water sample number in the order in which they were collected.

(rainfall rate (R), Reflectivity factor (Z), and mass weighted
mean diameter (D,,)) are observed. After 2:30 LT, R and Z
varied gradually, while D,, shows large variations with time
and reached local maxima of 2.06 and 2.27 mm at 03:28
and 04:31 LT, respectively (Figure 2b).

[10] Six rain samples were collected during 01:30—
03:30 LT, and were later subjected to isotopic analysis.
Figure 2c shows temporal variation of §'®*0 along with
sampling time of each rain sample. Note that the sampling
time is not uniform and also more samples were collected
during stronger rains. The temporal variation in 6'°0 is
significant during convection-initial phase of transition rain,
with changes as large as 4%o in 30 minutes. During this
period, 6'°0 clearly shows a rapid negative trend (more
depletion) with time, however, recovers gradually and
shows enriched values in samples collected during the later
half of the transition-stratiform rain. The §'*0 measured at
different stages of a MCS are plotted as a function of D,
and R (Figures 2d and 2e) to understand the relation
between them. In general, § °O is depleting with increase
in D,, and R. §'®0 is correlated (linear correlation coeffi-
cient, r’= —0.8 significant at 95% confidence level) better
with D,, than that with R (*= —0.5). From these negative
correlations, it has been found that the rate of depletion of
6'80 with D,, and R are 1.32%o per 0.5 mm and 0.5%o per
10 mm hr ', respectively.

[11] The stable isotopic analysis (in terms of §'%0, §D
and d-excess) has been carried out on rain samples collected
in a few other rain events (see Table S1'). The 6'%0 trend is
nearly similar in all the rain events considered here.

8

4. Discussion

[12] MCS is a conglomerate of stratiform and convective
clouds and precipitation with varying mesoscale circulations
induced by these clouds [Houze, 2004]. The intense
updrafts of the order of 8—10 ms ™' observed in convection
carries hydrometeors aloft into divergent regions at higher
altitudes (Figures 1b and 1e). Hydrometeors heavier enough

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GL033495.

to overcome the updraft will fall out instantly in convective
cores. A large number of smaller drops are also seen in the
radar retrieved DSD at 3.45 km and below. It is hard to
decide the source of these drops as the radar measurements
are available only from 02:05 LT. Breaking of rain drops
due to collision with other drops or spontaneous breaking of
bigger drops could be one possibility with advection from
surrounding regions being the other possibility. The de-
creasing trend of smaller and medium size drops (< 3 mm)
from 3.45 km to 1.65 km seen in the radar DSD maps
during convection could be attributed to evaporation. Earlier
experimental results have shown significant rain evapora-
tion of 20—50% in tropics near convection [Worden et al.,
2007], primarily because of the presence of unsaturated air
below the cloud base.

[13] The hydrometeors transported into divergent regions
due to intense updrafts in convection fall in the neighboring
regions and set up the stratiform environment. From
Figure 1, it is clear that these hydrometeors are falling from
different height regions. The hydrometeors during the first
phase of stratiform rain may be falling from a few km above
the bright band and as a result the time for drop growth due
to vapor deposition, which is the main mechanism in
stratiform rain, is not much. On the other hand, in the later
half of the stratiform rain, hydrometeors seem to fall from
higher altitudes, growing steadily by vapor deposition
resulting into bigger drops. Owing to the strong dependence
of the radar backscatter on drop diameter, one would expect
strong backscatter from bigger drops. Indeed, strong radar
backscatter is clearly evident from Figure 1d, in particular,
near the radar bright band. The rain DSD retrieved from the
radar and disdrometer at aloft and ground, respectively, also
confirms the absence (presence) of bigger drops before
(after) 03:11 LT. The vertical variation of rain DSD in
stratiform region clearly shows reduction of smaller drops
with height, indicating strong rain evaporation in this
region. Although collision-coalescence mechanism occurs
at the expense of smaller drops, it is unlikely, as there is no
increase in the number of drops in medium-large drop size.
Note that the MST radar may not always be able to detect
drops < 1 mm. However, disdrometer measurements show-
ing considerable reduction of smaller drops in the stratiform
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precipitation supports MST radar observations, and recon-
firms the evaporation of rain drops. In convection, the
break-up of rain drops seems to partially offset the reduction
of drops due to evaporation, and as a result still sizeable
number of smaller drops exists in lower altitudes (< 2 km).

[14] Microphysical processes such as condensation and
evaporation can be well traced by the oxygen isotopes
because they fractionate during these processes. Variation
of §'%0 within the system shows a ‘V” type structure with
sharp depletion initially in the convection and initial phase
of transition rain followed by gradual enrichment in later
half of transition rain and stratiform rain. The variability of
isotopic fractionation is traditionally described with the
Rayleigh fractionation model [Dansgaard, 1964], in which
evaporation of raindrops is not included. Present observa-
tions clearly indicate that evaporation is significant in MCS
observed over Gadanki. The evaporation of rain drops
causes enrichment of §'®0 as can be seen in the first sample
(maximum enriched value during sampling). In the subse-
quent samples the effect of evaporation reduces as ambient
air saturates, as inferred from a decreasing trend in d-excess
(Table S1). In the convective systems due to the intense rain
rate, very soon the amount effect dominates over the
evaporation effect. Here the main process causing amount
effect is related to Rayleigh distillation. Fractional removal
of heavy isotopes in the condensate is high during intense
precipitation, leading to increasingly %0 depleted vapor in
the cloud because '%0 prefers the condensed phase com-
pared to '°0. This high degree of rainout results in low §'*0
in the remaining vapor and ensuing condensate at cloud
level. Therefore, the depletion trend of 6'%0, seen in the
first 3 samples, could be attributed to the amount effect
[Dansgaard, 1964], which is a common mechanism in
tropical precipitation. §'*O is relatively enriched (~2%o more
than the most depleted value) in the stratiform rain regime. It
is generally accepted that the hydrometeors form at lower
altitudes in a growing convective cloud, and are then carried
aloft by strong updrafts. The hydrometeors observed in
stratiform rain might have originated in such convective
cores and later transported into trailing stratiform regions. It
is most likely that these condensates retain the basic isotopic
composition acquired at the time of condensation. Observa-
tional and recent modeling studies have shown enriched
stable isotopes in convection relative to its surroundings,
which is thought to be due to the lofting of enriched
condensates from lower altitudes [Webster and Heymsfield,
2003; Smith et al., 2006]. Further, isotopic fractionation of
rain drop can occur below the cloud base by the effects of
evaporation and isotope exchange with unsaturated vapor.
Smaller hydrometeors generally re-equilibrate with the
vapor during their descent, as their adjustment distance
[Friedman et al., 1962] is small. Large number of medium
to bigger drops observed in the later part of stratiform rain,
perhaps, retains their original isotopic composition [Stewart,
1975]. These bigger drops contribute to most of the rain
water (in terms of volume) collected at the surface and
decide the isotopic composition of rain samples. The other
important process for isotopic fractionation, evaporation of
rain drops, seems to be significant during stratiform rain,
which results in the enrichment of %0 [Stewart, 1975].

[15] An inverse relation is seen between rainfall integral
parameters (D,, and R) and §'%0, albeit with some scatter. It
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is now widely known that the isotopic content of '*0 in rain
water strongly depends on the raindrop size (and rainfall
rate) [Dansgaard, 1964; Jouzel, 1986], through condensa-
tion, evaporation and isotopic equilibration processes. The
adjustment distance is relatively shorter for smaller drops
and, therefore, equilibration is more for smaller drops.
Enrichment due to the evaporation is more for the smaller
drops (evaporative enrichment is diluted in drops of larger
volume). Of course, both these processes depend on the
ambient temperature and humidity and also reduce the
depletion of §'®0. As a result, negative correlation between
D,(R) and 6'®0 is anticipated as seen in Figures 2d and 2e.
A closer look at the figure, however, indicates the need for
caution in generalizing such relations. For instance, the
average rainfall rate for samples 1 and 4 is nearly the same
(17.6 and 19.1 mm hr™") but the §'®0 values differ by
~3%o. Similarly, §"®0 values for samples 2 and 5 are nearly
equal (~6.5%o) bur their D,, (1.9 and 1.24 mm) and R (27.9
and 5.4 mm hr ') values are distinctly different. Further,
considerable number of bigger drops is observed with large
D,, values in the later half of stratiform precipitation, but
with moderate 6'%0 values. This clearly indicates that the
stage at which rain samples are collected is also important
and needs to be considered while describing the variability
of §'80 and comparing §'®0 values at different locations.

5. Summary and Conclusions

[16] The present report is the first of its kind, where
combination of radar and disdrometer measurements along
with isotopic analysis has been used to address several key
questions related to short term variations of MCS and also
to infer meteorological processes occurring in MCS at
shorter scale. From the radar and disdrometer measure-
ments, different stages (convection, transition, stratiform)
of MCS are discerned. Interestingly, the first half of the
stratiform region is distinctly different from the second half
in terms of radar backscatter, rain DSD, and variability of
rainfall integral parameters in general and D,, in particular.
In the later half of the stratiform rain, hydrometeors, carried
upward by strong updrafts during convection, seem to fall
from higher altitudes, growing steadily by vapor deposition.
The increase in the size of drops, in turn, produces strong
radar backscatter as evident from Figure 1d. The presence of
bigger rain drops during this period, as seen by radar aloft
and disdrometer at the surface also confirms this. The 4D
plot of rain DSD, obtained from radar measurements,
reveals that the evaporation is significant both in convection
and stratiform rain regimes of MCS in monsoonal rains.

[17] The temporal variation of §'®0 within the MCS
shows oft-seen ‘V’ shape structure in frontal systems
[Celle-Jeanton et al., 2004] with a rapid depletion of §'%0
at the rate of 4%o in 30 minutes during convection-initial
phases of transition and a gradual increase from transition to
stratiform rain. The amount effect [Dansgaard, 1964] seems
to explain the observed initial depleting trend of §'0. The
increasing trend is interesting as there exists several mech-
anisms in the literature to explain this feature. Earlier studies
on short term variations of §'80 in frontal systems attributed
the enrichment in stable isotopic abundance in small rain
samples to evaporation of rain drops [Peng et al., 2007],
isotopic re-equilibration between the vapor and raindrops
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[Gedzelman and Arnold, 1994], a different mechanism from
the descending phase [Celle-Jeanton et al., 2004], intrusion
of new air masses with rich stable isotopes into the cloud,
and formation of hydrometeors at a lower altitude. In the
present study, it has been shown that the increase in stable
isotopic abundance is due to the transport of hydrometeors,
which are condensed at lower altitudes in convective cloud,
from convective region to trailing stratiform region. It is
most likely that the condensates retain their basic character
acquired at the time of condensation. The above process
coupled with evaporation of rain drogps below the cloud
base dictates the isotopic value of §'°0. The isotopic re-
equilibration of rain drops with vapor below the cloud base
is most unlikely given the bigger size of hydrometeors
(D, = 2 mm).

[18] The correlation between §'%0 and rainfall parameters
seems to be significant; however, there is some scatter.
Moreover, for the same rain rate, the §'0 values vary
considerably depending on the phase of the MCS at which
the samples were collected. Therefore, caution has to be
exercised while generalizing such correlations describing
short term variations and comparing §'*0 values at different
locations.
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Stable oxygen, hydrogen isotope ratios and salinity variations

of the surface Southern Indian Ocean waters
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Stable isotope (8'°0 and 8D) and salinity measurements were made on the surface waters
collected from the Southern (Indian) Ocean during the austral summer (25 January to 1°
April, 2006) on board R/V Akademik Boris Petrov to investigate the relative dominance
of the various hydrological processes namely evaporation, precipitation, melting and
freezing over different latitudes. The region between 41°S and 45°S is a transition zone:
the region lying north of 41°S is dominated by evaporation/precipitation process while
that south of 45°S (up to Antarctica) is dominated by melting/freezing processes. Further,
the combined study of stable oxygen and hydrogen isotope (5'°0 and 8D) indicates that

the Southern Ocean evaporates in non-equilibrium conditions.

Keywords: Southern Indian Ocean, stable oxygen and hydrogen isotopes, global

meteoric water line, mass spectrometry.

The Southern Ocean, defined as the region between the south of 60°S and Antarctica’', is
an important region that affects the climate of the earth. The main bottom and

intermediate water masses of the world ocean originate here. The Antarctic Zone of the



Southern Ocean refers to the vast area between the polar front and the Antarctic
continent. The surface water in this zone, characterized by a commonly observed summer
minimum surface temperature, is the Antarctic Surface Water (AASW)>. The
thermohaline structure of this water mass is determined by seasonally changing air-sea
interaction (air-sea fluxes of momentum, heat, and fresh water), advection, and formation

and melting of sea ice’

. Despite its close relationship with changing atmospheric
conditions, the vertical and horizontal structures of AASW of the Indian sector of the

Southern Ocean, as a whole, have not been studied to any extent, although some detailed

studies exist for limited locations.

Stable isotopes of oxygen and hydrogen have been used as very reliable tracers for
hydrological processes for long. In the modern ocean they have been used as tracers for
melting of sea ice®, glacial and river run-off, deep ocean water masses’, and deep-water
formation processes®. The isotopic compositions at various stages of the hydrological
cycle help constrain different water masses as well as their movement. Isotopic
compositions of ice cores have become the most important tools for paleotemperature
reconstructions” ®. The variation in the isotopic composition of deep-seca water is
relatively smaller than that in freshwater and mainly determined by freshwater input and

mixing between water masses’ .

Several expeditions have been made earlier to explore the Indian Ocean as well as the
Southern Ocean'""”. But due to high spatial and temporal variability this region needs
more studies to characterize its physical (such as temperature and salinity), chemical, and
isotopic properties adequately. Some studies have shown that due to global warming,

parts of Antarctic ice sheet are melting and the Southern Ocean is getting more and more
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melt water' "', This makes the isotopic study of the Southern Ocean all the more urgent.
Combined study of stable hydrogen (8D) and oxygen (8'°0) isotopes and salinity can be
ideal to monitor various processes happening in the oceans. Here new 6D and salinity
data pertaining to the Indian sector of the Southern Ocean are presented and discussed

(details of the oxygen isotope data will be presented elsewhere).

About a hundred samples of ocean surface water were collected during the second
expedition to the Southern Ocean and Larsemann Hills, Antarctica on board R/V
“Akademik Boris Petrov” (25" January to 1* April, 2006). A vast area (from 13°N to
68°S and 71°E to 77°E) was covered for sampling (Figure 1). The collection of surface
sea water samples was done with the help of a small, clean plastic bucket. Before sample
collection, the bucket was rinsed with the surface water of the sampling site. This
collected water was stored in 100 ml plastic bottles with tight-fitting double caps to
prevent evaporation. Bottles were filled up to the brim to facilitate easy identification of
any later evaporation/leakage and taped at the neck as a further precaution. Measurement
of salinity (in Practical Salinity Unites, PSU) was done by a Salinometer (Autosal) on
board with an accuracy of 0.001%o. When the water temperature was close to 0°C, the

salinity measurements were not made (Table 1).

A dual-inlet isotope ratio mass spectrometer (PDZ-Europa Geo 20-20) was used for
isotopic analysis. Equilibration of the water samples was achieved with H, gas for oD
analysis'®. Platinum coated beads (known as Hoko Beads) were used as catalyst for the
equilibration in about two hours. The equilibrated gas was let into the mass spectrometer
for isotopic analysis. The isotopic composition is expressed in the conventional units

defined by:



0= [( R/R standard) - 1] * 1000 per mil (%0)

Where R = D / H (or *0 / '°0). We used VSMOW (Vienna Standard Mean Ocean

Water) as a reference'”. Standard deviation of the 8D measurement is about 1%o.

The 6D values of ocean waters are very sensitive to variations in the evaporation-
precipitation processes. The isotopic compositions of the surface waters of the ocean are
determined by the amount of rainfall (precipitation) and the amount of water that
evaporates from the ocean. In regions where the amount of precipitation or river run off is
higher than evaporation (P > E, negative net evaporation), the ocean surface becomes
diluted in the heavier isotopes (D and '*O) and the net isotopic composition becomes
lighter. Conversely, a higher rate of evaporation compared to that of precipitation (E > P,
positive net evaporation) leads to the enrichment of heavier isotopes. This is due to the
preferential removal of lighter isotopes (H and '°0) from the ocean surface. Similarly, a
positive net evaporation leads to an increase in salinity, while negative net evaporation
leads to a decrease in salinity. These processes cause linear relationships between the

stable isotopes (3D and §'*0) and salinity, the slopes depending on climatic constraints>’.

At higher latitudes, the effect of freezing at the ocean surface increases salinity as salt is
excluded while freezing. However, it causes only a weak depletion in the 6D values of
the remaining liquid sea water. This is because the isotopic fractionation between ice and
water is much smaller than that between vapour and water. The melting of sea ice causes
large changes in salinity and leaves dD almost unchanged (the resulting mixture may be
only slightly enriched in dD), while melting of continental-ice causes large drops both in
salinity and 8D*'. So the combined study of stable isotopic composition (D or §'*0) and

salinity provides a unique method to trace ocean surface processes.



We observe a large variation in the surface water salinity (from 35.63 PSU to 33.34 PSU)
throughout the cruise. Near the equator, between 60°E and 70°E, salinity variations
exhibit high and low salinity regions very near each other (Figure 2). In the present study
4°S makes a clear demarcation between the evaporation dominated zone (i.e. high salinity
due to positive E-P) to the precipitation dominated zone (i.e. low salinity due to negative
E-P). More samples are required from other sites in the same latitude range to confirm the

longitudinal extent of this effect.

An increase in salinity is observed to the south of 20°S, which reaches a maximum of
35.6 %o and stays constant in the region between 28°S and 41°S. However, it shows a
sharp decrease between 41°S and 45°S. This decrease can either be due to (1) heavy
precipitation or (2) underwater current which breaks at the surface. With a small increase
of 0.17PSU between 47°S to 51°S, from 51°S onwards salinity shows a decreasing trend
with some small fluctuations. This small increase can be due to vertical mixing caused by

high winds in this region.

Hydrogen isotopic composition follows same trend as salinity (Figure 3). A sharp
decrease at (41°S-45°S) confirms the effect of precipitation or shoaling of an underwater
current. Barring some fluctuations, which are within the experimental uncertainties, oD
shows an overall increasing trend, moving towards the south. This increase in the 8D
values reflects the increasing effect in situ melting of sea ice. In other words, as we move
towards the Antarctic continent the effect of melting/freezing processes increases. Thus
on the basis of salinity and hydrogen isotopic data it is inferred that the Indian Ocean
north of 41°S is a zone of dominant evaporation/precipitation whereas south of 47°S it is

dominated by melting/freezing. The region between 41°S and 47°S is a transition zone



between the above two regions. A schematic representation of these zones is shown in

Figure 4.

The relation between 3D and §'*0 of the ocean surface water gives information about the
humidity at the time of evaporation. For worldwide fresh surface waters, Craig”' has
found that 5'*0 and 8D exhibit a linear correlation, which defines the global meteoric
water line (GMWL). Its slope is ~8 and intercept is ~10%o. The slope is ~8 because this is
approximately the value produced by equilibrium Rayleigh fractionation of evaporating
water surface at about 100% humidity. The value of ~8 is also close to the ratio of the
equilibrium fractionation factors for H and O isotopes at 25-30°C** % '®. The slope
reduces to less than ~8 due to evaporation controlled by ambient humidity (and also due
to diffusion through the water vapor boundary layer and exchange with atmospheric
water vapor) at the ocean surface. The non-equilibrium evaporation process is
characterized**?° by a slope of less than ~8. The relation between 8D and §'*O for the
Indian Ocean is depicted in Figure 5, where data points cluster in two distinct bunches.
The best fit line has a slope of (7.77+ 0.06), which is significantly lower than the slope of
the GMWL (8.12+0.07). This indicates the Southern Ocean as a whole is evaporating
under the non-equilibrium condition, with a mean ambient humidity significantly less
than 95%, as also borne out by humidity observations during the cruise. As a result, the
Indian Ocean samples show an intercept of (0.22 + 0.18) which is much less than the
intercept of GMWL (9.20 + 0.53). The relation between 3D - 3'°0 shows the two end
point mixing type of phenomenon (points in the two big circles). This again emphasizes
that the region between 41°S and 45°S is a transition region between two different types

of zones.



In summary in the Southern (Indian) Ocean, the region between 41°S and 45°S makes a
demarcation between an evaporation/precipitation zone (north of 41°S) and a melting
freezing zone (south to 45°S). The sharpness of the transition zone could be dependent on
season. A little lower slope of the 8D - 8'®0 line than 8 reveals that evaporation occurs in
the Southern Ocean under isotopic non-equilibrium condition i.e. kinetic effects (due to
diffusion related fractionation) during vapor formation are more prominent. Future

studies may throw light on the seasonal and spatial variations in the Southern Ocean.
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Table 1. Stable hydrogen isotopic composition (8D) and salinity of sea water

Station Latitude(®) Longitude(°E) Salinity(PSU*) ©D(%o)

1 13.11 71.00 ND** 3.7
2 11.96 70.54 ND 4.2
3 11.00 70.02 ND 5.0
4 9.01 68.91 ND 3.5
5 8.03 68.38 ND 3.8
6 7.01 67.84 ND 4.3
7 5.97 67.25 ND 4.6
8 5.00 66.70 34.91 4.1
9 4.00 66.21 34.92 4.0
10 2.99 65.68 35.26 4.8
11 2.00 65.09 35.28 41
12 0.99 64.60 35.27 5.5
13 0.01 64.02 35.29 54
14 -0.72 63.67 35.35 6.5
15 -1.01 63.51 35.43 6.0
16 -1.37 63.30 ND 5.2
17 -2.00 62.94 35.45 7.0
18 -2.99 62.42 35.45 5.5
19 -3.48 62.19 ND 5.7
20 -4.00 61.92 34.90 54
21 -4.54 61.59 ND 5.5
22 -5.01 61.30 34.69 54
23 -6.01 60.75 34.62 4.3
24 -7.00 60.22 34.59 5.7
25 -7.50 59.96 34.75 6.0
26 -7.50 60.95 34.73 6.0
27 -20.17 57.35 35.06 6.3
29 -20.27 57.29 ND 4.8
30 -24.10 57.52 ND 4.9
31 -25.03 57.51 35.37 6.5
32 -26.04 57.50 35.39 5.8
33 -26.96 57.51 35.47 6.1

w
x

-27.98 57.50 35.63 6.4



35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

-29.00
-29.98
-31.04
-32.01
-33.02
-33.99
-34.96
-36.03
-37.00
-38.02
-39.00
-40.04
-41.00
-42.00
-43.00
-43.99
-45.00
-46.05
-47.02
-51.00
-52.02
-53.00
-54.06
-55.04
-56.02
-56.99
-58.00
-59.01
-60.05
-60.98
-62.02
-63.01
-64.04
-65.00
-66.00
-66.99
-68.01

57.50
57.49
57.50
57.51
57.50
57.50
57.50
57.51
57.50
57.50
57.50
57.50
57.50
57.50
57.50
57.50
57.50
57.50
57.50
58.79
59.51
60.25
61.07
61.86
62.63
63.44
64.30
65.18
66.11
66.97
67.96
68.99
70.03
71.03
72.16
73.95
77.54

35.54
35.52
35.52
35.46
35.44
35.13
35.50
35.49
35.36
35.25
35.16
35.37
35.36
34.67
34.92
34.61
33.59
33.57
33.60
33.77
33.77
33.81
33.80
33.76
ND
33.8
33.68
33.75
33.69
33.57
33.82
33.51
33.81
33.97
33.88
33.75
33.40

5.9
5.1
5.0
3.9
4.3
6.2
4.6
5.6
4.2
6.3
3.6
5.1
3.6
1.6
3.8
1.4
-4.3
-3.8
-2.5
-2.6
-3.6
-3.4
-2.3
-1.6
-2.2
-1.8
-1.1
-1.6
-3.2
-3.1
-2.7
-2.5
-1.3
-0.6
-0.8
-1.6
-2.5
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72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

*PSU = Practical Salinity Units

** ND = not determined

-67.01
-66.34
-65.79
-65.79
-65.66
-65.50
-65.39
-65.23
-65.10
-64.97
-64.82
-64.56
-57.05
-56.00
-54.05
-43.82
-42.87
-42.01
-41.01
-39.00
-37.90
-37.00
-36.00
-35.02
-34.02
-32.99

71.12
69.06
64.96
64.96
64.00
62.94
62.00
60.99
59.97
58.99
58.01
56.09
49.91
50.01
50.00
49.20
48.12
48.01
48.02
48.00
48.00
48.00
48.00
48.00
48.00
48.00

33.34
ND
ND
ND
ND
ND
ND
ND
ND

34.38
ND
ND
ND
ND
ND
ND
ND
ND

35.49

35.51

35.54

35.51

35.57

35.53

35.54
ND

-1.1
0.0
-0.7
-0.9
-1.3
-2.0
2.7
-2.8
-1.2
-2.3
-2.9
-2.0
-2.1
-1.9
-3.2
-2.6
-1.7
-2.3
2.3
5.1

4.2
2.8
4.6
3.6
3.4
4.0
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Figure Captions:

Figure 1 Cruise Track shows locations of sample collection in the Indian Ocean, denoted

by stars.

Figure 2 Variation of salinity (in psu i.e. Practical Salinity Units) of surface waters I the

Indian Ocean.

Figure 3 Latitudinal variation of 8D (not along a single longitude, involves samples from

all locations shown in Fig. 1).

Figure 4 Schematic diagram showing different zones in the Southern Indian Ocean,

where different hydrological processes dominate.

Figure 5 Plot of §'°0 vs. 8D of surface sea water from the Indian Ocean (Best fit line
with slope = 7.77 £ 0.06, intercept = 0.22 + 0.18, r* = 0.99). Global Meteoric Water line

is also shown for comparison.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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