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Abstract

Stable isotopes of water provide a tool for studying the hydrological cycle and
reconstructing past climate from proxies such as tree rings, speleothems, ice cores
etc. It is important to understand the responses of the stable isotopic composition
of rain and water vapour to various climate conditions for accurate paleoclimate
reconstruction. In India, due to lack of sufficient observations, such studies were
limited. The hydrological processes determining the isotopic composition of rain
and water vapour and their importance in paleomonsoon reconstruction are stud-

ied here.

High resolution (spatial and temporal) rain and water vapour isotopic observa-
tions were done from the Kerala, south western peninsular India. The new results
obtained from this work are as under: though the rainfall showed a large spatial
heterogeneity in the study area, its isotopic composition remained coherent dur-
ing the Indian summer monsoon period. The amount of rain had a very weak
role in determining the isotopic composition of rain. Stronger *0 and D deple-
tion of rain is associated with large scale organised convection occurring in the
south eastern Arabian Sea, near the Kerala coast. The intense moisture recycling
occurring in the large scale convective area is responsible for the higher 80 and
D depletion of rain. Water vapour and rain are in isotopic equilibrium during
Indian summer monsoon season and deviate more from equilibrium mainly dur-
ing such large scale organised convective events. The fraction of stratiform rain

from large scale convective area shows a significant negative correlation with the



580 of vapour and rain; this signifies the role of stratiform clouds in moisture

recycling during such events.

Varying seasonal rainfall amounts in peninsular India and Sri Lanka lead to
a large spatial variation in the slopes of the rainfall amount -6'®0 relations.
The stronger 80 depletion of north east monsoon rainfall is likely caused by
increased cyclonic activity over the Bay of Bengal, in addition to *O depletion of
its surface waters by river discharge. This leads to significant negative correlations
between monthly rainfall and its 68O chiefly in regions where the north east
monsoon contributes more than, or at least as much rain as the Indian summer
monsoon. Interannual variations in the amount effect due to varying interannual
contributions of Indian summer monsoon and north east monsoon rainfall is also
noted. Thus, a careful choice of sites for 0 based monsoon proxies can be
made so as to minimise noise in the paleomonsoon signal that could arise at sites
with inverse amount effects. Using proxies capable of providing annual resolution
(e.g., fast growing trees) past annual monsoon rainfall can be reconstructed at
sites where the ratio of Indian summer monsoon season to north east monsoon
rain continues to remain less than or comparable to unity, using the local amount

effect.

Key words: Indian Summer monsoon, Ozygen and Hydrogen isotopes, large

scale organised convection, amount effect.
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Abbreviations

Q Isotopic fractionation factor between product and source

5180 Oxygen isotopic composition of water relative to VSMOW standard
oD Deuterium isotopic composition of water relative to VSMOW standard
€ Isotopic enrichment factor i.e, (o — 1) x 103

%00 per mil (parts per thousand)

AS Arabian Sea

BoB Bay of Bengal

CRU Climate Research Unit

EKM Ernakulam

ENSO El Nino Southern Oscillation

GDAS Global Data Assimilation System

GDP Gross domestic product

GISP Greenland Ice Sheet Precipitation

GMWL Global Meteoric Water Line

GNIP Global Network of Isotopes in Precipitation

GPCP Global Precipitation Climatology Project

HYSPLIT Hybrid Single-Particle Lagrangian Integrated Trajectory

[AEA International Atomic Energy Agency
IDK Idukki
IRMS Isotope Ratio Mass Spectrometer

ISM Indian Summer Monsoon
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ITCZ
JJAS
KKD
LLJ
LMWL
MCZ
MERRA
NARM
NBR
NOAA
NCEP
NEM
OLR
OND
PKD
PND
PRL
QBO
SL
SLAP
SST
TCR
TRMM
TVM
VSMOW
WICO

WYD

Indian Standard Time

Inter Tropical Convergence Zone
June, July, August, September
Kozhikode

Low Level Jet

Local Meteoric Water Line

Maximum Cloud Zone

Modern Era Retrospective-Analysis for Research and Application

Narmada water standard

Nilambur

National Oceanic and Atmospheric Administration

National Centers for Environmental Prediction

North East Monsoon

Outgoing Longwave Radiation

October, November, December

Palakkadu

Ponmudi

Physical Research Laboratory

Quasi Biennial Oscillation

Subcloud Layer

Southern Light Antarctic Precipitation

Sea Surface Temperature

Thrissur

Tropical Rainfall Measuring Mission

Thiruvananthapuram

Vienna Standard Mean Ocean Water (IAEA water standard)
Interlaboratory comparison exercise for 6°H and §'*0 analysis
of water samples
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Chapter 1

Introduction

Earth’s climate has been changing throughout its past history [Augustin et al.,
2004; Dansgaard et al., 1993; Masson-Delmotte et al., 2013]. Both natural and
anthropogenic factors are known to be responsible for this [Crowley, 2000; Forster
et al., 2007]. The last two centuries experienced severe changes in climate, es-
pecially the rise in global temperature, which is due to the anthropogenic C'O,
emissions. The present day hydrological cycle, on which the world population is
highly dependent, is also highly susceptible to the climate change. In particular,
in the Indian context, melting of Himalayan glaciers [Singh et al., 2014] extreme
rain events [Goswami et al., 2006] show an increasing trend. Our knowledge about
the past climatic variations are limited because instrumental weather records are
short. Since it is necessary to understand the past climate variability for the fu-
ture climate projection, we make use of paleoclimate proxies to reconstruct past
climate. The present study is an attempt to understand the response of stable
1sotopes of water to the climate change for a better reconstruction of paleoclimate

from climatic prozxies.

This chapter is a brief introduction about the Indian Summer Monsoon (ISM),
emphasising on its mechanism and variability. The stable isotopologues of water

(see p.5) used for the study of hydrological cycle and paleoclimatic reconstruction
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Chapter 1. Introduction

are also explained in detail, followed by a review of most previous stable isotopic

studies carried out on rain and water vapour in India.

1.1 Indian Summer Monsoon (ISM)

ISM refers to the seasonal reversal of prevailing north easterly winter wind
into south westerly summer wind over the Indian domain and the subsequent
enhanced rain over India and the nearby countries during June- September every
year. Since ISM contributes to ~80% of the annual total rainfall in India, the
economy of the country depends upon the performance of the monsoon [Gadygil
and Gadgil, 2006]. Abnormal fluctuations of the date of onset of the monsoon
(starting day of monsoon rainfall) and the total quantum of rainfall thus lead
to severe economic burden on the government. Understanding the fluctuation of
ISM for accurate forecasting and projection is therefore very important in the

context of recent climate change.

1.1.1 Mechanism

There are mainly two hypotheses regarding the mechanism of monsoon. In
1686 CE, Halley proposed that the differential heating of land and ocean causes
monsoon and thus it is a gigantic sea breeze. Currently, many scientists consider
monsoon as the seasonal migration of Inter Tropical Convergence Zone (ITCZ)

onto the continental south western Asia [Gadgil, 2003; Wang, 2006].

ISM has different spatial components that extend from the southern to the
northern hemisphere [Fig 1.1(a)]. During the boreal summer, due to the intense
heating of continents in the northern hemisphere, a low pressure area forms over
northern India. The low pressure associated with this heating is called heat
low (<999 mb). It extends from northern Rajasthan to Kolkata at the surface

level, known as the monsoon trough. Simultaneously, austral winter leads to

1.1. Indian Summer Monsoon (ISM) 2



Chapter 1. Introduction

the formation of a high pressure area over the southern hemispheric subtropical
Indian ocean (~ 30°S), also called the Mascarene High (>1023 mb). This pressure
difference drives a strong wind across the equator, the maximum of which has a
curved path (due to Coriolis force) [Fig 1.1(a)]. This is called the Low Level Jet
stream (LLJ). A huge moisture uptake takes place along the path of LLJ over
Arabian Sea (AS) which leads to copious rainfall over India [Fig 1.1(b)]. Rainfall
peaks are observed along the mountain ranges of Western Ghats and eastern end

of Himalaya extending to the south along Myanmar | Wang, 2006].

&l 1o
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Figure 1.1: (a) The climatological average surface air temperature (gradient
shown in shades of red and yellow), surface pressure pattern (contours of isobars
in blue colour at 3mb intervals) and the surface wind vectors (black arrows) (b)
the observed climatological (1979-2010 CE) total rainfall during June- Septem-
ber [Data sources: NCEP Climate Forecast System Reanalysis temperature, wind

and surface pressure data and Global Precipitation Climatology Project (GPCP)

rainfall data].
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Chapter 1. Introduction

1.1.2 Variability

Instrumental records and the available paleo monsoon archives show that ISM
varies on different time scales from intraseasonal to interannual, decadal, cen-
tennial and millennial time scales [e.g., Gadgil, 2003; Ramesh et al., 2010]. The
intra seasonal variability of monsoon observed by the 30-60 day oscillations, asso-
ciated with the active and break cycles of monsoon [Rajeevan et al., 2010] and the
10-20 day oscillations, associated with the propagation of weather disturbances
from Western equatorial Pacific Ocean [Goswami and Mathew, 1994] are mainly
determined by the internal dynamics. The interannual variability of monsoon
rainfall is mainly controlled by both the internal dynamics as well as the exter-
nal controls such as El Nifio Southern Oscillations (ENSO) [Kumar et al., 2006],
snow cover anomalies [Fasullo, 2004], stratospheric Quasi Biennial Oscillations
(QBO) [Bhalme et al., 1987], the solar cycle etc. The longer time scale variability
(decadal to millennial) is controlled by the changes in incoming solar radiation
(insolation) associated with changes in the Earth’s orbital parameters along with

the changes in circulation pattern [Leuschner and Sirocko, 2003].

1.1.3 Paleo-monsoon reconstruction

Past instrumental records of rainfall over India are limited up to the mid 19**
century, which is not sufficient to study the variability of monsoon on longer
time scales. So retrieval of past rainfall variations from different rainfall proxies
is needed. Many methods are used for paleoclimate reconstruction viz., study of
ancient manuscripts, dentroclimatology [e.g., Esper et al., 2002] and stable isotope
proxies to reconstruct the past climate. Stable isotopes of water (hydrogen and
oxygen) are good tools to reconstruct continuous past climate variations on longer
time scales. Continental proxies such as tree rings [e.g., Managave et al., 2011;
Ramesh et al., 1989; Sano et al., 2011], cave calcites [e.g., Sinha et al., 2015;
Yadava et al., 2004], ice cores [e.g., Petit et al., 1999; Thompson et al., 1997] and

1.1. Indian Summer Monsoon (ISM) 4



Chapter 1. Introduction

marine sediments [e.g., Overpeck et al., 1996; Tiwari et al., 2006], corals [e.g.,
Chakraborty and Ramesh, 1993; Charles et al., 1997] etc are used for paleoclimate
reconstruction through stable isotopic analyses. For this, a good understanding
of the isotopic responses of the proxies to different climatic parameters at the

present climate is required (i.e. calibration).

1.2 Stable isotopologues of water

Isotopes are nuclides with the same atomic number (i.e., proton number) and
different masses (different neutron numbers). Radioactive isotopes show certain
probability of decay while, stable isotopes do not spontaneously disintegrate by

any known mode of decay.

Table 1.1: Stable isotopes of hydrogen and oxygen and their different combina-
tions to form water isotopologues, along with their natural abundances [source:

Clark and Fritz, 1997].
Isotope  Abundance (%) Water isotopologues Abundance (%)

H 99.98 H,'0 99.73

D 0.015 HD'O 0.015

160 99.76 D,'0 2.24 x 1076

70 0.035 H,""0 0.035

180 0.205 HDO 5.251076
D,'70 7.88 x 10710
H,'®0 0.20
HD®0O 3.07 x 107°
D80 4.6 x 1076

Different combinations of these isotopes form water molecules with different

masses, called water isotopologues. The natural abundances of hydrogen and

1.2. Stable isotopologues of water )



Chapter 1. Introduction

oxygen isotopes and water isotopologues are given in Table 1.1. In the hydrolog-
ical cycle, water undergoes phase transitions (mainly evaporation, condensation
and freezing). Due to the different rates of participation of isotopologues in the
processes (mainly due to their mass difference), their relative abundance changes
during different processes of the hydrological cycle. Monitoring the variations in
the abundances of water isotopologues (H3%0 and HDO) can provide detailed
knowledge on the hydrological cycle.

1.2.1 Notations

The relative abundance of any heavier isotope is conveniently represented as

its ratio with that of the lighter one.

_ Abundance of the heavier isotope

R =
Abundance of the lighter isotope

Since the absolute ratios of isotopes are difficult to measure and only relative
variations are important, isotopic ratios are expressed as deviations () from that
of an international standard. Water isotopic compositions are mostly reported
with respect to the standard provided by the International Atomic Energy Agency
(IAEA): Vienna Standard Mean Ocean Water (VSMOW) [Clark and Fritz, 1997).
For example, the deuterium or oxygen-18 abundances in a sample are commonly

reported as

6§D = (M _ 1) x 10°%o

RStandard
and
R ampLe
5180 = (& - 1) x 10°%,
RStandard
respectively.

1.2. Stable isotopologues of water 6
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1.2.2 Isotopic Fractionation

Abundance of water isotopologues changes during phase transitions due to
their difference in vapour pressures. Lighter isotopologues of water preferentially
evaporate while the heavier ones preferentially condense. This differential partic-
ipation of isotopologues leads to isotopic fractionation. The fractionation factor

is expressed as the ratio of isotopic ratios in two coexisting phases.

Vapour _ Fvapour

Fractionation factor,o Liquid

RLiquid

Fractionation during physical or chemical processes can occur in two ways.

1. Equilibrium fractionation: Equilibrium fractionation occurs at thermo-
dynamic equilibrium conditions. e.g., condensation, equilibration of water
vapour and water in a closed system. The empirically determined formula

for equilibrium fractionation factor is

C C
lnaeq:T—;jL?Q%—Cg

Where, for 180, €} = 1.137x103, Cy = —0.4156 and O3 = —2.066x 1073 and
for D, C; = 24.884 x 10?,Cy = —76.248 and C3 = 52.612 x 1073 [Majoube,
1971) for temperature (7" in Kelvin) above 0°C. Equilibrium fractionation
is more for HD'O than H3®0O due to the quantum mechanical effects of

the molecules during phase transitions.

2. Kinetic fractionation: Kinetic (or non-equilibrium) fractionation occurs
in processes which are mostly unidirectional and fast (e.g., evaporation,
vapour deposition etc). The different rates of diffusion of isotopologues is
the reason for kinetic fractionation [Craig and Gordon, 1965; Merlivat and
Jouzel, 1979]. Molecular diffusivity of a gas (i) through air (e.g., water
vapour through air) given by the gas kinetic theory is,

(i + 7,,) 7"

2
PUz‘,Aeri,Air

Di,Air X

1.2. Stable isotopologues of water 7
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Where M = molecular mass, T= absolute temperature, P= total pressure,
o = sum of atomic radii and 2 =interactive correction term [Chapman and

Cowling, 1951].

Thus, the kinetic fractionation factors depend on the ratio of diffusivities, i.e.,

D
Dupo and

Duyo Duyo

18
H2 (@]

1.2.3 Rayleigh model for isotopic fractionation

The Rayleigh model can be used to understand the isotopic variation of a sys-
tem from which a substance is continuously removed [Mook, 2006]. Consider a
vapour mass (reservoir) from which rain is been continuously removed by conden-
sation. Due to fractionation, the remaining vapour gets depleted in 80 (and D)
and the rain is enriched in O (and D). Here we assume that, i) the abundance of
heavier isotopes is much less than that of the lighter (N* < N), ii) the isotopic
fractionation occurs with instantaneous isotopic equilibrium, iii) the process is
isothermal and iv) the reservoir is homogeneous (no isotopic gradient across the
reservoir). At any instant, the stable isotope ratio of the vapour is given by

="y

Where N* and N are the number of heavier and lighter molecules. Differenti-

ating the equation gives,

dN*  RdN
dR = - —
N N
By solving the equation with a@ = ”gjvv* /R, we get
R=Ryf*!

Where, Ry is the initial isotopic ratio, f is the fraction of substance remaining

in the reservoir and « is the isotopic fractionation factor. In § notations, Rayleigh

1.2. Stable isotopologues of water 8



Chapter 1. Introduction

equation can be expressed as

§ =00+ (a—1)10°In f

The variation of isotopic composition of the water vapour, rain and the ac-
cumulated rain formed from the vapour at any instant according to Rayleigh
fractionation theory are shown in Fig 1.2 [Clark and Fritz, 1997]. In permil

notation « is represented as the separation factor,

€= (a—1).10%%0

-20 -

40 -

Yho)

-60 -
@)

o]

T wo

-80 A

Residual vapour
Accumulated rain
Instantaneous rain

-100 -

-120 -

1.0 0.8 0.6 0.4 0.2 0.0
Residual vapour fraction

Figure 1.2: The change in the §'¥0 of the water vapour, instantaneous rain and
the accumulated rain formed from the water vapour versus the fraction of vapour

remaining in the system, according to the Rayleigh isotopic distillation.
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1.2.4 Global Meteoric Water Line (GMWL)

GMWL is the observed linear relation between 6'¥0O and 6D in global precipi-
tation [Rozanski et al., 1993]. It is observed as,

6D = (8.20 £ 0.07)6"%0 + (11.3 £ 0.6) %o

The slope of the GMWL is a result of the difference in equilibrium isotopic frac-
tionation factors of ¥0 and D (ep/e1sp ~ 8.22 to 9.59, at 30°C to 0°C). The ~
10%o0 intercept is due to the kinetic fractionation that occurs during the forma-
tion of the vapour. The slope and intercept of this relation can vary according
to the degree of kinetic fractionation. Kinetic fractionation during evaporation
(consider rain drop re-evaporation) leads to less O in the evaporated vapour

compared to D, while more 80 in the remaining water (since Qp(180) > (D))

[Clark and Fritz, 1997].

1.2.5 Deuterium-excess

Deuterium-excess (d) is defined as d = 6D — 8 x §'80, which gives informa-
tion about the kinetic fractionation that occurs during evaporation of the source
moisture or re-evaporation from the raindrops. Evaporation under low humidity
leads to kinetic fractionation. Since kinetic fractionation is more for *O than D,
the vapour has relatively less 180 leading to higher d-excess in the vapour. At the
same time, the remaining water (reservoir or raindrop) has a lesser d-excess. Thus,
a negative relation is observed between the d-excess and the relative humidity.
During condensation, according to the Rayleigh model, the d-excess is invariant
(equilibrium process) and hence preserves the d-excess of the source moisture.
But moisture recycling such as rain drop re-evaporation leads to changes in the

d-excess of rainfall.

1.2. Stable isotopologues of water 10
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1.2.6 Observed isotopic effects

Stable isotopes of global precipitation shows large variations due to isotopic

effects and geography.

1. Temperature effect:

0 .
-10 A
5
= -20 A
w
>
2
O '30 N
"o
-40 A Antarctiva
O Greenland
® |[sland stations
-50 1 & + N. Atlantic coastal
-40 -20 0 20

Temperature (°C)

Figure 1.3: Global temperature- §'®O relationship in precipitation. [source: Clark

and Fritz, 1997]

An observed linear relationship between the mean annual surface air tem-
perature and the mean annual precipitation isotopic composition is the tem-
perature effect. This relation has been established using the data collected
by the Global Network of Isotopes in Precipitation (GNIP) and the mean
annual air temperature at each station [e.g., Dansgaard, 1964; Rozanski

et al., 1993],

880 = 0.695T muar — 13.6%0

1.2. Stable isotopologues of water 11
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0D = 5.6T spnuar — 100%0

2. Amount effect:

-10 1 5"®0=(-0.012+0.001) rain +(-1.2£0.2) +
R’ =045

0 100 200 300 400 500 600
Monthly rainfall (mm)

Figure 1.4: Relation between monthly rainfall and its 6O in tropical island

stations around the globe [source: GNIP datal.

In the tropics, precipitation isotopic composition does not show any re-
lation with the temperature (especially where the mean annual surface air
temperature is > 15°C); but it is related to the amount of rainfall. This is
known as the amount effect [Dansgaard, 1964]. It is the negative relation
between the precipitation isotopic ratio and rainfall [Fig 1.4]. Dansgaard
[1964] reported it as —1.5 %o/ 100 mm of monthly rain. The reasons for
the amount effect are: i) newly formed condensate is enriched in '*O (and
D) according to the theory of Rayleigh isotopic fractionation ii) lighter rain
reevaporates at the bottom of the cloud because of lower humidity. So
the increase of rainfall reduces the 80 and D in rain. The exact mecha-
nisms which lead to the observed amount effect are yet to be completely

understood.

1.2. Stable isotopologues of water 12
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Figure 1.5: Schematic representation of a convective cloud system [modified from

Risi et al., 2008].

The current understanding of the amount effect is as follows. Most pre-
cipitation in the tropics is derived from atmospheric convection. Fig 1.5
shows a schematic representation of different components of a convective
cloud system. The moisture which feeds the system is primarily from the
sub-cloud layer (SL), which is constituted by the surface evaporation, re-
cycled moisture from the cloud and the entrainment of the environmental
moisture. If the convection is intense, more SL vapour is taken into the
cloud along with the entrainment of environmental air, which is more de-

pleted in the heavier isotopes. The condensation inside the cloud leaves

1.2. Stable isotopologues of water 13
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180 and D depleted water vapour (unsaturated) which reaches the SL by
downdraft (mass movement of air from the cloud due to the drag from the
falling rain drops). The re evaporation of falling rain drops also feeds iso-
topically depleted vapour to the SL vapour. Thus for intense convective
activity (more rain), this feedback mechanism leads to effective recycling of
the moisture in the system and thus depletion of O and D of rainfall [Risi

et al., 2008].

Recent studies point out the equal contributions of both convective and
stratiform clouds to organized convection in determining the rainfall [Houze
J R, 1997]. The larger spatial extent of stratiform clouds leads to mesoscale
subsidence of depleted background vapour into the sub-cloud layer. 80
and D depletion of stratiform clouds by mixing with the environmental air
(due to its large residence time) could also be an additional reason for the
observed heavier isotopic depletion in the heavy rainfall events. The 80
and D depleted remnant vapour after the condensation also reaches the sub-
cloud layer along with the mesoscale subsidence and downdrafts. During
the convective updraft, this 10 and D depleted vapour is also taken up
into the cloud from the sub-cloud layer and thus the rain becomes more

depleted in the heavier isotopes [Kurita, 2013].

3. Altitude effect:

Orographic precipitation occurs as a vapour mass rises over a mountain
and cools adiabatically. Precipitation starts at a particular height of the
mountain and continues till the top. The continuous precipitation from the
bottom to top of the mountain results in the '¥*0O and D enrichment in rain
in at the initial stages (lower altitude) and their depletion in rain at higher
altitude. This is manifested as the altitude effect (negative relation between

6180 and 6D of rain and the altitude) as seen in Fig 1.6.

1.2. Stable isotopologues of water 14



Chapter 1. Introduction

N
N
1

5180 %o VSMOW
o

o
oo
1

...
®
Coast e
21 A Range Rocky Mountains
|
L 3 g
=
o=
29
©
o
- 1 m
0

Figure 1.6: §'®0 variation along a high altitude mountain region [source: Yonge

et al., 1989].

4. Latitude effect:

Global map of stable isotopes of precipitation show that, the most *O
and D enriched precipitation occurs generally in the equatorial region,
whereas the most 180 and D depleted precipitation is received by the po-
lar region. This is mainly due to (i) latitudinal variation of temperature
(temperature effect) and (ii) the general atmospheric circulation. The latter
brings a significant amount of vapour from the tropical region (a region of
excess evaporation over precipitation) to the polar region which becomes
depleted in 'O and D due to the precipitation history along its meridional
path.

1.2. Stable isotopologues of water 15
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Figure 1.7: Spatial pattern of §'80 (source: GNIP dataset, http: // www-nawebd.

iaea. org/napc/ ih/ documents/userupdate/ Waterloo ).
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Figure 1.8: Variation of 6’0 from oceanic (southwest coast of Ireland) to inland

region (Perm) over Europe [source: Rozanski et al., 1993].

As a vapour mass moves from its source region (generally oceanic) to
inland, continuous rain out leads to the expulsion of the heavier isotopes
present in the initial vapour mass. So a gradual depletion of the heavier
isotopes can be observed in precipitation towards the interior of continents,

which is known as the continental effect. Fig 1.8 shows an example of

1.2. Stable isotopologues of water 16
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continental effect observed on the long term annual 6**0O of precipitation in

Europe.

1.3 Previous studies in India

The vast area and diverse geography of India provide different rainy seasons
in different parts. The ISM contributes to 80% of the annual rainfall in the
Indian plains during June to September. Peninsular India gets significant amount
of rain during October- December, through the North East monsoon (NEM)
rainfall. North-east coastal region and north east India receive moderate amounts
of thunderstorm rainfall during the pre-monsoon period (March- May). These
are called as Nor’westers (locally known as Kalbaishakhi). Northern India gets
rain during January- May from extra tropical storms from the Mediterranean,
known as Western disturbances. Due to these seasonal differences in the source
of moisture and their different moisture transport pathways (and hence different
precipitation histories), large spatial and seasonal variations are observed in the

stable isotopic composition of rainfall over India.

Global Network of Isotopes in Precipitation (GNIP) provides isotopic data of
35 locations all over India, of which only 5 stations have at least 5 years of data.
Thus, isotopic studies of precipitation in India are limited. Datta et al. [1991]
have shown that the long term mean temperature and rainfall amount explain ~
80-95% of the long term mean variability of 6'*0 in New Delhi, while the monthly
rainfall §'80 is likely to be controlled by the different circulation patterns during
different seasons. Araguds-Araguds et al. [1998] pointed out the distinct isotopic
signatures of summer and winter monsoon rainfall in India; the summer monsoon
rainfall in Mumbai is enriched in O due to the local source of moisture (Arabian
Sea) while the southward movement of Inter Tropical Convergence Zone (ITCZ)

brings moisture from different sources during winter time. Bhattacharya et al.
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[2003] figured out the importance of north-west moving depressions from head
Bay of Bengal with diverse routes and their variable transit times in determining
the monsoon rainfall **0 in New Delhi. In contrast, the monsoon rainfall 6*30 in
Mumbai is explained by the continuous supply of oceanic moisture from cyclonic
activity over the west coast of India, which leads to negligible stable isotopic vari-
ations (and thus no amount effect). Pang et al. [2004] figured out a significant
correlation between the d-excess in rainfall of Delhi with the relative humidity
over the western Arabian Sea suggesting that the rainfall in New Delhi is driven
by moisture from Arabian sea. But later Sengupta and Sarkar [2006] found that,
45% of rain at New Delhi is contributed by the evapo-transpirated water vapour
along the path of monsoon depression (from head BoB, north westward) while,
moisture from Arabian Sea also contributes to a significant amount of rainfall
( 20%) at New Delhi. Yadava et al. [2007] observed a positive relation between
monthly rainfall amount and its '*O in south west coast India (Mangalore). The
most ¥O-depleted events are mainly observed in the latter period of monsoon
(September- October) with less amount of rainfall. This '¥O depletion of post
monsoon season rainfall in south west coast of India (Kozhikode) was explained in
terms of moisture source difference as well as the different rain out histories of the
moist air parcel compared to the summer monsoon by Warrier et al. [2010]. Bre-
itenbach et al. [2010] reports the amount independence of rainfall §'%0 in north
east India (Meghalaya). They suggest that, the 8O- depletion of post monsoon
rainfall is due to the depletion of evaporative flux from BoB contributed by the
180-depleted fresh water influx from Ganga Brahmaputra river systems. A com-
parative study of Local Meteoric Water Lines (LMWL) of 30 stations in India by
Kumar et al. [2010] suggested the despite of the control by temperature, relative
humidity and rainfall amount, change in vapour sources plays an important role

in regulating the temporal and spatial variations of rainfall §'80.
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Stable isotopic studies of water vapour are even less in India perhaps due to
logistics. It is observed that, the ground level water vapour at Ahmedabad is not
in isotopic equilibrium with the rainfall, and reflect the contributions from evap-
oration from non-local moisture sources (under less humid conditions)[Deshpande

et al., 2010; Srivastava et al., 2015].

1.4 Outline of the thesis

This thesis is divided into six chapters, as detailed below:

Chapter 1: Introduction

This chapter introduces the importance and mechanism of Indian Summer
Monsoon and the necessity to reconstruct the past monsoon variations. It also
discusses the stable isotopic technique used for the study of the hydrological cycle
and paleoclimate reconstruction. The main findings of the earlier studies on this

subject in this region are also briefly presented.

Chapter 2: Materials and Methods

This chapter is a brief description about the sampling sites and the rain and
water vapour sampling techniques. We also discuss the isotopic analysis of the
samples, and associated precision and accuracy. The satellite and in-situ obser-

vational data utilized for the present study are also described.

Chapter 3: Investigation of the cause of amount effect in tropical rain

The controls of the Indian summer monsoon rainfall isotopic variability in the

south west coast of India is discussed.

Chapter 4: Water vapour- rain isotopic interactions over Kerala

1.4. Outline of the thesis 19
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Rain- water vapour isotopic interactions in the south west coast of India during

pre monsoon, summer monsoon and post monsoon seasons are detailed.
Chapter 5: ‘Amount effect’ in peninsular India

The spatial and temporal variability of rainfall- §**O relation in peninsular In-

dia is assessed in this chapter and the controls of NEM rainfall §'*0 are discussed.
Chapter 6: Summary and recommendations

The results obtained are summarised in this chapter and scope for future work

is detailed.

1.5 Major Questions addressed in the present
study

1. What controls the heavier isotopic variations of the ISM rainfall in the south

west coast of India?

2. What are the type of isotopic interaction occurring between the rainfall and

water vapour in the south west coast of India?

3. What controls the spatial and temporal variations of rainfall- §'80 relation

in peninsular India?

4. What are the factors responsible for rainfall 6'*O variability during the
NEM season ?

1.5. Major Questions addressed in the present study 20
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Materials and Methods

The experimental methodology followed in the present work is described in
three major sections. In the first section, the rain water and water vapour collec-
tion methods are presented. The second discusses the mass spectrometry tech-
niques and isotopic analysis of the water samples while the third describes the

available online data additionally utilised for the present work.
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2.1 Sample collection
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Figure 2.1: Sampling locations: 1- Thiruvananthapuram (TVM, 53 m asl), 2-
Ponmudi (PND, 780 m asl), 3- Idukki (IDK, 700 m asl), 4- Ernakulam (EKM, 6
m asl), 5- Thrissur (TCR 12 m asl), 6- Palakkad (erstwhile Palghat) (PKD, 26 m
asl), 7- Nilambur (NBR, 35 m asl), 8- Kozhikode (KKD, 30 m asl), 9- Wayanadu
(WYD, 800 m asl). Water vapour samples were collected from PND and WYD.

Sampling was restricted to the state of Kerala, southwestern India. Rain water
was collected daily (whenever it rained) from 9 stations of Kerala [Fig 2.1] between

8 to 13°N, 75 to 77.5°E and 0 to 850 m above mean sea level, during 2012-2013
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CE. All the stations are located to the west of the Western Ghats (which has
a maximum height of 2700 m above m.s.l in Kerala). A total of 1681 such
rain water samples were collected. In addition, ~310 atmospheric water vapour

samples were also collected from Ponmudi and Wayanad during April-October

2012 CE.

2.1.1 Rain water collection

Figure 2.2: a) shows the schematic diagram of rain water collection system, b)
is the photograph of the same and c) is the photograph of samples in Tarson
bottles.

The protocol proposed by the International Atomic Energy Agency (IAEA) was
adopted for rain water sample collection |[http://www-naweb.iaea.org/napc/
ih/documents/other/gnip_manual_v2.02_en_hq.pdf]|. A carboy connected with
a funnel was kept in an open space to aid the unobtrusive collection of rain for 24
hours. Care was taken to avoid re-evaporation of the samples at every stage, by
covering the sides of the carboy with a white cloth (to prevent direct heating) and
placing a plastic ball in the mouth of the funnel (to prevent the re-evaporation of

the water from the carboy). Samples were collected everyday at 09.00 am (IST)
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and the amount of rain was measured. Small amounts of samples was transferred
to leak-proof plastic (polypropylene) bottles filling them up to the brim to avoid

re-evaporation and taken to the lab for further analysis.

2.1.2 Water vapour collection

a)

Air inlet

—
Flow
controller

Ethanol slus
<-80°C

Figure 2.3: a) Schematic diagram of water vapour collection system and b) is the

photograph of the same.

Water vapour samples are collected from two hill stations in Kerala; Pon-
mudi and Wayanad [see Fig 2.1]. Push and trap method, proposed by the IAEA
was followed for the vapour collection [http://www-naweb.iaea.org/napc/ih/
documents/miba/water_vapour_protocol.pdf]. Atmospheric air was sucked
using an air pump from 2 m above the ground level and passed through a glass
trap kept below —80°C ( by a cooled mixture of ethanol and liquid nitrogen) for
~3 hours [Fig 2.3]. The flow rate was kept below 500 ml/min and glass beads
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were put inside the glass trap to ensure efficient trapping. The efficiency of the
trap was checked by connecting an extra cold trap to the outlet of the first trap,
and no significant condensate was found in it. Samples were taken out from the
trap using a pipette (with a rubber suction ball) and transferred into leak proof

vials.

2.2 Isotopic analysis

2.2.1 Isotope ratio mass spectrometry

Mass spectrometry is a technique of separating ions according to their mass
to charge ratio. For the isotopic analysis of water samples, we use Isotope Ratio
Mass Spectrometer (IRMS). Inside the mass spectrometer, gaseous samples are
ionised and accelerated by an electric field, passed through a magnetic field in
a perpendicular direction, which leads to the separation of ion beams according
to their mass to charge ratio. These separated ion beams are then collected by
different detectors (Faraday cups) and the isotope ratios are calculated according

to the respective ion currents.

Isotopic analysis of the water samples was done using mass spectrometers:
Initially with Sercon Geo 20-20 Dual Inlet IRMS [Fig 2.4(b)] and later with
Thermo Fisher Delta V-plus continuous flow IRMS [Fig 2.4(c)]. Dual inlet IRMS
contains two individual inlets for sample and reference gases and works at a
vacuum level of ~ 107® Torr. Continuous gas flow systems use a carrier gas
(Helium) to carry the gas into the ion source chamber. The sample and the

reference gases are injected into the carrier gas flow for the isotopic analysis.

A mass spectrometer contains mainly 3 parts for the preparation, separation

and for the detection of ions [Fig 2.4(a)].
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Figure 2.4: a)Schematic diagram of a mass spectrometer with both dual inlet and
continuous modes of operation, [source: Clark and Fritz, 1997]. b) Sercon Geo

20-20 mass spectrometer. ¢) Thermo Fisher Delta Vplus mass spectrometer.
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1. Source: A thorium coated tungsten filament produces electrons (acceler-
ated to ~70 eV energy) when ~3.5A current is passed through it. These
electrons ionise the gas (COy or Hy) with an efficiency of 0.1%. In order to
increase the ionisation efficiency, a low magnetic field is applied to make the
path of electrons spiral. The positively ionised gas molecules are then ac-
celerated by a high voltage (~2.5 kV) and focused using collimating plates

into the analyser.

A charged (q) molecule in an accelerating voltage (V) obtain kinetic en-

ergy.

qgV = —mv

2. Analyser: A magnetic field of ~3.8 kG for CO; (~1 kG for Hs) is applied
perpendicular to the ion path around the flight tube; it splits the ionized
beam into 3 (for C'Oy) according to their mass/charge ratio which travel
in a curved path. The Lorentz force experienced by the ion while entering
perpendicular to the magnetic field imparts a centripetal force (with radius
of curvature r).

va

CI(VXB):T

Thus the radius of curvature of the ion is,

2Vm
qu

r =

So for a constant V, B and ¢, the radius of curvature of the singly charged

ion is directly proportional to the square root of its mass.

3. Collector:The currents due to the split ion beams are measured using de-

tectors (Faraday cups), which are attached to very high resistances ~10°Q.
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Ions produce a voltage across the resistance, which is measured. This is
proportional to the number of ionised isotopologues entering into the cup

In unit time.

2.2.2 /%0 and D measurements

Since the mass spectrometer analyzes only gaseous samples, water samples have
to be converted into a suitable gaseous form before being let in to the source.
We use the gas equilibration method [Epstein and Mayeda, 1953] to prepare the
gaseous sample which takes on the isotopic signature of the water sample to be

analysed.

For this, water sample is filled in standard glass vials. A threaded cap having
neoprene septum seals the bottle preventing any vacuum leak. A sharp needle
with two holes pierces the septum and flushes the vial with either COy (or Hy)
for 680 (for 6D) analyses. The needle moves up and the neoprene septum get
closed immediately. After a certain time of equilibration, the gaseous sample
is analysed [Table 2.1]. Standard water samples (whose isotopic composition in
known) are also analysed in between, for an accurate measurement of the sample

isotopic composition.

Because of the limited availability of the international standard, a laboratory
standard (Narmada river water, NARM), which has been already calibrated us-
ing the international standard, is used for the analysis of the samples. Finally
the sample isotopic abundances are reported with respect to VSMOW (Vienna
Standard Mean Ocean water) using the following conversion equation [Clark and

Fritz, 1997].

18 nhSample _ 18 ANARM 18 ~Sample 18 "NARM 18 nSample -3
0 OVSMOW_(S OVSMOW+5 ONARM+5 OVS’MOWX(S ONARMX1O %O
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For §'0 analyses, ions masses 44, 45 and 46 of COy [Epstein and Mayeda,
1953] are utilized and for the 6 D analyses ion masses 2 and 3 of Hj are used. The
details of sample preparation, equilibration and mass spectrometer conditions
are listed in Table 2.1. While the calculation of the isotopic composition of the
samples, isobaric interference is corrected by applying corrections as explained

below.

1. Craig correction: The mass of 45 and 46 beams is contributed to both
by 3C and '"O. When these molecular ratios are converted into atomic
ratios, a correction is required to eliminate the effect of 3C*OYO from

2160180 (§'0), which is called as Craig correction [Craig, 1957).

§1C = 1.06760,5 — 0.03388,6

5180 = 1.001084 — 0.0021845

2. Hj correction: During ionization, H; ions are also produced and get
measured along with H D" ions. The formation of H3™ current (I) is directly
proportional to the concentration of H; ions. The effect of H; ion can be
removed by calculating Iél% i.e.,(HDY + Hf)/H, ratio for different H;

lon currents.

2.2.3 Calibration of laboratory standards

The Narmada river water standards (NARM), used for the accurate calculation
of sample isotopic composition, has been calibrated using international standards
provided by TAEA. Our laboratory has also participated in an inter comparison
exercise conducted by TAEA during 2011 and values reported by us are in good
agreement with the TAEA consensus values [WICO-2011, Ahmad et al., 2012].
We have calibrated the NARM standards again during the September 2014 and
the results are given in the Table 2.2, Fig 2.5 and Table 2.3. We measured the
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Figure 2.5: The reported and measured raw values of 6D and 6'®0. The best fit

equation are given at the bottom of the graphs.

Table 2.2: Measured and reported values of the international standards.

International =~ Measured  Reported  Measured  Reported

standards 5180 6D

VSMOW 0.06 + 0.07 0.0 0.1£0.2 0.0
SLAP —55.0 £0.1 —955.5 —427.7+1.4 —428.0
GISP —24.8 £ 0.07 —24.8 —190.5+£04 —189.5
OH-13 —1.0£0.1 —0.96 —2.5+£04 —2.8
OH-14 —5.63+0.1 —5.6 —38.44+0.1 —38.3
OH-15 —947+0.1 —-94 —78.0+0.3 —78.2
OH-16 —15.48 £0.1 —154 —114.9+0.2 —114.6
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Table 2.3: Calibrated values of laboratory standards; calculated with respect to

the international standards.

Laboratory standard  §'*0 %o oD %o
NARM -4.55 £ 0.07 -33.5 £ 0.3
NARM new -4.63 0.1 -33.8+0.4

laboratory standard and the international standards together in a single batch.
We use 6 international water standards for the calibration; viz., VSMOW, SLAP
(Southern Light Antarctic Precipitation), GISP (Greenland Ice Sheet Precipita-
tion), OH-13, OH-14, OH-15 and OH-16, provided by IAEA. The linear regression
equation is calculated from the relation between the measured and reported val-
ues of the 6 international standards which has a correlation coefficient of R =
1 (Fig. 2.5). This equation is then used to calculate the value of NARM stan-
dards w.r.t VSMOW. Since we use 2 sets of NARM water standards (running
NARM standard for daily measurements and a NARM reservoir), both of them

are calibrated to monitor measurements.

2.3 Additional data used

The present study utilises many observations, satellite and model data to un-
derstand the isotopic variability of monsoon rainfall over Kerala. These are de-

tailed below.

2.3.1 Global Network of Isotopes in Precipitation (GNIP)

The TAEA’s Water Resources Programme and the World Meteorological Orga-
nization (WMO) have been surveying the stable hydrogen and oxygen isotopic
and tritium compositions in precipitation around the globe since 1961 CE. In the
present study, we choose monthly precipitation amounts and their §'*0O and §D

from GNIP data, for peninsular India and Sri Lanka.
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2.3.2 Hybrid Single-Particle Lagrangian Integrated Tra-
jectory (HYSPLIT)

HYSPLIT model is used to calculate the trajectories of air parcel in the atmo-
sphere; it is forced using Global Data Assimilation System (GDAS) [Drazler and
Rolph, 2003]. Trajectory (forward or backward) of any air parcel is calculated
using the position (grid point) and three dimensional velocity at a time interval
of 1 minute to 1 hour. At each time step, the model calculates a guess position
and the velocity vectors are linearly interpolated in both space and time. The

first guess position is
Pioay = P+ Vp, At
and the final position is,

Pt = P+ 0.5(Vpy + VP’,tJrAt)At

In the present study, we use the back trajectories, which give an idea about
the route of the air parcel before it reaches the final position and hence the
probable locations of the moisture origin. The model also provides meteorological
parameters such as temperature, potential temperature, relative humidity and

height of the parcel above the mean sea level along the trajectory.

2.3.3 Satellite/ reanalysis/ model data

The spatial and temporal variation of meteorological parameters such as rain-
fall, Outgoing Longwave Radiation (OLR), wind velocity etc are studied using
satellite and reanalysis data. Details of the data used in the present study are

given in the Table 2.4.
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Table 2.4: Details of different satellite data used in the present study.

Resolution Data type Parameter Unit Reference

Tropical Rainfall Measurement Mission (TRMM)
0.25 x 0.25 Daily Rainfall mm /day Huffman et al. [2007]

NOAA interpolated Outgoing Longwave Radiation (OLR)
2.5 x 25 Daily OLR W/m2 Liebmann [1996]

Modern-Era Retrospective Analysis for Research and Applications (MERRA)
2.5 x 2.5 Daily, 300-600 hPa levels  Vertical velocity mb/s Rienecker et al. [2011]

Climatic Research Unit (CRU)
0.5 x 0.5  Climatological monthly mean Rainfall mm/day/month New et al. [2002]

Global Precipitation Climatology Project (GPCP)
2.5 x 2.5 Climatological monthly mean Rainfall mm/day/month Adler et al. [2003]

34
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Chapter 3

Investigation of the cause of

amount effect in tropical rain

This chapter deals with the factors that control stable isotope variations in the
Indian summer monsoon rainfall over Kerala, where the monsoon rain starts first
over India. First we compare the rainfall and its isotopic composition between
the stations. The next part includes discussion on the role of convective activity
and variation in moisture source in determining the stable isotopic composition

of rainfall.
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Most annual rain in India is contributed by Indian Summer Monsoon (ISM).
South western India (Kerala, known as the gateway of monsoon in India) gets
the first rains during ISM, from the moist air masses originating in the southern
Indian Ocean and the Arabian Sea. ISM rainfall in Kerala is known to be well
modulated by the 30-60 day mode of intra seasonal oscillations of ISM [Joseph
et al., 2004]. Here, ISM rain has the advantage of minimal isotopic alteration
by continental recycled water (e.g., soil re-evaporation and transpiration from
vegetation), and thus is a good region for examining the characteristics of the
moisture source and the effect of cloud processes on the stable isotopes of monsoon

rainfall.

3.1 Monsoon performance during 2012 and 2013

Daily rain was collected at 9 stations between 8 to 13°N, 75 to 77.5°E and 0 to
850 m above sea level (above m.s.]) during mid-May to October, 2012 and again
in 2013 (at 7 stations only). Barring events of less than 2 mm/day rain, a total
of 654 samples were collected during 2012 from all the 9 stations and 646 samples
during 2013 from 7 stations. Seasonal total rain during 2012 over Kerala was 24%
less than its climatological mean (~2040 mm), and 26% higher during 2013; but
individual stations recorded both higher and lower values than their respective

climatological means.

The seasonal total rainfall values at all the stations show [Fig 3.1] large differ-
ences during 2012 with a general increasing trend towards the north (with the
exception of NBR, located leeward) similar to the climatological rainfall pattern.
The climatological rainfall pattern shows a peak over Mangalore (north of our
sampling stations). But the excess monsoon rainfall of 2013 produced comparable
amounts of rainfall in all the 7 stations. The orographic features of Western Ghats

play a significant role in modulating ISM rain, since the mountain ranges are per-
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Figure 3.1: Total rainfall (mm, vertical bars) during June to October - 2012 and
2013, and the corresponding seasonal average 680 of rain (filled circles) with 1
o spread, over each station. Samples were not collected from EKM and WYD

during 2013. The abbreviations of station name are given in Chapter 2.

pendicular to the prevailing ISM winds. The spatial variation of the amount of

rainfall is mainly induced by the changing orography [Rajendran et al., 2012].

Local Meteoric Water Line (LMWL) of rainfall in Kerala is close to the Global
Meteoric Water Line (GMWL). The slope the LMWL is close to 8 (that of
GMWL) implying isotopic equilibrium condensation occurred at above 90% rel-
ative humidity values over the region. The intercept, 13.0£0.2 is slightly higher
than that of GMWL [Fig 3.2].
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Figure 3.2: Local meteoric water line of rainfall in Kerala (June- September,
2012-2013). The best fit equation is shown below the LMWL. R is the linear

correlation coefficient. The abbreviations of station name are given in Chapter 2.

3.2 Spatial variation of rainfall and §°0O

The daily rainfall also shows large variation among the stations. Table 3.2
shows the linear cross correlation coefficients of rainfall and §'%0 of rain among
the stations. The correlation coefficients of daily rainfall between all the stations
are mostly insignificant. But the daily variation of §'®0 of rain at the stations
shows very good coherence among each other (significant at P < 0.05 level). This
implies that the rain at different stations is from a single vapour/ cloud mass
which has spread over Kerala. Similarly the seasonal average isotopic composi-
tion (Fig 3.1) of total rainfall does not show a significant variation between the
stations. The variation fall within one standard deviation of the distribution.

The seasonal total rainfalls, however, are different. Thus, despite of the large
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variations in the daily as well as the seasonal total rainfall, the isotopic composi-
tion of rainfall remained the same in all the stations indicating that the rainfall

- 0'80 relation is not controlled by the intensity (i.e., amount) of rain.

Table 3.1: Lower left triangular matrix shows the number of common rain events
between different stations during 2012 and the upper right triangle shows the

same for 2013. The abbreviations of station name are given in Chapter 2.

TVM PND IDK EKM TCR PKD NBR KKD WYD

TVM - 65 o4 - o1 59 37 58 -
PND 37 - 74 - 75 81 ol 30 -
IDK 36 53 - 63 71 48 72 -
EKM 26 32 40 - - - - - -
TCR 35 49 o7 35 - 79 50 78 -
PKD 34 45 60 41 58 - o7 84 -
NBR 28 33 48 35 43 50 - 95 -
KKD 30 38 47 31 o1 56 41 - -
WYD 38 49 63 40 63 66 ol 61 -
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Table 3.2: Linear cross correlation coefficients between the rainfall at different

stations (upper right triangle); and between rain §'0 at different stations (lower

left triangle) during (a) 2012 and (b) 2013. Bold fonts represent statistically

significant correlations at P = 0.05. The abbreviations of station name are given

in Chapter 2.

a) TVM PND IDK EKM TCR PKD NBR KKD WYD
TVM - 0.65 0.37 —-0.20 0.03 -0.18 0.23 0.20 0.07
PND 0.87 - 0.16 —0.01 0.08 0.10 —-0.07 -0.12  0.10
IDK 0.86 0.87 - -0.22 0.10 019 015 0.36 0.29
EKM 0.76 0.75 0.67 - 0.08 0.28 —0.16 -0.05 0.05
TCR 070 0.83 0.80 0.83 - 0.22 0.05  0.02 0.13
PKD 0.62 0.68 0.70 0.86 0.75 - 0.34 0.22 0.08
NBR 0.64 0.36 0.55 0.78 0.46 0.71 - -0.03  0.18
KKD 0.72 0.74 0.81 0.79 0.89 0.76 0.53 - 0.26
WYD 0.62 0.64 0.78 066 0.78 0.74 0.51 0.89 -
b) TVM PND IDK EKM TCR PKD NBR KKD WYD
TVM - 0.36 0.15 - 0.06 -0.12 0.04 0.14 -
PND 0.52 - 0.41 - 0.20 -0.09 0.41 0.01 -
IDK 0.50 0.62 - - 0.28 0.04 0.61 0.05 -
EKM - - - - - - - - -
TCR 0.32 0.50 0.68 - - 0.28 0.28 0.34 -
PKD 0.46 0.38 0.54 - 0.64 - 0.23 0.31 -
NBR 0.30 0.25 0.48 - 0.50 0.37 - 0.26 -
KKD 0.43 0.41 0.71 - 0.70 0.57 0.78 - -
WYD - - - - - - - - -
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Figure 3.3: (a) Time series of measured amount of daily rain (mm). (b) rain §'¥0
(%o0) and (c) Hovmoller diagram of average NOAA interpolated OLR over 65° E
77.5° E for the year 2012. Solid parallel lines in (c) depict the latitude range of

the sampling stations.

Figures 3.3 and 3.4 respectively show the time series of rainfall and the cor-
responding rain 6'*O during 2012 and 2013. The daily rainfall over the stations
varies from 0 to 263 mm (0 to 225 mm) whereas the rainfall §'®O varies from 0.3

to —9.7 %o (2.0 to —9.6 %0) from the onset to the withdrawal of the monsoon
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Figure 3.4: (a) Time series of measured amount of daily rain (mm). (b) rain 6'*0
(%o0) and (c) Hovmoller diagram of average NOAA interpolated OLR over 65° E
77.5° E for the year 2013. Solid parallel lines in (c) depict the latitude range of

the sampling stations. The abbreviations of station name are given in Chapter 2.
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during 2012 (2013); the amount weighted average §'80 of all the stations is —2.8
+ 1.6 %o (—2.3 £ 2.1 %o). Hovmoller diagrams i.e., latitude versus time plot of
Outgoing Longwave Radiation (OLR), averaged over 65.0 to 77.5°E, [Fig 3.3 and
3.4 (c)] indicate the relevance of organized convective activity, in determining the
temporal variability of rain §**O. Low values of OLR represent intense convective
activity (thick clouds) and high values represent a clear sky. Figures 3.3 and 3.4
show that, relatively stronger ®O-depletion is seen to correspond mainly with

the presence of clouds over larger spatial extent, when OLR is low.

In 2012, four 8O-depleted events were observed from the first day of the mon-
soon season until mid-July. During July 15 to August 5, the spatial extent of
clouds is limited, yet continuous rain was recorded in most stations with a peak
during July 25, The average amount weighted §'80 of rain during this period
is -1.34:0.3%o, with no corresponding 8O-depletion with increased rainfall; this
shows that the rainfall 6'®0 is independent on rain amount. From August 6"
onwards movement of another large cloud cover occurred: 5-6 additional, high
180-depletion events were then recorded. After a dry period from mid September
to 8 October, rain got re-established. This was the period of monsoon with-
drawal and the change in wind direction, which brought moisture from the Bay

of Bengal (BoB). O was much more depleted in the rain [Fig 3.3].

Similarly, during 2013 too, such strong *O-depleted events were observed,
though they were not as prominent as during 2012. The strong ®O-depleted
event associated with the onset of 2013 monsoon persisted for ~7 days followed
by 3 more such events. During July 16 to 26, OLR was minimum, moderate rain
was recorded in all the stations, but the rainfall **O remained within —1.740.2%s.
This was again followed by two more strong **O-depleted events. Less rain events
were recorded during 7 to 30 August with no organized convective activity, and

the 6180 of rain remained comparatively higher. Thereafter, two more strong **O
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depleted events were recorded in association with organized convective activity.
During October, rainfall 130 was much more depleted (due to a different moisture

source) even though there was no organized convection in the region [Fig 3.4].

Though the rainfall amounts during 2012 and 2013 monsoon seasons were sig-
nificantly different, the average 60 of rainfall were not significantly different
(—2.8 + 1.6 %o and —2.3 + 2.1 %o respectively). This is supported by the
average convective activity occurred in the region during the season (June to
September,). The average OLR during the monsoon season (67.5 - 75°E and 5
- 12.5°N grid box) was 219.9 4= 31.6 W/m? during 2012 and 215.0 & 30.4 W/m?
during 2013.

3.4 Amount effect

The canonical definition of the amount effect is the negative relation between
the monthly rainfall and its 6'*0 [Dansgaard, 1964]. In Kerala, no significant
amount effect is observed during ISM months of 2012 and 2013 (Fig 3.5). The
slopes of the rainfall amount- §'%0 relation show a large spatial variation. Positive
relations (i.e., inverse amount effect) are observed at most of the stations. No
relation is significant at P=0.05 level. These observations are consistent with the
long-term (11 years) observation at the GNIP station Kozhikode. On a daily
scale too, the slopes of the rainfall - §'*O relation show a large spatial variation
[Fig 3.6]. 5 out of 9 stations show significant negative correlations (P < 0.05
level) between daily rainfall and §'80 of rain. But among these stations except
at EKM, only 4-7% (R?) of the daily rain 6'®*O variability is explained by the
rainfall. While in EKM, 32% (R?) of the total variability of §'%0 is explained by

rainfall.

The large spatial variability of rainfall- §'*O relation is due to the coherent

variations of daily rain §'80 among the stations and the incoherent daily rainfall
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Figure 3.5: Relation between monthly rainfall and its 6**O at different staions

for June- September, 2012-2013 CE. No relation is significant at P=0.05 level.
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variations. For example, the number of rainy days and the JJAS rainfall amount
are remarkably less in TVM (53 rainy days, 465 mm rain) compared to TCR (77
rain events, 1864 mm rain) during 2012. No correlation is observed between the
daily rainfall in these two stations (R=—0.02). But the daily variation of the rain
5180 at TVM follows that of the station TCR with a correlation of 0.70 for the 38
common rainy days in 2012. The average %0 of JJAS rainfall in these stations
do not show a significant difference as the rainfall does [Fig 3.1]. The relation
between rainfall and its 6'*0O has similar intercept values at both the stations.
Generally, the intercept of rainfall - §'80 relation is an indicative of the isotopic
composition of the first condensate from the moist air mass [Ramesh and Yadava,
2005]. This reinforces the concept of same moisture source in both the stations.
The slope of the regression line shows a higher value at TVM than at TCR [Fig
3.7]. Thus the different slopes are due to the contrast in rain amounts and the

similarity in stable isotopic compositions.

3.5 Role of convective activity

Gadgil [2003] noted that OLR values significantly less than 240 W/m? and
SST greater than 27.5°C are indicative of large scale organized convection. In-
tense convective activity leads to increased rain. We observe a correlation of R =
—0.37 (n = 232, P < 0.0001) between the OLR and the daily rainfall amount. At
the same time, the correlation between OLR and the rain 6'*0 is R = 0.60 (P <
0.0001).Thus the pronounced signature of organized convection is well captured
as a high 80 depletion of rain rather, than that of amount [Fig 3.8]. The ob-
served correlation between daily rainfall and 6'*0 (R = —0.30) is thus possibly

manifested because of the OLR (convective activity)-rainfall relation.

Strong convection usually occurs in association with strong mid tropospheric

convergence of moist air and thus vertical velocity too is a good surrogate for con-
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Figure 3.7: Correlation between rain amounts and its §'*0 in TVM and TCR

during 2012 monsoon season.

vective activity. Back-trajectory analysis to the mean location (~10.5°N, 76.5°E)
of the sampling stations shows [Fig 3.12] a general upward motion of air masses
during events of stronger ¥O-depletion, while downward or horizontal wind mo-
tion is seen during weaker '8O-depletion rain events. The average trajectory
height during weaker #O-depletion events is 2 km, and air parcels do not move
vertically up when they reach Kerala; in contrast, during stronger *O-depletion
events, the average trajectory height is below 1.5 km. This enables effective en-
trainment of additional moisture from the sub-cloud layer and the warm ocean
below, before ascending over the rainfall site. At 4 pressure levels between 300
hPa and 600 hPa over a grid box of 75 - 77.5°E and 7.5 - 12.5°N [Fig 3.§8], a
linear correlation coefficient of 0.37 (n = 232, P < 0.001) is observed between
rain 6'80 and the average vertical velocity (w, hPa/s) up to the time of monsoon

withdrawal.
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Figure 3.8: (a) Average OLR (67.5 - 75° E and 5 - 12.5°N grid box) versus §'*0
of rain and (b) average vertical wind velocity (MERRA, average of 300 hPa to
600 hPa pressure levels and 75-77.5°E, 7.5-12.5°N grid box) versus §'®0 of rain
for June 1%t to September 30, 2012 ans 2013.

Recent studies indicate the equal contributions of both convective and strat-
iform clouds in the Maximum Cloud Zone (MCZ) of ISM in determining the
rainfall [Chattopadhyay et al., 2009]. The large spatial extent of stratiform cloud
leads to mesoscale subsidence of background vapour depleted in ¥0 and D into
the sub-cloud layer. 80 depletion of stratiform clouds by this mixing of envi-
ronmental air could also be an additional reason for the observed variability of
rain 180 and D. The 80 and D depleted remnant vapour after the condensation
also reaches the sub-cloud layer along with the mesoscale subsidence and down-
draft. During the convective updraft, this vapour is also taken up into the cloud
from the sub-cloud layer and thus the rain becomes more depleted in 80 and D.
Hence, for large scale convective events, along with the other factors, recycling of
180 and D depleted vapour from stratiform clouds during the MCZ activity too
leads to rain 8O depletion [Kurita, 2013; Risi et al., 2008].
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3.6 0 and D depleted and enriched rain events

We have seen that the 6180 of rain is unrelated to the local rain amount and
it is related to large scale convection. Then 6*30 values of rain should be compa-
rable with large scale rain as measured by TRMM (Tropical Rainfall Measuring
Mission). The difference in the spatial patterns of TRMM derived rainfall and
OLR during stronger and weaker '80-depletion rain events (the latter events are
not associated with large scale convection) are shown in Fig 3.9 and 3.10. In-
tense rains [Fig 3.9(b) and 3.10 (b)] from clusters of clouds [Fig 3.9(d) and 3.10
(d)] with a large spatial extent over the eastern Arabian Sea, including southern
peninsular India, are observed during stronger *O-depletion rain events. In con-
trast, weaker ®O-depletion rain events (Fig 3.9(a) and 3.10 (a)) are characterized

by isolated clouds with smaller spatial extent [Fig 3.9(c) and 3.10 (c)].

The average OLR values over the region of convection (5 - 12.5°N and 67.5 -
75°E grid box) during high and low #O-depletion events are 180 + 19 W/m? and
235 + 19W/m? (184 4+ 24 W/m? and 228 + 26 W/m?), respectively during 2012
(2013). The corresponding average TRMM rainfall values for the same are 15 +
7 mm/ day and 2 + 4 mm/day (17 £ 11 mm/ day and 3 £ 4 mm/day during

2013), respectively.

Thus, the OLR and TRMM rainfall are significantly different during weak and
strong O-depletion events. Presence of clouds with large spatial extent leads to
stronger ®O-depletion because (i) fresh condensate is enriched in '®O relative to
the vapour according to the Rayleigh distillation theory [Clark and Fritz, 1997],
and so the increased condensation (higher rain amount) reduces 80 in the rain,
(i) rain drops re-evaporate to a lesser extent at the cloud base due to higher
ambient humidity and thus less enrichment of ¥0O compared to events of lesser
rain [Dansgaard, 1964]; and (iii) unsaturated downdraft vapour and re-evaporated

vapour (both relatively depleted in ®*O) during rain events feed the sub-cloud
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Figure 3.9: Composite of rainfall (TRMM 3B42) and OLR (NOAA ) pattern
during stronger '*O depletion (b,d) and weaker '*O depletion (a,c) rain events.
e) Shows the days chosen to plot the composite of stronger O depletion (blue)
and weaker O depletion (red) rain events during 2012 CE.
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Figure 3.10: Composite of rainfall (TRMM 3B42) and OLR (NOAA ) pattern
during stronger 80 depletion (b,d) and weaker O depletion (a,c) rain events.
e) Shows the days chosen to plot the composite of stronger 0O depletion (blue)
and weaker '®O depletion (red) rain events during 2013 CE.

3.6. 80 and D depleted and enriched rain events 52



Chapter 3. Investigation of the cause of amount effect in tropical rain

layer vapour [Kurita et al., 2011; Midhun et al., 2013], which will entrain to the

convective clouds through updraft and the rain is further depleted in 20.

3.7 Influence of spatially extended rain events

The daily amount-weighted all-station average 580 of rain and grid-wise (0.25°
x 0.25°) daily TRMM-derived rainfall show a statistically significant (R > 0.25;
P > 0.01) negative correlation over the south eastern Arabian Sea, including the
Kerala coast [Fig 3.11]. This region of high correlation is more intense in 2012
relative to 2013. The spatial correlation pattern is similar to the OLR and TRMM
rainfall pattern during strong 80O depletion events [Fig 3.9(b) and (d) and 3.10
(b) and (d)] . This reinforces our conclusion that this negative relationship is not
due to the canonical ‘amount effect’ (which is local) but rather due to large scale

convection and the cloud spread.
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Figure 3.11: Spatial correlation pattern of the daily average 60 of rain at all
stations with the TRMM3B42 rainfall over the south Asian region at each 0.25°
x 0.25° grid for the period June to mid October. Values statistically significant
at 0.001 level (R > 0.30) are indicated with an arrow at the bottom of the colour

bar.
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3.8 Moisture source variation

During ISM, equatorially asymmetric pressure pattern leads to cross equatorial
flow, also known as the Low Level Jet Stream (LLJ), which connects the Mas-
carene High in the Southern Hemisphere and the Monsoon Trough over India
and transports moisture from the southern Indian Ocean to south Asia. Intra
seasonal variability of LLJ is also seen associated with the active/break cycles
of ISM as per the pressure fluctuation between the two hemispheres. Back tra-
jectory analysis (see methods) shows that during days of strong O -depletion,
air mass travels longer distances from maritime locations from the south of the
equator in 2012. In contrast, during the 3 days prior to the weak 80 -depletion
events, the air mass moves zonally from the western Arabian Sea, as well as the

inland locations of northern Somalia.

During 2013, this pattern of dual moisture transport pathways of strongly and
weakly 80 depleted events are not clearly observed. Out of ten strong *O
depleted events, 6 show a cross equatorial flow similar to that observed during
2012. 2 events show trajectories from Somali coast, still a clear upward motion
from the off Kerala shore can be seen and the trajectory height was below 500m
until rise of the air parcel. Similarly, out of the nine weakly 80 depleted events,
4 events show a cross equatorial flow. Nevertheless, the height of the parcel shows
a descending motion towards Kerala. Thus, large scale organised convection over
Kerala is seen mostly in association with a cross equatorial flow of wind. While
the isolated events are mainly associated with zonal wind from Somali coast

region. Thus more observations are needed to further confirm this.

3.9 Anomalous events

An anomalous high rain event occurred during 18 - 28" of July with low #O-

depletion all over Kerala. The rain amount was quite high in many stations,
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Figure 3.12: a) Three-days back trajectory to the mean location of sampling
stations ( 10.50°N, 76.50°E), derived from the HYSPLIT model, for weak 80
depletion events (red lines), strong O depletion events (blue lines) and rain
events during October (green lines), the month of monsoon withdrawal. Cyan
line shows the back trajectory ending on 25 July, 2012, when weak 'O depletion
events with heavy rainfall occurred in the absence of organised convection. The
filled circles indicate the position of the air mass 72 hours prior to rain, and their
colours indicate the 6'®0 of rain at the final station (plotted at the initial point to
avoid clustering at the end point); refer to colour code on the right. b) Change in
the height of the air mass en-route during strong 80 depletion (blue) and weak
180 depletion events (red), and on during 25" July (cyan) to the mean cloud

base altitude at the sampling station (2 km).
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particularly in the north. Organized convective activity was absent [Figs 3.3].
Yet, the location of origin of the air mass [Fig 3.12] does not show significant dif-
ference (taking into account the associated model uncertainty) from those during
strong ¥O-depletion rain events. Air mass back trajectory of 25 July shows
a descending motion up to 1.5 km (above m.s.]) till the previous 30 hours and
subsequently an ascending motion [Fig 3.12]. Therefore the dominant vapour
source is likely confined to the atmosphere over the Arabian Sea (with a little
contribution from south of the equator), though the parcel had an apparent cross
equatorial flow. Thus, along with the absence of large scale clouds during this

event, this could also be a reason for the observed anomaly.

During June 16-26, 2013, no *0 depletion was observed though the OLR values
were low [Fig 3.4]. The daily spatial pattern of rainfall and OLR show that
the location of large scale organized convection was mostly east of the sampling
location, with a small extension towards Kerala. The rain obtained in the stations
during this period could be from the moisture brought by the south westerly
wind, with very little contribution from the recycled moisture from convective
area. This could be the reason for the observed isotopic enrichment of the rain

water.

3.10 Monsoon withdrawal

The withdrawal of monsoon after ISM, leads to the change in wind direction
from south-westerly to north-easterly. The §'®O of rain is much more negative (~
3 %o depletion in 80; —2.2 & 1.9%o0 during ISM and —4.9 % 2.9%0 during Octo-
ber) during this period when the wind travels from BoB. The suggested reasons
are: (i) the air mass travels a longer distance from the BoB, effectively depleting
the rain 80 over Kerala, due to rainfall extraction en route (the continental ef-

fect), (ii) Relatively lower 680 of surface BoB due to seasonal run-off from the
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Ganga- Brahmaputra river system [Breitenbach et al., 2010; Singh et al., 2010].
This isotopic depletion after the monsoon withdrawal is clearly observed during

2012 and 2013. These will be discussed in more detailed in Chapter 5.

3.11 Conclusion

To summarise, the presence of large scale cloud bands during ISM leads to a
strong #O-depletion in the monsoon rain. This signature of convective activity is
well captured in rain 6'®0 rather than in the local rainfall. This is confirmed by
an analysis of the spatial pattern of clouds using OLR and the TRMM derived
rainfall. Intense cloud activity with a large spatial extent is associated with a
strong cross equatorial flow and high moist air convergence over Kerala during
all the high ®O-depletion rain events. Analyses of proxies of convection such as
OLR, vertical wind velocity and the air mass back trajectory show high moisture
convergence and heavy convection in the southern Peninsular India which can
effectively take the recycled strong '8O-depleted moisture from the sub cloud
layer. Thus paleomonsoon proxies such as teak tree cellulose form Kerala may be
interpretable in terms of the degree of large scale convective activity during the

summer monsoon rather than the amount of monsoon rain.
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Chapter 4

Water vapour- rain isotopic

interactions over Kerala

This chapter presents a study of isotopic interactions between water vapour and
rain in the southwestern peninsular India. The seasonal variability of the isotopic
composition of water vapour and rainfall and their interaction are discussed first.
The role of stratiform rain in the stronger heavier isotopic depletion observed in
water vapour and rain of the large scale organised convective activity during the

monsoon period is discussed next.
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The stable oxygen and hydrogen isotopes of (d,) water vapour in the atmo-
spheric boundary layer affect (i) the stable isotopic composition of evaporation
flux [Craig and Gordon, 1965] from the ocean and (ii) modulate monsoon proxies
such as the 6180 and §D of tree ring cellulose through plant physiological cycle
[Managave et al., 2011; Roden et al., 2000; Sheshshayee et al., 2005]. Yet, perhaps
because of the tedious sampling procedure for water vapor, measurements of its
stable oxygen and hydrogen isotopic compositions (6'*0,, and §D,, respectively)
are limited. As even the simplest of isotopic models necessarily require J, as an
input, previous studies mostly assumed that the water vapor was in isotopic equi-
librium with monthly mean rain and calculated it theoretically [Jasechko et al.,
2013; Sheshshayee et al., 2010]. While this assumption may be valid for average
values over longer time scales (months or years) , it could fail on shorter time

scales (days or weeks) [e.g., Deshpande et al., 2010; Srivastava et al., 2015].

Though the major source of atmospheric water vapour is the evaporation from
the oceans, its stable isotopic composition is significantly altered over land by
transpiration [Jasechko et al., 2013; Moreira et al., 1997; Wang and Yakir, 2000],
mixing [Worden et al., 2007] and rain re-evaporation [Berkelhammer et al., 2012;
Kurita et al., 2011; Risi et al., 2008]. Recent studies reveal that the isotopic
variations of rain and vapour during prominent tropical weather activities are
mainly controlled by the rain-vapour interaction [e.g., Berkelhammer et al., 2012;
Gedzelman et al., 2003; Kurita, 2013]. Rain-vapour interactions involve rain drop
re-evaporation and isotopic equilibration of rain drop with the surrounding vapour
[Lee and Fung, 2008; Moore et al., 2014; Risi et al., 2008]. The water vapour left
behind after condensation of raindrops at higher altitudes of the atmosphere,
more depleted in the heavier isotopes, is dragged down to the sub-cloud layer by
strong downdrafts associated with large scale convective systems. Rain drop re-
evaporation also contributes water vapor strongly depleted in 80 and D to the

sub-cloud layer. These recycled components of the vapour further feed into the
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systems; this acts as a feedback mechanism in large scale organized convective
systems. This results in strong 'O and D depletion in rainfall [Berkelhammer
et al., 2012; Kurita et al., 2011; Lawrence et al., 2002; Moerman et al., 2013]. Rain
drop re-evaporation and isotopic equilibration with the surrounding vapour are
more effective during stratiform rain than during convective rain. Thus stratiform
clouds can effectively produce vapour strongly depleted in *O and D and play
a crucial role in the moisture recycling occurring in organized convective regime
[Kurita, 2013; Moore et al., 2014]. Isotopic measurements of atmospheric water
vapour are still quite limited around the globe, and more measurements could

help understand these processes better.

We set up 9 rain sampling stations over Kerala, southwestern India, where the
monsoon onset begins around the end of May each year. Of these, two were hill
stations: Ponmudi (8.76°N, 77.12°E; 780 m above m.s.l.) and Wayanad (11.51°N,
76.02°E; 800 m above m.s.l.). Monsoon vapour could be directly samples at these
stations. These locations are characterized by seasonally reversing winds and
thus the rain occurs from two different sources of moisture during the year. Both
the stations are located at west of Western Ghats and obtain the majority of the
annual rain during the Indian Summer Monsoon (ISM, June-September). North
East Monsoon (NEM, October-December) also contributes significant amounts

of rainfall at these stations (~30% at Ponmudi and ~14% at Wayanad).

4.1 Back trajectory analysis

5 days back trajectory analysis was done for every day of the collection using
the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT). The
relative humidity of the air parcels along their trajectory until they reach the
sampling sites is also plotted in the top panels of Fig 4.1. The trajectories show

distinct patterns during pre monsoon (April-May), ISM and NEM seasons ac-
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Figure 4.1: Top panel shows 5 days back trajectories of air parcel to Kerala
(surface level) during the 3 seasons. The colour of the trajectory shows the
relative humidity with the scale (legend) on the right. The six bottom panels
show the local meteoric water and vapour lines of different seasons at Ponmudi
and Wayanad. The open circles represent the 6'¥0 and §D measurements of
the rain and the filled circles represent those of water vapour. Linear regression
equation for rain §'*0 and §D are given in the top left of the graphs, while that

for water vapour is given in the bottom right side in each figure.
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cording to the prevailing wind. During the pre monsoon, the air parcels which
reach Kerala mostly come from the Arabian Sea (track for the previous 5 days)
with relative humidity > 70%. Some air parcels show their trajectories from West

Asia with very low relative humidity (< 40%).

During ISM, the 5 day back trajectories show south westerly winds from the
southern Indian Ocean reaching Kerala. The relative humidity along these back
trajectories show that monsoon winds bring a great amount of moisture (RH > 70
%) from equatorial Indian Ocean. Though significant amount of rainfall occurs
over the Arabian Sea during ISM [Fig 1.1, Climatological mean JJAS precipita-
tion, GPCP data, the relative humidity of air parcels is high (irrespective of the
height of the air parcel). A constant supply of moisture from the Arabian Sea
leads to copious rainfall over Kerala (climatological annual ISM rainfall in Kerala

is 2040 mm).

The NEM occurs after the withdrawal of south westerly winds with the estab-
lishment of north easterly winds. Back trajectory analyses show that air parcels
travel from continental area (mainly from the Indian subcontinent) with low rel-
ative humidity until they reach the Bay of Bengal (BoB). Thereafter, significant
moisture uptake takes place from the BoB, leading to NEM rainfall over Tamil
Nadu before reaching Kerala. Continental recycle moisture (surface evaporation
and transpiration) may also contribute vapour to these air parcels when they

cross the Western Ghats.

Here we report simultaneous isotopic measurements of water vapour (680,
and 6D,) and rain (6'®0, and §D,) from two tropical coastal stations in Kerala,
western peninsular India during April- October, 2012. The temporal variation
of rainfall and near surface §'%0,,, 6D, and the relationship between them, the
influence of moisture dynamics on the rain and vapour isotopic compositions

during the Indian Summer Monsoon (ISM) are discussed.
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4.2 Variations of D and §'*O of Vapour

Figure 4.2 shows the time series of §'%0,, 6D, of water vapour and §*¥0,,
0D, of rain. Ponmudi received less rain (a total of 1357 mm) than Wayanad
(3903 mm). These can be compared with the climatological mean values of the
respective, nearest meteorological stations: 1412 mm at Trivandrum and 2889
mm at Kozhikode, respectively (http://www.imd.gov.in/). The §'80, at both
the stations show a significant correlation (R) of 0.54; and §'¥0, values, R=
0.62. The 6'%0, (8D,) of water vapour at Ponmudi and Wayanad varied from
—8.6 to —24.3%0 (—51.0 to —170.0%0) and —7.9 to —20.5%0 (—50.0 to —139.1%)
respectively, while the 580 (§D) of rain water varied from —0.7 to —16.1%o (10. 9
to —115.7%0) and 1.7 to —11.0%0 (22.4 to —71.6%0). Ponmudi values are slightly
lower than the corresponding values at Wayanad for all these parameters, because
although the former received less annual rainfall, it received a higher proportion
of the NEM, more depleted in '¥O and D (see below). The d-excess of water
vapour at Ponmudi and Wayanad varied from 6.3 to 26.5%0 and 13.3 to 31.2%0
and that of rain water varied from 9.0 to 23.1%0 and 8.9 to 27.3%q, respectively.
However, individual seasons show distinct mean values for 6*30, 6§D and d-excess

as in Table 4.1.

Very few rainfall events were recorded during the pre-monsoon, contributed
by occasional thunderstorms and a low pressure cyclonic storm (during the last
week of April). The 680 - 6D relation for vapour during pre-monsoon shows
significantly lower values of slope and intercept compared to those of the other
two seasons [Fig 4.1]. The slope of Local Meteoric Water Line (LMWL) of pre
monsoon rainfall at Wayanad is close to that of the GMWL (Global Meteoric
Water Line) with higher value of intercept (at Wayanad only; the number of data
points at Ponmudi is 10) [Fig. 4.2]. This is because the maximum temperatures

(~32°C) exist during the pre-monsoon, which lead to evaporation of rain in the
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Figure 4.2: Time series of rainfall amount, §'®0 of vapour (whenever it is
collected), 680 of rain, observed and the calculated equilibrium fractionation

factor(e),d-excess in water vapour and rain at Ponmudi (left) and Wayanad

(right) in 2012.
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Table 4.1: Seasonal mean 580, §D and d—excess values of water vapour and rain at Ponmudi and Wayanad during pre

monsoon (April-May), ISM (June-September) and and NEM (October).

Season Amount of rain (mm) Ponmudi Wayanad
Ponmudi  Wayanad Vapour Rain Vapour Rain

Pre monsoon 101.6 179.1 -102+12 -19+09 —-101£05 —18=£28

5180 ISM 935.7 3560.8 -110+13 -31+19 —-114+£13 —-25=£138
NEM 319.6 163.6 —-134+32 —-74+43 —-131£34 —6.1=£36

Pre monsoon 101.6 179.1 —61.4 + 8.3 6.3 + 3.8 —59.0 £ 10.0 3.6 £ 18.3

oD ISM 935.7 3560.8 —-70.5+50 —91+£161 —-71.84+10.1 —5.1414.6
NEM 319.6 163.6 —87.0 £25.1 —448 +35.1 —82.2+26.2 -304 + 319

Pre monsoon 101.6 179.1 204 £ 2.9 19.3 £ 2.6 21.7 £ 4.0 18.3 £ 3.3

d—excess ISM 935.7 3560.8 174 £ 25 16.1 £ 2.8 19.5 £ 3.1 148 £1.8

NEM 319.6 163.6 20.6 £ 1.8 143 +19 223 £ 1.8 18.7 £ 5.1
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atmosphere and a lower slope. The intercept is higher because of mixing with

continental, evapotranspired vapour.

Water vapour and rain water during ISM are slightly depleted in **O and D
compared to the pre-monsoon. But some individual events associated with large
scale organized convection show comparatively stronger *O depletions in rain
and vapour. The slopes of Local Meteoric Water and vapor lines are close to 8,
signifying condensation at isotopic equilibrium. Higher values of intercept in rain
compared to the vapour signify the locally derived moisture is much smaller than
that advected by winds. This is confirmed by the slightly lower d-excess during
ISM compared to the other two seasons. But, the seasonal d-excess values are not
statistically different, as they show large variability within the season, confirming
earlier observations [Ramesh et al., 2012] based on data from the GNIP data

(http://www.univie.ac.at/cartography/project/wiser/).

NEM rain and vapor show the lowest §'80 and 6D in the year (discussed
later). The observed d-excess in rain and water vapour are slightly higher in
this season. During this season too, at both the stations, the slopes of LMWL
are close to 8 (condensation at isotopic equilibrium); the values of intercepts are
higher compared to the other two seasons [Fig 4.1] because the component of re-
cycled vapour is much higher as the air masses travel over larger distances over

land [Fig. 4.4].

4.3 Rain-vapour isotopic interaction

6180 values of vapour in isotopic equilibrium with rain (calculated using §'%0,
and ambient air temperature, Majoube [1971]) are significantly correlated with
6180, at both the stations [Fig 4.3]. The observed difference (in %o units) between
water vapour and rain water %0, are 8.3 + 2.2%0 in Ponmudi and 9.4 + 1.4%o

in Wayanad. These values are similar to the equilibrium fractionation factor (e)
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Figure 4.3: The relation between §**0 of vapour and the 60 of vapour equili-

brated with the rain (calculated for ambient temperature and 680 of rain).

calculated from the ambient air temperatures; 9.5 & 0.1%0 and 9.4 £ 0.2%0 at
Ponmudi and Wayanad, respectively. Though the average fractionation factor is
similar to e, it shows more deviations from e mainly during some high rainfall

events [Fig 4.2].

Fig 4.2 and Table 4.1 show that the rainfall and water vapour during NEM
are more depleted in 80 and D compared to the other seasons. This isotopic
depletion of NEM rainfall was reported before [ Warrier et al., 2010; Yadava et al.,
2007] and can be seen in GNIP observations in peninsular India as well. We
observe a higher O depletion in rain (~ 4 %o) compared to the water vapour
(~ 2 %0). Apparently the observed fractionation factor between rain and vapour
is slightly less during NEM (7.9 £ 2.9%0, n = 13) compared to pre-monsoon (8.9
+ 1.4%0, n = 20) and ISM (9.0 & 1.8%0, n = 100) periods. This could be because
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NE Monsoon

Arabian Sea i Bay of Bengal

Indian Summer Monsoon

Bay of Bengal

Figure 4.4: Schematic representation of wind pattern over Peninsular India dur-
ing summer and NEM seasons. The star (x) represents the location of sample

collection.

the NEM rainfall at the sampling sites directly forms from the clouds, which are
already depleted in O and D. Since Kerala is located in the leeward side of the
Western Ghats (for the northeasterly winds), locally derived moisture (evapo-
transpiration) also significantly contributes to the surface water vapour (Fig 4.4).
And thus the rain and water vapour are not in isotopic equilibrium during the
NEM season. Rain and moisture isotopic compositions of ISM are characterised
by little alteration from locally derived moisture as the fractionation factor is

close to the equilibrium values.
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4.4 Moisture recycling during the Indian sum-

mer 1monsoon

During the ISM, the stable isotopic composition of rain and water vapour
show strong intra-seasonal variations. Lekshmy et al. [2014] showed that, mon-
soon intra-seasonal variations of rainfall §'80 in Kerala are associated with the
large scale organized convection that occurs in the southeastern Arabian Sea,
near the Kerala coast. Accordingly, we selected a grid box (8-12°N and 70-
75°E) which includes in this region of large scale organized convection. The
average convective and stratiform components of daily rainfall are then extracted
from TRMM 3G68 data [http://rain.atmos.colostate.edu/CRDC/datasets/
TRMM_3G68.html]| for further analysis. Fig 4.5 shows the relation between rain
/water vapour §'80 and the calculated average daily rainfall and stratiform rain
fraction in the grid box under consideration. On an average at both the stations,
a linear correlation of R = —0.39 (R = —0.58) is observed between the total
rainfall in the grid box and the average §'%0, (and §'®0,) (both the relations
are significant at P=0.01 level). 8O depletion of rain from large scale organized
convective systems is due to the intense moisture recycling occurring in the sys-
tem; such as raindrop reevaporation, post condensation isotopic exchange, mixing
with environmental air etc. The effects of these processes on rain and vapour iso-
topes vary according to the cloud type (convective or stratiform). The increase
in the daily rain is reflected as an increase in both convective and stratiform rain.
Thus the stratiform rainfall - %0, (and 6'®0,) relation is similar to the total
rainfall - 6'80, (and 6'%0,.) relation. It is also observed that, the increase in the
total rainfall is characterized by increase in the stratiform rain fraction (i.e., the
fraction of convective rain decreases during higher rainfall). The stratiform rain
fraction shows a significant negative correlation (R = —0.35) with the §'®*0, (and
R = —0.65 with 6'80,); this signifies the importance of stratiform clouds in mois-

ture recycling in large scale organized convective systems. As reported before,
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Figure 4.5: Relationship between daily §**O of vapour and §'80 of rainfall with
the daily total (top four) and stratiform rain fraction (bottom four) during ISM
(June 1% to September 30*). The total and stratiform rain fractions are the
average values over the grid box 8-12°N and 70-75°FE. The colors of the symbols

in the last 4 panels indicate the amount of stratiform rainfall (mm/hr) with

respect to the total rainfall.
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stratiform clouds and rain play an important role in the strong isotopic depletion
observed during large scale rain events (eg., rain associated with Madden Julian
oscillations, cyclones etc). Raindrop reevaporation and rain-vapour isotopic ex-
change are more for the smaller drops (generally during stratiform rain) due to
their longer residence time in the atmosphere compared to larger rain (mainly
from convective rain) drops. Thus our observations show that the presence more
stratiform rain in large scale convective systems leads to higher ¥O depletion in

the monsoon rainfall.

4.5 Conclusions

Our observations have provided high resolution stable isotope data on water
vapour and rain isotopic data useful for studying tropical moisture dynamics.
Distinct 680 and § D values during different seasons are due to (i) the variations
in moisture sources, (ii) rain-vapour interactions and (iii) locally derived moisture
(evapo-transpiration). Stable isotopic composition of ISM rain and water vapour
are characterised by little alteration from locally derived moisture, but reflect the
rain-vapour interactions occurring in the large scale organised convective clouds.
Rain and vapour are observed to deviate from isotopic equilibrium mainly during
the large scale organised convections that occur over the southeastern Arabian
Sea. Stratiform rain fraction of this organised convective region plays a key role in
moisture recycling and thereby rain and water vapour are depleted in the heavier

isotopes during such events.
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‘Amount effect’ in peninsular

India and Sri Lanka

This chapter mainly deals spatial and temporal variation of rainfall- 'O relation
in peninsular India and Sri Lanka. Further the stronger O depletion of north-

east monsoon rain compared to the 80 of summer monsoon rain is investigated.
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Stable oxygen isotope ratios, measured as 620, of cave calcites and tree rings
are utilised for the reconstruction of past monsoon rainfall. Some authors [e.g.,
Managave et al., 2011; Ramesh and Yadava, 2005] interpret the 60 of proxies
using the observed negative correlation between the monthly rainfall at the site
and its 0'80; this amount effect, is typically ~ —1.5%0/100 mm of rain in the
tropics [Dansgaard, 1964]. Others [e.g., Wang et al., 2008] interpret in terms of
monsoon intensity or regional scale convection [e.g., Carolin et al., 2013]. The
amount effect exhibits a large spatial variation; the causes include complex cloud-
rainout processes [Kurita, 2013; Moerman et al., 2013; Moore et al., 2014; Risi
et al., 2008], seasonality of rain [Cobb et al., 2007; Yadava et al., 2007] and dif-

ferences in the sources of moisture [Xie et al., 2011].

Recently Lekshmy et al. [2014] showed that the local rainfall amount plays a
weaker role in determining 6'¥0O of monsoon rain compared to moisture recycling
associated with the large scale convective systems in south west India. The
seasonal shift in the source of moisture and associated change in §'*O of the
incoming vapour further complicate the rainfall - 6’80 relation [Araguds-Araguds
et al., 1998; Feng et al., 2009; Warrier et al., 2010; Yadava et al., 2007]. Peninsular
India and Sri Lanka [Fig 5.1(a)] receive both the Indian summer monsoon (ISM,
June-September) and north east monsoon (NEM, October-December); over the
east peninsular Indian coast and Sri Lanka, NEM is the dominant source of
rain, while over the rest of peninsular India [ISM dominates. The seasonal wind
fields and the moisture sources too differ significantly: during the ISM, driven
by south westerly winds, the moisture source of rainfall lies in the Arabian Sea
and southern Indian Ocean, while during the NEM, north easterly winds bring
moisture mainly from the Bay of Bengal [Wang, 2006]. Here we investigate (i)
the spatial variation of the amount effect and (ii) the causes for the seasonal
difference in §**O of rainfall in NEM and ISM in peninsular India and Sri Lanka,

with an aim to optimize the choice of 0 based monsoon proxy sites from this
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region, rich in teak trees and limestone caves, so as to minimise noise in the

reconstructed past monsoon signal.

5.1 The amount effect in peninsular India and
Sri Lanka

Within the limited area (~6 to 19°N and 72.5 to 82.5°E) considered, a signif-
icant spatial variation of the monthly rainfall- 6*¥O correlation exists at GNIP
stations in peninsular India and Sri Lanka [Table 5.1]. In peninsular India, ob-
served correlations are not statistically significant (at P = 0.05 level), barring
Kozhikode (GNIP with 92 monthly data) and Mangalore [Yadava et al., 2007,
with 7 monthly data], which show significant positive correlations. Although
Kozhikode-Kavil in Table 5.1 (distinct from GNIP station Kozhikode, ~30 km
away) had only 15 months of data, it yields identical slopes and intercepts as
GNIP data, albeit with higher standard deviation. In Sri Lanka, 8 of the 11
stations show highly significant negative correlations (—0.023 to —0.005%0 mm™!),

while at three GNIP stations the correlations are insignificant.

The relative contributions of ISM and NEM rainfall in peninsular India and Sri
Lanka exhibit high spatial variability [Fig 5.1]. The ratio () of ISM (summer)
rainfall to NEM (winter) rainfall was calculated using CRU climatological data.
Barring Sri Lanka and south eastern peninsular India, which receive more NEM
rainfall, the rest of the stations receive rainfall mostly from ISM. Further, NEM
rainfall shows stronger 80 depletion than ISM rainfall at most GNIP stations,
reportedly the reason for the inverse amount effect [Warrier et al., 2010; Yadava
et al., 2007], i.e., higher ISM rainfall with relatively enriched O and lower NEM
rainfall with relatively depleted 0. Our data for 9 stations in Kerala for 2013,
reconfirmed [Lekshmy et al., 2014] earlier inference that no amount effect exists,

as was the case in 2012. Thus, we infer that the spatial variation of the slope of
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Table 5.1: Monthly rainfall- §'80 relations at different stations in peninsular India and Sri Lanka. Monthly rainfall below
5 mm is ignored. Correlations (R) which are significant at P = 0.05 level are highlighted (bold). GNIP stations (normal
font);our stations and Mangalore [Yadava et al., 2007] (italics). The average value of statistically significant amount effect

is —1.2%o per 100 mm of rain (barring Kozhikode and Mangalore). Table continued on next page.

Location(station number as  Location  year R n Slope Intercept
in Fig. 1) (°N) (°E)

Thiruvananthapuram (16) 853 76.99 2012-13 0.01 21 -0.0003 £ 0.0002 -3.6 £ 0.7

Ponmudi (15) 8.76  77.12 2012-13 0.09 17 0.001 £ 0.001 -39+ 0.6

Idukki (13) 994 77.02 2012-13 0.31 15 0.002 £ 0.001 -4.2 £ 0.7

Ernakulam (14) 9.95 76.35 2012 -0.54 9 -0.009 + 0.005 -1.5+14

Thrissur (12) 10.45 76.12 2012-13 0.25 18 0.001 £ 0.001 -3.4 £ 0.5

Palakkadu (10) 10.76 76.27 2012-13 0.35 14 0.002 £ 0.001 -3.4 £ 0.6

Nilambur (9) 11.31 76.21 2012-13 0.57 12 0.003 £ 0.001 -3.6 £ 0.6

Kozhikode-Kavil (7) 11.49 7577 2012-13 0.47 15 0.003 £ 0.002 -49 £ 0.8

Wayanad (8) 11.51 76.02 2012 0.01 7 0.004 = 0.002 -3.1+15

Tirunelveli (17) 8.7 777 2003-06 —0.25 12 —0.005 £ 0.006 —2.8 £ 0.5
Kozhikode (10) 11.2 758 1997-08 0.29 92 0.003 £ 0.001 —49 £+ 0.5
Mangalore (6) 129 749 2000-02 0.85 7 0.008 £ 0.002 —-5.8 £ 0.9
Bangalore (5) 13 77.6  2003-04 —0.31 13 —0.01 £0.01 —25+ 1.7

Belgaum (4) 159 745 2003-05 0.18 12 0.003 £ 0.005 —-3.1+12
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Figure 5.1: a) Spatial pattern of the ratio of ISM (JJAS) to NEM (OND) rainfall.
Locations with heights above the mean sea level in parentheses are:- 1) Mumbai
(10m), 2)Hyderabad (545m), 3) Kakinada (8m), 4) Belgaum (747m), 5) Banga-
lore (897m), 6) Mangalore (22m), 7) Kozhikode-Kavil (30m), 8) Wayanad (800m),
9) Nilambur (35m),10)Kozhikode (20m) 11) Palakkadu (26m), 12) Thrissur
(12m), 13) Idukki (770m), 14) Ernakulam (6m), 15) Ponmudi (780m), 16)Thiru-
vananthapuram (53m), 17)Tirunelveli (4m), 18) Mannar (5m), 19) Anuradhapura
(81m), 20) Puttalam (2m), 21) Maha Illuppallama (137m), 22) Batticaloa (5m),
23) Batalagoda (139m), 24) Wellampittiya(5m), 25) Colombo (7m), 26) Nuwara
Eliya (1880m), 27) Tanamalwila (75m), 28) Hambantota (20 m). The wind vec-
tors during ISM and NEM are schematically shown by arrows; circles are GNIP
stations while triangles are our stations. Square represents the station of Yadava
et al., [2007].b) Correlation coefficients between monthly rain and mean monthly

§180. Values significant at 0.05 level are marked by a plus sign.
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the monthly rainfall - 6O relation at peninsular India and Sri Lanka appears
to be mainly determined by the spatial variation in the relative contributions
of ISM and NEM: Significant negative correlations are observed only in regions
where the NEM rainfall is higher than ISM rainfall. Weaker negative correlations
are observed at stations where the summer and NEM rainfalls are comparable to

each other (e.g., Tirunelveli, Bangalore, and Kakinada).

To check if this inference is robust and not an artefact of varying data lengths,
we re-analysed the data of all the stations with more than 2 years of data. Cor-
relations for as many consecutive two year periods as allowed by the data length
were computed. Fig 5.2 shows a plot of the computed correlation coefficients as a
function of the number of data points. It is clear that for stations with less than
14 months of data, the correlation coefficient is not significant. These stations
have less data because they receive (a) only ISM rain for a few months; the rest
of the year is dry (e.g. Mumbai; nine inverted triangles on the left region of Fig.
5.2) or (b) mainly ISM rain, with occasional pre-monsoon showers enriched in
180 (e.g., Hyderabad; five triangles in the mid-region of Fig. 5.2). For stations
with greater than 14 months of data, however, the significance or otherwise of
the correlation appears to depends on r: lower this ratio, more significant are the
negative correlations. This is also shown in Table 5.3: significant correlations do
persist at Anuradhapura and Hambantota (stations 19 and 28). At Batticaloa
(station 22), however, the correlation persisted only when r was 0.4. When r re-
duced further, the correlation deteriorated. This is because the NEM rain alone
does not show any amount effect. The amount effect exists because of lower quan-
tity of weakly 80 depleted ISM rain followed by higher quantity of strongly *O
depleted NEM rain. (data points are more at Batticaloa because it receives small
amounts of pre-monsoon and ISM rains). There are interannual variations in the
significance of the amount effect as revealed by Table 5.3. While we believe that

this is mainly due to the relative dominance or otherwise of NEM, the robustness
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Table 5.3: Correlation coefficients between monthly rainfall and its §**O calculated for every 2 consecutive years for GNIP

stations with longer records. Values in bold font are significant at 0.05 level. Number of data points are given in parenthesis

The ratios (r) of ISM to NEM rainfall are also tabulated.

Vours 1997— 1998— 1999— 2000— 2001— 2002— 2003—  2004—  2005—  2006—  2007—
cars 98 99 00 01 02 03 04 05 06 07 08
Kozhikode w .

Sintion 10 0.50 (16)  0.53 (14)  0.57 (14)  0.50 (16)  0.14 (14) 0.8 (13)  0.16 (15) 0.31 (17) 0.43 (18) 0.38 (17) 0.16 (16)
r 4.7 3.9 6.8 4.2 3.3 3.5 4.6 4.7 5.9 7.8 5.6
Hyderabad E

Station.? —0.5 (15)  —0.36 (15) 0.00 (11) 0.30 (13) —0.04 (14)
r 4.0 23.7 35 19.4 10.7

v 1961— 1962— 1963— 1964— 1965— 1973— 1974—  1975—  1976—

cars 62 63 64 65 66 74 75 76 77

Mumbai 0.58 0.20 0.11

Station 1 —0.25 (10) 0.38 (10) © —0.09 (7)  —0.67 (8) ©) ©) 0.54 (10) 0.68 (9)

r 22.8 46.1 31.3 31.4 142.0 23.1 17.1 19.5 8.9

v 1983~ 1984— 1085— 1986— 1087— 1992—

cars 84 85 86 87 88 93

Anuradhapura

Station 10 —0.79 (15) —0.53 (18)

T 0.5 0.2

Hambantota

Station. 28 —0.88 (20) —0.70 (16)

r 0.7 0.6

Batticaloa —049 (18) —0.33 (22) —0.25 (20) —0.24 (17)

Station,22 : : : :

r 0.4 0.3 0.2 0.1

Nuwara Eliya

Station o6 —0.38 (18) 0.09 (22)  0.07 (16)  —0.50 (17) —0.49 (16) 0.08 (12)

r 1.9 2 2.8 1.2 1.3 1.12

Colombo

e 0.18 (18)  0.04 (16)  —0.26 (17) —0.09 (16)

r 1.19 111 0.91 0.99
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Figure 5.2: Linear correlation coefficient (R) between rainfall and 6180 (calculated
for every 2 consecutive years for GNIP stations with records longer than 2 years)
plotted as a function of the number of monthly data. The black lines connect
correlation coefficients that are significant at 0.05 level. Points falling outside
these lines are significant at a level smaller than 0.05 (i.e., higher significance).
Different symbols denote different stations, but with a common color coding based

on the ratio (r) of ISM to NEM rainfall.

of our conclusion needs further validation with longer data sets.

5.2 Controls on NEM rainfall 6§20

A stronger 80 depletion of NEM rain relative to ISM rain was explained
earlier by i) seasonal runoff from the Ganga- Brahmaputra river system during
and after ISM, which depletes the surface Bay of Bengal (BoB) water in %0,
leading to *O depleted NEM vapour and consequent #0 depletion of NEM rain
[ Breitenbach et al., 2010; Singh et al., 2010]; ii) ISM rain in western India tends
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to be the first condensate (even though the air masses travel a long distance over
the Indian Ocean) and therefore relatively enriched in '¥O; whereas the NEM air
mass travels a longer distance over land from its vapour source, the BoB [ Warrier
et al., 2010], further depleting the 0 of NEM rain over south-western India due
to continuous rainfall occurring en route (the continental effect, for the western
peninsular India) Yadava et al. [2007]. But these two factors appear to have less
control on the stronger 80 depletion of NEM than cyclonic activity over BoB,

as discussed below.

5.2.1 30 depletion in BoB surface water

6180 value of surface seawater of BoB at the end of ISM is —0.4 £+ 0.6 (n =
141, Sep-Oct, 2002 and Aug-Sep, 1988 [Singh et al., 2010], Sept-Dec 2012-2013
[Achyuthan et al., 2013]. We use the Craig and Gordon model (CG model) [Craig
and Gordon, 1965] to calculate the §'80 values of the evaporating vapour flux

from the ocean during each season [Table 5.4]:

ROcean _ Ratmh

1—h

RE = Olkin

where, Rg, Rocean and Rgyn are 620 of evaporative flux, sea surface water
and the ambient atmospheric vapour, respectively. o, and a., are the kinetic
and equilibrium fractionation factors and h is the relative humidity. Sea sur-
face temperature (28°C) and wind speed (5m/s) are taken as constants for both
the seasons, as the variations are minor: SST climatology from NOAA optimum
interpolated data [Reynolds et al., 2002] and NCEP/NCAR reanalysis climato-
logical average winds [Kalnay et al., 1996] during the seasons are less than 7m/s
, which is considered as a smooth ocean surface condition [Merlivat and Jouzel,
1979]. ain and a., were calculated using the equations of Majoube [1971] and
Merlivat and Jouzel [1979]. The calculation of §'80 values of the evaporating

vapour flux was repeated assuming that the vapour over the BoB forms from the
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evaporating vapour flux alone, without interacting with advected vapour from

elsewhere (local closure assumption, Ry, = Rg; entries 6 to 9 in Table 5.4).

Table 5.4: 680 of vapour flux from BoB under different ambient conditions of
5180 of sea surface, 80 of ambient vapour, and relative humidity calculated
using the Craig and Gordon [1965] model with (1-5) and without (6-9) closure
assumption: Values in bold font pertain to observed ambient conditions. Data of
6180 of ambient vapour and relative humidity are from Midhun et al. [2013] and
Srivastava et al. [2015].

No: 180(%0) 80 (%o) RH(%) 180 (%)
Suraface water Ambient Vapour Evaporative flux
1-ISM 0.0 -11.0 80 -7.3
2 0.0 -11.0 70 -10.5
3 -0.38 -11.0 80 -8.8
4 -0.38 -11.0 70 -11.5
5-NEM -0.38 -12.5 70 -8.0
6 0.0 Under 70 -10.8
7-ISM 0.0 closure 80 -10.2
8-NEM -0.38 assumption 70 -11.2
9 -0.38 80 -10.6

The first five entries of Table 5.4 indicate that the §'®0 of the evaporating
vapour flux is not as sensitive to change in the §'80 of the sea surface as it is to
change in h. For the same values of h and 60 of vapour, a change of —0.38 %o
in the 6'80 of the sea surface causes only a 1.3 (h = 70 %) to 1.9 %o (h = 80
%) decrease in §'80 of the evaporating vapour flux. In contrast, the §**O of the
evaporating vapour flux decreases by 2.6 to 3.2 %o when the h decreases from 80
(ISM) to 70 % (NEM) regardless of whether the 6'%0 of the sea surface 0 (ISM)
or —0.38 %o (NEM). On the other hand, a decrease of 1.5 %o in the ambient
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water vapour 680 (from —11.0 to —12.5%0) increases the §'80 of evaporating
vapour flux by 3.5 %o (at 70% relative humidity and —0.38 %o sea surface §'%0).
Observations and unpublished data of Midhun et al. [2013] and Srivastava et al.
[2015] over BoB during ISM and NEM show that the 0.38%0 decrease in the 6180
of the sea surface is accompanied by reductions of h from 80 to 70 % and of
the 6'80 of ambient water vapour from —11.0 to —12.5%0. Thus the 630 of
evaporating vapour flux decreases only by a resultant of 1%o (entries 1 and 5,
Table 5.4). Repeating the calculation with the local closure assumption confirms
this (entries 7 and 8 in Table 5.4). But the observed mean '®O depletion of
NEM rainfall is more than 3% relative to the ISM rainfall. Thus the reason for
the higher 80 depletion in NEM rain cannot be explained by the post-ISM *O

depletion of BoB surface waters by river run-off alone.

5.2.2 Continental effect

The second possibility is that the continuous rainout from a moist air mass orig-
inating from BoB travelling westwards leads to a stronger 80 depletion of NEM
rain in the western peninsular India. But equally stronger **O depletion is ob-
served in NEM rain at eastern coastal peninsular India too, where it reaches trav-
elling a lesser distance. NEM shows an average §'%0 of —5.9 + 2.5%0 (Kozhikode
and Mumbai, —1.9 4+ 0.8%0 for ISM) in the western peninsula and —8.3 4+ 1.2%0
(Kakinada and Hyderabad, —3.9 &+ 1.4%0 for ISM) in the eastern peninsula [Fig
5.3].

Interestingly the first condensate on NEM shows stronger ¥0 depletion in
the eastern peninsular India, and therefore the §'*O difference between ISM and
NEM rain is not just due to ISM rain being the first condensate in the western
peninsula as stated by Warrier et al. [2010]. On the contrary, NEM rain is
relatively more enriched in 'O over the western peninsular India compared to

the eastern side. This could be either due to the continental moisture recycling
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Figure 5.3: Monthly mean rainfall §'¥0 at Kozhikode, Mumbai (Western penin-
sular India), Hyderabad and Kakinada (Eastern peninsular India). Seasonal aver-
ages (ISM-JJAS) and (NEM-OND) of stations in western and eastern peninsular

India are marked as blue and magenta lines in the figure.

or the marine influence from the Arabian Sea, or both. Thus the continental
effect also does not seem play a major role in the observed higher *O depletion

of NEM rainfall.

5.2.3 Effect of cyclonic disturbances in BoB

NEM season is characterised by increased cyclonic activity over the BoB. It
is reported that rainfall associated with tropical cyclones elsewhere too is more
depleted in 80 [e.g., Fudeyasu et al., 2008; Lawrence and Gedzelman, 1996]. In
organized convective systems, processes such as increased post condensation iso-
topic equilibration of rain drops with the ambient water vapour and rain drop
re-evaporation occur. Such moisture recycling have been suggested to be respon-
sible for stronger *0 depletion of rain as well as the water vapour in the sub-cloud
layer [Kurita et al., 2011; Risi et al., 2012]. Tropical cyclones and low pressure
systems (depressions) in BoB during NEM, detected by the IMD are marked in
Fig 5.4. The strongest 80 depletion of NEM rainfall at Kozhikode co-occurs
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Figure 5.4: Time series of 6'*O of monthly rainfall at Kozhikode. Filled circles

indicate the presence of cyclones in the Bay of Bengal during NEM.
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Figure 5.5: Variation of mean rainfall (vertical bars), its §'80 (filled circle) (mean
of 8 stations) and §'80 of water vapour (mean of two stations, open circle) from

stations in Kerala during a cyclonic storm that occurred during the last week of

April 2012.
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with cyclonic activities over BoB (18 out of 23 80O -depleted monthly events).
Thus the stronger O depletion of NEM rain could be due either to the rain
caused by the low pressure systems or ii) the lateral advection and mixing of 80
depleted remnant vapour of the immediate prior low pressure systems. Yet, a few
cyclones are observed during some months with no depletion in *O (5 out of 23
events), possibly because the prevailing wind did not favour the advection of 80O

depleted vapour to the west.

In addition, there are a few months with higher *O depletion, which are not ac-
counted by any cyclone or depression detected by IMD. Depressions and cyclones
are determined according to the wind speed and pressure gradients. There are
common occurrences of weak low pressure systems in the tropical Indian oceans
during the pre-ISM (April, May) and NEM seasons, which do not intensify into
depression or cyclones. A case study of a cyclonic storm that occurred over the
southern peninsular India during April, 2012 shows [Fig 5.5] an ®O depletion in
rain (average of 8 stations) as well as in the ground level vapour (average of 2
stations). The typical strong depletion of ¥O in rain caused by depressions was
also recorded over the Bay of Bengal [Midhun et al., 2013]. Thus, the increased
cyclonic activity over the Bay seems to play a significant additional role in the

strong *O depletion of NEM rain.

5.3 Rainfall- 620 relation on a seasonal scale

Table 5.5 show the rainfall- §'¥0 relation on different time scales; all monthly
data, annual totals, monthly data of different seasons, viz., pre-ISM, ISM and
NEM, and seasonal totals at Kozhikode (the GNIP station with the longest record
in peninsular India/Sri Lanka). The monthly rainfall- §'80 relation shows a
significant inverse amount effect, while the monthly rainfall- §**O relations during

the pre monsoon, ISM and NEM seasons are statistically insignificant. However,

5.3. Rainfall- 6180 relation on a seasonal scale 7



Chapter 5. ‘Amount effect’ in peninsular India and Sri Lanka

Table 5.5: Slope, correlation coefficients and the statistical significance of rainfall
- 60 relations at Kozhikode on different time scales. Ranges of monthly and
seasonal rainfall variation are also given. Correlations which are statistically

significant at P=0.05 level are given in bold.

Data n Slope R Rainfall range
(%00/mm) Min:  Max:
All months 94  0.003£0.001 0.29 0 1383
Annual total 12 -0.000740.0004 -0.50 2131 4657

Pre monsoon 18  -0.004+0.003 -0.29 0 864
Monthly Summer monsoon 48 -0.0001%0.0007 -0.02 39 1383
Post monsoon 28 0.0014+0.004 0.03 0 579

Pre monsoon 10  -0.003+£0.002 -0.44 99 962
Seasonal Summer monsoon 12 -0.000740.0002 -0.76 1146 3744
total Post monsoon 12 -0.0140.01 -0.36 377 617

the annual total rainfall and corresponding weighted mean 6**O show a negative
relation, significant at P < 0.1 level, while the ISM seasonal total rainfall and
its 4180 show a highly significant negative correlation (P < 0.01). This implies
that the year to year variation of monsoon rainfall is almost well captured in the
seasonal total rainfall 6’0, while the sub-seasonal (daily or monthly) rainfall
amount and its §'*O variation are random according to the processes occurring
within the season. 6'%0 of Kozhikode ISM rainfall also shows [Fig. 5.6] a weak
negative relation with the ISM rainfall anomaly over south peninsular India and
all India (i.e., with the regional rainfall amounts rather than the local rainfall).
However, the seasonal total rainfall- §'*O relations of pre monsoon and NEM

seasons remain insignificant.
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Figure 5.6: a) Relation between ISM rainfall anomaly at peninsular India and
6180 of rain at Kozhikode. b) Relation between all India ISM rainfall anomaly
and 680 of rain at Kozhikode.

5.4 Conclusion

Varying seasonal rainfall amounts in peninsular India and Sri Lanka lead to a
large spatial variation in the slopes of the rainfall amount -6'80 relations. The
stronger ¥0 depletion of NEM rainfall is likely affected by increased cyclonic
activity over the Bay of Bengal, in addition to 80 depletion of its surface waters.
This leads to significant negative correlations between monthly rainfall and its
5180 chiefly in regions where the North East Monsoon contributes more than, or
at least as much rain as the Indian Summer Monsoon. The amount effect also
vanishes when the ISM reduces significantly. There are year to year variations in
the amount effect, again due to varying relative contributions of ISM and NEM
rain. Our results show that a careful choice of sites for 180 based monsoon proxies
can be made so as to minimise noise in the paleomonsoon signal: from proxies

capable of providing annual resolution (e.g., fast growing trees) past annual mon-
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soon rainfall can be reconstructed at sites where the ratio of ISM to NEM rain

is less than or comparable to unity, using the local amount effect.
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Chapter 6

Summary and recommendations

Isotope hydrological studies in India deserve importance because of their po-
tential in paleomonsoon reconstruction.The present study is a step towards un-
derstanding the hydrological cycle in the southern peninsular India, especially
during the Indian Summer Monsoon (ISM). The major findings of this study are

as follows

6.1 Results from the study of stable isotopes of

monsoon rainfall

1. The daily monsoon rainfall shows a large spatial heterogeneity among the
9 sampling locations in Kerala, while their 6'¥0 and D variations are
highly coherent. This indicates that the monsoon rain at all these stations
are formed from the same cloud system spread over the region; the rain

amounts are different due to differences in orography.

2. The strongly ¥0O depleted events observed during monsoon season are asso-
ciated with large scale organized convection over the southeastern Arabian
Sea, near the Kerala coast. In contrast, the weakly 8O depleted events

are observed to be formed from isolated clouds which are mostly located
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along the Western Ghats. The TRMM rainfall and the Outgoing Longwave
Radiation (OLR) shows significantly distinct spatial patterns during these

events of stronger and weaker O depleted rain events.

3. Analyses of proxies of convection such as OLR and vertical wind veloc-
ity show high moisture convergence and intense convection in the south-
ern peninsular India, which can effectively take the recycled strongly #O-

depleted moisture from the sub cloud layer into the cloud systems.

4. 680 of daily rain shows a strong negative correlation with the amount of
rainfall over the southeastern Arabian Sea rather than with the measured
local rain amounts. This signifies the importance of moisture recycling
occurring in the area of large scale organised convection in determining the
stronger isotopic depletions in rain, compared to areas of isolated local rain

events.

6.2 Results from rain and vapour interaction

studies

1. Water vapour and rain are comparatively enriched in '¥0 and D during the
pre monsoon period relative to ISM but they are more depleted in **O and

D during NEM compared to ISM.

2. Rain and moisture isotopic compositions of ISM are characterised by lit-
tle alteration from locally derived moisture. But rain-vapour interactions
occurring in large scale organised convective clouds lead to intraseasonal

variations in rain and vapour stable isotopic composition during ISM.

3. During NEM, 'O depletion is stronger in the rain (by ~4%c) compared to
water vapour (by ~2%). This is because the NEM rainfall at the sampling
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sites directly form from clouds, which are already depleted in 80 and D,

while the surface water vapour is altered by local evapo-transpiration.

The average isotopic fractionation factor (between rain and vapour) of all
the samples (April- October) is close to the equilibrium value but it deviates

more from the equilibrium values during the NEM.

The d-excess (d = §D —86'0) in rain and water vapour shows a very weak
seasonal cycle with lower values during ISM relative to NEM and the pre

111011S00n.

During ISM, stronger heavier isotopic depletion is observed in rain and wa-
ter vapour in association with the large scale organized convective activity
that occurs in the southeastern Arabian Sea, near the Kerala coast. The
fraction of stratiform rain from the large scale convective cloud region shows
a significant negative correlation with the 60 of vapour and 630 of rain;
this signifies the importance of stratiform clouds in moisture recycling in

large scale organized convective systems.

6.3 Results from studies on the rainfall-6'%0 re-

lations in peninsular India and Sri Lanka

. The rainfall-5'*0 relation shows large spatial variations over peninsular

India and Sri Lanka.

Significant positive rainfall-5'¥O relations are observed at Kozhikode and
Mangalore, where the ISM rainfall contributes more to the annual total

rainfall compared to the NEM rainfall.

Significant negative rainfall-6'¥0 relations are observed in most stations in
Sri Lanka where the NEM rainfall contributes more to the annual total

rainfall.

6.3.
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4. The spatial variation of the slopes of the rainfall-§%0 relation over Penin-
sular India and Sri Lanka is decided by the spatial variation of ratio of ISM
to NEM rainfall amounts. i.e., positive relations are observed mainly in
regions where the ISM rainfall contributes more to the annual total rain-
fall. Significant negative relations are observed in regions where the NEM
rainfall contributes either more than (or comparable to the ISM rainfall) to

the annual total rainfall.

5. Strong isotopic depletion of NEM rainfall is not only due to the strong
isotopic depletion of the Bay of Bengal surface water by the river water

discharge from Ganga and Brahmaputra during the monsoon months.

6. Continental effect does not play any role in the observed stronger isotopic

depletion of NEM rainfall over peninsular India.

7. Heavy isotopic depletion observed in the NEM monthly data at Kozhikode
shows a co-occurrence with cyclonic activity (cyclones, depressions) in the
Bay of Bengal. Stronger 20 depletion of NEM rainfall relative to ISM
rainfall could be due to (i) either their association with low pressure systems
or ii) the lateral advection and mixing of ¥O depleted remnant vapour left

by the immediately preceding low pressure systems.

8. Though the rainfall - §'80 relation at Kozhikode shows a positive correlation
in monthly data, a significant negative relation is observed between the
annual total rainfall and the corresponding §'80. This is a good news for
paleoclimatologists who use tree ring §'®0 to reconstruct total monsoon

rainfall.

9. The ISM seasonal total rainfall and its 50 show a highly significant neg-
ative correlation. This implies that the year to year variations of the ISM

rainfall is almost well captured in the seasonal total rainfall 6'¥0, while
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the sub-seasonal (daily or monthly) rainfall amount and its 6'*O variation

could vary according to the processes occurring within the season.

6.4 Recommendations

In the recent years, though much work has been done on the present topic,
continuous monitoring of rain and water vapour isotopic compositions are re-
quired to improve the understanding of the hydrological cycle and their potential

in paleoclimate reconstructions. Future scope for such studies

1. We have identified the importance of large scale organised convection in the
southeastern Arabian Sea, near the Kerala coast, in regulating the stable
isotopic composition of ISM rainfall in southern peninsular India. This is
likely due to the intense moisture recycling occurring in such systems. In
this context, continuous monitoring of rain and water vapour isotopes from
marine atmosphere from this region (Lakshadweep Islands) can provide

better insight to the underlying processes.

2. The contribution from continental recycled moisture (soil evaporation and
transpiration) to the hydrological cycle over India is not well understood.
This has to be addressed using high resolution (spatio-temporal), simulta-

neous rain and vapour isotope observations.

3. A continuous monitoring of rainfall and water vapour stable isotopic com-
position is essential for understanding effect of interannual variations of
monsoon on water stable isotopes. This will also help to understand the

role of remote forcing through large scale circulations(e.g., El Nino) on ISM.

4. A strong intra-seasonal variation in rainfall and vapour stable isotopic com-
positions is observed. This is linked to the prevailing meteorological con-
ditions. Hence the potential of the newly available satellite based dD ob-

servations to reveal the physical processes during monsoon intra-seasonal
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oscillations can be assessed. Use of isotope enabled General Circulation

Models (GCM) can also help in such studies.

5. Using the high resolution (sub-annual and sub-seasonal) sample analysis
techniques, the potential of tree ring cellulose **O from Kerala in capturing
the intra-seasonal variation of rainfall **O (owing the large scale organised

convection occurring in this region) can be validated.
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