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Zusammenfassung

Der Indische Sommermonsun (ISM) variiert auf verschiedenen Zeitskalen: von intrasaisonal,
dekadisch bis hin zu Zeitraumen von Jahrtausenden. Aktive und passive Phasen des indis-
chen Monsuns innerhalb einer Saison haben starken Einfluss auf die Nahrungsmittelproduk-
tion, wohingegen eine jahrhunderte lange trockene Periode vor ca. 4200 Jahren moglicher-
weise Einfluss auf den Niedergang der Indus Valley Civililzation hatte (Dixit et al., 2014a).
Da heute bereits mehr als 1 Milliarde Menschen in dieser Region leben und prognostiziert
wird, dass die indische Bevolkerung bis zum Ende des Jahrtausends bis auf iiber 1.6 Milliar-
den Menschen anwachsen wird (United Nations, 2015), ist ein Verstiandnis der fiir trock-
ene und feuchte Phasen auf verschiedenen Zeitskalen verantwortlichen Mechanismen von
grof3ter Wichtigkeit.

In einer Studie von Sinha et al. (2011a) wird die Hypothese aufgestellt, dass langfristige
abrupte Anderungen des Indischen Monsuns im letzten Jahrtausend mit Verinderungen
der Haufigkeit aktiver und passiver Phasen auf der intrasaisonalen Skala in Verbindung ste-
hen. Diese Studie untersucht, inwiefern diese These fiir Modellsimulationen unter rezen-
ten, paleo und zukiinftigen Klimabedingungen bestatigt werden kann. Zur Untersuchung
der Variabilitdt des ISM auf verschiedenen Zeitskalen wird eine Modellkette bestehend aus
einem voll-gekoppelten Atmosphére-Ozean Globalmodell (COSMOS), einen Atmosphéaren-
Globalmodell (ECHAMS5) und einem Regionalmodell (COSMO-CLM) verwendet.

Zunichst werden das Atmosphéren-Globalmodell und das Regionalmodell beziiglich ihrer
Fahigkeit, intrasaisonale Eigenschaften des indischen Monsuns zu simulieren, untersucht.
Die Ergebnisse suggerieren, dass trotz einiger Einschrdnkungen ECHAMS sowie COSMO-
CLM in der Lage sind intrasaisonale Eigenschaften des ISM, wie z.B. die Nordwartsver-
lagerung des Niederschlags zu simulieren. Zusatzlich konnte gezeigt werden, dass das mit
ERA-Interim Reanalysen angetriebene Regionalmodell COSMO-CLM in der Lage ist, trock-
ene und feuchte Phasen innerhalb einer Saison zu simulieren.

Um zu untersuchen, inwiefern Verdnderungen der Haufigkeit trockener und feuchter Phasen
innerhalb einer Saison zu langfristigen Anderungen des ISM beitragen, werden saisonale
Niederschlagsmengen iiber Zentral- und Nordostindien verwendet. Dies ist motiviert durch
die Studie von Sinha et al. (2011a), in der unterschiedliche Trends im Niederschlag in zwei

Proxies {iber diesen beiden Regionen gefunden wurden.



Untersuchungen der dekadisch bis multi-dekadische Variabilitdt im letzten Jahrtausend
basieren auf Modellsimulationen fiir drei disjunkte Zeitepochen: Mittelalterliche Warmzeit
(800-1000 AD), kleine Eiszeit (1515-1715 AD) sowie rezentes Klima (1800-2000 AD). Die
Ergebnisse zeigen, dass die Variabilitit auf diesen Zeitskalen teilweise mit verdnderten Hau-
figkeiten von aktiver und passiver Phasen des ISM innerhalb einer Saison verbunden sind.
Zur Untersuchung der ladngerfristigen Variabilitdt wahrend der letzten 6000 Jahre wurde
eine voll-gekoppelte transiente Globalmodellsimulation verwendet. Im Gegensatz zu den
Ergebnissen fiir das vergangene Millennium sind trockene und feuchte Perioden in dieser
Simulation nicht mit Verdnderungen auf der intrasaisonalen Zeitskala erklarbar.
Sensitivitdtsexperimente suggerieren, dass Anderungen der Oberflichentemperaturen im
Indo-Pacific Warm Pool (IPWP) sowie im nordlichem Arabischen Meer einen deutlich
grofBeren Einfluss auf die langfristige Variabilitat des ISM besitzen. Dies ist einerseits durch
eine Verschiebung der groRskaligen Monsunzirkulation und anderseits durch lokale An-
derungen im Feuchteangebot zu erklaren.

Klimaprojektionen unter erhohten Treibhausgaskonzentrationen suggerieren, dass dekadis-
che bis multi-dekadische Variabilitdt des ISM im 21. Jahrhundert nur teilweise durch Verdn-
derungen auf der intrasaisonalen Zeitskala erklarbar ist, &hnlich zu den Ergebnissen fiir das
letzte Jahrtausend.

Insgesamt geben die Ergebnisse aus dieser Studie neue Einblicke in die verantwortlichen
Mechanismen fiir die langfristige Variabilitdt des ISM, im Besonderen fiir den Beitrag von
aktiven und passiven Phasen auf intrasaisonaler Zeitskala. Die Ergebnisse sollten fiir die
Auswahl von Regionen zukiinftiger proxy basierter Studien verwendet werden, um die
Telekonnektionen des Indischen Monsuns wie z.B. mit den Oberflichentemperaturen im
IPWP zu beriicksichtigen.

Dixit, Y., Hodell, D. A. and Petrie, C. A. (2014a). Abrupt weakening of the summer monsoon in northwest
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Abstract

The Indian Summer Monsoon is known to vary on intraseasonal, decadal, centennial and up
to millennial time-scales during the past. Whereas shorter-term variability on subseasonal
time-scales influences agricultural outcomes due to drought or flood conditions, longer-
term dry conditions on centennial scale might be related to the downfall of the Indus Valley
civilization around 4200 years ago (Dixit et al., 2014a). As nowadays more than 1 billion
people live in India and the population is expected to increase throughout the 21st century
to over 1.6 billion in 2100 (United Nations, 2015) knowledge about the drivers of dry and

wet conditions on different timescales are of crucial importance.

In a recent study Sinha et al. (2011a) hypothesized that abrupt changes in rainfall over
India on centennial time-scales during the last Millennium are associated with active and
break spells on the intraseasonal timescale. This thesis investigates in how far this hy-
pothesis can be supported by analysing the Indian Summer Monsoon variability under
past, recent and future climate conditions. A model chain consisting of a fully coupled
Atmosphere-Ocean General Circulation Model (COSMOS), an Atmosphere-only General Cir-
culation Model (ECHAMS5) and a Regional Climate Model (COSMO-CLM) is used to analyse

dry and wet periods of the on different time-scales.

Before testing the hypothesis the models skill in representing observed intraseasonal fea-
tures of the ISM! is assessed. Even though with some limitations, results suggest that the
RCM? as well as the AGCM? are able to capture main intraseasonal features of the ISM,
e.g. the northward propagation. Additionally, COSMO-CLM is found to have positive skill
in simulating observed dry and wet spells if driven by ERA-Interim at its lateral boundaries.
Seasonal mean rainfall amounts over northeastern and central India are used to analyse in
how far changes on the intraseasonal time scale contribute to longer-term variability of the
ISM. This approach is motivated by the study from Sinha et al. (2011a) who found changes

in rainfall with different signs in two proxies over northeastern and central India.

!Indian Summer Monsoon
2Regional Climate Model
3Atmosphere-only General Circulation Model



Decadal to multi-decadal scale variability of the ISM is analysed in three time periods of
the last Millennium: Medieval Climate Anomaly (800-1000), Little Ice Age (1515-1715)
and Recent Climate (1800-2000). Results suggest that some part of the decadal to multi-
decadal scale variability of the ISM can be attributed to changes on the intraseasonal time
scale. Centennial scale variability during the Holocene is analysed using a transient sim-
ulation covering the past 6000years. In contrast to results for the last Millennium, ISM
variability in this simulation could not be linked to rainfall trends with different signs over
northeastern and central India. Instead results suggest the importance of SST*s over the
Indo-Pacific Warm Pool and northern Arabian Sea in steering long-term dry and wet condi-
tions over India. Atmosphere-only climate model sensitivity experiments indicate that the
ocean temperatures over the IPWP® cause a shift in the large-scale monsoonal circulation,
whereas SSTs over the northern Arabian Sea are important in determining the moisture
supply over this region.

Results obtained by analysing future climate simulations suggest that only a part of the
decadal-scale variability of the ISM could be related to changes in breaks and active spells,
similar to results obtained for the last Millennium.

Overall, the work undertaken in this thesis gives greater insight into the steering mecha-
nisms of ISM variability on longer-time scales, especially the role of changes of active and
break spells on intraseasonal time scales. Furthermore, results should be considered for fur-
ther proxy-based studies analysing long-term changes of the ISM for the proxy site selection

to take into account teleconnections important for steering rainfall over India.
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United Nations (2015). World population prospects: The 2015 revision, key findings and advance tables. De-
partment of Economic and Social Affairs, Population Division, United Nations, New York, USA

Sinha, A., Berkelhammer, M., Stott, L., Mudelsee, M., Cheng, H., and Biswas, J. (2011a). The leading mode
of Indian Summer Monsoon precipitation variability during the last millennium. Geophysical Research Letters,

38(15)

4Sea Surface Temperatures
>Indo-Pacific Warm Pool



Contents

Preface
1.1 IntroduCtion . . . . . . o v v i e e e e e e e e e e e e e e e e e e e
1.1.1 General Monsoon Circulation . ... . ... ... ... . ... ......

1.1.2 Variability of the Indian Summer Monsoon on different time-scales . .

1.2 Motivation, Aim and Structure of thisstudy . . . ... ...............

Overview to Model Setups & Simulations
2.1 Models and their Setups used inthis Study . . ...................
2.2 Model Simulations . . .. .. ... ... e

Recent climate
3.1 Intraseasonal Variability of the Indian Summer Monsoon in COSMO-CLM . .

3.1.1 Introduction . . . . ... ... i it e
3.1.2 Data. . ... e e e e e e
3.1.3 Model. . ... e
3.1.4 Method . . .. ... .. e
3.1.5 Results . ... .o e
3.1.6 Dailyrainfall ... ........ .. .. .. . ...
3.1.7 Boreal Summer Intraseasonal Oscillation (BSISO) and Monsoon In-
traseasonal Oscillation (MISO) . . ... .. ... ... ... ... .....

3.1.8 Dryand Wetevents . . ... .. ... ... uuniunennenennnn.

3.2 Conclusion . . . ... ... e e

3.3 Intraseasonal Variability of the Indian Summer Monsoon under Recent Cli-
mate Conditions . . . . . . . . . . L e
3.3.1 BSISO . . . e e
3.3.2 MISO . . .. e

3.4 Conclusion . . . . ... e s

11



Part 0

4 Variability of the Indian Summer Monsoon during the Holocene 61
4.1 IntroduCtion . . . . . . . .. ittt e e 62
4.2 The Last Millennium . . . . ... ... ... .. e 65

4.2.1 Data&Methods . ....... ... .. ... ... . 65
4.2.2 Relationship between AIMR and Active/Break spells in COSMO-CLM 67
4.2.3 Relationship between AIMR and Active/Break spells in ECHAMS ... 74
4.3 ThePast 6000 Years . . . . . v v v v vttt e et e e e e e e e e 82
4.3.1 Data & Methodology . .......... ... .. .. . .. .. ... 82
4.3.2 Rainfall over AIMR during the past 6000 years in COSMOS . .. ... 83
4.3.3 Variability of Active and Break spells . . . . ... .............. 86
4.3.4 Changes of dry and wet events on the intraseasonal time-scale be-
tween 2kaBPand 1.7kaBP . .. ... ... .. ... .. .. L. 87

4.3.5 Mechanisms steering ISM rainfall variability between 2ka BP® and 1.7ka BP 89

4.3.6 Mechanisms influencing the ISM on inter-annual to centennial time

scales . ... 99

4.4 Conclusion & DiSCUSSION . . . . . . v v v it e e e e e e 105

5 Future Changes of the ISM 109
5.1 Introduction . . .. .. .. .. .t e 109
5.2 Data & Methodology . . ... ... ... . .. . . e 111
5.3 Future changes of Active and Break spells in CLM’ simulations . . . ... ... 112
5.4 Future changes of Active and Break Spells in ECHAMS5 simulations . . .. .. 116
5.5 Conclusion & Discussion . . . . . ... . . e 118

6 Summary, Discussion & Outlook 119
6.1 Summary . . . . . . .. e e e e e e e e 119
0.2 DiSCUSSION . . . . o vt e e e e e e e e e e 124
6.3 Outlook . . . . . . e 130
Bibliography 133
List of Figures 151
List of Tables 158
Acronyms 161

5Before Present
7COSMO-CLM

12 ISM variability under recent, past and future climate conditions



Preface

1.1 Introduction

1.1.1 General Monsoon Circulation

The climate over India is heavily influ-
enced by seasonal variations of surface
winds.  During boreal summer south-
westerly winds prevail over southern Asia
transporting huge amounts of moisture into
India, leading to high rainfall rates. In con-
trast, during wintertime mean wind blows
from the northeast advecting usually drier
and colder air into India, which leads to
only little rainfall over most of the coun-
try except the southeastern part of India,
which receives most of its annual rainfall
(cf. Kripalani and Kumar, 2004 and refer-
ence within) during this time of the year.
Despite the southeastern part of the coun-
try, India receives about 80% of its annual
rainfall during the summer months between
June and September (Basu, 2007). As ex-
plained, the marked change in precipitation
over India is caused by changes in the pre-
vailing wind direction between summer and
winter, which is called monsoon. The word
monsoon itself originated from the Arabic
word for season called mausim (Rao, 2008).
With respect to India it can be distinguished
between the southwest summer and north-

(a) Summer

40N

20N

208

408

net ocean heat transport

20E

(b) Winter

40N

20N

20S

B0E 100E 140E

net ocean heat transport

Figure 1.1: Schematic model of the a) boreal

summer and b) winter monsoon
system and mean surface winds
(black arrows) and their associ-
ated Ekman transports (gray ar-
row). (taken from Loschnigg and
Webster (2000), their Figure 13)
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Part 1 1 Preface

east winter monsoon season. Besides the Indian or south Asian monsoon, regions charac-
terized by a reversal of the mean wind direction are found over parts of Africa and America,
eastern Asia and northern Australia. All these monsoon systems have the same physical
origin, which is the seasonal march of the solar insolation, which in turn modifies the po-
sition of the Hadley Cell. During boreal winter increased solar radiation over the southern
latitudes and smaller solar incoming radiation rates over the northern latitudes lead to a
horizontal north-south temperature gradient, which leads to a cross-equatorial flow from
the northern to the Southern Hemisphere. This cross-equatorial flow reverses during boreal
summer due to higher incoming solar radiation over the northern compared to southern
latitudes (see Figure 1.1). This general monsoonal flow on hemispherical scales which is
largely associated with changes in the position of the ITCZ?, is modified by land-sea distribu-
tion or high orography on regional scales. For the Indian subcontinent an important factor
modifying the general monsoonal flow is the Himalayan and the Tibetan Plateau (Hahn and
Manabe, 1975). However, it is still discussed in how far the "thermal effect" due to the high
elevation of the Tibetan Plateau or the "barrier effect", which prevents warm, moist air to
penetrate further north is more important (Chen et al., 2014 and references therein). Be-
sides the Tibetan Plateau, the Western Ghats mountain range at the western coast of India
is an influencing factor for the spatial distribution of rainfall over the Indian subcontinent
(Sijikumar et al., 2013).

Overall, the general monsoon circulation
over India during summer is driven by dif-

ferences in incoming solar radiation over

Summer Broad-Scale Circulations

the higher latitudes compared to the trop-
ical latitudes. This, in combination with
the differential heating of the Indian land-
masses as well as the Tibetan Plateau com-

pared to the tropical oceans lead to the

formation of a surface low-pressure system
over India and a near surface high pres-
sure system over the tropical oceans dur-
ing boreal summer. This is accompanied
by near-surface southerly winds, which are Figure 1.2: Mean summer circulation and
redirected to the west by the Coriolis force its associated atmospheric flow
and leading to the south-westerly monsoon (taken from Clivar, 2016)

flow. The lifting of air over the Indian conti-

nent is accompanied by high rainfall amounts and a divergent upper-level anti-cyclonic flow

(Figure 1.2). In the upper-troposphere the main wind direction reverses to northerlies and a

linter-tropical convergence zone

14 ISM variability under recent, past and future climate conditions



1 Preface Part 1

convergent cyclonic upper-level flow is found over the tropical oceans. Besides topography,
the presence of the Arabian Sea and the Bay of Bengal heavily influence the ISM? (Ghosh
et al., 1978; Levine and Turner, 2012; Polanski et al., 2014).

1.1.2 Variability of the Indian Summer Monsoon on different

time-scales

Intraseasonal Variability

Within the summer season (JJAS®) the ISM shows significant spatial and temporal varia-
tions. The occurrence of dry and wet periods, called break and active spells, have a major
impact on food production (Rao, 2008) and thus on the society of India. Furthermore,
prolonged dry events affect seasonal mean rainfall (Krishnamurti and Bhalme, 1976). One
example for a prolonged break was observed during 2002 lasting for about 36 days associ-
ated with a rainfall deficit of 56% below normal in the month of July and a seasonal rainfall
deficit of about 21% (Bhat, 2006).

Active and break phases differ significantly in terms of their associated atmospheric circu-
lation. During break days the monsoon trough is significantly shifted northward (Blanford,
1886 cited from Gadgil, 2003), leading to reduced rainfall over central India and enhanced
rainfall over the Himalayan foothills and northeastern India (Figure 1.3 left panel, taken
from Rajeevan et al., 2010). During active days opposite characteristics in rainfall over In-
dia are found (Figure 1.3 right panel, taken from Rajeevan et al., 2010). The dominant
periodicities of the ISO* of the Indian monsoon are the eastward-northward propagating
30-60 day mode and the westward-propagating 10-20 day mode (Kulkarni et al., 2009,
Goswami, 2005 and references therein). Recently, Suhas et al. (2013) developed an in-
dex to identify these MISO® in gridded climate data. This study revealed that observed dry
events on the intraseasonal timescale as the prolonged break during 2002 are associated
with a reduced northward propagation of rainfall (Suhas et al., 2013). In fact, changes in
atmospheric conditions influence the formation of synoptic weather systems, e.g. the for-
mation of TC®s over the surrounding oceans of India is significantly increased during wet
spells compared to dry spells (Goswami et al., 2003).

2Indian Summer Monsoon

3 June-September

“intra-seasonal oscillation

>Monsoon Intra-seasonal Oscillations
®Tropical Cyclone
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Figure 1.3: Rainfall composite anomaly (mm) during dry spells (left panel) and wet spells
(right panel). Figures are taken and adapted from Rajeevan et al. (2010).

However, the ISV’ of the ISM is also influenced by interactions between tropics and extra-
tropics (Ramaswamy, 1962; Krishnan et al., 2000; Ding and Wang, 2007; Krishnan et al.,
2009). Krishnan et al. (2009) showed that anomalous mid- to upper-level westerlies over
the Indo-Pakistan region caused by mid-latitude troughs over western Asia are associated
with breaks over the Indian subcontinent. This is caused as cold-air convection reduces
the north-south temperature gradient and drier winds over northwestern India leading to
suppressed convection. Furthermore, Ding and Wang (2007) suggests that rainfall over
northwestern India and Pakistan on intraseasonal time scales is linked to a Rossby wave-
train over the Eurasian continent. As a substantial part of this study focuses on the ISV of
the ISM, a more detailed background about current research is given later in Chapter 3,
Section 3.1.1.

Interannual to inter-decadal Variability

Variations on the interannual timescale are comparably small with a standard deviation of
about 10% of the mean for the last century (Gadgil, 2003). However, even though the ISM
can be regarded as quite stable on interannual time-scales, these small fluctuations have
a huge impact on the agricultural sector of India, e.g. rice production (Gadgil, 1995). It
is observed that drought and flood years are related to the occurrence of ENSO® (Figure
1.4). In general, decreased monsoon rainfall rates over India are associated with anoma-
lous warm surface waters in the Pacific Ocean and a positive SOI°, which is characteristic of
El Nifio events. In contrast, increased rainfall rates over India are related to colder SST'%s

over the Pacific Ocean, which is characteristic of La Nifia events respectively. This can be

’intraseasonal variability

8El Nifio Southern Oscillation

Southern Oscillation Index
19Sea Surface Temperatures
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1 Preface Part 1

All-India Summer Monsoon Rainfall, 1871-2015

(Based on 11 TM Homogeneous I ndian Monthly Rainfall Data Set)
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Figure 1.4: All-India Summer Monsoon (June-September) Rainfall (AISMR) Anomalies dur-
ing 1871-2015. Rainfall anomalies are given relative to its long-term mean
(taken from IITM, 2016).

explained as warmer eastern and equatorial Pacific SSTs during El Nifio years lead to an
anomalous easterly shift of the Walker circulation and, hence, suppressing convection over
the Indian subcontinent. Thus, dry and wet conditions over India can in general be related
to ENSO (Shukla and Paolino, 1983, see Table 2 from Webster et al., 1998, Figure 1.4),
but the ENSO monsoon relationship cannot explain the whole rainfall variability on these
time-scales. A good example is the El Nifio event in 1997, which was the strongest event
ever recorded but ISM rainfall was 2% above normal in this season (Slingo and Annamalai,
2000). Slingo and Annamalai (2000) attributed this to changes in the local Hadley Cell
driven by changes in the Walker circulation and an anomalous northerly position of the
TCZ!'. Despite ENSO, the IOD'? plays an important role on interannual timescales (Ashok
et al., 2001). Furthermore, extra-tropical interactions have shown to be important in influ-

encing summer monsoon rainfall over India via a CGT'® (Ding and Wang, 2005).

The ISM also exhibits a strong biennial oscillation. This biennial oscillation of the ISM
described by Mooley and Parthasarathy (1984) is also prominent in other monsoonal areas
(Tian and Yasunari, 1992; Webster et al., 1998 an references therein) and often referred to
as the TBO'®. The mechanisms controlling the TBO can be potentially explained by positive
atmosphere-ocean-land feedbacks. A good overview about the processes involved in the
TBO is given in Meehl (1997). Furthermore, results from Yasunari (1990) indicate that the

11Tropical Convergence Zone
12Indian Ocean Dipole
13circumglobal teleconnection
4Tropical Biennial Oscillation
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Epochal Patterns of All-India Summer Monsoon Rainfall
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Figure 1.5: All-India Summer Monsoon (June-September) Rainfall (AISMR) Anomalies dur-
ing 1871-2015 smoothed using a 31year running mean (taken from IITM,
2016).

Asian monsoon itself plays an active role in the TBO. This mechanism suggests that changes
in monsoon intensity influence Pacific SSTs in the following winter (Yasunari, 1990, their
Figure 1). The above is further supported by model-based studies (e.g. Masumoto and
Yamagata, 1991).

On longer time-scales the Indian monsoon is known to show an epochal behavior
(Parthasarathy et al. (1994), Figure 1.5). This inter-decadal variability is thought to be
related to ENSO (Krishnamurthy and Goswami, 2000), also affected by the I0OD (Ashok
et al., 2001). Furthermore, it is found that the ENSO-Indian monsoon relationship is not
stable in time and underwent some fluctuations during the past decades (Kumar et al.,
1999; Ashok et al., 2001). Kumar et al. (1999) showed that the relationship between ISM
rainfall and ENSO weakened during the last decades of the past Millennium. They propose
that a southward shift of the Walker circulation or increased surface temperatures over the
Eurasian continent lead to a more intense monsoon circulation during El-Nifio years during
the recent past (Kumar et al., 1999). Additionally, the character of the ENSO itself is of
major importance as it is found that drought conditions over India are more affected by
SST anomalies in the central equatorial Pacific compared to SST anomalies over the eastern
equatorial Pacific (Kumar et al., 2006).

18 ISM variability under recent, past and future climate conditions



1 Preface Part 1

Centennial to millennial-scale Variability

Variability of the ISM on longer time-scales can only be assessed by pure model or pure
proxy based studies. In general, a decreasing rainfall trend over India is found from the
mid Holocene (around 6000 years BP'®) to present (Fleitmann et al., 2003; Schneider et al.,
2014; Dallmeyer et al., 2015), which is in line with decreasing summer solar insolation over
the northern latitudes from the mid towards the end of the Holocene. Differences in orbital
parameters lead to a reduced northward propagation of the ITCZ during the Holocene,
caused by decreasing solar insolation over the Northern Hemisphere and thus changes in
the northern-southern Hemisphere temperature contrast (Figure 1.6). As described before,
this thermal contrast is one of the major drivers of the monsoonal circulation (see Figure
1.1)

Stronger -2.54
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-
»
L

880 (%o)
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: ';.:,_ 0.1 (drier)

<—— Indian monsoon rainfall —3»

Weaker 5

Northern-to-Southern hemisphere temperature anomaly (K)

Age (kyr BF)

Figure 1.6: Temporal evolution of the temperature contrast between the extra-tropics of
the Northern and Southern hemispheres (black lines) a proxy for runoff into
Cariaco (red line) and a proxy of Indian monsoon rainfall (blue line) (adapted
from Schneider et al. (2014)). For further information about the proxies and
derived indices please refer to Schneider et al. (2014).

However, long-lasting dry and wet epochs are also found in model and proxy based studies
(Prasad et al., 2014; Dallmeyer et al., 2015), which cannot be attributed to changes in so-
lar insolation. Prasad et al. (2014) linked those dry events over India to anomalous warm
conditions over the Indo-Pacific Warm Pool region. An additional proxy-based study by
Sinha et al. (2011a), analysing ISM variability during the past Millennium found contrast-
ing trends of rainfall over central and northeastern India, which they suggest to be linked
to active and break spells on the intraseasonal time scale. Sinha et al. (2011a) hypothesize
that shifts in the A-B'® regime trigger abrupt changes in ISM rainfall during the last Millen-
nium on centennial time-scales.

A more detailed current state of research of longer-term variability of the ISM with an em-

phasis on the time-period of the Holocene is given in Chapter 4.

ISBefore Present
164ctive-break
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Part 1 1 Preface

1.2 Motivation, Aim and Structure of this study

Motivation

The hypothesis by Sinha et al. (2011a) suggesting that abrupt changes of the Indian Summer
Monsoon during the last Millennium are caused by changes on the intraseasonal timescale
challenges the current understanding of the importance of intraseasonal variability on longer
time-scales. Recently several studies pointed out the impact of the occurrence of active and
break periods onto seasonal rainfall averages (e.g. Goswami and Mohan, 2001; Goswami
et al., 2006b). In contrast, other studies suggest that most of the seasonal anomalies arise
from seasonal persisting patterns, rather than a shift of A-B periods (Krishnamurthy and
Shukla, 2000, 2007, 2008). However, all these studies focus on the impact of intrasea-
sonal changes on seasonal mean rainfall rates and thus interannual variability, rather than
centennial-scale variability. Thus, even though interannual variability might be governed
by seasonal persisting patterns, this might be different for abrupt changes on centennial

timescales.

The hypothesis from Sinha et al. (2011a) that changes on the intraseasonal time-scale drive
centennial scale variability is based on the analyses of rainfall proxy timeseries over central
and northeastern India. Both time series show an abrupt change in rainfall around the late
17th century, however with opposite signs (Figure 1.7). The proxy sites coincide with the
two centres of the first Empirical Orthogonal Function of seasonal and daily summer rain-
fall anomalies, which both show a sharp dipole pattern over central and northeastern India
(Figure 1.8). This dipole pattern is also present in the active and break composite anomalies
(Figure 1.3). In their study, Sinha et al. (2011a) hypothesize that centennial scale variability
is associated with the dipole mode in rainfall over northeastern and central India, which is
in turn associated with intraseasonal oscillations. If this hypothesis stays true it would have
vast impact on both: model and proxy based studies. On the observational, proxy side it
would lead to recommended regions to derive proxy archives as the A-B signal is reflected
by different signs in rainfall anomaly over northeastern and southern compared to central
and western India (Figure 1.3). If long-term dry and wet periods would organize in such a
break/active rainfall pattern it would mean that different rainfall behaviour over different
regions of India have to be considered, e.g. over southern and central India.

On the model side, this would mean that investigations analysing ISM variability on longer
time-scales must use atmospheric models capable of representing observed intraseasonal
features of the Indian summer monsoon to obtain meaningful results. As shown by Sperber
and Annamalai (2008) this is not the case for all CMIP3!” models, and even though im-
proved for several models the simulation of the intraseasonal variability is still problematic
in CMIP5'® models (Sperber et al., 2013).
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Figure 1.7: 5'80 timeseries for proxy located in northeastern India (blue), proxy located
in central India (green) and in the Arabian Sea (orange) (Figure from Sinha
et al. (2011a), their Figure 3). For further information about proxy locations
and methods used please refer to Sinha et al. (2011a).
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Figure 1.8: "EOF 1 of (a) standardised daily anomalies (5-day running means) and (b) stan-
dardised seasonal anomalies of rainfall for JJAS of the 1901-70 period. Positive
contours are shaded." (Krishnamurthy and Shukla, 2000; their Figure 6)
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Aim

The aim of this study is to analyse in how far long-term variability of the ISM can be at-
tributed to changed on the intraseasonal time-scale via the occurrence of active and break
periods. The main research question:

ARE CHANGES OF THE ISM RELATED TO A DOMINANT RAINFALL ANOMALY PATTERN, WITH A
DIPOLE STRUCTURE OVER NORTHEASTERN AND CENTRAL INDIA, WHICH IN TURN IS ASSOCI-
ATED WITH A SHIFT TO A MORE ACTIVE/BREAK PHASE OF THE MONSOONAL SYSTEM?

is answered by addressing three research tasks:

Task 1 Are climate models (GCM/RCM) used in this study able to represent
Validation observed features of the intraseasonal variability of the ISM (active and
break spells, northward propagation)?

Task 2 In how far are extreme phases of the ISM related to a dominant rainfall
Paleoclimate anomaly pattern during the Holocene. Is this associated with more
active/break spells on the intraseasonal time scale?

Task 3 Are possible future changes of the ISM related to the same rainfall
Future Climate anomaly pattern and changes on the intraseasonal time scale?

Methodology - Model Chain

The research question is tackled with a purely model-based approach. This is due to the
availability of proxy data over the Indian subcontinent and also due to the nature of proxy
records. Proxy data do allow to assess climate variability, but they lack the possibility to
explain this variability as they do not give any insight into the reasons for these changes,
e.g. changes in atmospheric or oceanic circulations. Here, global climate model simulations
provide a tool to understand observed climate variability found in proxy archives. However,
as this thesis is undertaken in the HIMPAC' project, in which new multi-archive proxies
have been carried out, findings based on these proxies are also reflected and taken into ac-

count in this study.

1HIMPAC - Himalaya: Modern and Past Climates
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To analyse the variability of the ISM during the Holocene a model chain including coarse re-
solved fully-coupled global climate model simulations (AOGCM?°), atmosphere-only global
climate model simulations (AGCM?!) and higher-resolved regional climate model simula-
tions (RCM??) are used in this study (Figure 1.9). AOGCM simulations are used to simulate
long time-periods, e.g. the past 6000 years, however, these simulations only provide coarse
resolution (approx. 400 km). Thus, higher-resolved AGCM simulations, forced by SST and
SIC?® fields for the coarse AOGCM simulations, are carried out to obtain deeper insight
into the atmospheric circulation. Due to computational resources this is not possible for
the whole time periods, but is rather done for selected shorter time periods. Eventually,
high-resolved RCM simulations over the Indian subcontinent are carried out. Again, due
to computational resources, this is not possible for the whole time period covered by the
AGCM simulations, but rather for specified shorter epochs. The intention to use regional
climate models is to provide high-resolved spatial information about climate variability over
India, which is not possible with coarse resolved AGCM simulations.
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Figure 1.9: Schematic overview of model chain used in this study:.

The thesis is structured as following: In Chapter 2 an overview to the climate models, their
respective setups and simulations is given, Chapter 3 is dedicated to the validation of the
climate models used in the model chain (Task 1), Chapter 4 analyses changes of the ISM dur-
ing the Holocene with an emphasis on extreme phases (Task 2), Chapter 5 investigates the
contribution on intraseasonal time-scales on longer-term future changes of the ISM under
enhanced greenhouse gas concentrations (Task 3) and Chapter 6 summarises and discusses
the results carried out within this study.

20 Atmosphere-Ocean General Circulation Model
21 Atmosphere-only General Circulation Model
22Regional Climate Model

2Sea Ice Concentrations

ISM variability under recent, past and future climate conditions 23






Overview to Model Setups &

Simulations

2.1 Models and their Setups used in this Study

COSMOS

The fully coupled model system COSMOS (Community Earth System Models), consists of
three different models: the atmospheric component ECHAMS5 (Roeckner et al., 2003), the
ocean model MPI-OM (Marsland et al., 2003) and the land surface model JSBACH (Rad-
datz et al., 2007). Additionally, a biogeochemistry module named HAMMOC (Wetzel et al.,
2006) is implemented. The coupling between the ocean and atmosphere is performed via
the OASIS coupler (Valcke, 2013).

COSMOS is designed to include or exclude certain model components, e.g. running
atmosphere-only simulation excluding ocean or land processes. This makes the model itself
flexible to be used to address different research questions. Despite different model compo-
nents included, the horizontal and spatial resolution can be adjusted to the users needs. In
this study model simulations with two different resolutions are analysed. The coarse model
simulations with a spectral resolution of T31 and 19 vertical levels is used for longer simula-
tions, including atmosphere and ocean processes (AOGCM?!, see Figure 1.9). The spatial res-
olution of T31 corresponds to a grid spacing of 3.75° x 3.75° (approx. 400 km). Atmosphere-
only simulations (AGCM?, see Figure 1.9) are carried out with a resolution of T63 and 31

vertical levels, where T63 corresponds to a grid spacing of 1.875° x 1.875° (approx. 200 km).

COSMO-CLM

The COSMO (COnsortium for SMall scale MOdeling) model in Climate Mode (COSMO-
CLM) is the community model of the German regional climate research. The model is based
on the COSMO model which is used by several weather services across Europe for numeri-
cal weather prediction (NWP) and is also part of CORDEX (Coordinated Regional Climate

Downscaling Experiment). In this study the version 4.8 subversion 17 is used for dynamical

! Atmosphere-Ocean General Circulation Model
2Atmosphere-only General Circulation Model
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Figure 2.1: Domain of COSMO-CLM simulations used in this study + height of topography
(shaded). Red line indicates boundaries of AIMR* region.

downscaling of global climate model (GCM) output as well as reanalysis data. The model
is run on a rotated pole grid with a resolution of 0.5° (A~ 55km) over the domain shown in
Figure 2.1. The domain covers the area from the eastern African coast to the western Viet-
namese coast in east-west and from about 10° south to 50° north in south-north direction
with a total of 170x130 grid cells. The internal time step is 150 seconds and the temporal
discretization is performed using a leap-frog scheme. The parameterizations used for the
model integration include a radiation scheme following Ritter and Geleyn (1992), a micro-
physics scheme including cloud water, rain and snow (Kessler, 1969) and the Tiedtke mass
flux convection scheme (Tiedtke, 1989).

The model configuration for an older COSMO-CLM version used in several studies (Dobler
and Ahrens, 2010) has been the basis for the setup used in this study. The horizontal resolu-
tion of about 55 km is similar to the simulations provided by CORDEX (mostly about 50 km)
and warrants for deeper insights of the regional structures of the ISM3. Furthermore, this
resolution is still feasible for long-term simulations of about 30 years under paleo and fu-
ture conditions. Several changes to the model’s source code have been necessary to enable

varying orbital parameters (Prommel et al., 2013) as well as greenhouse gas concentrations.

3Indian Summer Monsoon
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2.2 Model Simulations

In total 25 climate model simulations (CLM> & COSMOS®) are used in this study from
which 60% have been carried out within HIMPAC (15 out of 25). 13 out of these 15 (87%)
have been carried out within this thesis itself, adding up to a total of nearly 400 years of
atmosphere-only global climate model simulations, as well as over 200 years of regional
climate model simulation data. All simulations are listed in Table 2.2.

Present Day Climate

A CLM simulation from 1979 until 2011 forced by ERA-Interim at its lateral boundaries is
carried out within this study. The setup of this simulation is described in Section 2.1 and
results are presented in Chapter 3 and published in Befort et al. (2016).

Last Millennium

In this thesis, a five member ensemble for the last Millennium in a spatial resolution of T31
with 19 vertical levels is analysed. These simulations are performed using all components of
COSMOS. Additionally, varying orbital parameters, solar variability land-cover changes and
volcanic eruptions have been considered (Jungclaus et al., 2010). Three 200 year time slices
from the mil0014 ensemble-member have been selected and used to force three ECHAMS5
simulations at its lower boundaries: MCA” (900-1100 AD), LIA® (1515-1715 AD) and the
REC? (1800-2000 AD). Due to the coarse spatial resolution of the coupled COSMOS simula-
tions (T31L19), sea surface temperature and sea ice cover fields have to be interpolated to
the grid resolution of the ECHAMS5 simulations (T63). Several different methods of inter-
polation have been tested within this study to conserve the sea surface temperatures in the
coupled COSMOS simulations within the higher resolved ECHAMS simulations. Regarding
the three ECHAMS experiments MCA and LIA results have been published in Polanski et al.
(2014). Eventually, CLM simulations for selected 31 year time periods (one wet and one
dry phase) are carried out for the three GCM'° timeslice experiments (EH5-MCA, EH5-LIA,
EH5-REC). The setup of these simulations is described in Section 2.1. Orbital parameters
as well as Greenhouse Gas Concentrations (GHG) concentrations are set according to the
respective time period.

All model experiments are used for investigation in Chapter 4, whereas the GCM experiment
for the recent climate (REC) is further used to validate ECHAMS5 under recent climate con-
ditions in Chapter 3. Thus, to analyse the variability of the ISM during the past 1000 years

the complete model chain as described in Section 1.2 is used.

>COSMO-CLM
6Community Earth System Models
"Medieval Climate Anomaly
8Little Ice Age
Recent Climate

19General Circulation Model
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Past 6000 years

Another fully-coupled COSMOS simulation covering the past 6000 years is used to analyse
the ISM variability beyond the past 1000 years (Fischer and Jungclaus, 2011). This sim-
ulations is performed with varying orbital parameters but using constant (pre-industrial)
greenhouse gas conditions. In this study a dry and wet period are selected and simulated
using ECHAMS with a resolution of T63L31. Similar to all three experiments during the last
Millennium (EH5-MCA, EH5-LIA, EH5-REC) sea surface temperature and sea-ice cover fields
are interpolated to match the ECHAMS grid (T63). The ECHAMS5 run-script are adapted to
include changing orbital parameters. These orbital parameters are updated each year and
are calculated according to Berger and Loutre (1991). As the dry event is found around
2ka BP and the wet event around 1.7ka BB the ECHAMS5 experiments are from now on
called EH5-2ka and EH5-1.7ka experiment, respectively. Furthermore, three sensitivity ex-
periments are carried out for the EH5-2ka experiment. Here SST!/SIC!? fields for only one
ocean basin (North Atlantic, Pacific Ocean, Indian Ocean) are taken from the 1.7ka period
and all other ocean grid points are set to 2ka conditions. These simulations will be further
called EH5-1.7ka-NA (North Atlantic), EH5-1.7ka-PO (Pacific Ocean) and EH5-1.7ka-IO (In-
dian Ocean). A more detailed description how these simulations are carried out can be
found in Chapter 4, Section 4.3.

CMIP3

COSMOS simulations carried out within the CMIP3 project are used to analyse future changes
of ISM variability under enhanced greenhouse gas concentrations. Here, the COSMOS sim-
ulations following the A1b, A2 and B1 emission scenarios (Nakicenovic et al., 2000) as well
as the commitment simulation forced by observed GHG concentrations until the year 2000
and fixed concentrations thereafter are used (COSMOS-A1B (runl), COSMOS-A2 (runl),
COSMOS-B1 (runl), COSMOS-COM (runl)). In this study only the first ensemble member
of all simulations is analysed, as these simulations have been used to force CLM at its lat-
eral boundaries (Dobler and Ahrens, 2011). It must be noted that CLM simulations under
future climate conditions (CLM-AIB, CLM-A2, CLM-B1) as well as under recent conditions
and fixed GHG'® concentrations after the year 2000 (CLM-COM) forced by CMIP3 ECHAMS5
simulations are not carried out within this project. Here, existing simulations using a previ-
ous model version (2.4.11) described in Dobler and Ahrens (2011) are used. The setup and
domain are not identical to the setup used for the other CLM simulations, thus the recent
climate CLM simulation is also validated regarding observed intraseasonal features of the
ISM (see Chapter 3). All these future climate simulations (RCM'* & GCM) are analysed in
Chapter 5.

1Sea Surface Temperatures
125ea Ice Concentrations
13Greenhouse Gas Concentrations
14Regional Climate Model

28 ISM variability under recent, past and future climate conditions



suonIpuod 212WID 21NNy pue 3sed Jua021 Iopun AIIJIGeLIBA AIST

6¢C

Identifier Model Resolution Time period Forcing Reference
COSMOS-mil0014 AOGCM  T31L19 1000 AD - 2000 AD fully-coupled Jungclaus et al. (2010)
COSMOS-Holocene AOGCM  T31L19 6000 BP - 0 BP fully-coupled Fischer and Jungclaus (2011)
COSMOS-COM (runl) AOGCM  T63L31 1960 AD — 2100 AD fully-coupled Roeckner et al. (2006a)
COSMOS-A1IB (runl) AOGCM  T63L31 2001 AD — 2100 AD fully-coupled Roeckner et al. (2006b)
COSMOS-B1 (runl) AOGCM  T63L31 2001 AD — 2100 AD fully-coupled Roeckner et al. (2006d)
COSMOS-A2 (runl) AOGCM  T63L31 2001 AD — 2100 AD fully-coupled Roeckner et al. (2006c¢)
EH5-MCA AGCM T63L31 900 AD - 1100 AD COSMOS-mil0014 Polanski et al. (2014)
EH5-LIA * AGCM T63L39 1515 AD - 1715 AD COSMOS-mil0014 Polanski et al. (2014)
EH5-REC AGCM T63L31 1800 AD - 2000 AD COSMOS-mil0014 Polanski et al. (2014)
EH5-2ka * AGCM T63L31 2008 BP — 1958 BP COSMOS-Holocene N/A
EH5-1.7ka * AGCM T63L31 1662 BP — 1612 BP COSMOS-Holocene N/A
EH5-1.7ka-NA * AGCM T63L31  sensitivity experiment COSMOS-Holocene N/A
EH5-1.7ka-PO * AGCM T63L31  sensitivity experiment COSMOS-Holocene N/A
EH5-1.7ka-IO * AGCM T63L31  sensitivity experiment COSMOS-Holocene N/A
CCLM-ERAiInt * RCM ~ 55km 1979 AD - 2011 AD ERA-Interim Befort et al. (2016)
CCLM-MCA-wet * RCM ~ 55km 956 AD — 987 AD EH5-MCA N/A
CCLM-MCA-dry * RCM ~ 55km 1041 AD - 1071 AD EH5-MCA N/A
CCLM-LIA-wet * RCM ~ 55km 1562 AD — 1592 AD EH5-LIA N/A
CCLM-LIA-dry * RCM ~ 55km 1597 AD - 1627 AD EH5-LIA N/A
CCLM-REC-wet * RCM A 55km 1943 AD - 1973 AD EH5-REC N/A
CCLM-REC-dry * RCM ~ 55km 1895 AD — 1925 AD EH5-REC N/A
CLM-COM RCM ~ 50km 1960 AD — 2100 AD COSMOS-20C Dobler and Ahrens (2011)
CLM-A1B RCM ~ 50km 2001 AD — 2100 AD COSMOS-A1B Dobler and Ahrens (2011)
CLM-B1 RCM ~ 50km 2001 AD - 2100 AD COSMOS-B1 Dobler and Ahrens (2011)
CLM-A2 RCM ~ 50km 2001 AD - 2100 AD COSMOS-A2 Dobler and Ahrens (2011)

Table 2.1: AOGCM, AGCM and RCM simulations used in this study. Experiments marked with * have been carried out within this thesis.
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Recent climate

Large parts of this chapter are published in

Befort, D. J., Leckebusch, G. C., and Cubasch, U. (2016). Intraseasonal variability of
the Indian summer monsoon: wet and dry events in COSMO-CLM. Climate Dynamics,
pages 1-17, doi:10.1007/s00382-016-2989-7.

All scientific approaches and analyses presented in the published paper were developed and
performed by the author of this thesis. The co-authors, Prof. Dr. Ulrich Cubasch and PD
Dr. Gregor Leckebusch, were involved in the discussion of the scientific results as well as in

reviewing preliminary versions of the manuscripts.

This chapter focuses on the validation of models used in the model-chain (COSMOS-ECHAMS5-
CCLM). Special focus is put on a CLM! simulations forced by ERA-Interim data at its lateral
boundaries under recent climate conditions. Besides evaluating CLM simulations carried
out in this project, it is analysed in how far CLM model simulations described in Dobler
and Ahrens (2011) are able to simulate observed features of the ISM? on intraseasonal
time-scales. This is necessary as a different model version and setup has been used in com-
parison to simulations carried out in this study. Eventually, the performance of in simulating
intraseasonal variability of the ISM is analysed.

Overall, this chapter answers the first research question:

ARE CLIMATE MODELS (GCM/RCM) USED IN THIS STUDY ABLE TO REPRESENT OBSERVED
FEATURES OF THE INTRASEASONAL VARIABILITY OF THE ISM (ACTIVE AND BREAK SPELLS,
NORTHWARD PROPAGATION)?

1COSMO-CLM
Indian Summer Monsoon
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Part 3 3 Recent climate

3.1 Intraseasonal Variability of the Indian Summer
Monsoon in COSMO-CLM

3.1.1 Introduction

The Indian summer monsoon (ISM) is a fundamental part of the climate of the Indian sub-
continent, as India receives about 80% of its annual rainfall amount during the months of
June until September (Basu, 2007). The ISM is influenced by external factors, e.g. sea sur-
face temperatures over the Indian Ocean, ENSO?, northern hemisphere snow cover or by
teleconnections with the mid-latitudes (Hahn and Shukla, 1976; Ashok et al., 2001; Wang
et al., 2003; Krishnan et al., 2009) and is in parallel characterized by a high internal vari-
ability (Ajayamohan, 2007). The spatial rainfall distribution over India is heavily influenced
by steep orography at the western coast (Western Ghats) and in the north of the country
at the Himalayan foothills. This study investigates the ability of the regional climate model
COSMO-CLM to simulate subseasonal rainfall characteristics of the ISM system, as well as
the models skill to represent observed wet and dry events within the monsoon season.
Several studies investigated the Indian monsoon using global climate models (GCM) under
present, paleo and future climate conditions (Gadgil and Sajani, 1998; May, 2003; Wang
et al., 2004; May, 2004; Dallmeyer et al., 2010; May, 2011). The main characteristics of the
large-scale monsoon system, e.g. the atmospheric circulation are in good agreement with
observations. However, these models lack a realistic representation of the spatial rainfall
distribution, mainly due to the coarse resolved orography. As this study concentrates on
results based on a limited area model, we refer to Wang (2006) (and references therein) for
an extensive overview of the Indian summer monsoon system in GCM simulations.

Models with a higher spatial resolution and hence orography, such as regional climate mod-
els (RCM), show in general an improved representation of spatial rainfall patterns (Nguyen
and McGregor, 2009; Dobler and Ahrens, 2010, 2011; Lucas-Picher et al., 2011; Asharaf
et al., 2012; Asharaf and Ahrens, 2013; Srinivas et al., 2013). The majority of these studies
investigated seasonal and climatological rainfall distributions over India. Dobler and Ahrens
(2010) used the model COSMO-CLM driven by ERA-40 reanalysis data (Uppala et al., 2005)
to simulate the Indian summer monsoon under recent climate conditions. They found that
the model is able to capture the spatial distribution of rainfall, but also noticed too wet con-
ditions over the west coast of India, which they explain with enhanced convective activity
over the warm tropical oceans surrounding India. Lucas-Picher et al. (2011) investigated
the representation of the summer monsoon in four different regional climate models. The
spatial distribution of mean rainfall is well captured by the models, but large differences on

the regional scale were found.

3E] Nifio Southern Oscillation

32 ISM variability under recent, past and future climate conditions
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Differences of model results compared to observations are mainly caused by insufficient
parametrization schemes or deficits in soil conditions: Both, Srinivas et al. (2013) and Dash
et al. (2006) showed that rainfall amounts over India in the regional climate models WRF
(Srinivas et al., 2013) and RegCM3 (Dash et al., 2006) show high sensitivity to the choice
of the convection scheme. Furthermore, previous studies (Saeed et al., 2009; Lucas-Picher
et al., 2011) revealed positive surface temperature biases over the northwestern part of
India. Saeed et al. (2009) suggested that this overestimation is due to the fact that irri-
gation over Pakistan is not taken into account in these model simulations. Asharaf et al.
(2012) showed that wetter initial soil conditions in the model COSMO-CLM increases rain-
fall over northwestern India, mainly due to recycling of soil-moisture. Additionally, Saeed
et al. (2009) showed that cyclones from the Bay of Bengal enter farer west into India, if soil
moisture is increased.

Despite all these differences regarding soil conditions and parametrization of convection,
these studies indicate that current RCMs are able to depict seasonal characteristics of the
Indian summer monsoon. However, there is only a limited number of studies analyzing
rainfall over India on a time scale from days to weeks, although the ISM reveals a high
intraseasonal variability. Active and break cycles with a length of several days until several
weeks influence the seasonal rainfall pattern significantly (Sperber et al., 2000; Goswami
and Mohan, 2001). Long lasting dry spells affect seasonal rainfall over India and have been
investigated by Bhat (2006) and Gadgil (2003) (and references within). For example, in the
year 2002 the annual rainfall deficit was about 21%, which was mainly due to a dry event
lasting for 36 days around July in which rainfall was 56% below normal ((Bhat, 2006; Suhas
et al., 2013) showed that this is linked to a reduced northward propagation of rainfall dur-
ing July.

This study focuses on the intra-seasonal variability of the Indian summer monsoon and is
therefore intended to extend the analyses carried out by Dobler and Ahrens (2010) using
an earlier model version driven by ERA-40 reanalysis data at its lateral boundaries. Our re-
sults regarding the mean spatial rainfall distribution show only slight differences compared
to results from Dobler and Ahrens (2010), with a general underestimation of rainfall over
most parts of India (Figure 3.1). Here, we will focus on the model’s capability to simulate
observed daily rainfall variability over the Indian subcontinent, the northern propagation
of monsoon intraseasonal oscillations as well as the representation of wet and dry events
and their related atmospheric circulation. We use COSMO-CLM with a horizontal resolution
of about 55 km, driven by ERA-Interim reanalysis at its lateral boundaries. The choice of
the resolution is motivated by the set up of the current CORDEX simulations, which mainly
have been running with a similar resolution. Thus, the model configuration offers detailed
structures of the Indian summer monsoon simulation compared to GCM simulations and is
also suitable for simulations of about 30 years due to the need of reasonable computational

resources.
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Figure 3.1: Mean rainfall during JJAS [mm/d] (1979-2007) for a) Aphrodite, b) COSMO-
CLM and c) difference between COSMO-CLM and Aphrodite.

3.1.2 Data

In this study we use the rainfall dataset carried out within the Aphrodite (Asian Precipita-
tion - Highly-Resolved Observational Data Integration Towards Evaluation of Water Resources)
project (Yatagai et al., 2012). For this study the Aphrodite (version: V1003R1) for the re-
gion "Monsoon Asia" with a horizontal resolution of 0.5° is used (Yatagai et al. (2012)).
We use additionally TRMM (Tropical Rainfall Measuring Mission) (Huffman et al., 2007)
as well as GPCP (Global Precipitation Climatology Project) (Huffman et al., 2001) satellite
based rainfall estimates to investigate the uncertainty of rainfall measurements. Similar to
Aphrodite, these two datasets are available on a daily time scale and are used to validate
model results on a sub-monthly time scale (c.f. Table 3.1 for a detailed overview).

To investigate the performance of the model in comparison to its forcing model, we use
ERA-Interim reanalysis data (Dee et al., 2011) over the Indian region. To calculate daily
precipitation sums for ERA-Interim reanalysis data we use the forecast simulation starting
at 00 UTC and 12 UTC. Using the accumulated rainfall amount after 12 hours from both
forecasts we obtain the daily precipitation sum.

For the investigation of the atmospheric circulation ERA-Interim reanalysis data of zonal

and meridional wind components in 500 hPa is used.
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Dataset temporal coverage hor. temp. gauge satellite
resolution  resolution  based based
Aphrodite! | 1951-2007 0.5° daily yes no
TRMM! 1998-2007 0.25° daily no yes
GPCP! 1997-2012 1.0° daily no yes
ERA-Interim’? | 1979-2011 T255 daily

Table 3.1: Datasets used in this study as well as the temporal coverage, horizontal reso-
lution, temporal resolution and the database used to derive this product (only
given for precipitation datasets). For some datasets other horizontal/temporal
resolutions are available and the value given here indicates the resolution used
within this study. The superscript indicates the parameter used in this study: 1)
precipitation, 2) zonal + meridional wind speed components in 500hPa

3.1.3 Model

The COSMO (COnsortium for SMall scale MOdeling) model in Climate Mode (COSMO-CLM)
is the community model of the German regional climate research. The model is based on
the COSMO model which is used by several weather services across Europe for numerical
weather prediction (NWP). The main differences between the climate version and the NWP
version are given in Bohm et al. (2006). In this study, we use the model version 4.8, subver-
sion 17 for the period from 1979 to 2011 over the domain shown in figure 2.1. The lateral
boundary conditions are provided by the ECMWF ERA-Interim (Dee et al., 2011) reanalysis
dataset. The simulation is performed on a rotated pole grid with a horizontal resolution
of 0.5°x0.5° (~ 55km) and 32 vertical levels. The parameterizations used for the model
integration include a radiation scheme following Ritter and Geleyn (1992), a micro-physics
scheme including cloud water, rain and snow (Kessler, 1969) and the Tiedtke mass flux con-
vection scheme (Tiedtke, 1989). The temporal discretization is performed with a leapfrog
scheme at a integration time step of 150 seconds.

Soil moisture and soil temperature profiles at the start of the simulation are taken from
a previous COSMO-CLM simulation which is integrated for the same model domain, also
driven by ERA-Interim reanalysis data at its lateral boundaries but only from 1989 until
2001. We average soil moisture and temperature from this simulation for the 1st of Jan-
uary over all years and take these values to initialize the model simulation presented in
this paper. This should reduce the models spin up as the average soil conditions from the
earlier simulation are closer to the models climatology compared to the initialized values
taken from reanalysis data. Similar to our approach Jaeger et al. (2009) used climatological
values from a long-term simulation to initialize the model to validate the land-atmosphere
interactions in the model COSMO-CLM.
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3.1.4 Method

Daily and weekly unfiltered rainfall amounts are calculated for the All-Indian Monsoon Rain-
fall (AIMR) region covering all India (Figure 2.1). We applied the method used by Turner
and Slingo (2009a) to evaluate the model’s capability to capture the northern propagation
of the Indian summer monsoon. Therefore, May to October 30-60 day bandpass-filtered
precipitation is used. Originally, Turner and Slingo (2009a) used the region from 70°-100°
east and 20° south to 20° north. Due to the limited domain of the RCM, this investigation
is only carried out from the equator to 20° north. Additionally, the monsoon intraseasonal
oscillation index (MISO) developed by Suhas et al. (2013) is applied to the RCM data. Daily
anomalies for this analysis are derived by removing the annual cycle (mean and first three
harmonics) as done by Suhas et al. (2013). Zonally averaged daily precipitation anomalies
derived from the GPCP dataset for the region 60.5°-95.5° east and 12.5° south to 30° north
have originally been used by Suhas et al. (2013) for an Extended Empirical Orthogonal Func-
tions (EEOF) analysis. These first two EEOF’s are projected on simulated daily precipitation
anomalies and the first two PC’s are called MISO1 (PC1) and MISO2 (PC2). Due to the
limited domain of the RCM simulation we project the EEOF’s, derived from GPCP data for
the original domain, only on the region ranging from 60.5° — 95.5° east and 0° — 30° north
for the model data. The PC’s calculated by projecting the EEOF’s on the limited domain will
be called LMISO1 and LMISO2 (for observation data) and LMISO1-C and LMISO2-C (for
COSMO-CLM model data), subsequently. The intensity is defined as v/(MISO1% + MISO22)
and will be refereed as MISO-Int, LMISO-Int and LMISO-C-Int, subsequently.

We use weekly rainfall amounts over the AIMR region as a basis to identify wet and dry

events in model, observation and reanalysis data. This approach prevents investigating
short lasting extreme events of e.g. one day, which have a smaller impact on the society of
the Indian country. As modelled absolute rainfall amounts can show high biases compared
to observations, which complicates the comparison between both datasets, we calculated
the Standardised Precipitation Index (SPI) based on weekly rainfall sums to detect wet and
dry events. To calculate SPI values a gamma distribution is fitted to the weekly rainfall sums.
This distribution is afterwards transformed to a normal distribution with a standard devi-
ation of 1 using a quantile-quantile mapping (Lloyd-Hughes and Saunders, 2002). Hence,
each precipitation amount can be converted to a SPI value, respecting the local climatolog-
ical rainfall distribution. Thus, SPI values can be compared between different regions and
different times as well as the relative changes in rain amount can be evaluated.

To identify dry and wet events in model and observation data, SPI values are divided into
five bins of discrete values (Table 3.2). To assess the skill of COSMO-CLM in simulating dry
and wet events we calculate the Gerrity Skill Score (GSS) which is based on the Gandin-
Murphy Skill Score (Gerrity, 1992). The GSS gives an objective measurement of the model

skill to simulate a multi-category variable with natural ordering. It ranges between mi-
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nus infinity and +1, with +1 indicating a perfect agreement between model and reference
dataset and values below zero indicating results less skillful compared to climatology. The
scoring weight is higher if the model represents rare events correctly (e.g. severe droughts)
in comparison to regular occurring events. Additionally, the penalty is lower if the model
simulates an event similar to the observed one (e.g. severe drought is observed, but model
shows a moderate drought) in comparison to the case when the model simulates a complete
different event (e.g. observed is a severe drought and model predicts a flood).

To investigate the spatial variability on a weekly time scale we calculate SPI time series for
34 meteorological subdivisions of India (provided by the Indian Institute of Tropical Mete-
orology). These time series from model, reanalysis and observation data are further used

for a single component analysis.

SPI value Interpretation

SPI <-2 severely dry
-2 < SPI < -1 | moderately dry
-1<SPIL1 near normal
1 < SPI < 2 | moderately wet

SPI > 2 severely wet

Table 3.2: Definition of SPI classes

3.1.5 Results
3.1.6 Daily rainfall

To evaluate the simulated seasonal precipitation of COSMO-CLM compared to reanalysis
and observation data we calculate the mean daily rainfall amounts over the AIMR region.
Furthermore, we apply a 10-day running mean to smooth day-to-day variability in the
datasets (Figure 3.2). COSMO-CLM as well as ERA-Interim are able to capture the observed
seasonal cycle over the AIMR region with correlations of 0.95 for COSMO-CLM and 0.99
for ERA-Interim (Figure 3.2). This well marked seasonal cycle is characterised by lower
rainfall amounts during June and September and a maximum during the peak monsoon
season in July and August. It is found that the overall underestimation of rainfall during
JJAS is mainly due to reduced rainfall during July, August and September in COSMO-CLM

compared to observations.
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Figure 3.2: Climatological daily precipitation (1979-2009) over India (AIMR) for Aphrodite,
ERA-Interim reanalysis data as well as COSMO-CLM simulation data. Rainfall
amounts are smoothed with a 10-day running mean filter.

To analyse anomalies of daily rainfall amounts, we calculate correlation coefficients, RMSE
and standard deviation for ERA-Interim and COSMO-CLM model output over the AIMR re-
gion (Figure 3.3), illustrated in a Taylor diagram. The diagram is normalised to the standard
deviation of the reference dataset (Aphrodite).

The temporal correlation of daily rainfall anomalies is similar in COSMO-CLM (& 0.65)
compared to ERA-Interim data (~ 0.7) regarding the AIMR region. RMSE is higher for
COSMO-CLM but the variability of daily rainfall in the model is in better agreement with
observations than for ERA-Interim data.

As gridded precipitation products can differ significantly, even if having the same source of
data, we added the satellite based rainfall products TRMM and GPCP to compare with daily
rainfall anomalies of COSMO-CLM. As these datasets are only available since 1998 (1997,
respectively for GPCP) RMSE, correlation and standard deviation are computed for all four
datasets over the period 1998 until 2007. Correlations of ERA-Interim and COSMO-CLM
data are nearly the same for the period 1998 until 2007 compared to 1979 until 2007, which
indicates a fairly constant skill of COSMO-CLM with increased integration time. TRMM and
GPCP show both lower correlation coefficients compared to COSMO-CLM and ERA-Interim,
which is consistent with rain gauge data from Thailand and TRMM data (Chokngamwong
and Chiu, 2008).

Overall, COSMO-CLM is in good agreement regarding the mean seasonal cycle as well as

the day-to-day variability of daily rainfall over the Indian subcontinent.
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Figure 3.3: Taylor diagram for precipitation anomalies for: COSMO-CLM, ERA-Interim,
TRMM and GPCP Analysis are performed for AIMR for 1979 until 2007 (ERA-
Interim and COSMO-CLM only) as well as 1998 until 2007 (all datasets) with
Aphrodite as reference dataset. The filled dot gives the results for precipitation
over whole India (AIMR)

3.1.7 Boreal Summer Intraseasonal Oscillation (BSISO) and
Monsoon Intraseasonal Oscillation (MISO)

We calculate lag correlations of 30-60 day bandpass-filtered precipitation zonally averaged
over the region 70°-100° east against a reference point at 85° east and 12.5 ° north (see
Section 3.1.4) to evaluate the model’s capability to simulate observed features of the BSISO
(Figure 3.4). Figure 3.4c shows that COSMO-CLM is capable to simulate the observed north-
ward propagation (Figure 3.4a). However, lead-lag correlation coefficients are somehow
smaller than observed. ERA-Interim shows a higher ability to capture the observed north-
ward propagation (Figure 3.4b).

As these analyses clearly show the general ability of the model to simulate this feature of
the Indian summer monsoon, it does not give any conclusion about the model’s ability to
simulate the observed northward propagation in specific years. We apply the method de-
veloped by Suhas et al. (2013) to the model data. As pointed out in Section 3.1.4, it is not
possible to apply the originally proposed method to the RCM data, as the southern bound-
ary is located at around 5° south of the equator. Thus, before carrying out model based
results we analysed in how far results using the original domain (12.5° south — 30° north)
and the smaller domain (0° — 30° north) vary if using GPCP observations. Therefore, we
performed the EEOF analysis for the original domain and projected the first two EEOFs on
the GPCP data to obtain the MISO1 and MISO2 indices. In another step, we use the same
EEOFs (from the original domain) but used only the values from 0° to 30° north, which are

then projected to the GPCP precipitation from 0° to 30° north. We find high correlations for
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Figure 3.4: Cross-Correlation of zonally average precipitation (for longitudinal section be-
tween 70°-100°) against a reference point near 85° east and 12.5° north for a)
GPCP b) ERA-Interim and ¢) COSMO-CLM.

MISO1 and LMISO1 (0.94) and MISO2 and LMISO2 (0.97), respectively. Additionally the
correlation of the intensity between MISO-Int and LMISO-Int of the original and the small
domain yields a correlation of (0.90), which confirms the general usability of this method
on the smaller domain.

Finally, we project the EEOF (derived from GPCP data) on COSMO-CLM simulated precipi-
tation anomalies to derive the corresponding LMISO1-C and LMISO2-C indices for COSMO-
CLM. We find strong correlation between LMISO1-C and LMISO1 (0.76) and LMISO2-C and
LMISO2 (0.71), respectively, suggesting that the temporal development of the northward
propagation is well captured by the model. However, the intensities (LMISO-Int and LMISO-
C-Int) show a weaker linear relation of only 0.50. Figures 3.5 and 3.6 shows the observed
northward propagation (derived from GPCP data), as well as the northward propagation
as found in COSMO-CLM and in ERA-Interim reanalysis data in a MISO phase diagram for
the years 2005 and 2002. The MISO phase diagram shows the approximate location of
anomalous high precipitation. In general, phases 1-4 are characterised by lower than av-
erage rainfall amounts over central India, whereas phases 5-8 are characterised by higher
amounts over central and northern India (see Suhas et al. 2013).

2002 was marked by a intense MISO event during June, followed by a minor MISO event in
July. This minor event during July led to a huge drought affecting all India. ERA-Interim is
in good agreement with observations (Figure 3.5a), but it underestimates the MISO inten-
sity during June (Figure 3.5b), which is also seen for COSMO-CLM (Figure 3.5c). For both,
reanalysis and COSMO-CLM only a minor event during July is identified, as no activity in
phase 5-8 is found. However, COSMO simulates a MISO event with too high values espe-
cially in phase 1 and phase 2. During 2005 COSMO-CLM depicts the observed MISO events
(Figure 3.6a) quite well, with a strong event taking place during September (Figure 3.6c).
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Overall, COSMO-CLM is capable in simulating the observed northward propagation of rain-

fall during the summer monsoon season. Temporal Variability of these MISO’s are in good

agreement with observations, even though the model has some problems in simulating the

observed strength of observed MISO’s.
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Figure 3.5: Summer season 2002 LMISO phase diagram for a) GPCBE b)ERA-Interim and c)
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Figure 3.6: Summer season 2005 LMISO phase diagram for a) GPCE b)ERA-Interim and c)

COSMO-CLM.

ISM variability under recent, past and future climate conditions

41

1 @seyd (OIS B slliyloo4) g aseud

1 @seyd (OIS B sliiyloo4) g aseyd



Part 3 3 Recent climate

3.1.8 Dry and Wet events

Dry and wet events are identified using the SPI, derived from weekly rainfall amounts (see
Section 3.1.4).

Identification of dry and wet events

The skill of COSMO-CLM and ERA-Interim to represent dry and wet conditions is mea-
sured using the Gandin-Murphy Skill Score with the extension from Gerrity (GSS) (see Sec-
tion 3.1.4). Generally, during observed normal conditions (-1< SPI <1), ERA-Interim and
COSMO-CLM simulate normal conditions as well. Only for a small number of these ob-
served events with normal conditions, the model simulates moderate dry or wet events.
COSMO-CLM is not able to simulate the observed extreme wet events (SPI>2) with the
same magnitude at the same time. Here, ERA-Interim is also only able to depict a small
number of these observed events. The ability of both models simulating moderate to ex-

treme dry events (-2<SPI<-1) is better compared to wet events.

GSS values (Table 3.3) of 0.52 for ERA-Interim indicate a higher ability of this dataset to
detect wet and dry events at the same time with the same intensity than COSMO-CLM (GSS:
0.31). Additionally, we calculate GSS based on the three SPI classes: dry (SPI<-1), normal
(-1<SPI<1) and wet conditions(SPI>1). GSS values for both ERA-Interim and COSMO-
CLM are increased compared to five SPI categories. The higher skill of ERA-Interim is due
to the higher probability to detect observed extreme wet events, whereas COSMO-CLM is
not able to simulate these events at the same time with the observed intensity.

To investigate whether the GSS of this COSMO-CLM model simulation is representative, we
calculate GSS also for other precipitation datasets which are available on a daily resolution.
As discussed in section 3.1.6, TRMM and GPCP satellite based daily rainfall estimates have
a lower temporal correlation with Aphrodite observation data compared to COSMO-CLM.
Chokngamwong and Chiu (2008) found that the relation between gauge measurements over
Thailand and TRMM strengthens when averaging TRMM data over five days or longer time
periods. We find a similar behaviour for both: TRMM and GPCP compared to Aphrodite
observations (not shown). Thus, it is reasonable to calculate wet and dry spells on a weekly
timescale. Unfortunately, both datasets, TRMM and GPCE are only available since 1997 or
1998, respectively. Thus, when calculating weekly sums of precipitation only 180 weekly
rainfall amounts values are left for the summer monsoon season (JJAS) from 1998 until
2007. Concerning the statistical representativeness of this sample we use only three SPI
categories (Table 3.3).
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GSS is highest for ERA-Interim data (0.62), followed by TRMM (0.59), GPCP (0.52) and
COSMO-CLM (0.49). For the shorter period (1998-2007) the GSS of COSMO-CLM is nearly
the same as for the whole period (1979-2007), indicating a stable skill in time. As discussed
in section 3.1.6 correlation of daily rainfall anomalies with Aphrodite observations is higher
for COSMO-CLM than for TRMM and GPCP. Furthermore, temporal correlation of weekly
precipitation is similar for COSMO-CLM compared to both satellite products. The reason
for higher GSS values for TRMM and GPCP is due to the higher probability of capturing dry
events. Normal and wet condition are captured nearly equal in COSMO-CLM compared to
TRMM and GPCP As the scoring weight of rare events (e.g. dry events) is higher compared
to regular events (see section 3.1.4), GSS is higher in TRMM and GPCP data. These results
have to be interpreted carefully as the gamma distribution fit to derive the SPI values is per-
formed using only 10 years, which is obviously not as robust as fitting a gamma distribution
to a 30 year long dataset. Nevertheless, these results can be viewed as an estimate of the
value of the COSMO-CLM simulation.

Overall, the ability of COSMO-CLM to simulate extreme precipitation events is comparable
to those represented in observation or ERA-Interim data. Thus, COSMO-CLM is useful to
investigate those extreme events over India. GSS for different subregions are smaller com-
pared to All-Indian GSS, which reflects the models ability to simulate the observed temporal

evolution of events but not their spatial occurrence.

Dataset | CCLM | ERA-Interim | TRMM | GPCP
GSS 1979-2007 (5 bins) | 0.31 0.52 - -
GSS 1979-2007 (3 bins) | 0.48 0.65 - -
GSS 1998-2007 (3 bins) | 0.49 0.62 0.59 | 0.52

Table 3.3: Gerrity skill scores (GSS) for COSMO-CLM, ERA-Interim, TRMM and GPCP com-
pared to Aphrodite observation dataset based on SPI values derived from weekly
rainfall over AIMR region.
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Spatial variability

Based on weekly SPI values for 34 subregions, we perform an EOF (empirical orthogonal
function) analysis. As pointed out by Wu et al. (2007) SPI values on short timescales and
especially in dry climates can be misleading as the SPI values are not normal distributed
due to too many zero rainfall events. In the beginning of June and end of September some
subregions in northwestern India receive very little rainfall amounts which might lead to
misleading SPI values. To address this fact, we compute EOF analysis using data for the
whole summer monsoon season (JJAS) and for the peak monsoon season (July-August),
only. As the results from both time periods indicate similar results in general, we discuss
EOF patterns for the complete season.

In principle, the first EOF shows a variability pattern with a sharp contrast between north-
eastern/southern India and the rest of the subcontinent (Figure 3.7a-c), which is more pro-
nounced in Aphrodite than in ERA-Interim (correlation: 0.92) or COSMO-CLM (correlation:
0.86) data. As we perform an EOF analysis based on SPI values for 34 subregions, we count
every subregion only once when computing the correlation. The second EOF (Figure 3.7d-
f) shows a strong north-south contrast of the loadings in observation data, which is also
present in both: reanalysis (correlation: 0.98) and model data (correlation: -0.89). The
third EOF (Figure 3.7g-i) indicates a variability pattern associated with positive loadings
over southern/northeastern India and negative loadings over northwestern India, which is
well captured by ERA-Interim (correlation: 0.81). EOF 3 and 4 are in reversed order com-
paring COSMO-CLM to Aphrodite and ERA-Interim. Nevertheless, explained variances of
both patterns are similar and comparing EOF 4 of COSMO-CLM with EOF 3 of Aphrodite
indicates a high agreement (correlation: -0.73). EOF 4 (Figure 3.7j-1) in Aphrodite data
shows positive values over the core monsoon region and negative values over northwestern
and southern India. This pattern is well captured by both ERA-Interim (correlation: 0.80)
and by the third EOF pattern of COSMO-CLM (correlation: -0.71). The first EOF pattern in
COSMO-CLM accounts less explained variance (28.4%) than in Aphrodite (32.8%). For the
following three EOF’s explained variances have similar magnitudes.

As this study focuses on the validation of the models spatial variability on a weekly time
scale, the complete physical explanation of these EOF patterns are beyond the scope of this
paper. It is worth mentioning that the first EOF pattern is similar to earlier studies from
Krishnamurthy and Shukla (2000) and Sontakke and Singh (1996) even though there are
some differences which might be caused by the relatively large regions used in our study.
Overall, COSMO-CLM shows high correlations for the first four EOF patterns. As these four
EOFs explain over 60% of the natural variability, we conclude that spatial variability on a

weekly timescale is well captured by the model.
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Figure 3.7: SPI EOF loading patterns, based on weekly JJAS precipitation amount from 1979
until 2009, derived for Aphrodite, ERA-Interim and COSMO-CLM. The values
within the square brackets represent the explained variance of each loading

pattern.
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Coupling between rainfall anomalies and the large-scale circulation anomalies
on intraseasonal time scales

Rainfall variability on the intraseasonal time scale over India is predominately determined
by changes in the large-scale atmospheric circulation. Thus, it is important for the model
to capture the coupling between large-scale anomalies in atmospheric conditions and rain-
fall anomalies over India. We investigate in how far differences in dry and wet events be-
tween observations and COSMO-CLM can be attributed to differences in the large-scale
atmospheric circulation between both datasets. For this reason composite analysis for three
different categories are carried out: 1) events, which are observed and simulated with a
similar magnitude by COSMO-CLM, 2) events, which are observed and simulated by ERA-
Interim but not simulated with a similar magnitude by COSMO-CLM and 3) events, which
are not observed nor simulated by ERA-Interim but simulated by COSMO-CLM.

As shown in section 3.1.8, the first EOF pattern shows a strong contrast between north-
eastern India and the rest of the subcontinent, indicating an antisymmetric behaviour of
SPI between these regions. As mechanisms leading to extreme events might be different be-
tween northeastern India and the rest, we only use SPI information from the region covering
all India without the northeastern area for the following investigation. To ensure a reason-
able large number of extreme events, we classify events into normal conditions (-1<SPI<1),
dry conditions (SPI<-1) and wet conditions (SPI>1). As the SPI is normal distributed with
a standard deviation of one, 66% of SPI values are between -1 and +1. Thus, there are 82

dry and 81 wet weeks in the observational dataset (about 31% of the whole dataset).

Dry Events

Out of the observed 82 dry events, COSMO-CLM simulates 49 (~ 60%) dry events at the
same time with a similar magnitude, whereas ERA-Interim captures 64 (~ 78%) dry events
at the same time with a similar magnitude, showing the higher ability of ERA-Interim in
depicting these events. 21 (~ 26%) observed dry events are not simulated by COSMO-CLM
but found in ERA-Interim. Thus, 12 (~ 15% of all 82) observed dry events are not found in
ERA-Interim and COSMO-CLM, indicating that the boundary conditions are the main rea-
son for the mismatch of these events. Figures 3.8, 3.9, 3.10 show composite anomalies of
vorticity in 200 hPa, 500 hPa and 850 hPa for the three defined categories of events.

Dry events, which are simulated by COSMO-CLM (category 1) are associated with signifi-
cant positive vorticity anomalies north of Pakistan and negative anomalies over Bangladesh
in 200 hPa (Figure 3.10b). In 500 hPa the positive anomaly is again found over Pakistan re-
gion and a negative vorticity anomaly over central India is found (Figure 3.9b). In 850 hPa
the positive anomaly over Pakistan is not present, but the negative anomaly over central
India is much more pronounced and stretches over large parts of the Arabian Sea (Figure
3.8b). These results compare well with those found by Krishnan et al. (2009). All these
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features are captured by COSMO-CLM, meaning that the mechanisms are well represented
in the model (Figure 3.10a,3.9a,3.8a). Thus, an observed dry event on the intraseasonal
time scale, which is captured by COSMO-CLM is associated with an enhanced low to mid-
tropospheric cyclonic activity over central India, which leads to a decreased moisture flow
into the Indian subcontinent. Additionally, these events are associated with a mid to upper-
tropospheric anti-cyclonic vorticity anomaly over Pakistan, which leads to an increased in-
flow of dry air from the mid-latitudes into northwestern India (Krishnan et al. (2009)).
For observed dry events, which are not simulated by COSMO-CLM (category 2), changes in
the upper-tropospheric circulation are not significant over most of the region, however, signs
of a cyclonic anomaly are found over Pakistan again (Figure 3.10d), which is also captured
by COSMO-CLM (Figure 3.10c). In line with this, no significant cyclonic vorticity anomaly
is found over Pakistan in 500 hPa for ERA-Interim and COSMO-CLM (Figure 3.9¢,d). How-
ever, ERA-Interim reveals a significant anti-cyclonic vorticity anomaly over central India,
which is not found in COSMO-CLM (Figure 3.9¢,d). Additionally, COSMO-CLM shows no
significant vorticity anomalies over most of India in the lower troposphere, whereas a signif-
icant anti-cyclonic vorticity over large parts of India is found in ERA-Interim (Figure 3.8c,d).
Thus, the reason why COSMO-CLM does not simulate these events is due to differences in
the lower troposphere as the model does not simulate a anti-cyclonic circulation anomaly
over India in these cases, which does coherently not lead to an extreme deficit in rainfall.
However, it is worth mentioning that for all these 21 events COSMO-CLM simulates drier
conditions (SPI<0), however not as dry as observed (SPI<-1).

For dry events, which are only simulated by COSMO-CLM but neither observed nor simu-
lated by ERA-Interim (category 3), upper- and mid-tropospheric circulation anomalies do
not reveal significant cyclonic anomalies over Pakistan in ERA-Interim and COSMO-CLM
(Figure 3.10e,f; Figure 3.9e,f). In contrast, COSMO-CLM shows a significant low-level anti-
cyclonic vorticity anomaly over India, which is not found in ERA-Interim (Figure 3.8e,f).
Thus, differences in SPI values for these events are caused by a lower-tropospheric anti-

cyclonic vorticity anomaly in COSMO-CLM, which is not present in ERA-Interim.
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Figure 3.8: Anomaly composites of vorticity (shaded) + wind field (arrows) in 850 hPa for
COSMO-CLM (a & ¢) and ERA-Interim data (b & d). a) & b): dry events sim-
ulated by COSMO-CLM; c¢) & d): dry event not simulated by COSMO-CLM,; e)
& f): dry events simulated by COSMO-CLM only. Shaded areas are significant
with an p-value of 5% (t-test).
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COSMO-CLLM ERA-Interim
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Figure 3.9: Anomaly composites of vorticity (shaded) + wind field (arrows) in 500 hPa for
COSMO-CLM (a & ¢) and ERA-Interim data (b & d). a) & b): dry events sim-
ulated by COSMO-CLM,; c¢) & d): dry event not simulated by COSMO-CLM,; e)
& f): dry events simulated by COSMO-CLM only. Shaded areas are significant
with an p-value of 5% (t-test).
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COSMO-CLLM ERA-Interim
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Figure 3.10: Anomaly composites of vorticity (shaded) + wind field (arrows) in 200 hPa for
COSMO-CLM (a & c) and ERA-Interim data (b & d). a) & b): dry events sim-
ulated by COSMO-CLM,; ¢) & d): dry event not simulated by COSMO-CLM,; e)
& f): dry events simulated by COSMO-CLM only. Shaded areas are significant
with an p-value of 5% (t-test).
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Wet Events

An analogue analysis for wet events affecting India is performed. Out of the total observed
81 wet events, 43 (&~ 53%) observed wet events are also simulated by COSMO-CLM (cat-
egory 1) and the main characteristic leading to these events is a strong cyclonic vorticity
anomaly over India in 850 hPa (Figure 3.11b), which is well captured by the model (Figure
3.11a).

18 (~ 22%) observed observed wet events are not simulated by COSMO-CLM but found in
ERA-Interim reanalysis (category2). The vorticity anomaly composite for reanalysis data
shows again a strong positive vorticity anomaly (Figure 3.11d), which is not captured by
COSMO-CLM (Figure 3.11c).

30 wet events are simulated by COSMO-CLM but neither found in reanalysis nor in obser-
vation data (category 3). In these cases COSMO-CLM simulates a strong cyclonic vorticity
anomaly over India (Figure 3.11e) which is stronger than in reanalysis data (Figure 3.11f).
In the upper troposphere (200 hPa) a similar vorticity anomaly pattern with reversed sign is
found for wet events compared to dry events (not shown). However, these upper-tropospheric
features are not present in the mid-troposphere (500 hPa), which is characterised by a cy-
clonic vorticity anomaly over India only (not shown).

Our results suggest that dry events which are caused by both, changes in the lower tropo-
spheric circulation over India as well as changes in the upper tropospheric circulation over
Pakistan, are better captured by COSMO-CLM than dry events which are only caused by
changes of the lower tropospheric circulation over the Indian subcontinent only. One expla-
nation is that tropical-extratropical interactions are mainly induced by a strong upper level
cyclonic anomaly over Pakistan (Krishnan et al., 2009), which is forced by lateral boundary
conditions supplied by ERA-Interim reanalysis. In contrast to this, the lower level anticy-
clonic anomaly over India might be much more influenced by changes of the circulation
over the tropical oceans. In our model setup COSMO-CLM is forced by observed sea sur-
face temperatures but it is likely that model parameterizations might play an important role
in configuring the local climate conditions over the tropical oceans, which in turn affects

monsoon variability over India.
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Figure 3.11: Anomaly composites of vorticity (shaded) + wind field (arrows) in 850 hPa for
COSMO-CLM (a & ¢) and ERA-Interim data (b & d). a) & b): wet events sim-
ulated by COSMO-CLM,; c) & d): wet event not simulated by COSMO-CLM; e)
& f): wet events simulated by COSMO-CLM only. Shaded areas are significant
with an p-value of 5% (t-test)
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3.2 Conclusion

In this study we investigate the ability of the regional climate model, COSMO-CLM, driven
by ERA-Interim reanalysis data at its lateral boundaries to represent the intraseasonal vari-
ability of the Indian summer monsoon. Furthermore, we focus on daily rainfall variability,
northward propagation of monsoon intraseasonal oscillations and longer lasting extreme
precipitation events.

We find that the general underestimation of rainfall in COSMO-CLM during the summer
monsoon season (found by Dobler and Ahrens, 2010), is mainly due to too little rain-
fall amounts during the period from July to September. However, modelled daily rainfall
anomalies over all India show a high correlation with observations.

We investigate the model’s capability to simulate observed northward propagation of rain-
fall during the summer monsoon season (Turner and Slingo, 2009a; Suhas et al., 2013).
It is found that COSMO-CLM simulates the observed northward propagation, however lag
correlations between zonally averaged rainfall and rainfall at a reference point over India
reveal smaller correlations for the model than for observations.

Northward propagation for specific years have been investigated using the method devel-
oped by Suhas et al. (2013). The originally proposed method to calculate MISO indices
(Suhas et al., 2013) has been modified to suit the limited area of the RCM simulation. It is
shown that these indices show similar results for the smaller domain compared to the origi-
nal domain. The application of this approach on COSMO-CLM data shows that the model is
able to simulate the temporal evolution of the LMISO1 and LMISO2 indices. However, the
correlation of the intensity (LMISO-Int and LMISO-C-Int) between observed and simulated
events is smaller compared to the individual correlation of both time series.

Further on, the models ability of simulating longer lasting extreme intraseasonal events
have been investigated. To account for systematic model errors regarding absolute rainfall
amounts, we use the standardised precipitation index (SPI) to detect extreme events on a
weekly time scale. The spatial variability of COSMO-CLM regarding SPI timeseries is in good
agreement with observational data. An analysis of the models ability to represent observed
extreme dry and wet weeks at the same time with a similar magnitude, shows reasonable
skill of the model. Even if ERA-Interim reanalysis data shows higher skill, COSMO-CLM
is comparable to results deduced from satellite based rainfall estimates from TRMM and
GPCP data. The latter has to be discussed carefully as only ten years of data are available
for TRMM and GPCP data. Thus, the fit of the gamma distribution, which is needed to de-
rive the SPI values, is likely to be not as robust as using a longer dataset.

To identify driving mechanisms leading to dry and wet events on a weekly time scale, we
analyse atmospheric circulation in 200 hPa, 500 hPa and 850 hPa during dry and wet events

over the Indian subcontinent excluding the northeastern part of the country. Three different
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categories are defined: 1) found in Aphrodite and COSMO-CLM, 2) found in observations
and ERA-Interim but not simulated by COSMO-CLM and 3) simulated by COSMO-CLM but
neither observed in Aphrodite data nor simulated by ERA-Interim. It is found that COSMO-
CLM performs better in simulating dry events associated with an anomalous upper tropo-
spheric cyclonic vortex over Pakistan and an anomalous lower tropospheric anti-cyclonic
vortex over India compared to dry events which are characterised by an anomalous lower
tropospheric anticyclonic vortex over India only. We hypothesise that the upper level vortex
over Pakistan is largely influenced by boundary conditions supplied by ERA-Interim but that
the lower troposphere anticyclonic vortex over India is heavily influenced by the surround-
ing tropical oceans. Due to the high sensitivity of regional climate model results to physical
parameterizations, e.g. convection (Srinivas et al., 2013), we assume that improvements
of these parameterizations are necessary to enhance the skill of COSMO-CLM to capture
events which are mainly forced by the anomalous anti-cyclonic vortex over India. A slightly
better agreement between model and observations for dry events compared to wet events
is found. This might be caused by the fact that the upper tropospheric circulation anomaly
found for dry events is also present in the middle troposphere, which is not the case for
wet events. Thus, the circulation during dry events might be more influenced by upper-
tropospheric features, which are in turn in better agreement with observations compared
to lower tropospheric circulation anomalies in COSMO-CLM. Even though not all observed
dry/wet events could be identified in COSMO-CLM at the same time with a similar magni-
tude it is found that the mechanisms between lower level circulation anomalies and rainfall

over India on the intraseasonal timescale are well represented in COSMO-CLM.
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3.3 Intraseasonal Variability of the Indian Summer

Monsoon under Recent Climate Conditions

As shown in Section 3.1, most of the observed features of the Indian Summer Monsoon on
intraseasonal time scales are captured by COSMO-CLM if driven by ERA-Interim reanalysis
data. However, as observations are assimilated within the ERA-Interim product, the general
circulation is expected to be close to reality in this dataset. Thus, the results shown in Sec-
tion 3.1 indicate that COSMO-CLM is able to represent intraseasonal features of the ISM if
driven by a model capturing these features on its own. This must not necessarily mean that
ECHAMS5 driven CLM simulations are able to depict the northward propagation of rainfall.
Thus, in this section the ability of CLM in representing these features if driven by ECHAMS5
at its lateral boundaries is analyzed. This is done for the CLM simulation carried out in this
study as well as those described in Dobler and Ahrens (2011) as they differ with respect to
model version and setup (see Chapter 2). Furthermore, the performance of ECHAMS5 itself
is analyzed. Thus, to access the ability of these models in capturing northwards propagation
under recent climate conditions the following simulations are used: for ECHAMS5 the simu-
lation EH5-REC (1800-2000), for the first model setup of CLM the simulation CCLM-REC-wet
(1943-1973) and for the second setup of CLM the simulation CLM-COM (1960-2000) (see
Table 2.2). To calculate BSISO* and MISO?, all datasets have been bilinear interpolated to
a regular 1°x 1°grid. For consistency only the years 1943 to 1973 are used from EH5-REC
to match those years from CCLM-REC-wet.

3.3.1 BSISO

The general pattern of the boreal summer monsoon oscillation (BSISO) of EH5-REC and
CCLM-REC-wet (driven by EH5-REC) and CLM-COM compares well to observations (Figure
3.12). This can be assessed by calculating lagged correlations of band-pass filtered precip-
itation with respect to a certain reference point (Figure 3.12). The northward propagation
is more pronounced in EH5-REC compared to both CLM simulations with correlations ex-
ceeding 0.7, whereas CLM reaches values between 0.5 and 0.6, only. However, in all models
correlations are too small south of about 8°north. In observations there is a well defined
corridor of correlations above 0.5 (between -10 and zero days). Here, EH5-REC shows only
correlations above 0.3, which tend to be even smaller for both CLM simulations. This might
be associated with the location of the southern boundary in both CLM simulations, which
are around 5°south for CCLM-REC-wet and around the equator for CLM-COM.

4Boreal Summer Intraseasonal Oscillations
5Monsoon Intra-seasonal Oscillations
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Figure 3.12: Cross-Correlation of zonally average precipitation (for longitudinal section be-
tween 70°-100°) against a reference point near 85°east and 12.5°north for
GPCP (topleft), EH5-REC (topright), CCLM-REC-wet (bottomleft) and CLM-
COM (bottomright).

3.3.2 MISO

Monsoon intraseasonal Oscillations (MISO) are calculated according to Suhas et al. (2013),
but using the smaller domain (see Section 3.1.4) due to the limited domain of the CLM
simulations. The principal components of CLM and ECHAMS are calculated by projecting
the EEOF® derived from GPCP data onto the GCM’/RCM?® precipitation fields.

Composites for all eight MISO phases show a distinct pattern of a northward moving rainbelt
in observations (Figure 3.13). The first two phases are characterized by dry conditions over
India and wetter conditions over the equatorial Indian Ocean. Phases 3 and 4 show wetter
conditions over southern India, whereas phases 5 and 6 indicate wetter conditions over
central India. The last two phases show wetter conditions over the Himalayan foothills and

drier conditions over southern India and the tropical oceans. General patterns are similar

®Extended Empirical Orthogonal Function
’General Circulation Model
8Regional Climate Model
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for EH5-REC, CCLM-REC-wet and CLM-COM. However, the northward propagating rainbelt
occurs to be limited to 15°north in all simulations, which is in line with other studies (Abhik
et al., 2014) showing a reduced northward propagation in ECHAMS5. Spatial correlations
reveal a good agreement between observations and EH5-REC, as well as observations and
CCLM-REC-wet for most phases. Interestingly, correlations between CCLM-REC-wet and EH5-
REC are above 0.7 for all phases except the first one (0.58). This suggests that the MISO in
CLM is related to the representation of the MISO in the driving model. However, it should be
noted that ECHAMS data is interpolated to a 1° grid, due to the method applied. Thus, only
the CLM experiments allows the interpretation of the smaller scale (spatial) precipitation,
as the resolution is about 0.55°. A shortcoming of all simulation is the representation of
the tilted rainband in phases 5-6, which is clearly found in observations but only to a minor

extend in the models (Figure 3.13).
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3.4 Conclusion

In this Chapter the ability of CLM and ECHAMS simulations to reproduce observed ISV® fea-
tures of the ISM have been validated. It has been shown that, CLM driven by ERA-Interim
at its lateral boundaries is able to simulate the mean spatial structure of rainfall over India
during the summer season, as well as the boreal summer monsoon intraseasonal oscillations
(BSISO) and northward propagation of rainfall (MISO). CLM has positive skill in simulating
observed dry and wet events if driven by ERA-Interim and these extreme events are associ-
ated with similar atmospheric circulation patterns compared to ERA-Interim reanalysis data.
Additionally, ECHAMS5 and CLM simulations driven by ECHAMS5 have been validated. As
the setup for future climate simulations with CLM differ from those used for paleo-climate,
two CLM simulations under recent climate conditions have been analyzed. Results indicate
that all models (ECHAMS and both CLM setups) are able to reproduce the northward propa-
gation to some extend. Composite of the eight different MISO phases reveal similar pattern
as found in observations. However, composite anomalies are mostly smaller compared to
GPCP It is found that composite anomaly patterns between the driving host (ECHAM5) and
the RCM (CLM) are in better agreement than CLM and observations revealing the depen-
dency of CLM results on the forcing model. The results for the representation of MISOs in
ECHAMS compares well to those from other studies (Sperber and Annamalai, 2008; Abhik
et al., 2014). Sperber and Annamalai (2008) investigated the BSISO in several CMIP3 mod-
els. There findings suggest that ECHAMS has difficulties in simulating some aspects of the
BSISO, e.g. the northwest mode over the Western Pacific, however it is able to simulate the
northwards propagation of rainfall over India.

Based on the results described in this chapter as well as those derived in other studies (Sper-
ber and Annamalai, 2008; Abhik et al., 2014) it can be concluded that the model chain used
in this study is suitable to investigate changes of the ISV of the ISM under paleo and future
climate conditions. This statement is mostly based on the ability of the models to cap-
ture the northward propagation over India, however, it should be kept in mind that other
components of the BSISO, which are not well represented in the model, e.g. westward
propagating mode may also affect limitations in northward propagation in ECHAMS5 (Abhik
et al., 2014).

%intraseasonal variability
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Variability of the Indian Summer

Monsoon during the Holocene

In this chapter, the tempo-spatial variability of the ISM! during the past 6000 years is investi-
gated. Using coarse resolved AOGCM?, AGCM? and high resolved RCM* datasets it focuses
on the influence of changes in active and break phases on intraseasonal time scales onto
multi-decadal to centennial scale variability of the ISM. The chapter is divided into three
sections, firstly giving an introduction into the current state of research to long-term ISM
variability (Section 4.1). The remaining two sections focus on the last Millennium using
the full model chain (Section 4.2) as well as analysing the past 6000 years using AOGCM
and AGCM experiments (Section 4.3). Thus, after successfully validating the models used
in this study (Chapter 3), this chapter is dedicated to answer Task 2:

IN HOW FAR ARE EXTREME PHASES OF THE ISM RELATED TO A DOMINANT RAINFALL
ANOMALY PATTERN DURING THE HOLOCENE? IS THIS ASSOCIATED WITH MORE
ACTIVE /BREAK SPELLS ON THE INTRASEASONAL TIME SCALE?

!Indian Summer Monsoon

2 Atmosphere-Ocean General Circulation Model
3Atmosphere-only General Circulation Model
*Regional Climate Model
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Part 4 4 Variability of the Indian Summer Monsoon during the Holocene

4.1 Introduction

Several proxy and model based studies address the variability of the ISM during the past. In
general, the Indian Summer Monsoon is related to changes in orbital parameters as well as
glacial boundary conditions. From the model perspective, the effect of changed orbital
parameters and glacial conditions onto the global climate is investigated within PMIP>.
Within this project climate model simulations under conditions during the LGM® (21ka
BP), the mid-Holocene (6.000years BP) and during the past Millennium are carried out
(see https://pmip3.1lsce.ipsl.fr/, https://pmip2.1sce.ipsl.fr/, Joussaume
and Taylor 2000; Braconnot et al. 2007; Haywood et al. 2011).

During the LGM glaciers covered most of northern America and also parts of northern Eu-
rope, which makes these simulations suitable to investigate the impact of increased global
land-ice onto the earth’s climate. A model-proxy intercomparison for the LGM over the
Asian monsoon regions has been undertaken by Chabangborn et al. (2014). From 21ka
BP onwards, the global ice volume decreased, leading to the formation of the Lake Agassiz
in northern America. The drainage of Lake Agassiz happened around 8.2ka BB associated
with a huge amount of freshwater entering the North Atlantic. This event appears promi-
nent in several proxy records (Gupta et al., 2003; Dixit et al., 2014b, Prasad and Enzel,
2006 and references therein). It is thought that the freshwater release into the North At-
lantic Ocean caused a weakening of the AMOC’ leading to a cooling over the northern
Atlantic due to decreased northward heat transport, which in turn caused a southward shift
of the ITCZ® (Cheng et al., 2009). These findings based on proxies have been generally
confirmed by model-based studies (Kageyama et al., 2013; Marzin et al., 2013). Kageyama
et al. (2013) show that a freshwater flux into the North Atlantic has a weakening effect on
the Indian monsoon system in most climate model simulations. Furthermore, the influence
of North Atlantic SST’s onto Indian monsoon rainfall has also been analysed by Goswami
et al. (2006a), who showed a link via the AMO'°. The impact of the freshwater influx into
the North Atlantic is not limited to the Indian monsoon but also found in proxies over East-
ern Asia (Liu et al., 2013).

The time period around 6ka BP (mid-Holocene) was characterised by increased summer
solar insolation at the northern latitudes. This also affected the Indian monsoon, which was
generally strengthened during this period (Overpeck et al., 1996; Joussaume et al., 1999;

SPaleoclimate Modelling Intercomparison Project
®Last Glacial Maximum
7 Atlantic Meridional Overturning Circulation
8inter-tropical convergence zone
9Sea Surface Temperatures

10 Atlantic Multi-decadal Oscillation
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Braconnot et al., 2002; Fleitmann et al., 2003, 2007). Overall, global and regional climate
models are able to capture increased rainfall over northern India during the mid-Holocene
(Joussaume et al., 1999; Braconnot et al., 2002; Polanski et al., 2012), but there is some

model spread concerning the magnitude of changes (Braconnot et al., 2002).

Information about climate variability derived from proxy data is thought to be more reliable
for the past 1000 years. During this period, two major climate epochs can be distinguished:
the Medieval Climate Anomaly (MCA) and the Little Ice Age (LIA). Proxy records reveal
changes during the Little Ice Age, which are again thought to be linked to the North At-
lantic Climate (Gupta et al., 2003). Proxies reveal stronger monsoonal winds during MCA!?
compared to LIA'? (Gupta et al., 2005). This is in line with results obtained by Sinha et al.
(2011b) who found more drought conditions during the 14th to 15th century in a proxy from
central India. The strength of the ISM during the MCA and LIA has been further discussed by
Rehfeld et al. (2013) based on results obtained from a paleoclimatic proxy network. They
show that the linkage between India and China is stronger during MCA compared to LIA,
which they relate to a stronger ISM season during MCA.

Findings about long-term variability of the Indian monsoon throughout the Holocene re-
veal, that changes in solar insolation play an important role due to their associated changes
in the land-sea contrast. Thus, the decreasing trend in summer insolation over the north-
ern latitudes within the past 11.000 years is associated with a decreasing strength of the
Indian monsoon (see Gupta et al., 2003 - their Figure 2b; Zheng et al., 2014 - their Fig-
ure 3c). However, studies suggest that monsoon intensity lagged maximum solar insolation
during the early Holocene, which might be associated to glacial boundary conditions (Over-
peck et al., 1996; Fleitmann et al., 2007) suggesting the importance of remaining ice sheets
onto the Indian summer monsoon. The relationship between solar insolation and monsoon
strength is recorded to be more robust after 6000 years BP (Overpeck et al., 1996). The
decreasing trend in monsoonal rainfall over India has been also shown by Dallmeyer et al.
(2015) for four different climate models (see their Figure 7) confirming results from several
model-based studies (Kutzbach and Otto-Bliesner, 1982; Braconnot et al., 2002).

Despite the long-term trend, results from proxy-based studies suggest short-term fluctua-
tions (Gupta et al., 2003; Fleitmann et al., 2003; Cai et al., 2012; Prasad et al., 2014),
which are most likely not to be explained by changes of orbital parameters. Here, small
changes in solar activity are thought to have also influenced ISM variability throughout the
Holocene (Thamban et al., 2007; Cai et al., 2012). A study from Gupta et al. (2005) reveals

a link between sunspot numbers and the Indian summer monsoon variability.

U Medieval Climate Anomaly
121 jttle Ice Age
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Despite changes in solar insolation, anomalous surface conditions over the oceans influence
ISM variability. The impact of the North Atlantic is well known from the 8.2ka BP event,
which could be supported by several model studies as already discussed.

However, also the tropical ocean basins have vast impact on the ISM. This has been re-
cently supported by Prasad et al. (2014), who show that drought conditions over India are
linked to anomalously warm conditions over the IPWP!? region. The influence of the surface
conditions over the Indo-Pacific onto Indian monsoon have been further analysed by sev-
eral studies (Gopinathan and Sastry, 1990; Graham et al., 2011; Kim et al., 2012). Results
obtained by Graham et al. (2011) reveal that climatic changes during the MCA are heav-
ily influenced by changes in the Indo-Pacific SST gradient. Using observational datasets
Gopinathan and Sastry (1990) reveal the relationship between the position of the Pacific
Warm Pool Position (POWP) and Indian monsoon rainfall on monthly time-scales. Their
results suggest that an easterly shift is associated with deficient rainfall over India and vice
versa. Furthermore, the sensitivity of the Indian monsoon to changed SSTs over the In-
dian and Pacific ocean basins has been studied by Meehl and Arblaster (2002). They show
that anomalously cold conditions over the eastern Pacific enhance precipitation over India
by modulating the large-scale east-west circulation. For the Indian Ocean they find that
rainfall anomalies are sensitive to the location of increased SSTs. Homogeneous anomalies
north of 10°south tend to increase rainfall over southern Asia, whereas if SST anomalies are

restricted to the equatorial Indian Ocean it causes decreased rainfall rates over India.

A difficulty of using proxies to assess climate variability over India exists due to the low
number of proxy datasets available as well as due to the high spatial variability of rainfall
over the Indian subcontinent. Ramesh (2001) compared existing proxy records for India and
concluded that the integration of different proxy results into a single timeseries (comparable
to the All-Indian rainfall timeseries) needs further knowledge about the temporal variabil-
ity of rainfall over different regions of India during the past. Here, global climate model
simulations are helpful to explain associated circulation changes between e.g. warmer and
colder climates. Furthermore, due to the fact that climate models provide physically con-
sistent fields, temporal and spatial variability of e.g. rainfall can be analysed to a higher
degree compared to results obtained from proxies, as these include dating uncertainties as

well as only giving point Information.

Thus, in this chapter global climate model as well as regional climate model simulations
are used to access the spatio-temporal variability of the ISM. Focus is put on decadal to
centennial-scale variability and their potential drivers. This includes the quantification in
how far changes on the intraseasonal time-scale play a role in influencing longer-term vari-
ability as hypothesised by Sinha et al. (2011a,b). Besides, other factors, e.g. anomalous

conditions over the Indo-Pacific Warm Pool region are analysed.

131ndo-Pacific Warm Pool
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4.2 The Last Millennium

4.2.1 Data & Methods

GCM and RCM times-periods

As part of the HIMPAC project and this study, a five member COSMOS AOGCM ensemble
for the past 1200 years in a resolution of T31L19 (Jungclaus et al., 2010) is analyzed re-
garding ISM variability. According to Section 1.2, these investigations are needed to select
time periods with a length of 200 years, which are further simulated using ECHAMS5 in a
higher resolution of T63L31 to provide the boundary conditions for the COSMO-CLM sim-
ulations. In this project three AGCM simulations: Medieval Climate Anomaly (800 AD -
1000 AD; EH5-MCA), Little Ice Age (1515 AD - 1715 AD; EH5-LIA) and the last 200 years of
the 20th century (1800 AD - 2000 AD; EH5-REC) in a resolution of T63L31 are carried out
and analyzed regarding changes of the ISM in these different climate epochs (Polanski et al.,
2014). Extensive work has been undertaken to carry out focusing on the best interpolation
method of sea ice cover and sea surface temperature fields from the AOGCM simulations
to obtain physically consistent AGCM simulations presented in Polanski et al. (2014). This
includes the application of a specific software tool to ensure that monthly characteristics
of SST and SIC'* fields are obtained in the T63L31 atmosphere-only ECHAMS5 simulations.
Finally, output from these ECHAMS5 simulations is used to drive the regional climate model
CLM? at its lateral boundaries.

Here, for each GCM timeslice experiment (EH5-MCA, EH5-LIA and EH5-REC) two 30 year
periods are chosen to be downscaled in a resolution of approx. 55 km. As this thesis aims to
quantify the intraseasonal contribution to ISM variability on longer time-scales, the AIMR!®
from the GCM simulations smoothed by a 31 year running mean is used to identify dry and
wet periods. In general, for each GCM time-slice the driest and wettest 31 year period is
chosen to be downscaled, however, for the recent climate GCM simulation (EH5-REC) the
secondary minimum around 1910 is used instead of the global minimum around 1820. This
is motivated to cover the abrupt change in monsoonal rainfall between 1900 and 1960 seen
in the GCM simulation (Figure 4.1).

All model simulations used in this chapter as well as their identifiers are listed in Table 4.1.

14Sea Ice Concentrations
15COSMO-CLM
16 All-Indian Monsoon Rainfall

ISM variability under recent, past and future climate conditions 65



Part 4 4 Variability of the Indian Summer Monsoon during the Holocene

Identifier Modeltype  Time-period Forcing Model

EH5-MCA AGCM 900 - 1100 AD COSMOS-mil0014 (Jungclaus et al., 2010)
EH5-LIA AGCM 1515-1715AD COSMOS-mil0014 (Jungclaus et al., 2010)
EH5-REC AGCM 1800 - 2000 AD COSMOS-mil0014 (Jungclaus et al., 2010)
CCLM-MCA-wet RCM 956 - 987 AD EH5-MCA (Polanski et al., 2014)
CCLM-MCA-dry RCM 1041 - 1071 AD EH5-MCA (Polanski et al., 2014)
CCLM-LIA-wet RCM 1562 - 1592 AD EH5-LIA (Polanski et al., 2014)
CCLM-LIA-dry RCM 1597 - 1627 AD EH5-LIA (Polanski et al., 2014)
CCLM-REC-wet RCM 1943 - 1973 AD EH5-REC

CCLM-REC-dry RCM 1895 - 1925 AD EH5-REC

Table 4.1: Overview to model simulations used in Chapter 4

Overview to Diagnostics

In this part of the study daily and seasonal rainfall amounts over the Indian subcontinent
are used to investigate how active and break phases on intraseasonal time scales influence
extreme phases of the ISM on longer time scales. As hypothesised by Sinha et al. (2011a)
abrupt changes are associated with changes in active and break phases, which demands a
methodology to detect those breakpoints in timeseries. Here, the method developed by Bai
and Perron (2003) is used, which allows for the detection of multiple breakpoints in a spe-
cific timeseries. Furthermore, active and break spells are identified using a method similar
to the one developed by Rajeevan et al. (2010), based on daily rainfall amounts. Rajeevan
et al. (2010) use normalised precipitation over the CMZ!” (65°- 88°east; 18°- 28°north) for
the months of July and August to identify active and break spells, which are characterised
by at least 3 consecutive days below -1.0 or above +1.0, respectively. In this study, SPI'®
values rather than normalised rainfall rates are used, which is motivated by results obtained
in Chapter 3 showing a good agreement of spatio-temporal characteristics of observed and
CLM SPI values if driven by ERA-Interim at its lateral boundaries. SPI values are calcu-
lated for each day in July and August and in accordance to Rajeevan et al. (2010) an active
or break spell is characterised by three consecutive days with an SPI above +1.0 or below
-1.0, respectively. For ECHAMS simulations SPI values are derived for each time-period
(200 years) by fitting a Gamma distribution to the rainfall data of each GCM simulation
respectively. Due to the fact that the time-periods covered by the CLM simulations are dis-
junct, a reference period (CCLM-REC-wet) is chosen. Thus the parameters for the Gamma
distribution are derived from CCLM-REC-wet only and the parameters are further used to

derive SPI values for all CLM simulations.

7Core Monsoon Region
18Standardized Precipitation Index
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Figure 4.1: All Indian Monsoon Rainfall (AIMR) for all three ECHAMS simulations during
the last Millennium: MCA (900-1100, green), LIA (1515-1715, blue) and REC"®
(1800-2000, red). Indicated in cyan and orange are the selected wet & dry time
periods, respectively (each 31 years), which are downscaled using CLM.

4.2.2 Relationship between AIMR and Active/Break spells in
COSMO-CLM

As shown in Chapter 3, COSMO-CLM is able to simulate observed dry and wet events on the
intraseasonal time scale for the right reasons. Thus, it can be used to analyse changes of the
ISM under different climate conditions, as here during the Millennium. First, climatological
rainfall distributions and their differences between the CLM simulations are investigated.
An anomalous rainfall dipole pattern with one centre over central India and a secondary one
over northeastern India between two simulations is expected if changes on the intraseasonal
time scale dominate general ISM changes. Next, active and break spells are assessed in the
RCM data for each time period, which is performed similar to the method developed by
Rajeevan et al. (2010). However, as the method by Rajeevan et al. (2010) has never been
applied to rainfall timeseries for different climate periods, it is tested in how far this method
is applicable for the datasets used in this study. Eventually, a new index based on seasonal
rainfall rates is developed and it is tested in how far it is suitable to detect periods with an
increased number of active (break) spells and decreased number in break (active) spells on

intraseasonal timescales.
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Climatological Rainfall

CLM experiments are used to analyse in how far wet and dry periods within MCA, LIA and
REC differ significantly and in how far a prominent rainfall dipole pattern is present. In gen-
eral, it is found that CLM simulations are in agreement with the selected GCM timeslices,
meaning that a wet/dry period in ECHAMS is also a wet/dry period in CLM.

Significant differences of mean summer (JJAS) rainfall are found for most CLM experi-
ments at least over specific regions of India (Figure 4.2). However, regarding area-averaged
rainfall means over India significant differences (using a Kolmorow-Smirnow test) are only
found for four simulation pairs (Table 4.2.2): CCLM-MCA-dry and CCLM-MCA-wet (Figure
4.2a), CCLM-MCA-dry and CCLM-LIA-wet (Figure 4.2f), CCLM-LIA-wet and CCLM-LIA-dry
(Figure 4.2j) and CCLM-LIA-dry and CCLM-REC-wet (Figure 4.2m).

simulation pair AIMR diff. [mm/d] Dipole Pattern Active Breaks
CCLM-MCA-wet vs. CCLM-MCA-dry 0.60 no 2.9 -0.19
CCLM-MCA-wet vs. CCLM-LIA-wet -0.06 no 1.52 0.26
CCLM-MCA-wet vs. CCLM-LIA-dry 0.59 no 1.84  2.39
CCLM-MCA-wet vs. CCLM-REC-wet 0.07 no 2.03 0.32
CCLM-MCA-wet vs. CCLM-REC-dry 0.77 no 3.94 -6.55
CCLM-MCA-dry vs. CCLM-LIA-wet -0.66 no -1.39  0.45
CCLM-MCA-dry vs. CCLM-LIA-dry -0.01 no -1.06  2.58
CCLM-MCA-dry vs. CCLM-REC-wet -0.53 no -0.87  0.52
CCLM-MCA-dry vs. CCLM-REC-dry 0.17 yes 1.03 -6.35
CCLM-LIA-wet vs. CCLM-LIA-dry 0.65 no 0.32 2.13
CCLM-LIA-wet vs. CCLM-REC-wet 0.13 no 0.52 0.06
CCLM-LIA-wet vs. CCLM-REC-dry 0.83 yes 242 -6.81
CCLM-LIA-dry vs. CCLM-REC-wet -0.52 no 0.19 -2.06
CCLM-LIA-dry vs. CCLM-REC-dry 0.18 yes 2.10 -8.94
CCLM-REC-wet vs. CCLM-REC-dry 0.70 yes 1.90 -6.87

Table 4.2: Differences in mean rainfall over India (AIMR), the presence of a rainfall anomaly
dipole pattern, differences in active as well as break spells for all 15 possible sim-
ulation pairs from CLM simulations for MCA,LIA and REC. Significant differences
using a Kolmorow-Smirnow test with an error probability of 0.1 are marked in
bold.

For the first simulation pair (CCLM-MCA-dry and CCLM-MCA-wet, Figure 4.2a) differences
are found mostly over the northern and partly western parts of India.

For the second simulation pair (CCLM-MCA-dry vs. CCLM-LIA-wet, Figure 4.2f) a gener-
ally homogeneous pattern is found, with lower rainfall rates in CCLM-MCA-dry compared
to CCLM-LIA-wet. Significant differences are found over the Western Ghats and over north-

western India (see Figure 4.2f).

68 ISM variability under recent, past and future climate conditions



4 Variability of the Indian Summer Monsoon during the Holocene Part 4

The third simulation pair (CCLM-LIA-wet and CCLM-LIA-dry, Figure 4.2j) shows significant
differences over the Western Ghats and northwestern India, similar to the differences found
between CCLM-MCA-dry vs. CCLM-LIA-wet (Figure 4.2f) but with opposite sign.

Rainfall differences between CCLM-LIA-dry and CCLM-REC-wet (Figure 4.2m) reveal drier
conditions over most of the country in CCLM-LIA-dry, however, these are only significant
over parts of southern and northwestern India.

A prominent rainfall dipole pattern is found in none of the simulations with significant dif-
ferences in AIMR. Regarding all simulation pairs, a dipole rainfall pattern is found for 27%
(4 out of 15), namely CCLM-MCA-dry vs. CCLM-REC-dry, CCLM-LIA-wet vs. CCLM-REC-dry,
CCLM-LIA-dry vs. CCLM-REC-dry, CCLM-REC-dry vs. CCLM-REC-wet (see Figures 4.2i,1,n,0).
This indicates that changes on the intraseasonal timescale might play a role in determining
ISM changes.

Despite using all possible combinations of simulations it is further analysed in how far mean
wet and dry periods during the last Millennium differ. Therefore, the rainfall difference be-
tween the averages for all dry and all wet periods is calculated (Figure 4.2p). The difference
pattern reveals a strong signal over the western core monsoon region and at the Western
Ghats, but it is also positive over northeastern India. Thus, no rainfall dipole pattern is
present. Based on the CLM simulations it can be concluded that rainfall differences be-
tween two time-periods are not structured into a clear pattern and most of the simulation
pairs do not reveal a dipole rainfall anomaly pattern, contradicting the hypothesis from
Sinha et al. (2011a). However, it must be noted that rainfall differences within the three
time periods are comparably small. Furthermore, the hypothesis from Sinha et al. (2011a) is
based on an abrupt change in rainfall, rather that differences between two disjunct time pe-
riods. Significant differences in AIMR between the wet and dry CLM simulation within one
GCM? timeslice are found for CCLM-MCA-dry and CCLM-MCA-wet as well as for CCLM-LIA-
dry and CCLM-LIA-wet, but the patterns do not reveal a prominent dipole rainfall pattern.
Even though not significant rainfall anomalies between CCLM-REC-dry and CCLM-REC-wet
within EH5-REC reveal a strong dipole pattern, which is in line with the hypothesis from
Sinha et al. (2011a).

20General Circulation Model
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Figure 4.2: Mean rainfall difference [mm/d] between COSMO-CLM simulations for wet and
dry periods selected from ECHAMS5. Significant (p-value<0.05) rainfall anoma-
lies are dotted.
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Active and Break spells further to Rajeevan et al. (2010)

Next, it is analysed in how far active and break spells differ in all possible simulation pairs.
Special focus is put on changes of active and break spells if significant changes in area-
averaged AIMR are found and if a prominent rainfall dipole pattern between simulations is
present. Active and break spells are identified similar to Rajeevan et al. (2010) but using
SPI values instead of normalised rainfall rates (see Section 4.2.1). Significance of changes
in active and break spells is tested using a one-sided Kolmorow-Smirnow test. The decision
whether to test if the number of active spells is greater or smaller in one experiment com-
pared to another is based on the mean rainfall amount during the 31 year time period in
CLM. Thus, if experiment "A" simulates higher rainfall rates compared to experiment "B" it
is tested if breaks are more common as well as if active spells are less common in experiment
"A" compared to experiment "B". Vice versa applies for an experiment with lower rainfall
rates.

For breaks, significant differences (p-level: 10%) are found for three pairs, namely between
CCLM-REC-wet vs. CCLM-REC-dry, CCLM-REC-dry vs. CCLM-MCA-wet and CCLM-LIA-dry
vs. CCLM-REC-dry (Table 4.2.2). For all other simulation pair the distribution of breaks
cannot be distinguished between each other. For active phases more significant differences
are found: between CCLM-MCA-wet vs. CCLM-MCA-dry, CCLM-MCA-wet vs. CCLM-REC-dry,
CCLM-LIA-dry vs. CCLM-REC-dry as well as between CCLM-LIA-wet and CCLM-REC-dry (Ta-
ble 4.2.2). Thus, for three out of four simulation pairs showing a dipole rainfall anomaly
pattern, significant differences in the occurrence of active and/or break spells are found. It
should be noted that even though not significant differences are large between CCLM-MCA-
dry and CCLM-REC-dry, especially for active spells.

The former analyses show that neither all simulation pairs with significant AIMR differ-
ences nor all simulation pairs showing a prominent dipole pattern are related to changes
in active and break spells, with especially the latter contradicting the hypothesis by Sinha
et al. (2011a). The reason for this behaviour could be two-sided: either seasonal rainfall
anomalies are dominated by seasonal persistent patterns, which are not related to active
and break spells or it is linked to the fact that different climate states (MCA, LIA and REC)
are compared with each other.

The former explanation means that even a large number of break/active spells, which are
associated with a dipole between northeastern and central India is not linked to the same
rainfall anomaly pattern on seasonal timescales as its contribution is too small. This would
be in line with earlier studies, e.g. Krishnamurthy and Shukla (2007).

The latter would mean that a general drier climate would lead to an increased/decreased
number of break/active spells compared to a wetter climate. This would mean that not all
of these identified active and break spells are associated with the characteristic circulation
anomalies (as shown in Chapter 3) and thus not with a dipole rainfall pattern even on daily

time scales.
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Figure 4.3: Composite anomaly for years with
(a) high/low rainfall anomalies over central India and northeastern India. The
green box indicates the region used as central India, and the red box the region
used as northeastern India.
(b) increased number of active/ decreased number of break days and vice versa.
(c) high and low rainfall anomalies over the AIMR region, including all India.
Areas for which rainfall between both composites differs significantly using a
t-test with an error probability of 1% are dotted.

The impact of changes in active and break spells onto the seasonal average precipitation is
tested by calculating the composite anomaly between all years with an increased/reduced
number of break/active days and an increased/reduced number of active/break days. Here,
all years above half a standard deviation are considered to obtain a larger sample size. It is
found that years with an increased number of active days and decreased number of breaks
are associated with higher rainfall amounts over central India compared to years with a
decreased number of active days and increased number of breaks (Figure 4.3b). This is
expected as active and break spells are identified using SPI values over the Core Monsoon
Region (CMZ). There is no sign of a rainfall dipole pattern as the negative anomaly over
northeastern India is rather small in its extent.

As explained it might also be the case that the method to identify active and break spells
is not suited for this dataset, as different climate states are compared to each other. This
is partly supported as more than 30% of all years with a large number of break days and
decreased number of active days are from one CLM simulation (CCLM-REC-dry). It is worth
mentioning that the active/break spell composite is similar to the composite between years

(JJAS?! mean) with increased/decreased rainfall over all-India (Figure 4.3c).

21 June-September
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Active and Break spells related to Dipole-Pattern

Overall, the results suggest that the method applied is not suitable to detect break-active
spell dipole rainfall pattern in these datasets. However, the existence of a rainfall dipole
pattern is the backbone of the hypothesis from Sinha et al. (2011a), who found indications
for this pattern in proxy data. A method is needed to identify this dipole pattern in seasonal
mean rainfall. Therefore, for each simulation mean summer rainfall amounts over central
India (70°-85°east; 19°-25°north) and north-east India (88°-96°east; 22°-28°north) are cal-
culated and years with anomalous wet conditions over central India and dry conditions over
northeastern India and vice versa are selected. To obtain a larger sample size years with
above/below half a standard deviation are selected. In accordance to the calculation of ac-
tive and break spells a common reference period for the calculation of mean and standard
deviation is used (CCLM-REC-wet).

The composite difference of the respective years in each sample reveals the expected dipole
rainfall pattern on seasonal time-scale (Figure 4.3a), which resembles closely the pattern
related to active and break spells on intraseasonal time-scales (Figure 1.3). Additionally
rainfall anomalies along the Himalayan foothills tend to share the same sign as northeastern
India, similar to the pattern related to active and break spells on intraseasonal time-scales.
Next, it needs to be verified in how far these selected years (associated with a rainfall dipole
pattern) are characterised by changes in the occurrence of active and break spells. Density
distributions between the number of active and break days i) in all 180 years, ii) years with
wet conditions over central India (CI) and dry conditions over north-east India (NEI) and
iii) years with dry conditions over central India and wet conditions over north-east India

reveal remarkable differences (Figure 4.4).

The number of active days is significantly increased during years with anomalous wet condi-
tions over central India and dry conditions over NEI??, whereas the number of break days is
significantly decreased (using a bootstrap two-sided Kolmorow-Smirnow test with an error
probability of 5%). In contrast, active spell days are significantly decreased whilst break
days are increased during years with dry conditions over CI?® and wetter conditions over
NEI. This confirms that the anomalous rainfall dipole pattern in seasonal mean rainfall is
associated with an increased/decreased number of active/break spells on the intraseasonal
timescale in CLM. Thus, the representation of the pattern in seasonal mean rainfall can
be used as a proxy for changes in active and break days on the intraseasonal time-scale.
As 40% of all simulation pairs show a dipole pattern in rainfall over CI and NEI it might
be concluded that changes on the intraseasonal time-scale steer ISM variability on longer
time-scales to some extent. However, it is difficult to obtain a robust result using these CLM
simulations only as differences between the simulations regarding rainfall are rather small

and mostly not significant.

22North-eastern India
23Central India
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Figure 4.4: Relative occurrence of active days (a) and break days (b) for all years, years
with anomalous wet conditions over CI and dry conditions over NEI as well as
years with anomalous dry conditions over CI and wet conditions over NEI in
COSMO-CLM.

4.2.3 Relationship between AIMR and Active/Break spells in
ECHAMS

As discussed in the previous section some rainfall difference patterns (derived from CLM
simulations) between dry and wet periods show a dipole rainfall anomaly pattern, which
has in turn showed to be related to a higher occurrence of breaks or active days (depend-
ing on the sign of the pattern itself). To quantify in how far multi-decadal to centennial
scale variability during the last Millennium is influenced by changes on the intraseasonal
timescale all three GCM timeslice experiments are used (EH5-MCA, EH5-LIA, EH5-REC). In
accordance to the analyses carried out for the CLM simulations, active and break spells are
identified using the method based on daily rainfall over the CMZ (see Section 4.2.1) to test
in how far changes in AIMR are related to changes in the intraseasonal variability. Next,
seasonal rainfall rates over CI and NEI are analysed together with total rainfall over India
(AIMR). Eventually, it is tested in how far the hypothesis by Sinha et al. (2011a) can be
verified by analysing if breakpoints in rainfall over all-India identified using the method de-
veloped by Bai and Perron (2003) (see Section 4.2.1) are associated with rainfall changes

over northeastern and central India.

Active and Break Spells further to Rajeevan et al. (2010)

Firstly, active and break spells are identified in all GCM simulations using daily SPI values
over the CMZ during July and August (Figure 4.5). High correlations between the number
of active spell days and AIMR is found for the EH5-MCA and EH5-REC period (correlation
coefficients above 0.7). For these two experiments breaks are also negatively correlated
with AIMR with correlation coefficient values of -0.3 for EH5-MCA and -0.75 for EH5-REC.
Smaller correlations are found for the EH5-LIA experiment, for which active days correlate
with only 0.14 and breaks with 0.11. Looking at the timeseries of AIMR and the number
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of active spell days and break days (Figure 4.5), similarities for EH5-MCA and EH5-REC are
clearly seen due to the relationship between breaks, active days and all-Indian monsoon
rainfall. This is not the case for LIA. Especially the maximum in AIMR around 1570 is not
associated with an increased number of active or a decreased number of break spell days.
Analyses show that this can be explained as most of the change between maximum AIMR
(around 1580 AD) and the following minimum AIMR (around 1610 AD) is associated with
differences in rainfall in June and September. As the method to identify active and break
spells is only based on July and August rainfall it does not capture the transition between
maximum and minimum AIMR. It might be argued that the maximum of AIMR in EH5-
LIA is mainly due to a prolonged monsoon season or mostly due to changes in active and
break spells rather than during peak monsoon season (July & August). However, analysis
of changes in the onset and offset of the monsoon is beyond the scope of this study, which
focuses on the contribution of active and break spells. As active and break spells show
high correlations for EH5-MCA, EH5-REC and the second half of EH5-LIA (excluding the
maximum in AIMR) it is further argued that changes during the peak monsoon season are

likely to be the main reason for rainfall variability over India in these AGCM simulations.
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Figure 4.5: (top) 31year running mean of normalised AIMR time series for MCA, LIA and
REC.
(middle) 31 year running mean of normalised number of active spell days
(bottom) 31 year running mean of normalised number of break spell days
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In general, these results support the hypothesis from Sinha et al. (2011a) that rainfall
anomalies during the last Millennium are associated with more active or break spells on
the intraseasonal time scale. However, it has been found that the definition of active and
break spells according to Rajeevan et al. (2010) (but based on SPI values) does not lead to
a well marked dipole rainfall pattern in seasonal mean rainfall in CLM simulations (Section
4.2.2). Similar results are obtained for the GCM simulations as rainfall composite anomalies
of years, which are characterised by an increased number of breaks and decreased number
of active days and vice versa do not show a prominent dipole rainfall pattern (Figure 4.6b).
Thus, it is concluded that this method is not suitable to detect the rainfall anomaly dipole
pattern on seasonal time-scales. The reasons for this are discussed in the former Section
4.2.2 and are thought to be the same for the ECHAMS simulations: either seasonal persis-
tent rainfall patterns are dominant compared to the occurrence of active and break spells

or the application to rainfall data including different climate states is not suitable.

Active and Breaks Spells related to Dipole-Pattern

Motivated by the study of Sinha et al. (2011a) the dependency between all Indian monsoon
rainfall and rainfall over central (CI) and northeastern India (NEI) is analysed for all three
time periods. For CLM simulations it could already be verified that years with opposite rain-
fall rates over these two regions are associated with a dipole rainfall pattern on seasonal
time-scales as well as with changes in the occurrence of active and break days. This might
not be the case for ECHAMS5 simulations. Thus, two questions have to be answered: 1)
Are years with high rainfall anomalies but different signs over CI and NEI associated with
a dipole like pattern restricted to the core monsoon region? and 2) Are these years marked

by a high occurrence of active and break spells?

Anomalies in rainfall during years with high precipitation over CI and low rainfall over NEI
and vice versa are shown in Figure 4.6a. Analogue to the analysis carried out for CLM, se-
lected years are characterised by rainfall anomalies over both regions above half a standard
deviation to obtain a larger sample size. The dipole structure is clearly found in the anomaly
composite, with large rainfall deviations over the CI and NEI regions and little changes over
southern India. The pattern is very similar to the one obtained from CLM simulations (Fig-
ure 4.3a) as well as the pattern related to active and break spells (Figure 1.3). However, in
CLM the region over NEI and along the Himalayan foothills share the same sign, which is
not found in ECHAMS. This might be related to the coarse resolution and the representation

of orography in the GCM.
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Figure 4.6: (a) Rainfall composite anomaly [mm/d] for years with high/low rainfall anoma-
lies over central India and northeastern India. The green box indicates the region
used as central India, and the red box the region used as northeastern India.
(b) Rainfall composite anomaly [mm/d] for years with high/low number of ac-
tive spell days and low/high number of break spell days. Areas for which rainfall
between both composites differs significantly using a t-test with an error proba-
bility of 1% are dotted.

Next, active and break spell days are identified in all years included in the composite. It is
found that active/break days are significantly (p.level<0.01) increased/decreased during
years with positive anomalies over CMZ and negative anomalies over NEI region, and vice
versa (Figure 4.7). The results of these analyses indicate that the combination of both time-
series can be used as a proxy for changes of active and break spells in GCM data, similar to
the results obtained for CLM (Section 4.2.2).
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Figure 4.7: Relative occurrence of active days (a) and break days (b) for all years, years
with anomalous wet conditions over CI and dry conditions over NEI as well as
years with anomalous dry conditions over CI and wet conditions over NEI in

ECHAMS.
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After successfully testing in how far a dipole pattern is associated with changes in active
and break spells over India, it is analysed in how far the hypothesis developed by Sinha
et al. (2011a) can be supported using the AGCM simulations. This hypothesis claims that
abrupt changes in ISM precipitation during the last Millennium are associated with changes
in active and break spells. Therefore, rainfall over the AIMR as well as over the CI region
and NEI region are smoothed using a 31 year running mean. Breakpoints are identified in
the AIMR time series based on the method developed by Bai and Perron (2003). Figure 4.8
shows AIMR, CI and NEI timeseries for all three GCM timeslices.

For EH5-MCA, AIMR increases until around 950 followed by a decreasing trend until 1050.
Obviously, rainfall variability over CI explains most of the total rainfall variability (correla-
tion above 0.9) due to the fact that India receives most rainfall during JJAS over this region.
AIMR is only poorly correlated with rainfall over NEI (correlation of -0.06 and rainfall over
CI and NEI is moderately correlated with -0.32. Four breakpoints at the years 945 AD,
976 AD, 1014 AD and 1048 AD are identified using the method following Bai and Perron
(2003). If the hypothesis by Sinha et al. (2011a) holds true one would expect changes in
both: CI and NEI rainfall with opposite signs at the identified breakpoints. To test this, linear
regression models are fitted to the AIMR, CI and NEI timeseries for each breakpoint. The
first breakpoint (945 AD) is associated with an increase in AIMR and CMZ rainfall, which are
both significant with an error probability of 5%. Additionally, rainfall over NEI decreases
significantly, which supports the hypothesis. The second breakpoint is associated with a
significant decrease in AIMR and CI rainfall. However, in this case, NEI rainfall shows a
significant decreasing trend, which is not in line with hypothesis. For the third breakpoint,
CI and NEI rainfall reveal opposite signs with only the slope for rainfall over the CMZ be-
ing significant. However, as can be seen in Figure 4.8 the whole time period from around
1000 AD until 1030 AD is marked by opposite trends in NEI and CMZ rainfall, which is line
with the overall decreasing trend for this time period in All-Indian monsoon rainfall. The
fourth breakpoint (1048 AD), reveals no relation to active and break spells as NEI and CMZ

rainfall share the same sign.

For EH5-LIA, three breakpoints at 1571 AD, 1596 AD and 1661 AD are identified. AIMR rain-
fall at the first breakpoint is marked by a sharp significant increase. As hypothesised NEI and
CI rainfall reveal different signs in trends, which are both significant (p-level=0.05). Addi-
tionally, the significant decrease in AIMR rainfall during the second breakpoint is marked
by a decrease in CI and an increase in NEI rainfall, which are again both significant. Only
the third breakpoint does not support the hypothesis, as AIMR, CI and NEI rainfall trends
share the same sign. The second breakpoint marks the transition between CCLM-LIA-wet
and CCLM-LIA-dry, for which no dipole rainfall pattern is found. Furthermore, changes

in active and break spells (further to Rajeevan et al. 2010) do not reveal any significant
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changes, which somehow contradicts different trends over central and northeastern India.
However, a strong rainfall dipole pattern is found in June and September. As the method
according to Rajeevan et al. (2010) only takes into account July and August rainfall rates
over the core monsoon region, these anomalies are not captured by this method. If rainfall
trends over NEI and CI are calculated using seasonal means derived from July and August
rainfall rates only, changes in AIMR can not be related to a dipole-like rainfall structure.
As discussed above, this is due to the fact that most of the overall rainfall anomaly (JJAS)

origins from changes during September and June.
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Figure 4.8: Standardised rainfall timeseries, smoothed by a 31 year running mean, for pre-
cipitation over all India (AIMR; top panel), over the core monsoon region (CI;
middle panel) and over northeastern India (NEI; lower panel). Breakpoints
(green lines in upper panel) are calculated following Bai and Perron (2003).
A linear regression model is fitted to each breakpoint (black lines) for all rain-
fall time series. Significant slopes different to zero are marked as solid, not
significant (p.level > 0.01) are marked as dashed-dotted lines. All timeseries
are firstly normalised and then smoothed by a 31 year running mean.
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For EH5-REC, three breakpoints in AIMR rainfall are found at 1847 AD, 1886 AD and 1931 AD.
The first breakpoint is associated with increased rainfall over AIMR, CI and NEI region, in-
dicating that the occurrence of active and break days is not responsible for the shift in
overall precipitation. The decreasing trend in AIMR rainfall during the second breakpoint
(1886 AD) is accompanied by opposite signs in trends of NEI and CI rainfall, supporting the
hypothesis. This is also true for the third breakpoint, which is marked by a large increase in
AIMR rainfall. Here CI and NEI rainfall reveal opposite signs and both linear regression mod-
els show slopes significantly different to zero. This is in line with the results obtained from
RCM simulations, which show a strong dipole rainfall pattern between CCLM-REC-dry and
CCLM-REC-wet. However, the two CLM simulations (CCLM-REC-dry and CCLM-REC-wet)
alone do not allow to analyse the transition between these phases as the periods covered
by each simulation are disjunct. Here, the transient GCM simulation have an additional
value as results for EH5-REC reveal the overall transition to be marked by changes in the
occurrence of active and break spells.

It has been shown that not all breakpoints in AIMR rainfall are associated with changes in
active and break spells. To analyse in how far changes in the occurrence of active and break
phases are related to the magnitude of the AIMR change itself, the difference in rainfall be-
fore and after each breakpoint for all 10 identified breakpoints is calculated. It is found that
50% of all breakpoints can be associated to changes in rainfall over CI and NEI region with
opposite signs (Figure 4.9, filled points). Furthermore, the two breakpoints with the largest
decrease in AIMR and three out of four breakpoints with the largest increase in AIMR are
related to changes in active and break spells. These results strongly support the hypothesis
from Sinha et al. (2011a) as especially large and abrupt changes in AIMR are related to a

dipole rainfall pattern.
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Figure 4.9: Difference in smoothed & standardised AIMR rainfall before and after each re-
spective breakpoint for all 10 breakpoints found in ECHAMS5 simulations for
MCA, LIA and REC. Breakpoints, which could be linked to changes in active and
break spells as hypothesised by Sinha et al. (2011a) are indicated as filled points.
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Synthesis By analysing CLM simulations during the last Millennium for dry and wet
epochs (each 31years) it is found that not all selected wet and dry time periods reveal
significant changes in active and/or break days or a prominent dipole rainfall anomaly pat-
tern. However, if the dipole rainfall anomaly pattern over central and northeastern India is
present on seasonal time-scales it is associated with a higher occurrence of active and break
days on the intraseasonal time-scale, respectively.

Using rainfall data from the three 200 year timeslice experiments for MCA, LIA and REC
(EH5-MCA, EH5-LIA, EH5-REC) it is shown that the number of active and break days shows
significant correlation with all-Indian monsoon rainfall. However, composite analysis of
years with increased active and decreased break days (and vise versa) show that rainfall
anomalies are spread over most of India and (similar to results carried out for CLM) a
prominent dipole pattern could not be found using this method as rainfall anomalies over
northeastern India tend to be small. Rainfall timeseries over northeastern and central India
have been used to select years with anomalous wet/dry conditions over CI/NEI and vice
versa. In accordance to results for CLM simulations, it is shown that this pattern on sea-
sonal time-scales is associated with changes in the occurrence of active and break spells and
can be thus used as a proxy for intraseasonal variability. The analysis of the respective three
rainfall timeseries over central and northeastern India reveal that some variability of rain-
fall over India is associated with changes of active and break spells. Especially, large abrupt
changes in AIMR associated with a dipole rainfall pattern could be associated to changes in

rainfall over northeastern and central India with different signs.
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4.3 The Past 6000 years

It has been shown in Section 4.2 that the rainfall variability over Indian during the last Mil-
lennium in ECHAMS global climate model simulations is partly related to the occurrence of
active and break phases. Especially the breakpoints with the largest changes in rainfall are
associated with different trends in precipitation over central India and northeastern India.
In how far the hypothesis that abrupt changes of the ISM are caused by changes on the
intraseasonal time scale also applies for the time period from 6000 years BP until present
is focus of this section.

This part of the study is structured as following: first rainfall over India from the COSMOS
(AOGCM) simulation over the past 6000 years together with those time series over cen-
tral India and northeastern India are discussed. This analysis answers the question in how
far changes in active and break spells dominant changes in rainfall variability over India
during the Holocene. Next, a dry and wet epoch identified by using rainfall over the all
Indian region is selected and simulated in a higher resolution of T63L31 using ECHAMS.
This is primarily done to analyze possible driving mechanisms leading to drier and wetter
conditions over India despite changes on the intraseasonal time scale. Furthermore, pos-
sible mechanisms steering ISM variability are analyzed using atmosphere-only sensitivity

experiments. Eventually, a synthesis of the results obtained in this section is given.

4.3.1 Data & Methodology

Here, a transient fully-coupled COSMOS simulation covering the past 6000 years in a res-
olution of T31L19 is used (Fischer and Jungclaus, 2011). Precipitation data is available
on a monthly basis for this dataset and is further aggregated to seasonal rainfall means for
the summer monsoon period (June to September). It cannot be validated in how far years
with increased rainfall over CI and decreased rainfall over NEI are associated with a higher
occurrence of active spells and lower occurrence of breaks (and vice versa) in this model
simulation, as daily rainfall data would be necessary for this analysis. It is assumed that the
relationship found for higher resolved ECHAMS5 simulations remains true also for coarse
resolved (T31L19) simulations. Rainfall time series are calculated for CI and NEI, which
are the same regions as used for the analysis carried out in Section 4.2 (CI: 70°- 85°east;
19°- 25°north and NEI: 88°- 96°east; 22°- 28°north).

ECHAMS5 AGCM model simulations in T63L31 are carried out for a dry and wet period (each
50years) identified in the coupled global model simulations. The atmosphere-only simu-
lations in T63L31 are driven by SST and SIC conditions taken from the 6000 year model
simulation. CO,, CH, and N,O concentrations are set to constant pre-industrial values ac-
cording to Fischer and Jungclaus (2011).
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Additionally, GCM sensitivity simulations using different sea-surface temperatures from dif-
ferent ocean basins are carried out to separate effects of North Atlantic, Pacific and Indian
Ocean SST’s onto the Indian summer monsoon rainfall. Each of these sensitivity experi-
ments span 30 years. All model simulations used in this section are listed in Table 4.3.

As discussed, the long-term variability of the ISM is related to changes in insolation due
to varying orbital parameters. Here, orbital parameters are calculated according to Berger
(1978); Berger and Loutre (1991). Based on the values for eccentricity, obliquity and longi-
tude of perihelion solar insolation can be calculated for each day of a specific year and each
latitude. There are two different possibilities to compute daily insolation. The first approach
is called equinoctial type and the second the calendar day insolation (Berger, 1978). The
first calculates daily insolation for fixed positions relatively to the vernal equinox, whereas
the second approach calculates the insolation for a specific date of the year. In this study
daily insolation for calendar dates are calculated. The differences between both techniques
can be quite large in terms of absolute insolation values (see Section 3 in Berger 1978).
However, a high linear relationship between the daily insolation timeseries of both ap-
proaches with a correlation coefficient of above 0.999 is found for the past 6000 years at

25°north. Thus, both approaches can be used to relate rainfall over India to changes in solar

insolation.

Identifier Model-type Time-period Forcing Model
COSMOS-Holocene  AOGCM 6000 BP - 0BP Fischer and Jungclaus (2011)
EH5-2ka AGCM 2008 BP - 1958 BP COSMOS-Holocene
EH5-1.7ka AGCM 1662 BP - 1612 BP COSMOS-Holocene
EH5-1.7ka-NA AGCM sensitivity exp. (30 years) COSMOS-Holocene
EH5-1.7ka-PO AGCM sensitivity exp. (30 years) COSMOS-Holocene
EH5-1.7ka-10 AGCM sensitivity exp. (30 years) COSMOS-Holocene

Table 4.3: Overview to model simulations used in Chapter 4, Section 4.3

4.3.2 Rainfall over AIMR during the past 6000 years in
COSMOQOS

As this section focuses on centennial scale variability, area-averaged seasonal mean rainfall
over India (JJAS) is smoothed using a 201 year running mean (Figure 4.10, upper plot).
The rainfall in COSMOS-Holocene is marked by a general decreasing trend from 6000 years
BP until present, however, with some remarkable extremes on shorter (multi-decadal to
centennial) time-scales. The general decreasing trend in rainfall can be explained by re-
duced solar irradiance (shown as blue line in Figure 4.10), which is calculated according to
Berger and Loutre (1991). Increased solar irradiance at northern latitudes during summer
increases the thermal heat contrast between the Asian landmasses and the Indian Ocean,

which in turn leads to a strengthening of the monsoonal southerlies and hence an inten-
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sification of the monsoon. By regressing the solar irradiance on the seasonal rainfall over
India, the residuals are calculated, which are shown in Figure 4.10 (lower plot). Three wet
phases and three dry phases are detected, for which a value above or below 2 standard
deviations is found. The wet phases are identified around 4.7ka BB 3.9ka BP and 1.7ka BP
and the dry phases around 3.7ka BB 2ka BP and 900 BP. Interestingly, a shift from one state
to the other within a short period of time is found twice: 1) between 3.9ka BP and 3.7ka BP
and 2) between 2ka BP and 1.7ka BB whereas the latter is more pronounced.
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Figure 4.10: top: Precipitation over the All-Indian subcontinent (AIMR) smoothed by a
201 year running mean (black line) and solar insolation at 25°North during
15th of July calculated following Berger and Loutre (1991) (blue line).
bottom: Normalised residuals of standardised precipitation minus regressed
solar insolation onto precipitation over AIMR region. Phases, for which stan-
dardised precipitation exceeds +2/-2 are indicated in blue/red.

To investigate in how far these anomalous phases of the ISM (with respect to area-averaged
AIMR) in COSMOS-Holocene are present over all of India or only parts of it, a linear re-
gression based on solar irradiance and precipitation at each grid point over India is carried
out (Figure 4.11). For most of the grid points the linear relationship is positive, meaning
that decreased solar irradiance is associated with decreasing rainfall over these regions.
However, four grid boxes show a negative relationship, meaning that rainfall increases with

decreasing solar irradiance.
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From Figure 4.11 it can be concluded that an abrupt change between 2ka BP and 1.7 ka BP
is found for southern India, as well as northwestern India and parts of Central India. The
dry phase around 2kaBP affects most of the grid points, except the two grid points over
central India. In contrast the dry event around 3.7kaBP affects the core monsoon region
to a higher extent and is not associated with extreme dry conditions over southern India.
Generally, dry and wet events over northeastern India are not in phase with those found
for all India. Overall, this result indicates that dry and wet phases of the ISM on centennial
time-scales in COSMOS show different spatial distribution and might thus also be caused

by different mechanisms.
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1.5ka 4.5ka
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AIMR (0.97)
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Figure 4.11: Pie diagrams indicating phases for which standardised rainfall exceeds +2 (in-
dicated in blue) or -2 (indicated in red). Precipitation at each grid point has
been detrended by regressing the insolation at 25° North calculated accord-
ing to Berger and Loutre (1991). Black rectangles indicate grid points with
positive correlations between original precipitation time series and insolation
at 25° North, whereas grey rectangles indicate negative correlations between
both time series. Numbers within the rectangles give the correlation coeffi-
cient. Dashed pie-segments in the pie-diagrams of each grid points indicate
wet and dry phases calculated using All-Indian monsoon rainfall (left-bottom
pie-diagram).
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4.3.3 Variability of Active and Break spells

To answer the main hypothesis of this work, seasonal rainfall amounts during summer mon-
soon season are calculated over NEI, CI as well as over the whole country (Figure 4.12). As
it is not expected that the long-term (decreasing) rainfall trend is caused by changes on the
intraseasonal time scale, all smoothed timeseries are linearly detrended and standardised.
A linear detrending method is used instead of using insolation (as done in the previous
section) as to use the same method for all three time series to make the results better com-
parable. From the AIMR timeseries (Figure 4.12; top) it can be concluded that most of the
extremes found by detrending the time series using the linear regression between AIMR and
insolation (see Section 4.3.2) are also present by simple linear detrending. However, the
wet phase around 3.9ka BP?* is not exceptional dry using the latter method. Additionally,
the last centuries are in general wetter using a linear detrending method. Still, the main
extremes, especially the one around 2ka BP is very pronounced using the linear detrending
method. Thus, using a linear detrending method does not influence the results obtained in
this section.
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Figure 4.12: Standardised, linearly detrended rainfall time series over AIMR (top), CI (mid-
dle) and NEI (bottom). All time series are firstly smoothed by a 201 year run-
ning mean, detrended and eventually normal zed by its own standard devia-
tion. Extreme dry and wet periods are indicated by red and blue bars.

24Before Present
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Similar to the results obtained for the last Millennium, a high correlation between rainfall
over all-India and central India is found (r = 0.88), whereas correlations between AIMR
and NEI is much smaller (r = 0.35) (Figure 4.12). By analysing the time series around
abrupt changes of the ISM it is found that there is no marked increase in rainfall over NEI
when AIMR decreases (see dry AIMR events around 3.7ka BP and 2ka BP). Also increases in
AIMR are not marked by decreasing trends in rainfall over NEI (see wet AIMR events around
4.7kaBP, 1.7kaBP and after 500 years BP). Thus from these analysis it can be concluded
that abrupt changes of rainfall over all-India are not associated with changes in rainfall
over NEI and CI with opposite signs in the coarse resolved AOGCM COSMOS? simulations,
which contradicts the hypothesis from Sinha et al. (2011a).

4.3.4 Changes of dry and wet events on the intraseasonal
time-scale between 2ka BP and 1.7 ka BP

It has been shown that trends in rainfall over the AIMR region are not related to opposite
trend in rainfall over CI and NEI regions, which contradicts with main hypothesis that abrupt
changes are related to the occurrence of dry and wet events as hypothesised by Sinha et al.
(2011a). Due to the availability of data it could not be proven that a rainfall dipole-pattern
is related to active and dry events in the coarse resolved AOGCM. It might be well argued
that this resolution is not sufficient to simulate intraseasonal features of the ISM in general.
This is supported by results from Abhik et al. (2014) showing that northward propagation
in ECHAMS is less well represented using 19 vertical levels compared to using 31 vertical
levels.

To test in how far the results might be affected by the coarse resolution of the AOGCM,
two ECHAMS simulations in a resolution of T63L31 for the abrupt change in ISM precipi-
tation between 2kaBP and 1.7 BP are carried out (EH5-2ka & EH5-1.7ka). Due to limited
computational resources only two transient 50 year simulations during the peak of the dry
and wet period have been carried out, which are subsequently called EH5-2ka (dry period)
and EH5-1.7ka (wet period) (see Table 2.2). If the occurrence of active and break spells
would be the dominating factor in steering both the dry and wet period, one would expect
a dipole pattern to occur in seasonally averaged rainfall differences between both periods.
Figure 4.13 shows differences in seasonally averaged rainfall amounts between EH5-2ka
and EH5-1.7ka from T63L31 AGCM simulation (Figure 4.13b) as well as for both periods
derived from the coarse resolved AOGCM simulation (Figure 4.13a). As expected, wetter
conditions during 1.7ka BP compared to 2ka BP are found and the pattern in T63L31 AGCM
simulations is similar to the one from the T31L19 AOGCM simulation. This shows that gen-
eral rainfall characteristics from the coarse resolved COSMOS simulation, used to drive the

higher resolved AGCM simulations are reproduced. In general, largest differences in rainfall

2 Community Earth System Models
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Figure 4.13: Rainfall difference [mm/d] between a) EH5-1.7ka and EH5-2ka event derived
from T31 AOGCM simulation (COSMOS-Holocene) and b) difference between
EH5-1.7ka and EH5-2ka derived from T63L31 AGCM simulations (EH5-2ka &
EH5-1.7ka). Regions with significant differences (plevel=0.1) are dotted in
red (using a two-tailed t-test).

between EH5-2ka and EH5-1. 7ka are found over northwestern, western, southern India and
along the Himalayan foothills. This is in line with rainfall patterns in the coarse resolved
model simulation and the results shown previously (see Figure 4.11). However, a prominent
dipole rainfall structure is neither found in the coarse resolved simulation nor in the higher
resolved AGCM simulations. This suggests that changes in the occurrence of wet and dry
events on the intraseasonal time-scale do not cause the increase in AIMR between 2ka BP
and 1.7kaBP independent of the resolution of the climate model simulation. These results

raise two new research questions:

I. WHAT IS THE MECHANISM STEERING THE ABRUPT CHANGE IN AIMR RAINFALL AROUND
2KA BP?

II. CAN SUCH A MECHANISM ALSO EXPLAIN OTHER DRY AND WET PHASES FOUND IN THE
AOGCM SIMULATION COVERING THE PAST 6000 YEARS?

, which are addressed in the remaining part of the section. To answer the first research
question ECHAMS5 simulations with a horizontal resolution of T63L31 are analysed with
respect to changes in local and large-scale circulation features. In addition to the two simu-
lations already discussed (EH5-2ka & EH5-1.7ka), several sensitivity experiments are carried
out to reveal potential drivers of ISM variability. Next, it is tested in how far the mecha-
nism derived from the former analyses are generally driving ISM variability on centennial
time-scales. This is done using the coarse resolved AOGCM simulation (COSMOS-Holocene).
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4.3.5 Mechanisms steering ISM rainfall variability between
2ka BP and 1.7ka BP

Only orbital parameters are changed during integration time of the AOGCM simulation
while other factors, e.g., greenhouse gas concentrations are kept constant (see Fischer and
Jungclaus 2011). Due to varying orbital parameters, solar insolation during boreal summer
decreases between 2ka BP and 1.7ka BB which is expected to lead to a decreased monsoon
intensity. This contradicts to what is found in AIMR rainfall, which increases during that
time period (Figure 4.12). Additionally, changes in insolation between 2ka BP and 1.7ka
BP are comparably small, leading to the conclusion that varying orbital parameters are not
the dominant factor steering ISM variability during both extreme phases.

Changes in sea surface temperature conditions are more likely to cause the abrupt change
in rainfall over India around 2ka BP. Differences in SSTs between 1.7ka BP and 2ka BP are
found over most ocean basins (Figure 4.14 left). The most striking features are: 1) a tripole-
like SST pattern in the North Atlantic, 2) cold central Pacific Ocean and eastern part of
Indo-Pacific Warm Pool (IPWP) and 3) warm northern Arabian Sea as well as eastern Indian

Ocean.

60S —

-1 Pacific Ocean Indian Ocean r Pacific Ocean Indian Ocean
908~ T T T T 908~ T T T T T

180 150W 120W 90W  60W  30W 0 30E  60E  90E 120E 150E 180 180 150W 120W 90W  60W  30W 0 30E  60E  90E 120E 150E 180

-2 -1 -0.5 -0.25 -0.1 0.1 0.25 0.5 1 2 -2 -1 -0.5 -0.25 -0.1 0.1 0.25 0.5 1 2

Figure 4.14: Sea surface temperature difference (June to September) between
left: EH5-1.7ka (50years) and EH5-2ka (50 years) [K].
right: EH5-1.7ka (30years) and EH5-2ka (30 years) [K]
Regions with significant changes (plevel=0.05) are dotted. Coloured lines dis-
play the boundaries of the regions used for sensitivity studies.

Known SST patterns over the NA2® steering the ISM are e.g., the AMO, but also tripole-
like SST patterns are found to be related to monsoonal rainfall (Goswami et al., 2006a;
Feng and Hu, 2008; Krishnamurthy and Krishnamurthy, 2016). Over the Indian Ocean, the
IOD?” is known to be a factor influencing ISM variability (Ashok et al., 2001) and over the

26North Atlantic
?’Indian Ocean Dipole
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Pacific Ocean ENSO?® is the dominant mechanism steering monsoon rainfall (Webster et al.,
1998 and references therein). Besides, ENSO the PDO?° as well as the IPWP are known to
influence ISM variability (Gopinathan and Sastry, 1990; Krishnan and Sugi, 2003; Krishna-
murthy and Krishnamurthy, 2014). Howevey, it is impossible to disentangle the effects from
the different ocean basins by solely using the two AGCM simulations during 1.7ka BP and
2ka BP (EH5-2ka & EH5-1.7ka). Thus, to determine the drivers of ISM variability in these

AOGCM and AGCM simulations, further sensitivity experiments are necessary.

Setup of Sensitivity Experiments

To separate the effects from the North Atlantic (NA), Pacific Ocean (PO*®) and Indian Ocean
(I0%Y) three sensitivity studies are carried out. Due to computational resources each sim-
ulations spans only 30 years. However, mean SST differences during the first 30 years in
EH5-2ka and EH5-1.7ka are very similar to those for all 50 years (compare Figure 4.14 left
and right).
To disentangle the effect of SSTs over the NA during 1.7ka BP (wet phase) on the ISM, SSTs
over all ocean grid points are set to values corresponding to EH5-2ka (dry phase), except
those over the North Atlantic Ocean (see green box in Figure 4.14) which are set to values
corresponding to EH5-1.7ka (wet phase). Similarly, to extract the effect of the PO, SST’s are
set to values from EH5-2ka (dry phase) for all ocean grid points except those over the Pa-
cific Ocean (see blue box in Figure 4.14), which are set to values of EH5-1.7ka (wet phase).
Likewise, the effect of the IO is disentangled by setting SST values over all ocean basins
to EH5-2ka (dry phase) values except over the Indian Ocean (see red box in Figure 4.14),
where SSTs correspond to EH5-1.7ka (wet phase) values. These sensitivity experiments will
subsequently called EH5-1.7ka-NA (for changed North Atlantic), EH5-1.7ka-IO (for changed
Indian Ocean) and EH5-1.7ka-PO (for changes Pacific Ocean) (see Table 4.3).

It should be noted that all experiments carried out are transient with varying lower bound-
ary conditions instead of timeslice experiments with no interannual variability in SST and
SIC conditions. This is motivated by the fact that the intention for the first two AGCM sim-
ulations for 1.7kaBP and 2ka BP (EH5-1.7ka and EH5-2ka, see Table 4.3) has been to use
the same boundary conditions as for the coarse resolved AOGCM simulation to make the
comparable to each other. Furthermore, the setup is chosen to fit the general approach un-
dertaken within HIMPAC (see Section 1.2), which has also been used for AGCM simulations
for the last Millennium (see Section 4.2). However, due to the interannual variability of
SSTs large horizontal gradients might be partly imposed at the boundaries of the chosen
regions (see Figure 4.14) in the sensitivity experiments. Possible effects are discussed at the
end of the section.

28F] Nifio Southern Oscillation
29Pacific Decadal Oscillation
30pacific Ocean

3lndian Ocean
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Results from Sensitivity Experiments

As EH5-1.7ka and EH5-2ka span 50 simulation-years each, but each sensitivity experiment
does only cover the first 30 years of EH5-1.7ka or EH5-2ka (depending on the ocean basin),
only the first 30 years from EH5-1.7ka and EH5-2ka are used for the comparison with the
sensitivity experiments. However, rainfall differences are similar for the first 30 years and
the complete 50 year period (Figure 4.15). This is somehow expected as the main SST dif-
ference characteristics between EH5-2ka and EH5-1.7ka found in the 50 year average are
also present in the 30 year average (see Figure 4.14).

The aim of the sensitivity experiments is to unravel the influence of changed SSTs over
all three ocean basins on the ISM. This is done by analysing changes in seasonal rainfall

amounts, moisture fluxes and upper and lower tropospheric velocity potential.

a) EH5-1.7ka - EH5-2ka (50 years)| | b) EH5-1.7ka - EH5-2ka (30 years)
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Figure 4.15: Rainfall difference [mm/d] between a) EH5-1.7ka and EH5-2ka (50 years), b)
EH5-1.7ka and EH5-2ka (30 years)

Rainfall

As discussed, the rainfall difference between EH5-1.7ka and EH5-2ka reveals wetter condi-
tions over most of India, along the Himalayan foothills and over the east-equatorial Indian
Ocean, whereas drier conditions are found over the western Pacific (Figure 4.16a). The
sensitivity experiments test to what extend these differences are caused by SST conditions
over a specific ocean basin. This is illustrated by calculating the differences between each
sensitivity experiment and EH5-2ka. If large differences are present it can be concluded that
these differences are caused by the specific ocean basin for which SSTs are set to EH5-1.7ka

values (wet phase) for the respective sensitivity experiment.
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EH5-1.7ka-IO reveals higher precipitation amounts compared to EH5-2ka along the Hi-
malayan foothills and over southern India, however, rainfall rates are similar over central
India (Figure 4.16b). This is different for EH5-1.7ka-PO, which shows wetter conditions over
central India and along the coast of the Bay of Bengal compared to EH5-2ka (Figure 4.16c).
Interestingly, the wetter conditions between EH5-1.7ka and EH5-2ka over the equatorial
eastern Indian Ocean, are not found in EH5-1.7ka-IO but in EH5-1.7ka-PO, which indicates
that local SST’s over the equatorial eastern Indian Ocean are not the dominant factor for
steering rainfall changes over this region. EH5-1.7ka-NA reveals slightly drier conditions
over India, especially over central India and along the eastern Himalayan foothills (Figure
4.16d). These results indicate that both the Pacific Ocean and Indian Ocean most likely
steer the abrupt change in ISM rainfall between 2ka BP and 1.7ka BP

|a) EH5-1.7ka - EH5-2ka | |b) EH5-1.7ka-10 - EH5-2ka |
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\ ¢) EH5-1.7ka-PO - EH5-2ka \ | d) EH5-1.7ka-NA - EH5-2ka |

30N —

Figure 4.16: Rainfall difference [mm/d] between a) EH5-1.7ka and EH5-2ka event (30
years), b) EH5-1.7ka-I0O and EH5-2ka, ¢) EH5-1.7ka-PO and EH5-2ka and d)
EH5-1.7ka-NA and EH5-2ka. Regions with significant differences (plevel=0.1)
are dotted in red (using a two-tailed t-test for a) and a paired t-test for b),c),d)).
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Moisture Flux

As the formation of precipitation is linked to the availability of sufficient moisture in the
lower atmosphere, moisture fluxes in 850 hPa are analysed for all available model simu-
lations (Figure 4.17). On average, the typical monsoon moisture flux pattern is found in
850 hPa for EH5-1.7ka during the summer monsoon season (Figure 4.17a), where moisture
is transported into northern India during summer from the Arabian Sea as well as from the
northern part of the Bay of Bengal.

For EH5-1.7ka an anomalous easterly moisture flux is found stretching from the western
Pacific into India compared to EH5-2ka. The additional moisture advected from the Bay
of Bengal into central and northern India is likely to enhance precipitation over these re-
gions, which is in line with overall precipitation changes (see Figure 4.16a). Additionally,
an anomalous moisture flux from the northern Arabian Sea into northwestern India is found
in EH5-1.7ka compared to EH5-2ka (Figure 4.17b).

The moisture flux difference pattern for EH5-1.7ka-IO shows a easterly moisture flux over
the Bay of Bengal, which is not as large as found between EH5-1.7ka and EH5-2ka (compare
Figure 4.17b and Figure 4.17c). However, EH5-1.7ka-IO reveals an anomalous moisture flux
from the northern Arabian Sea into northwestern India (Figure 4.17c), similar to the one
found between EH5-1.7ka and EH5-2ka (Figure 4.17b). This suggests that these circulation
changes are driven by SST changes over the I0. Similarities are also found for moisture
transport over the Bay of Bengal, however the circulation anomaly between EH5-1.7ka-10
and EH5-2ka differs to the one from EH5-1.7ka and EH5-2ka (Figure 4.17b) over central
India.

EH5-1.7ka-PO simulates a larger anomalous moisture transport from the western Pacific
into the Bay of Bengal (Figure 4.17d), which shares high similarities to the overall differ-
ence between EH5-1.7ka and EH5-2ka (Figure 4.17b). However, the anomalous moisture
transport is located further to the south and the additional moisture transport into central
and northern India is smaller in EH5-1.7ka-PO compared to EH5-1.7ka, which is in line
with the smaller precipitation change in EH5-1.7ka-PO compared to EH5-1.7ka over these
regions (Figure 4.16b & d). These results suggest that a substantial part of the anomalous
easterly moisture transport from the western Pacific is driven by Pacific SSTs rather than
Indian Ocean SSTs. Nevertheless, the anomalous moisture transport from the Bay of Ben-
gal is likely to be driven by Pacific and Indian Ocean SST’s, as it can neither be completely
reproduced by EH5-1.7ka-IO nor EH5-1.7ka-PO. Here, the choice of the ocean boundary
for Indian and Pacific Ocean and their associated imposed SST gradients in the sensitivity
experiments might be one explanation for the mismatch.

Differences in moisture transport between EH5-1. 7ka-NA and EH5-2ka are comparably small
(Figure 4.17 e), which is again in line with little precipitation changes in EH5-1.7ka-NA (Fig-
ure 4.16e). Overall, it can be concluded that the large-scale circulation changes in moisture
transport between EH5-1.7ka and EH5-2ka are dominated by changes in Pacific SSTs. How-
ever, on a local scale SSTs over the Indian Ocean seem to play also an important role, as it

determines the moisture transport from the Arabian Sea.
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Figure 4.17: Anomalous moisture transport in 850 hPa (contour & vector).
a) Averaged moisture transport derived from EH5-1. 7ka; b) Difference between

EH5-1.7ka and EH5-2ka, c) Difference between EH5-1.7ka-IO and EH5-2ka,
d) Difference between EH5-1.7ka-PO and EH5-2ka and e) Difference between
EH5-1.7ka-NA and EH5-2ka. Velocity potential is given in m/s - kg/kg
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Upper and lower tropospheric Velocity Potential

To analyse changes in the large-scale monsoonal circulation, velocity potential fields in
200 hPa and 850 hPa are investigated (Figures 4.18 and 4.19). Averaged over 30 years two
divergent centres over the western and eastern Pacific are found in 200 hPa (Figures 4.18a).
The convergent counterparts are found over the southern tropical Atlantic and western In-
dian Ocean as well as over the eastern tropical Pacific. In the lower troposphere (850 hPa),
centres of activity are found in a similar location as in 200 hPa but with opposite signs,
however the divergent centre over the eastern Pacific being less pronounced in the lower

troposphere (Figures 4.19a).

Upper Troposphere In 200 hPa velocity potential differences between EH5-1.7ka and
EH5-2ka reveal positive anomalies over the entire Pacific Ocean and negative anomalies over
the Indian Ocean and at the western coast of Africa (Figure 4.18b). This suggests a west-
ward shift of the divergent centre over East Asia towards India in 200 hPa in EH5-1.7ka
compared to EH5-2ka, which is consistent with an increase in the upper-tropospheric di-
vergent flow over the Indian subcontinent. Thus, rainfall anomalies over India are in line
with potential velocity anomalies between EH5-1.7ka and EH5-2ka. This easterly shift of
the Walker circulation is also associated with ENSO (Thomas et al., 2000, Laing and Evans,
2011 and references therein).

Results obtained from EH5-1.7ka-IO show negative anomalies in 200 hPa over the western
Indian Ocean, however, changes over the Pacific Ocean are much smaller compared to dif-
ferences between EH5-1.7ka and EH5-2ka (Figure 4.18c). In contrast, differences between
EH5-1.7ka-PO and EH5-2ka reveal large negative anomalies in 200 hPa over the entire In-
dian Ocean and large positive anomalies over the tropical Pacific Ocean (Figure 4.18d). This
indicates that most of the westerly shift of the divergent centre towards the Indian Ocean is
induced by changes in Pacific Ocean SSTs.

Changes in upper-tropospheric velocity potential between EH5-1.7ka-NA and EH5-2ka are
small, which is consistent with only minor changes in surface moisture transport and pre-

cipitation changes over India.
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Figure 4.18: Velocity potential in 200 hPa (contour) and divergent winds (vector).
a) Averaged velocity potential derived from EH5-1.7ka; b) Difference between
EH5-1.7ka and EH5-2ka, c) Difference between EH5-1.7ka-IO and EH5-2ka,
d) Difference between EH5-1.7ka-PO and EH5-2ka and e) Difference between
EH5-1.7ka-NA and EH5-2ka. Velocity potential is given in 10°m?/s

Lower Troposphere The velocity potential difference pattern between EH5-1.7ka and
EH5-2ka in the lower troposphere is similar to its counterpart in the upper troposphere, but
with reversed sign (compare Figure 4.19b an Figure 4.18b). Higher velocity potential val-
ues connected with a convergent flow over India are found in 850 hPa during EH5-1.7ka
compared to EH5-2ka (Figure 4.19b), which is in line with higher precipitation rates over
this region. Differences between EH5-1.7ka-I0 and EH5-2ka are comparably small and less
pronounced than in 200 hPa, however, a small increase in velocity potential values is found
over western Indian Ocean.

Differences in lower tropospheric velocity potentials between EH5-1.7ka-PO and EH5-2ka
resemble largely the difference pattern found between EH5-1.7ka and EH5-2ka (compare
Figure 4.19b an Figure 4.19d). These results suggest that changes is the large-scale cir-
culation via an anomalous Indo-Pacific Walker circulation found between EH5-1.7ka and
EH5-2ka are steered by ocean temperatures over the Pacific and only to a lesser extend due
to SSTs over the Indian Ocean, which is similar to results found for 200 hPa.

Velocity potential anomalies between EH5-1.7ka-NA and EH5-2ka are comparably small,
which is in line with the little precipitation change observed for EH5-1.7ka-NA.
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Figure 4.19: Velocity potential in 850 hPa (contour) and divergent winds (vector).
a) Averaged velocity potential derived from EH5-1.7ka; b) Difference between
EH5-1.7ka and EH5-2ka, c) Difference between EH5-1.7ka-IO and EH5-2ka,
d) Difference between EH5-1.7ka-PO and EH5-2ka and e) Difference between
EH5-1.7ka-NA and EH5-2ka. Velocity potential is given in 10°m?/s

Evaporation and Moisture Advection The most prominent pattern found for evapo-
ration differences between EH5-1.7ka and EH5-2ka is enhanced evaporation over the north-
ern Arabian Sea (Figure 4.20) (positive values mean condensation due to the convention
for vertical fluxes that downwards is positive). Thus, this region describes an anomalous
moisture source during EH5-1.7ka compared to EH5-2ka.

The only sensitivity experiment showing this anomaly is EH5-1.7ka-I0. As expected nei-
ther EH5-1.7ka-PO nor EH5-1.7ka-NA show any evaporation anomaly here, as this source
of moisture is triggered by higher SSTs over the northern Arabian Sea during EH5-1.7ka
compared to EH5-2ka (see Figure 4.14).

This additional moisture source leads to enhanced moisture advection from the northern
Arabian Sea into northwestern India in EH5-1.7ka compared to EH5-2ka (Figure 4.21a).
This enhanced moisture advection with a similar magnitude is not found for EH5-1.7ka-PO
or EH5-1.7ka-NA because of the missing SST anomaly over this region. In contrast, the
anomalous moisture advection is found in EH5-1.7ka-IO compared to EH5-2ka. The results

indicate that the enhanced moisture supply over this region due to warmer SSTs outweigh
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the effect of a decreased land-sea contrast between northwestern India and the surround-
ing ocean. This is in line with comparable AGCM model studies (Levine and Turner, 2012).
These results also reveal how local SST anomalies might affect longer-term ISM variability.
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Figure 4.20: Difference in evaporation in mm/d between a) EH5-1.7ka and EH5-2ka, b)
EH5-1.7ka-I0 and EH5-2ka, ¢) EH5-1.7ka-PO and EH5-2ka and e) EH5-1.7ka-
NA and EH5-2ka. Note that a downward evaporation flux is defined posi-
tively, thus condensation is defined positive and evaporation linked to negative
values.
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Figure 4.21: Difference in moisture advection [m/s-kg/kg]between a) EH5-1.7ka and EH5-
2ka, b) EH5-1.7ka-I0 and EH5-2ka, ¢) EH5-1.7ka-PO and EH5-2ka and e) EH5-
1.7ka-NA and EH5-2ka. Daily mean wind speeds and specific humidity values
are used to derive moisture advection.
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4.3.6 Mechanisms influencing the ISM on inter-annual to

centennial time scales

Results obtained from the sensitivity studies suggest that changes of the SST’s over the Pa-
cific and Indian Ocean are responsible for the wetter conditions during 1.7kaBP and drier
conditions around 2ka BP However, results might be heavily affected by the short time pe-
riod each simulation covers, e.g. only 50 years for EH5-1.7ka and EH5-2ka. To analyse, in
how far changes in sea surface temperature conditions over particular areas in the Pacific
and Indian Ocean are in phase with changes found in Indian monsoon rainfall, several SST
based oceanic indices are calculated, which have been found to be related to the intensity of
the ISM in earlier studies. Here sea surface temperatures are calculated over the following
regions: NINO1+2, NINO3, NINO4, NINO3+4, NARAB®?> and NEIO*®. NARAB and NEIO
are chosen because significant changes between 1.7ka BP and 2ka BP are found over these
regions (see Figure 4.14). Additionally, the position of the Indo-Pacific Warm Pool is calcu-
lated by the mean longitudinal position of all ocean grid cells exceeding 29° C in the area
from 30°- 230°east and 40°south to 40°north similar to Kim et al. (2012) (c.f. Table 4.4). All
oceanic indices are based on yearly means, except the IPWP which is based on JJAS SSTs.
These indices are calculated from the original coarse AOGCM model simulation data in a
resolution of T31L19.

NINO1+2 NINO3 NINO3+4 NINO4 NARAB NEIO IPWP

90°W-80°W, 150°W-90°W, 170°W-120°W, 160°E-150°W, 50°E-70°E, 80°E-100°E, mean position
10°S-0° 5°S-5°N 5°S-5°N 5°S-5°N 15°N-30°N 5°N-15°N of SST>29°C

Table 4.4: Regions used for the calculation of sea surface temperature based oceanic indices.

SSTs in all NINO regions show high anti-correlations with rainfall over India, especially
NINO4 region (0.80, see Table 4.5). Annual time series between NARAB and AIMR are only
weakly correlated, and SST’s over NEIO region show a moderate anti-correlation. A high
temporal correlation is found between the AIMR and the position of the IPWP (-0.82), which
indicates that a westward shift of the warm pool region leads to increased rainfall over India
(Table 4.5). It is worth mentioning that SST over the NINO4 region and the position of the
IPWP are highly correlated (0.86), as parts of the NINO4 region are also included in the
IPWP region.

To investigate mechanisms controlling ISM strength on multi-decadal to centennial time
scales all time series are smoothed using a 51-year running mean (Figure 4.22). The dry
event around 2ka BP coincides with an anomalous eastward shift of the IPWP, cold SST’s

over NARAB and NEIO, as well as warmer ocean temperatures over all NINO regions. The

32Northern Arabian Sea
33North Eastern Indian Ocean
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NINO1+2 NINO3 NINO4 NINO3+4 NARAB NEIO IPWP

Correlation -0.69 -0.68 -0.80 -0.74 0.22 -0.57 -0.82
Correlation (51 year) -0.53 -0.62 -0.72 -0.75 0.62 -0.08 -0.75

Table 4.5: Correlation coefficients between oceanic index and rainfall over India (AIMR),
based on yearly values (upper row) and after smoothing each time-series with a
51 year moving average (lower row).

period with the highest AIMR amount does coincide with the most westerly position of
the IPWP. Interestingly, AIMR rainfall rates show similar increased rainfall amounts for
the 40 years preceding the absolute rainfall maximum. This plateau is well represented
in the position of the IPWP. Correlations between smoothed time series between AIMR
and NINO regions are similar to yearly values, which also applies for the position of the
IPWP (Table 4.5). This indicates that the Indo-Pacific Warm Pool plays an important role in
influencing the ISM on these time scales. Largest differences are seen for NARAB region,
where correlations increased from 0.22 to 0.62 for the smoothed timeseries compared to the
NEIO region, for which the correlation coefficient drops to around zero for the smoothed
time-series (Table 4.5). The correlation coefficient found between smoothed AIMR and
SST’s over the NARAB region of 0.62 is statistically significant on the 99% level, which is
tested by calculating correlation coefficients of 1000 random time-series, smoothed by a
51 year running mean. This indicates, that enhanced moisture availability over the north
Arabian Sea plays an important role in determining temporal characteristics of the Indian
monsoon on these time scales. Even though correlation coefficients between SST’s over the
NINO regions and AIMR are high for the smoothed time series, the position of the IPWP and
the SST over NARAB region are the only two indices showing robust minima and maxima
during the weak and strong monsoon period (Figure 4.22). Thus, it can be concluded that
changes of the position of the Indo-Pacific Warm Pool and temperatures over the Northern
Arabian Sea play the most important role in influencing the long-term ISM strength between

2ka and 1.7 ka BP in this respective model simulation.
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Figure 4.22: a) AIMR b) Position of IPWP c) SST over NARAB d) SST over NEIO e) SST
over NINO1+2 region f) SST over NINO3 region g) SST over NINO3+4 region
h) SST over NINO4 region. All time series are derived from T31L19 COSMOS
AOGCM simulation (Fischer and Jungclaus, 2011) and smoothed using a 51
year running mean.
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Influence of the position of the IPWP and the SST over the northern Arabian
Sea during the last 6000 years

The former analysis focused on the mechanisms steering the abrupt change in ISM intensity
between 1.7ka BP and 2ka BB which is found to be related to the position of the IPWP and
the SST’s over the NARAB region. To analyse in how far these two factors are also important
for the other extreme events found in the 6000 year AOGCM simulation, both indices are
calculated using the complete dataset. The respective time series are linear detrended and
smoothed using a 201 year running mean to focus on centennial scale ISM variability (Figure
4.23).

The AOGCM simulations suggests two major droughts during the past 6000 years (one at
around 3.6ka BP and another around 2ka BP), and three wet periods: one around 4.7ka
BB 1.7ka BP and another one around 700 years BP (Figure 4.23). However, the latter is
thought to be due to the simple linear detrending method applied as solar insolation did
not vary linearly during the past 6000 years (see Figure 4.10). The position of the IPWP
is anomalously westerly shifted around 5.2ka BB 1.7ka BP and 500 years BB as well as
anomalously easterly shifted around 3.7ka BB 3.1ka BP and 2ka BP. The SST over the NARAB
region is found to be anomalously warm around 4.7ka BB 4ka BE 3.3ka BB 2.7ka BP and
1.7ka BB whereas it is anomalously cold around 3.7ka BB 2.9ka BP and 2ka BP
Comparing the two major dry conditions over India with the SST over the NARAB region
and the position of the IPWP it is found that for both time periods (3.7ka BP and 2ka BP) the
IPWP is anomalously shifted to the east and the SST over the NARAB region is comparably
cold. Similarly, for the wet epoch over India around 1.7ka BP the IPWP is shifted to the
west and the SST over the northern Arabian sea is comparably warm. However, the second
wet epoch around 4.7ka BP is linked to an anomalous warm SST over the NARAB region
only but not to a shift of the IPWP All other epochs with anomalous positions of the IPWP
or anomalous SST’s over the NARAB region do not have a huge influence on the ISM. As it
can be inferred from Figure 4.23, none of these epochs is found to happen simultaneously.
Thus, the combination of both: an anomalous shift of the position of the IPWP and changes
of the SST over the NARAB region have the potential to influence the ISM on centennial
time scales. This relationship is especially pronounced for extreme dry epoch, which are
always associated with changes in the position of the IPWP and changes in SSTs over the
NARAB region.

It is important to note that changes of the SST over the NARAB regions are comparably small,
which is due to the 201-year filter, the coarse spatial resolution of the AOGCM simulation
and the small size of the NARAB region. In fact, the NARAB region consists only of a few
grid points. Higher resolved AOGCM simulations are necessary to analyse the influence of
the NARAB in more detail.
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AOGCM time series for a) AIMR anomaly, b) anomalous position of IPWP and
¢) SST anomaly over NARAB region. Time-series are linearly detrended and
smoothed using a 201-year running mean. Time periods for which the respec-
tive value exceeds the standard deviation are marked in blue if wetter condi-
tions over India would be expected and brown if drier conditions over India
would be expected.

ISM variability under recent, past and future climate conditions 103



Part 4 4 Variability of the Indian Summer Monsoon during the Holocene

Synthesis

The analysis of a transient AOGCM simulation covering the past 6000 years driven by con-
stant GHG®* concentrations but varying orbital parameters shows that extreme phases of
the ISM on centennial time-scales could not be attributed to changes in the occurrence of
active and break spells on the intraseasonal time-scale. Based on these results, the focus
has been to answer two research questions: I) What is the mechanism steering the abrupt
change in AIMR rainfall around 2ka BP? and II) Can such a derived mechanism also explain
other dry and wet phases found in the AOGCM simulation covering the past 6000 years?.
For the strongest abrupt change in ISM precipitation between 1.7ka BP and 2kaBP (in the
model data) sensitivity experiments with different sea surface temperatures using an AGCM
in a resolution of T63L31 are carried out. These simulations indicate that the position of
the IPWP and local surface temperatures over the Northern Arabian Sea are important in
influencing the ISM during the transition between wet and dry periods.

The second research question is answered by testing in how far other extreme phases of the
ISM in the whole 6000 model years can be attributed to changes in the position of the IPWP
and SST’s over the NARAB region. These results suggest that extreme phases of the ISM are
in most cases associated with simultaneous changes of the position of the IPWP and SSTs
over the NARAB. Extremes of only one of the mentioned factors (IPWP or SST over NARAB)
are in general not sufficient to trigger an extreme phase of the All-Indian Monsoon Rainfall

on centennial time-scales in this model simulation.

34Greenhouse Gas Concentrations
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4.4 Conclusion & Discussion

Last Millennium

In this chapter the hypothesis from Sinha et al. (2011a) has been tested using global and
regional climate model data from atmosphere-only model simulations as well as coupled
model simulations. First, transient 200 year AGCM simulations with a resolution of T63L31
for three time periods during the past 1000 years: Medieval Climate Anomaly, Little Ice
Age and Recent Climate are carried out (Polanski et al., 2014). Lower boundary conditions
as SST and SIC are taken from a coarse resolved (T31L19) fully-coupled AOGCM COSMOS
simulation covering the last Millennium (Jungclaus et al., 2010). These simulations are
further analysed regarding ISM variability on decadal to multi-decadal time scales using
summer monsoon rainfall over the Indian subcontinent. For each AGCM time slice one dry
and one wet phase (each 30years) are dynamically downscaled using the RCM CLM with a
horizontal resolution of approximately 55 km.

Sinha et al. (2011a) hypothesised that abrupt changes of the ISM are related to changes in
the occurrence of active and break spells on the intraseasonal time scale. First, the high-
resolved CLM simulations are used to verify this hypothesis, by identifying active and break
spells using daily rainfall amounts. Rajeevan et al. (2010) identified active and break spells
for the months July and August based on normalised precipitation over the Core Monsoon
Region, defining an active (break) spell as an event with rainfall above (below) one standard
deviation for at least 3 consecutive days. In this study, daily SPI values are used instead of
normalised rainfall, motivated by the fact that spatial variability and dry and wet events on
weekly time scale have been shown to be in good agreement with observations (see Chap-
ter 3). However, it is shown that the identification of active and break phases using this
method is not suitable as anomaly composites of years with an anomalous high number of
active (break) phases do not show a specific dipole-like rainfall anomaly pattern, but rather
a uniform rainfall anomaly pattern over India. This confirms the results from other stud-
ies indicating that most of the seasonal anomalous rainfall over India stems from seasonal
persisting rather than intraseasonal variability patterns (Krishnamurthy and Shukla, 2000,
2007).

However, Sinha et al. (2011a) based their assumption on different trends in rainfall over CI
and NEI in proxy data during the abrupt change in monsoon intensity and thus a dipole-like
rainfall anomaly pattern . A new method has been developed based on rainfall time series
over CI and NEI. Composite anomalies for rainfall for years with anomalous high rainfall
rates over CI and low rainfall rates over NEI, and vice versa, show the expected dipole pre-

cipitation pattern. Additionally, it is shown that this seasonal dipole rainfall pattern is in
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turn associated with a shift of the probability of occurrence of active and break days. Thus,
it could be shown that rainfall time series of both regions can be used as a proxy for active
and break days on the intraseasonal time scale. Furthermore, it is shown that the same
method can be applied to both CLM and ECHAMS5 data.

Comparing the different CLM simulations to each other shows that not all of the differences
reveal a dipole-like rainfall pattern over CI and NEI. However, for 4 out of 15 differences a
dipole pattern is present especially between CCLM-REC-wet and CCLM-REC-dry. As most of
the simulations do not reveal significant changes of active and break phases the hypothesis
by Sinha et al. (2011a) could not be entirely confirmed. However, it should be noted that
most of the differences in rainfall over India are comparably small. Thus, it might not be
expected that all these differences are caused by changes on the intraseasonal time scale.
Additionally, the time difference between most of the time periods exceeds hundreds of

years, whereas Sinha et al. (2011a) thesis is based on abrupt shifts in ISM precipitation.

Using the AGCM simulations, abrupt changes in rainfall over all-India, CI and NEI are de-
tected using an objective algorithm identifying breakpoints in time series (Bai and Perron,
2003). It is shown that 50% of all identified breakpoints in All-Indian monsoon rainfall,
especially the breakpoints associated with largest differences, are associated with changes
of active and break phases on the intraseasonal time-scale. This partly confirms the hypoth-
esis from Sinha et al. (2011a) but there are further mechanisms driving monsoon variability
during the last Millennium in ECHAMS.

Changes in all-Indian monsoon rainfall might also be related to changes in monsoon onset
and retreat and thus duration. However, the analysis suggest that most of the dry and wet
events in ECHAMS are associated with changes during the core monsoon months (July &
August) and only the wet event during LIA is strongly associated with large rainfall changes
during June and September. Thus, changes in the duration of the monsoon season do not
drive the decadal to multi-decadal variability in AIMR in these ECHAMS5 simulations.

It should be noted that the study presented here analyses only one AGCM-RCM combina-
tion, which limits the interpretation of the obtained results. However, RCM and AGCM
reveal consistent results, e.g. rainfall dipole patterns found in CLM time slices are also indi-
cated in rainfall timeseries calculated from ECHAMS. Furthermore, the simulations carried
out within HIMPAC and partly within this thesis are shown to be in good agreement with
multi-proxy archives (Polanski et al., 2014). However, RCM simulations couldn’t be com-
pared to proxies over the Indian subcontinent as no such datasets representing rainfall on

intraseasonal to inter-annual time scale have been available.

106 ISM variability under recent, past and future climate conditions



4 Variability of the Indian Summer Monsoon during the Holocene Part 4

The Past 6000 years

To study in how far abrupt changes in monsoon precipitation are associated with changes
in active and break phases during the period from 6000 years BP until present, a transient
fully-coupled AOGCM simulations is analysed (Fischer and Jungclaus, 2011). It is found
that none of the abrupt changes in simulated AIMR is associated with changes in rainfall
over CI and NEI with opposite trends. However, it might be possible that the coarse reso-
lution of the AOGCM simulations is not sufficient to simulate intraseasonal features of the
ISM. For the most striking abrupt change in precipitation found over India around 2ka BP in
this simulation, two higher resolved 50 year AGCM simulations with a resolution of T63L31
are carried out. Differences in rainfall show no signs of a dipole-like structure, thus confirm-
ing the results obtained from the coarse resolved AOGCM simulations that these changes

are not due to changes on the intraseasonal time scale.

Due to the short time period between dry and wet event, changes of orbital parameters
cannot explain the abrupt change in ISM precipitation but rather changes of sea surface
temperatures. SSTs differ significantly between both time periods for most of the ocean
basins with the most dominant patterns being: 1) a tripole SST pattern over the North At-
lantic Ocean, 2) a warm northern Arabian Sea and 3) a cooler western Pacific Ocean during
1.7ka BP compared to 2ka BR AGCM sensitivity simulations are carried out with changed
lower boundary conditions for only one ocean basin for each simulation to separate effects
from the IO, PO and NA. It is found that most rainfall changes between 1.7ka BP and 2ka BP
are caused by different ocean temperatures over the PO and IO. The tripole SST pattern in
the North Atlantic Ocean has a small effect. Based on these experiments it is further found
that the Pacific Ocean SST changes cause a anomalous shift of the Indo-Pacific Walker cir-
culation, which is clearly indicated in upper and lower velocity potentials, which both are
shifted westerly during the wet phase. In contrast, the warmer northern Arabian Sea acts
more locally with enhanced evaporation over this region and an increased moisture flux

into northwestern India.

It should be noted that all simulations carried out within this study are forced by transient
SST and SIC conditions. This means that high SST gradients at the borders of the selected
ocean basins partly occur in the sensitivity experiments. No smoothing is applied at these
boundaries to limit the effect, however, the boundaries of the ocean basins have been chosen
across as many land-points as possible, as temperatures over these land-points are calculated
by the AGCM itself and thus weaken possible temperature gradients.

Overall, results suggest the effect of transient changing SSTs to be small compared to the
overall changes in monsoonal circulation and associated rainfall during 1.7ka BP and 2ka BP

This is mainly based on the fact that all circulations changes in the AGCM sensitivity exper-
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iments are found to be consistent with changes of ocean basin SSTs. However, a drawback
of the method applied is the choice of the Pacific-Indian Ocean boundary, which somehow
divides the IPWP into two parts. The inconsistencies by the transient SSTs imposed here
might cause some circulation features in the sensitivity experiments, which are not in line
with overall circulation changes. Further model experiments are thought to be useful to
fully investigate the role of Indo-Pacific SSTs and how they affect rainfall over the Indian
subcontinent. Another assumption is the linear impact of SST changes over different ocean
basins on rainfall over India as it is tried to explain all precipitation change by linearly
adding up contributions from each ocean basin (sensitivity experiment). Obviously, atmo-
spheric processes are highly non-linear, which also leads to the fact that the entire rainfall
anomaly cannot be explained by using the presented simulations. However, even though
the design of the sensitivity simulations is kept simple, the simulations have proven useful
to analyse and understand changes in rainfall during the dry and wet period.

Based on the coarse resolved AOGCM data, it is tested in how far changes in rainfall over
India during the complete 6000 years can be attributed to changes of the position of the
Indo-Pacific Warm Pool and changes of SSTs over the northern Arabian Sea. Results sug-
gest that shifts of the Indo-Pacific Warm Pool in combination with changed SSTs over the
NARAB region play a major role in shifting global monsoon circulation also on centennial
time-scales. However, in general neither a shift of the warm pool nor changes over the
northern Arabian Sea alone are sufficient to trigger most of the extreme phases of AIMR.
This stays especially true for long-lasting dry periods. The importance of the IPWP in leading
to dry conditions over India is also found in proxy archives. Prasad et al. (2014) analysed
lake sediments from Lake Lonar, located in the core monsoon region of India. Their find-
ings suggest that long-lasting dry events found in the proxy archives are associated with
warmer SST conditions over the Indo-Pacific Warm Pool (their Figure 6). Results obtained
in this study partly confirm these findings as the dry event around 2ka BP is associated with
an eastward shift of the Indo-Pacific Warm Pool. The SST anomaly pattern shows cooler
SSTs over the north-eastern Indian Ocean and warmer SSTs over the western Pacific Ocean
during EH5-2ka compared to EH5-1.7ka. Generally, these results are also in line with those
obtained by Polanski et al. (2014).

In how far changes of local conditions over the northern Arabian Sea were present during
drought events found in proxy data is not discussed by Prasad et al. (2014). The importance
of surface conditions over the Arabian Sea onto ISM variability is addressed in several studies
(e.g., Ghosh et al. 1978; Levine and Turner 2012). Thus, colder SSTs over the Arabian Sea
influence the ISM due to their impact on moisture availability (Levine and Turner, 2012).
The results are consistent with those presented in Polanski et al. (2014), who showed the
importance of northern Arabian Sea SST anomalies during the MCA compared to the LIA in
two ECHAM AGCM simulations. In addition to these results, the analyses presented in this
study also reveal certain circulation anomalies associated with changes over the Indo-Pacific
Warm Pool region as well as the NARAB.

108 ISM variability under recent, past and future climate conditions



Future Changes of the ISM

In this chapter, the tempo-spatial variability of the ISM! as projected by COSMOS? simula-
tions carried out within the CMIP32 under future greenhouse gas conditions is analyzed. The
reason for using CMIP3 instead of latest CMIP5* is to study possible future changes using
the same models (ECHAMS5 and CLM?) as for recent and paleo climate conditions (Chapter
3 & Chapter 4). As ECHAMSO is used instead of ECHAMS5 in CMIP5 and CLM simulations
forced by ECHAMS5 under different greenhouse gas emission scenarios (B2, A1B, A2) are
already available for the Indian region (Dobler and Ahrens, 2011) results obtained here are
based on simulations carried out using CMIP3 model simulations. In Chapter 3 it is shown
that both models capture observed features of the ISM on the intraseasonal timescale, which
is the basis for analyses carried out here.

This chapter aims to answer the third research question:

ARE POSSIBLE FUTURE CHANGES OF THE ISM RELATED TO AN ANOMALOUS RAINFALL
DIPOLE PATTERN OVER CI® AND NEI” ASSOCIATED WITH CHANGES ON THE INTRASEASONAL
TIME SCALE?

5.1 Introduction

Several studies address the variability of the ISM under changed greenhouse gas concen-
trations (e.g., Kripalani et al., 2007; Turner and Slingo, 2009a,b; May, 2011, 2004; Menon
et al., 2013). In general, CMIP3 models suggest an increase in mean monsoon rainfall un-
der future climate conditions together with a weakening of the monsoon circulation (Ueda
et al., 2006). This paradox between increasing rainfall but reduced low-level winds can

be explained by an enhanced moisture supply over the Indian Ocean under future climate
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conditions. Similar results are also found by Meehl and Arblaster (2003), who showed that
the precipitation increase over South Asia under enhanced GHG® concentrations is primar-
ily due to the increased moisture supply over the warmer Indian Ocean. However, there
is a large spread between the models projections for the South Asian region within CMIP3
(Christensen et al., 2007), with an improved agreement for projection of models within
CMIP5 (Menon et al., 2013). Under future climate conditions an increase of the interan-
nual variability of the ISM is found in model projections (Meehl and Arblaster, 2003; Menon
et al., 2013). According to Meehl and Arblaster (2003) this is associated with changes in
SST?s over the Pacific Ocean and their impacts on the ISM via the Walker circulation.
Despite GCM based studies, future changes of the ISM have been further analysed using
higher resolved RCM'° simulations (Dobler and Ahrens, 2011; Hassan et al., 2015). Their
results indicate partly different projected changes in terms of precipitation by the end of
the century in the RCM and in the driving global climate model. Dobler and Ahrens (2011)
carried out RCM simulations under B1, A1B and A2 scenario conditions using COSMO-CLM
forced by ECHAMS5/MPI-OM at its lateral boundaries (Dobler and Ahrens, 2011). Their
findings illustrate that the increasing rainfall trend over India found in the driving model
runs is not present in the RCM rainfall fields, which show a decreasing trend towards the
end of the century. A large spread in projected changes of different RCMs driven by the
same GCM!! is also found by Niu et al. (2015).

Besides analyses focusing on mean changes of the ISM, several studies investigated projected
changes of active and break phases and extreme rainfall events on intraseasonal time-scales.
Turner and Slingo (2009a) showed an increase of heavy precipitation events under doubled
CO, concentrations, which is strongly coupled to the increased specific humidity. Regarding
active and break events they find an intensification of both, however, no changes regard-
ing occurrence or duration of breaks are found. The uncertainty of projected changes in
frequency and duration of active and break spells is also revealed by Mandke et al. (2007)
using ten different GCMs. More coherent results regarding active and break spells are pre-
sented by Sharmila et al. (2015) using four different GCMs, who showed that both are likely
to intensify under future climate conditions.

None of these studies focuses on the contribution of changes on the intraseasonal time scale
onto longer, e.g. decadal fluctuations of the ISM. However, shift of the A-B!? regime to a
more dominate break or active regime on decades in future would have a huge impact on

the agricultural sector and thus India’s society.
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5 Future Changes of the ISM Part 5

5.2 Data & Methodology

In this chapter RCM (CLM) as well as GCM (ECHAMS5) simulations under future climate con-
ditions are analysed. Future emission scenarios analysed in this study are: 1) Commitment
simulation (COM), 2) B1 simulation (B1), 3) A1B simulation (A1B) and 4) A2 simulation
(A2). The GHG emissions linked to each of these scenarios are very different, with B1 being
associated with the lowest emission by the end of the 21st century. followed by A1B and A2
(see Figure 5.1).
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Figure 5.1: "Global GHG emissions (in GtCO2-eq per year) in the absence of additional climate
policies: six illustrative SRES marker scenarios (colored lines) and 80th percentile
range of recent scenarios published since SRES (post-SRES) (gray shaded area).
Dashed lines show the full range of post-SRES scenarios. The emissions include
CO2, CH4, N20 and F-gases." (IPCC Core Writing Team, 2007)

All CLM simulations are carried out using version 2.4.11 and share the same spatial res-
olution of 0.44° and 20 vertical levels (see Dobler and Ahrens 2011 for further informa-
tion). The first ensemble member of the ECHAMS5/MPIOM simulations carried out within
the CMIP3 is used to force the CLM simulations at its lateral boundaries. Thus, only the
first ensemble member of ECHAMS is used to analyse future changes of the ISM. These
ECHAMS5 simulations have a horizontal resolution of T63 (&~ 200km) and 31 vertical levels.
The time periods covered are 1960 until 2100 for the Commitment run (which his forced
by observed GHG concentrations until the year 2000 and fixed concentrations afterwards),
and 2001 until 2100 for B1, A1B and A2 simulations.
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Seasonal rainfall amounts over India (AIMR'® region), as well as northeastern India (NEI)
and Central India (CI) are used to investigate the influence of active and break spells on
intraseasonal timescales on the ISM. As shown in Chapter, 4 seasonal rainfall timeseries
over NEI and CI can be used as a proxy for the occurrence of active and break spells.

Timeseries are smoothed using a 21 year moving average filter to investigate long-term vari-
ability. The value of 21 years instead of 31 years (as used in Chapter 4) is chosen to make
the results comparable to those published in Dobler and Ahrens (2011), who also used a
21 year running mean. Breakpoints in smoothed rainfall timeseries are calculated based on
the method developed by Bai and Perron (2003), however, the minimum segment size is
changed to 21 years according to the smoothing window size. All simulations analysed in

this chapter are summarised in Table 5.1.

Identifier Model-type Time-period Forcing Model
COSMOS-COM (runl) AOGCM* 1960 - 2100 N/A
COSMOS-A1B (runl) AOGCM 2001 - 2100 N/A
COSMOS-B1 (runl) AOGCM 2001 - 2100 N/A
COSMOS-A2 (runl) AOGCM 2001 - 2100 N/A
CLM-COM RCM 1960 - 2100 COSMOS-COM (runl)
CLM-AIB RCM 2001 - 2100 COSMOS-A1B (runl)
CLM-B1 RCM 2001 - 2100 COSMOS-B1 (runl)
CLM-A2 RCM 2001 - 2100 COSMOS-A2 (runl)

Table 5.1: Overview to model simulations used in Chapter 5.

5.3 Future changes of Active and Break spells in

CLM simulations

Firstly, seasonal rainfall amounts for all four CLM climate change scenarios (CLM-COM,
CLM-A1B, CLM-B1, CLM-A2) are calculated over the Indian subcontinent (AIMR region).
In accordance to Dobler and Ahrens (2011), all timeseries are smoothed using a 21-year

running mean filter (Figure 5.2) to estimate future changes of mean ISM intensity.

In CLM-COM, AIMR decreases until around 2030 and increases afterwards. Under B1 con-
ditions (CLM-B1) rainfall rates are rather stable until around 2060 with a increase from
2060 until 2080 and a drop in rainfall afterwards. ISM activity decreases throughout the

21st century under the A1B emission scenario (CLM-A1B) with an even more rapid decrease

13 All-Indian Monsoon Rainfall
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from around 2060 until 2090. Under A2 conditions (CLM-A2) a global maximum in AIMR
is found around 2010 followed by a decreasing trend until 2100, which is very similar to
the trend in A1B from around 2050. As described in Dobler and Ahrens (2011) the de-
creasing trend in AIMR, is found over most parts of India and the relative changes are most
pronounced over northwestern India. In contrast, positive trends are found over southeast-
ern India. However, trends over India (Dobler and Ahrens, 2011; their Figure 3) reveal no
dipole like pattern as changes are comparably small over the eastern CMZ!® and especially
NEI. This indicates that the linear trend in rainfall discussed in Dobler and Ahrens (2011) is
not due to changes on the intraseasonal timescale, however, further analyses are necessary
to prove this assumption. Besides, the long-term negative trend, decadal variations in AIMR
are visible in all scenario simulations, with the strongest being the one found around 2010
in A2 and around 2080 in B1.
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Figure 5.2: Rainfall timeseries over all-India (AIMR) smoothed with a 21 year running mean
filter for four different COSMO-CLM climate change scenarios (COM, B1, A1B,
A2) driven by ECHAMS runl simulations carried out within CMIP3.

Due to the long integration time of each scenario simulation of 100 years, breakpoints can be
identified for CLM timeseries with the same method applied to paleo GCM data in Chapter
4 (Figure 5.3). The aim of this investigation is to analyse in how far the temporal variability
of the ISM is related to changes in active and break spells.

In CLM-COM, four breakpoints are identified and linear regression models are fitted using
the data for respective breakpoints. As expected, rainfall trends over CI share the same sign
as rainfall trends over AIMR. In general, this is also true for rainfall trends at the break-

points over NEI, meaning that changes in active and break spells are not driving the ISM

15Core Monsoon Region
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variability. Only one breakpoint around the year 2011 is associated with a decreasing AIMR
and CI rainfall trend and an increasing rainfall trend over NEIL.

In CLM-B1, two breakpoints are identified, one around 2027 and the second around 2069.
For both breakpoints indications of changes on the intraseasonal timescale are found, espe-
cially for the second breakpoint. AIMR and rainfall over CI decreases around 2027, whereas
it increases over NEI, however, the trend is not significant. For the second breakpoint, AIMR
and rainfall over CI increases, whereas the trend in rainfall over NEI is negative. It is worth
mentioning that the decreasing trend in rainfall at the end of the 21st century in CLM-B1 is
also associated with a decreasing trend in rainfall over CI and an increasing trend in rainfall
over NEI. These results suggest that the long-term variability of the ISM in CLM-B]1 is linked
to changes on the intraseasonal timescale.

Under concentrations following the A1B scenario (CLM-A1B) two breakpoints are found.
None of these breakpoints can be associated with changes of active and break phases, as
rainfall trends share the same sign in all regions (AIMR, CI and NEI). For the simulation
under A2 scenario conditions (CLM-A2), three breakpoints are identified. For the first two
of them rainfall trends over all three regions share the same sign. However, the last break-
point (around 2069) is linked with decreasing trends in rainfall over all-India and CI and

an increasing trend over NEI.

Overall, results obtained from the RCM simulations are inconclusive. In total, 11 break-
points could be identified in the four climate change scenario simulations, however, only 4
of them could be linked to changes on the intraseasonal timescale based on different trends
in rainfall over central and northeastern India (3 of them with significant linear trends over
central and northeastern India). This shows that other factors are more important in steer-
ing decadal-scale variability of the ISM.
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Figure 5.3: upper: Rainfall timeseries over all-India (AIMR) for four different CLM simula-

tions under future emission scenarios (CLM-COM, CLM-A1B, CLM-A2, CLM-B1).
Breakpoints are identified based on the method developed by Bai and Perron
(2003) and to each breakpoint a linear regression model is fitted.
middle: Rainfall timeseries over central India (CI) for four different climate
change scenarios. For each breakpoint identified in AIMR timeseries a linear
regression model is fitted to the corresponding CI rainfall.
bottom: Rainfall timeseries over northeastern India (NEI) for four different cli-
mate change scenarios. For each breakpoint identified in AIMR timeseries a
linear regression model is fitted to the corresponding NEI rainfall.
All timeseries are normalised to the reference period from 1960 until 2000 and
smoothed with a 21 year running mean filter. Significant linear regression mod-
els (p-level:5%) are indicated as solid and no-significant linear trends as dashed
lines.
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5.4 Future changes of Active and Break Spells in
ECHAMS5 simulations

In accordance with the previous section, ECHAMS5 rainfall timeseries for COSMOS-A1B
(runl), COSMOS-B1 (runl), COSMOS-A2 (runl) and COSMOS-COM (runl) simulation are
analysed. All timeseries are smoothed using a 21year running mean filter. As already
pointed out by Dobler and Ahrens (2011) rainfall trends in ECHAMS future scenario simu-
lations do essentially differ compared to those found in the corresponding CLM simulations.
A positive trend in AIMR is found for all future scenarios throughout the 21st century, how-
ever, large decadal-scale fluctuations are present, which is similar to the RCM results (Figure
5.4).
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Figure 5.4: Rainfall timeseries over all-India (AIMR) smoothed with a 21 year running mean
filter for four different ECHAMS climate change scenarios (COM, B1, A1B, A2)
carried out within CMIP3.

To answer the question in how far these changes on decadal time-scales are related to
changes in active and break spells, timeseries for CI and NEI are computed (Figure 5.5).
Again, changes in active and break spells are indicated by different signs of rainfall trends
over central and northeastern India. Here, each scenario simulation is extended by the years
1960 until 2000 from the 20C (COSMOS-COM (runl)) simulation. This might lead to the
identification of different breakpoints before 2000 in the scenario runs due to the window
size of the moving average filter.

For COSMOS-COM (runl) three breakpoints are identified. None of them is suggested to be
steered by changes in active and break spells, as rainfall trends over CI and NEI either share

the same signs or the slope being not statistically different from zero (Figure 5.5).
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In COSMOS-B1 (runl) four breakpoints are identified, but only one of them (the second one
around 2023) can be attributed to changes in rainfall over CI and NEI with different signs
(Figure 5.5).

Four breakpoints are also identified in the ECHAMS5 simulation under A1B scenario con-
centrations (COSMOS-A1B (runl)). For three out of these four (around 1990, 2012, 2063)
exists the tendency of changes on the intraseasonal timescale, however, only one breakpoint
around 2012 is associated with significant linear trends in rainfall over CI and NEI with dif-
ferent signs (Figure 5.5).

Four breakpoints are also found for COSMOS-A2 (runl), of which only the last one around
2063 can be associated to changes in active and break spells (Figure 5.5).

Overall, for a total of 15 breakpoints identified in smoothed AIMR rainfall only 5 can be
associated with linear rainfall trends over CI and NEI with different trends (3 of them re-
vealing significant trends over central and northeastern India). This is similar to results
obtained for RCM simulations, which means that changes on the intraseasonal timescale
are not the major factor influencing decadal-scale ISM variability in these AOGCM future
climate projections.
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Figure 5.5: Identical to Figure 5.3, but for four different ECHAMS simulations under future
emission scenarios (COSMOS-COM (runl), COSMOS-A1B (runl), COSMOS-A2
(runl), COSMOS-B1 (runl)). Breakpoints are identified based on the method
developed by Bai and Perron (2003) and to each breakpoint a linear regression
model is fitted.
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5.5 Conclusion & Discussion

Results of this study reveal that linear long-term changes throughout the 21st century can-
not be explained by changes on the intraseasonal timescale. This is shown by analyses of
timeseries over all-India, central and northeastern India. This is also supported by linear
rainfall trends over India (Dobler and Ahrens, 2011; their Figure 3) for which no prominent
dipole patterns in monsoon rainfall are found. However, analyses of rainfall timeseries also
show that projected linear trends during the 21st century are far smaller than decadal scale
variability. Even though active and break spells are found not to be the major driver of
decadal-scale ISM variability, it is shown that some changes in all-Indian monsoon rainfall
(AIMR) can be associated with active and break spells. As changes in active and break spells
would have a large impact on Indias society mainly due to impacts on the agricultural sector,
decades with reduced active and an increased number of break spell days or vice versa could
be devastating. For CLM B1 scenario simulations the highest rainfall over India is associated
with changes in active and break spells (around 2070). This event together with the period
around 2010 in the A2 scenario run shows the highest projected rainfall amount in all CLM
scenario runs. Thus this event is an example for the impact of changes on intraseasonal
timescales on long-term variability of the ISM in CLM data. This also supports results from
Chapter 4, indicating that the strongest abrupt changes in rainfall over India are associated
with changes on the intraseasonal time scale.

It is worth mentioning that results obtained here are not contradicting to other studies ad-
dressing active and break spells under future climate conditions, e.g. Sharmila et al. (2015)
found changes in active and break spells with increased occurrence for both short breaks and
short active phases in selected CMIP5 models. If similar changes of breaks and active spells
would be present by the end of the century, no different trends in rainfall over northeast-
ern and central India would be expected as the contribution of each cancels out the other.
Results from this study indicate that asymmetric changes in breaks and active spells do not
dominate long-term ISM variability. Thus, decadal scale ISM rainfall variability is mostly
not associated with changes in the A-B regime in the future climate simulations discussed

here.
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6.1 Summary

In this thesis the spatial and temporal variability of the Indian Summer Monsoon under
recent, paleo and future climate conditions is analyzed using well established global and
regional climate models.

Findings from Sinha et al. (2011a) suggesting that abrupt changes of the ISM' during the
past Millennium are associated with changes of active and break spells on the intraseasonal
time scale revealed in proxy archives, motivated to test the following research question in
this study:

TO WHICH EXTEND ARE ABRUPT CHANGES OF THE ISM UNDER PALEO AND FUTURE
CLIMATE CONDITIONS RELATED TO CHANGES OF ACTIVE AND BREAK SPELLS ON THE
INTRASEASONAL TIME SCALE?

To answer this question three main tasks are conducted:

Task 1 Are climate models (GCM/RCM) used in this study able to represent
Validation observed features of the intraseasonal variability of the ISM (active and
break spells, northward propagation)?

Task 2 In how far are extreme phases of the ISM related to a dominant rainfall
Paleoclimate anomaly pattern during the Holocene. Is this associated with more
active/break spells on the intraseasonal time scale?

Task 3 Are possible future changes of the ISM related to the same rainfall
Future Climate anomaly pattern and changes on the intraseasonal time scale?

ndian Summer Monsoon
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A fixed AOGCM2-AGCM?-RCM* model chain is used in this study. The advantage of using
such a model chain is that long time periods are covered by the coarse resolved AOGCM,
whereas interesting time periods can be simulated in a higher resolution using the AGCM
or in an even higher resolution using the RCM. Thus, this approach takes into account
that the representation of the Indian summer monsoon circulation and especially rainfall
characteristics are depending on the model’s resolution (Sperber et al., 1994; Abhik et al.,
2014).

The AOGCM used in this study is COSMOS®, consisting of ECHAMS5 for the atmosphere,
MPI-OM for the ocean, JSBACH for vegetation and HAMOCC for ocean biochemistry (only
used in some simulations). Consequently, AGCM simulations are carried out using ECHAMS5
driven at its lower boundaries by ocean SST®s and SIC’s taken from the AOGCM simulations.
Eventually, atmospheric fields from ECHAMS are used to drive the RCM CLM?® at its lateral
boundaries. AOGCM simulations with a resolution of T31L19 as well as AGCM simulations
in T63L31 and RCM CLM simulations in a resolution of approximately 55 km are used. Due
to computational costs the length of the simulations decrease with increasing resolution,
meaning that AGCM simulations are limited to 200 years or less and CLM simulations to

30 years.

Task 1: Are climate models (GCM/RCM) used in this study able to represent
observed features of the intraseasonal variability of the ISM (active and break
spells, northward propagation)?

Chapter 3 addresses the first task about the validation of the models used in this study.
Focus is put on the validation of the AGCM and RCM components used in this study as
these are used to answer the main research question. Common features of the Indian sum-
mer monsoon on intraseasonal time scales include: active and break events and northward
propagation of monsoon oscillations. It is shown that CLM is able to depict the seasonal
cycle of rainfall over India but with a general underestimation of rainfall especially over
northwestern India. The model shows positive skill in simulating dry and wet events on a
weekly time scale as well as their spatio-temporal variability. Furthermore, it is shown that
CLM is able to simulate the main observed circulation characteristics associated with dry and
wet events (Befort et al., 2016). ECHAMS5 has been extensively used to simulate the Indian
summer monsoon under recent, paleo and future climate conditions and has already been
positively evaluated with respect to several aspects (May, 2003; Polanski et al., 2014; Abhik

et al., 2014). Thus, validation here is limited to the northward propagation of rainfall in
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the model, which is shown to be adequately simulated by ECHAMS5 in T63L31, however, the
northward propagation is limited to about 15°north. As all components of the model-chain
can be positively validated, further analysis regarding changes on the intraseasonal time
scale are meaningful. Coarse resolved AOGCM simulations are not analyzed with respect to
northward propagation as these simulations are not to be expected to simulate this feature
adequately, which has been the motivation to carry out higher resolved AGCM simulations.

Task 2: In how far are extreme phases of the ISM related to a dominant rainfall
anomaly pattern during the Holocene. Is this associated with more active/break
spells on the intraseasonal time scale?

Chapter 4 analyses in how far abrupt changes of the ISM during the Holocene can be at-
tributed to changes in active and break spells on the intraseasonal time scale. This is moti-
vated by results derived from proxy data from two locations, which show an abrupt shift at
the same time but with opposite sign (Sinha et al., 2011a). One of these proxies is located
over central India (CI), whereas the other one is located over northeastern India (NEI).
Sinha et al. (2011a) hypothesizes that the opposite shifts in rainfall over NEI° and CI'® sug-
gest a rainfall dipole structure, which is well known to be associated with active and break
phases of the monsoon on intraseasonal timescales.

To test in how far this hypothesis holds true for model data, an adapted algorithm based
on a widely used method developed by Rajeevan et al. (2010) is used to identify active and
break spells in global and regional model data. However, it is shown that this method is not
suitable to detect years characterized by a dipole-like rainfall pattern over northeastern and
central India. Thus, a different approach based on seasonal rainfall time series over NEI
and CI is developed, where the choice of the regions is motivated by proxy locations used
in Sinha et al. (2011a). It is shown that using both time series a rainfall dipole pattern on
seasonal timescales is found, which is in turn associated with changes in active and break

spells on the intraseasonal time scale for RCM and AGCM data.

Last Millennium
Based on 200year AGCM simulations for the MCA!!, LIA'?> and REC™ the hypothesis is
tested for the last Millennium. These simulations have been carried out within the HIMPAC
project (Polanski et al., 2014) and are forced by SSTs and SICs from a fully-coupled AOGCM
simulation covering the complete Millennium in a resolution of T31L19 (Jungclaus et al.,
2010). The comparison of simulated rainfall with proxy data from the Indian subcontinent
shows higher skill for the AGCM simulations in T63L31 compared to the coarser AOGCM

simulation (Polanski et al., 2014). Unfortunately, the temporal resolution of the new proxy
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data generated within HIMPAC'* is too coarse to compare with results from the RCM simu-
lations.

By analyzing rainfall rates over the Indian subcontinent, it is shown that about 50% of all
abrupt changes identified in these AGCM simulations are associated with rainfall trends
over CI and NEI with opposite signs. Thus, the hypothesis can be partly confirmed. Even
though not all abrupt changes in ISM precipitation could be associated with changes on the
intraseasonal time scale, results are encouraging. It should be mentioned that most changes
in rainfall over India during the AGCM simulations are comparably small and changes are
partly not significant, but the largest changes in AIMR'® can be related to changes in active
and break spells.

Results obtained from AGCM simulations are further confirmed by CLM simulations. For
each 200 year ECHAMS time slice one dry and one wet period with a length of 30 years is
selected and dynamically downscaled. As expected, abrupt changes associated with oppo-
site rainfall trends over CI and NEI in ECHAMS are also associated with a dominant rainfall

dipole pattern in CLM.

Past 6000 years

To test the main hypothesis for the time period from the mid-Holocene until present a
transient fully-coupled AOGCM simulation covering the past 6000 years in a resolution of
T31L19 is analyzed (Fischer and Jungclaus, 2011). Here, abrupt changes of the ISM are not
related to changes in rainfall over CI and NEI with opposite signs. This suggests that the
mechanism from Sinha et al. (2011a) hypothesized for the last Millennium cannot be ap-
plied to the mid- to late Holocene climate. However, this could be also related to the coarse
resolution of the AOGCM (see discussion in Section 6.2). Unfortunately, this could not be
tested for this dataset as no daily data is available. The approach used here based on a model
chain tries to overcome these issues by using higher resolved AGCM simulations (the gen-
eral approach of using a GCM'® - RCM model chain is discussed in Section 6.2). Two higher
resolved AGCM simulations for one abrupt change of AIMR in this dataset are carried out.
However, they also do not reveal any dipole-like rainfall anomaly pattern similar to the re-
sults obtained for the fully-coupled AOGCM simulations. These AGCM simulations confirm
that changes on the intraseasonal time scale play a minor role in determining this abrupt
change and suggest that it might not be caused by the coarse resolution of the AOGCM.

As the main hypothesis could not be confirmed for abrupt changes found between 6000 years
BP!7 and present in this dataset, the two higher-resolved AGCM time slices for the dry event
around 2kaBP and the wet event around 1.7kaBP are analyzed to find reasons for this

abrupt change in monsoon precipitation over India. As changes in orbital parameters and
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thus changes in incoming solar radiation are small between both time periods, the shift in
precipitation over India is probably associated with changes in SSTs. Significant differences
in SSTs are found over most ocean basins, including the North Atlantic, Pacific and Indian
Ocean. Based on the 50 year simulations for 1.7ka BP and 2ka BP only, it is impossible to
disentangle the effects of each ocean basin. Thus, sensitivity studies with different SSTs
over different oceans are carried out to separate the effects of different lower boundary
conditions over these regions on the Indian monsoon. It is found that changes over the North
Atlantic Ocean have only minor influence, whereas a vast impact is revealed for different
SSTs over the Pacific and Indian Ocean. Findings suggest that the position of the IPWP!®
and the SSTs over the NARAB'® play a vital role in determining the abrupt change in ISM
rainfall during this period. It could be shown that a shift of the position of the IPWP leads
to a shift of the global monsoon circulation, with a westerly shift associated with a monsoon
intensification. The SSTs over the northern Arabian sea influences the evaporation and thus
moisture supply over this region. An enhanced atmospheric moisture content leads to an
increased advection into the Indian subcontinent and thus rainfall over this region. Overall,
it is found that especially dry conditions over India during the past 6000 years in the fully-
coupled AOGCM simulation are associated with an simultaneous eastward shift of the IPWP
and colder SSTs over the northern Arabian Sea. The potential impact of these findings on
future model and proxy-based studies including favorable proxy locations is discussed in
Section 6.3.

Task 3: Are possible future changes of the ISM related to the same rainfall
anomaly pattern and changes on the intraseasonal time scale?

Projected future changes of the ISM are investigated under four different emission scenarios
(Commitment, A1B, B1, A2). The respective CMIP32° COSMOS simulations as well as CLM
simulations (Dobler and Ahrens, 2011) are analyzed. These CLM simulations are driven
by the respective COSMOS simulation at its lateral boundaries. As all CLM simulations are
forced by the first ensemble member of COSMOS, further analyses using COSMOS data are
undertaken using the first ensemble member only.

Rainfall time series over all India (AIMR), CI and NEI are used to investigate in how far
decadal fluctuations under increased GHG?! concentrations are related to changes in active
and break spells. Similar to results obtained for the last Millennium, it is found that changes
in active and break spells are not the major driver of ISM variability on decadal to multi-
decadal time scales. However, some long-term variability could be associated with different
trends in rainfall over central and northeastern India, which would have vast impact on In-
dia’s society as especially agricultural products would be affected by an active-break regime
shift.

18Indo-Pacific Warm Pool

9Northern Arabian Sea

20Coupled Model Intercomparison Project 3
2lGreenhouse Gas Concentrations
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6.2 Discussion

Discussion of main Results

Results obtained in this study support the recent understanding of the Indian summer mon-
soon system, but give new insights into long-term variability, which should be taken into
account for future paleoclimate studies from a model as well as proxy-based perspective.
To analyze in how far changes of the ISM can be investigated on the intraseasonal timescale
using the regional climate model COSMO-CLM, a detailed validation of rainfall on subsea-
sonal timescales has been carried out. It is found that mean climate rainfall characteristics
are similar to those presented in Dobler and Ahrens (2010). A good agreement between
observed and modeled active and break phases is found, which suggests that dry and wet
conditions affecting India might be caused by large-scale circulation anomalies imposed by
the driving model at the lateral boundaries. This confirms results from other RCM based
studies analyzing the Indian summer monsoon intraseasonal variability (Bhaskaran et al.,
1996, 1998). Bhaskaran et al. (1998) analyzed the ISV?* by applying an EOF*® analysis on
850 hPa vorticity anomaly fields. The results suggest a strong relation between the PC**s
of the leading EOFs from the GCM and RCM, which they assume to be linked to the east-
ward propagating oscillation in the GCM. However, they also show that ISO*s in the RCM
are not always associated with those in the GCM. This is in line with results presented
in this study showing some deviations between dry and wet phases in COSMO-CLM and
ERA-Interim. The general agreement in simulating the rainfall pattern associated with ISOs
between COSMO-CLM and its driving model has been also shown in case of ECHAMS5 (see
Figure 3.13 on page 58).

The advantage of using an RCM is based on its higher ability to simulate the spatial struc-
tures of rainfall (e.g. Bhaskaran et al. 1998). In this study it has been shown that COSMO-
CLM is able to represent the main observed rainfall variability patterns (see Figure 3.7 on
page 45). Another study using WRF model to analyze the ISV of ISM suggests reasonable
agreement of the modeled and observed BSISO?® (Kolusu et al., 2014). However, the sim-
ulation of the observed northward propagation is limited, which they link to the NCEP-II
reanalysis used to drive WRF at its lateral boundaries (Kolusu et al., 2014). This again
demonstrates that regional ISOs in the RCM are linked to its driving model. In this study, a
general good agreement between observed and modeled ISOs is found which is, however,
also limited in its northward propagation. The better agreement of the northward propaga-
tion to observations in this study compared to Kolusu et al. (2014) might also be associated
with the good representation of ISOs in ERA-Interim.

22intraseasonal variability

ZEmpirical Orthogonal Function
Z4Principal Component

Z5intra-seasonal oscillation

26Boreal Summer Intraseasonal Oscillations
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The results for ECHAMS5 suggest a good agreement in terms of northward propagation of
ISOs in the model, the northward propagation is however limited, which is in line with other
studies (Abhik et al., 2014). Overall, results support other studies showing that ECHAMS is
able to represent observed intraseasonal features of the ISM w.r.t. northward propagation
(Sperber and Annamalai, 2008).

As presented in this study, some abrupt changes in ECHAM5 model data could be linked to
different trends in rainfall over central and northeastern India and also the CLM simulations
confirm a dipole-like rainfall pattern in some cases. As the dipole rainfall pattern on sea-
sonal time-scales is linked to the occurrence in active and break spells, it could be concluded
that changes on the intraseasonal time-scale cause shifts on multi-decadal timescales. This,
to some extent, challenges the current understanding of the impact of ISV onto longer time-
scales (Krishnamurthy and Shukla, 2000; Sperber et al., 2000; Krishnamurthy and Shukla,
2007).

Krishnamurthy and Shukla (2000) show in their study that seasonal mean rainfall anoma-
lies are dominated by long-lasting seasonal patterns. The results are based on the fact that
correlations between daily rainfall anomalies (after removing seasonal means) and seasonal
mean rainfall anomalies are generally small, whereas the correlation between daily rainfall
anomalies (including the seasonal mean) and seasonal mean rainfall anomalies is generally
high. This indicates the existence of rainfall anomaly patterns, which persist throughout the
season. There are some shortcomings using their method, as e.g. the seasonal mean rainfall
pattern within a year with a high occurrence of breaks might be heavily influenced by these
breaks. However, when computing daily rainfall anomalies by subtracting seasonal mean
anomalies this "break pattern" will be automatically removed. Similar concerns regarding
this method are raised by Goswami et al. (2006b). In a different study, Rajeevan et al.
(2010) show that interannual variation is not mainly steered by interannual variations on
the intraseasonal time-scale and Goswami and Mohan (2001) showed that seasonal rainfall
is influenced by a shift in the occurrence of active an break phases. As stated above these
different results with respect to the influence of ISOs on seasonal mean rainfall can be ex-
plained by the different methods used to separate the ISOs. Results presented in this thesis
are based on seasonal mean rainfall anomalies over two different regions, however, it is
shown that they are linked to shifts in active and break phases, which are defined by using
the SPI*’. This means that the climatological seasonal cycle is removed but the seasonal
mean anomalies are still included in the SPI time series. This could be a reason that re-
sults obtained here show an influence on the longer-term monsoon variability in contrast to
some studies, e.g. Krishnamurthy and Shukla (2000) showing that the influence of changes
in the ISV is small on interannual time-scales as the latter study also removed seasonal mean

anomalies.

?’Standardized Precipitation Index
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It is also important to note that in this thesis the impact of changes in the ISV onto multi-
decadal to centennial time-scales has been investigated, rather than the relation to interan-
nual variability. Thus, the hypothesis that abrupt changes on centennial time-scales (Sinha
et al., 2011a) is steered by changes on the intraseasonal time-scale is not per se contradict-
ing to the results from e.g. Krishnamurthy and Shukla (2000) showing that the influence of
changes in the ISV is small on interannual time-scales. On interdecadal time-scales ENSO?®
is thought to play a major role (see Goswami (2006) and references therein), however,
also intraseasonal oscillations are known to undergo inter-decadal changes in observations
(Goswami, 2006). Goswami (2006) show that the amplitude of intraseasonal variability
corresponds to the interdecadal variability of ENSO. This can be explained as there is a in
phase relationship between ENSO and SSTs over the Indian Ocean on interdecadal time-
scales (Goswami, 2006; their Figure 7.10a). The warmer SSTs over the equatorial Indian
Ocean lead to enhanced convection over the tropical Indian Ocean and in turn to a suppres-
sion of convection over the Indian subcontinent with a decrease in ISO activity (Goswami,
2006). Similar results are also found by Zveryaev (2002), showing that the 30-60 day ISO
are stronger over parts of the Indian Ocean due to increased SSTs over the Indian Ocean
and weaker over the Indian subcontinent.

Overall, results presented in this thesis are valuable as it is the first time (up to the authors
knowledge) that the hypothesis from Sinha et al. (2011a) has been tested using climate
model data. Thus, this thesis might build the basis for a more in depth analysis of the im-
pact on subseasonal time-scales on multi-decadal variability using e.g. recently developed
reanalysis products covering the past century (see Section 6.3).

Results for centennial scale variability in an AOGCM simulation covering the past 6000 years
suggest that abrupt changes in this model simulation are not linked to a dipole-like rainfall
pattern over India. In other words the mechanism from Sinha et al. (2011a) hypothesised
for the last Millennium is not valid for the mid- to late Holocene in this model simula-
tion. This could potentially be related to the coarse resolution (horizontal & vertical) of the
AOGCM, which might be not suitable to simulate intraseasonal features of the ISM. Abhik
et al. (2014) support this hypothesis in their study about the sensitivity of the representation
of the northward propagation of BSISO to the vertical resolution in ECHAMS5. They showed
that the models ability to simulate this feature is reduced if using 19 levels compared to
using 31 levels. Thus, this might affect the coarse resolved AOGCM simulations analysed
here as they do provide a resolution of T31L19. Furthermore, other studies have shown
that finer spatial resolutions lead to an enhanced representation of spatial and temporal
characteristics of the Indian summer monsoon (Sperber et al., 1994; Lal et al., 1997).

The approach used here based on a model chain tries to overcome these issue of resolu-

tion by using higher resolved AGCM simulations. Two higher resolved AGCM simulations

28E] Nifio Southern Oscillation

126 ISM variability under recent, past and future climate conditions



6 Summary, Discussion & Outlook Part 6

are carried out for one abrupt change of AIMR in this dataset. Nevertheless, they do not
reveal any dipole-like rainfall anomaly pattern similar to the results obtained from the fully-
coupled AOGCM simulations. The AGCM simulations confirm that changes on the intrasea-
sonal time scale play a minor role in determining this abrupt change in precipitation and
suggest that it might not be caused by the coarse resolution of the AOGCM. However, it is
worth mentioning that air-sea interactions are important for the representation of BSISO in
climate models (Sharmila et al., 2013), which are not included in the AGCM simulations. A
possibility to overcome the issue of carrying out long climate simulations in high resolution

including air-sea interactions with limited computational costs is discussed in Section 6.3.

Further analyses focusing on potential mechanisms steering the long-term ISM variability
in this model simulation, show that sea surface temperatures over the Arabian Sea as well
as over the IPWP region have an impact on rainfall over India. These results support find-
ings from Polanski et al. (2014) who found differences in SSTs over this region between
the Medieval Climate Anomaly and the LIA. The results presented here go a step further
compared to those shown in Polanski et al. (2014) by addressing the impact of changed
sea surface temperatures over the Indian Ocean using model sensitivity experiments. The
impact of Arabian Sea SSTs on the ISM rainfall has been already investigated by Ghosh et al.
(1978); Levine and Turner (2012). Levine and Turner (2012) carried out idealised model
simulation to analyse the impact of changed SST conditions over the Arabian Sea using the
HadGEMS3 model. There findings that colder SSTs over this region lead to a reduction in
rainfall over India are supported by sensitivity climate model simulation results presented
in this thesis. The influence of the IPWP on rainfall over India is also pointed out by Anna-
malai et al. (2013). In their study, the decreasing rainfall trend over India during the recent
decades is analysed and linked to increasing temperatures over the Indo-Pacific Warm Pool
region. The results presented here are consistent with those from Annamalai et al. (2013)
regarding the impact of the western Pacific SSTs. Annamalai et al. (2013) show that the
warming trend over the IPWP region is associated with an east-west shift in precipitation
with lower rainfall rates over India and wetter conditions over the western Pacific Ocean.
This east-west shift in precipitation is also found in the model simulations here (see Figure
4.16 & Figure 4.15). Also an anomalous moisture transport from northerly direction into
south east Asia is found in the dry compared to the wet phase (Figure 4.17), which seems
in line with increased advection of dry into the south Asian monsoon as shown by Anna-
malai et al. (2013) (their Figure 4b). However, there are some substantial differences to
the results presented in Annamalai et al. (2013) as SSTs are higher over the eastern Indian
Ocean during the wet period, whereas trends in temperatures over the Indian Ocean and
IPWP are in phase as shown in Annamalai et al. (2013). Furthermore, warmer SSTs over
the equatorial Indian Ocean are thought to decrease ISO activity over India (see discussion

above & Goswami 2006) and therefore decrease rainfall is expected, whereas an increase is
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found in the analysed model simulations. This might be explained as the effect of the warm
northern Arabian Sea outperforms the impact from the warmer SSTs over the Indian Ocean.
Furthermore, Meehl and Arblaster (2002) showed that the impact of changed SSTs over the
Indian Ocean is sensitive to the area where these anomalies are present. Anomalous condi-
tions over the entire Indian Ocean north of 10° south more rainfall are linked with enhanced
rainfall over India, whereas less rainfall is found if anomalies are only present close to the
equator (Meehl and Arblaster, 2002). Thus, results presented in this thesis are in line with
those from Meehl and Arblaster (2002) as SST differences between the dry and wet period
are found also north of 10° north (Figure 4.14). An open question also remains about the
cause of the changed SST conditions over the IPWP for a long time period. Annamalai et al.
(2013) explain the observed trend in SST over the IPWP by increased GHG concentrations,
but this cannot explain results shown in this thesis as GHG concentrations are fixed in the
model simulation.

Besides these climate model based studies, the impact of sea surface temperatures is also
pointed out in proxy-based studies. Prasad et al. (2014) found a relation between SSTs
over the IPWP and rainfall over India in proxy data, with higher SSTs over the IPWP linked
to drier conditions over the Indian subcontinent. This is basically in line with the results
presented here, for which the dry phase of the Indian monsoon is linked with warmer
SSTs around Papua New Guinea but colder conditions north of Indonesia. Another study
analysing a marine proxy in the IPWP region during the past 70.000 years shows that salinity
in this region is related to Dansgaard/Oeschger cycles over Greenland (Stott et al., 2002).
This is accompanied by eastward and westward shifts of the atmospheric convection on mil-
lennial time-scales.

Based on the results obtained in this thesis, it is hypothesised that long-lasting dry and
wet epochs over India are associated with a simultaneous shift of the IPWP and changed
SSTs over the northern Arabian Sea. The reasons for changed rainfall rates over India
are two-fold: firstly caused by an east-west shift of the monsoon circulation (anomalous
Walker circulation) and secondly due to increased/decreased moisture supply over the
Northern Arabian Sea, which is further advected into the Indian subcontinent leading to
increased/decreased rainfall rates. The anomalous easterly moisture transport from the Pa-
cific Ocean into the Bay of Bengal is thought to prevent moisture to be transported from the
Bay of Bengal into the Pacific Ocean, leading to an enhanced moisture supply over the Bay
of Bengal. The hypothesis by Annamalai et al. (2013) that the Rossby wave response due
to enhanced convection over the IPWP caused advection of dry/cold air into the monsoon
region and thus affecting rainfall over India can be partly confirmed. Impacts of changes in
the local Hadley-Cell circulation seem to be only of secondary order (at least in this model
simulation), as increased SSTs over the equatorial Indian Ocean are thought to lead to de-

creased rainfall amounts (see discussion above).
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Methodology — AOGCM-AGCM-RCM Model Chain

It cannot be ruled out completely that long-lasting dry and wet periods are not steered by
changes on the intraseasonal time-scale, even though no indications could be found in the
climate model simulation covering the past 6000 years. Several studies show that the model
resolution impacts the northward propagation in climate models (Sperber et al., 1994; Abhik
et al., 2014). However, due to computational costs it hasn’t been possible to carry out higher
resolved coupled climate model simulations for the past 6000 years. It is tried to overcome
this by running a higher resolved AGCM forced by SSTs and SICs from the coupled run for
time periods selected from the coarse resolution run. However, results are similar w.r.t. the
intraseasonal variability as no dominant dipole rainfall pattern could be found. It might be
argued that this approach is not justified as the coupling between atmosphere and ocean
is important for the representation and development of ISOs, which has been pointed out
by several studies (Wang et al., 2009; Sharmila et al., 2013). Wang et al. (2009) showed
that the inclusion of an interactive ocean model improves the representation of BSISOs
over the Indian region. These findings are further supported by Sharmila et al. (2013).
Thus, higher-resolved coupled climate model simulations for selected time-periods might
be superior to analyse changes on intraseasonal timescales. However, this means that the
climate evolution in these coupled-simulations are probably different to those in the coarse
resolved model used to select time-periods if not externally driven by e.g. solar insolation
changes. Similar limitations as discussed for the AGCM simulations apply for the regional
climate model runs as an atmosphere-only model is used as well. Furthermore, the RCM
results suggest similar findings to those obtained from the driving GCM. That means RCM
simulations do not provide additional information if one is interested in analysing long-term
changes of the Indian summer monsoon affecting the whole Indian subcontinent. However,
if one is interested in local-scale changes RCMs are an important tool due to their higher
resolution. A discussion about a refined methodology to tackle the question about changes

of the ISM on intraseasonal time-scales during the Holocene is given in Section 6.3.
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6.3 Outlook

It must be mentioned that an easy-to-apply proxy for the variability of active and break
spells, based on time series of seasonal rainfall amounts over central India (CI) and north-
eastern India (NEI) is used in this study. The advantage of this approach is the applicability
to a huge range of model data, as usually sub-monthly rainfall amounts are not available for
long model integrations, e.g. paleo simulations covering the past 6000 years or more. The
reason for not using such an index is due to data availability, but also due to the hypothesis
from Sinha et al. (2011a) which is based on regional rainfall time series. However, a method
based on sub-monthly timescales including other variables describing, e.g. atmospheric cir-
culation during active and break spells to detect a pure active/break signal in longer-term
variability would be useful.

Next steps should include analyses aiming to understand what drives ISM shifts to a more
active or break regime-type. This includes the investigations of impacts of SST anomalies on
intraseasonal timescales, as done by e.g. Krishnan et al. (2006). Here, the method based on
rainfall time series over CI and NEI could be valuable to further detect such intraseasonally

driven ISM regime shifts.

As discussed in Section 6.2 the AOGCM - AGCM - RCM model chain is designed to over-
come shortcomings in fully coupled model simulations due to their coarse resolution. How-
ever, air-sea interactions are important to represent intraseasonal features of the ISM. As
it is not possible to carry out long simulations covering several thousands of years using a
fully-coupled model in a high resolution the idea of simulating selected time-periods with
a higher resolved model is appealing. A possible solution to obtain model simulations with
high resolution and include air-sea interactions might be the usage of a model as described
in Hirons et al. (2015). Hirons et al. (2015) present an atmosphere-only GCM, which is
coupled to a mixed layer-thermodynamic ocean model for which salinity and temperature
corrections must be prescribed. This means that variability modes as e.g. ENSO or AMO?%
cannot be represented as these rely on dynamical ocean processes. This might be even ben-
eficial, if using the model within a model-chain, as the simulations could be constrained to
a desired ocean state. Thus, it would be possible to select interesting time-periods based on
a coarse resolved fully-coupled AOGCM and then simulate these periods in a higher resolu-
tion including air-sea interactions with state of the ocean being constrained, which cannot

be warranted for a fully-coupled simulation.

Despite these potential shortcomings in the methodology, some part of decadal-scale ISM
variability could be attributed to changes on the intraseasonal time-scale in paleo climate
simulations as well as future climate projections. However, these results are based on model
simulations only, which have their known deficits due to parameterizations and model res-

olutions. Decadal variability of the ISM is also found in observational datasets (Figure 1.5)

29 Atlantic Multi-decadal Oscillation
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and it would be interesting to investigate in how far the observed variability is related to
changes in active and break spells expressed in a prominent dipole rainfall pattern.
Whereas rainfall over India from 1871 is available from the IITM*°, common reanalysis data
allowing to analyse changes in atmospheric circulation are only available since around 1950.
Here, the recently developed 20th century reanalysis datasets from NOAA and ECMWE
namely NOAA-20CR (Compo et al., 2011) and ERA-20C (Poli et al., 2016), are helpful
to analyse atmospheric changes associated with decadal fluctuations of ISM variability. If
decadal-scale variability of the ISM is partly related to changes in active and break spells,
it would have a huge impact on the Indian society. The distinct break/active spell rain-
fall anomaly pattern (dipole structure) would lead to regionally different impacts in terms
of rainfall, e.g. persisting flood conditions over central India and drought conditions over
northeastern India and vice versa over several decades. Considering this fact it is crucial to
investigate mechanisms controlling the frequency and intensity of active and break spells
from a seasonal to decadal perspective. In context of recent efforts of decadal prediction
systems (http://www.fona-miklip.de/, Miiller et al., 2012), an adequate representa-
tion of steering mechanisms in such a decadal prediction system could have a huge impact
on mitigation and adaptation strategies over India.

CMIP5%! model simulations are available to analyse projected future changes of ISM vari-
ability and their relation to active and break spells. As shown by Menon et al. (2013), the
response to increased CO, concentrations on the Indian monsoon rainfall is much more con-
sistent in CMIP5 models compared to CMIP3 models, which increases our confidence in the
reliability of results. As discussed, the model’s ability to represent intraseasonal features of
the ISM is crucial to obtain reliable results answering the question in how far changes on
intraseasonal timescales affect long-term fluctuations. Here, the newest model generation
(CMIP5) shows improved skill compared to older model versions (Sperber et al., 2013).
Thus, expanding the analysis by further model simulations, especially carried out using the

newest model generation would be necessary to achieve more reliable conclusions.

The findings of this thesis should be taken into account for further studies focusing on the
ISM variability using both, model simulations as well as proxy archives. For the climate
model scientific community it extends our knowledge about potential driver of longer-term
Indian monsoon variability including the role of intraseasonal oscillations, surface condi-
tions over the Indo-Pacific Warm Pool as well as the Arabian Sea. The proxy-archive scien-
tific community could use the findings to select suitable regions for new proxy-archives. As
intraseasonal variability is connected with a dipole pattern over northeastern and central
India, a combination of proxies from both location might be useful to obtain robust signals
of ISM variability (as done by Sinha et al., 2011a). Furthermore, combining marine proxies
from the IPWP region, the Arabian Sea and terrestrial proxies from India is thought to be
useful due to their teleconnections via a shift in the atmospheric circulation and its impact

on rainfall over India.

30Indian Institute of Tropical Meteorology
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