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Abstract

Using a multi-proxy and multi-model approach, this study aims to unravel the char-
acteristics of modern- and palaeo-hydroclimatic variability over Asia. This is designed on
different time-scales and diverse geographically distributed regions in Asia. Special empha-
sis is given to extreme hydro-meteorological events (e.g., mega-droughts). The main focus
of this investigation is on climatically sensitive regions of Asia (e.g., monsoon-dominated
and westerly-dominated regions).

The combination of different model and proxy data leads to an enhanced understanding
of the controlling mechanisms of the Asian climate dynamics. In this thesis, palaeocli-
mate simulations of different time-slices are carried out for selected time periods. The
main focus lies in global and regional model simulations, as well as the sensitivity tests
using these models. In a first step, existing global simulations for the past 1,000 years
are analyzed, concentrating on dynamics of Asian monsoon and Westerlies, and on cli-
mate modes like El Nifio Southern Oscillation (ENSO), Pacific North Atlantic Oscillation
(PNA) and North Atlantic Oscillation (NAO) and their tele-connections with the Asian
climate. In this regard, two Paleoclimate Modelling Intercomparison Project Phase Il
(PMIP3)/ Coupled Model Intercomparison Project Phase 5 (CMIP5) climate model en-
semble simulations of the past millennium have been analyzed to identify the occurrence
of Asian mega-droughts. The Palmer Drought Severity Index (PDSI) is used as the key
metric for the data comparison of hydro-climatological conditions. The model results are
compared with the proxy data of the Monsoon Asia Drought Atlas (MADA). This study
shows that Global Circulation Models (GCMs) are capable to capture the majority of his-
torically recorded Asian monsoon failures at the right time and with a comparable spatial
distribution. The simulations indicate that ENSO-like events lead in most cases to these
droughts. Both, model simulations and proxy reconstructions, point to less monsoon fail-
ures during the Little lce Age. During historic mega-droughts of the past millennium, the
monsoon convection tends to assume a preferred regime described as “break” event in
Asian monsoon. This particular regime is coincident with a notable weakening in Pacific
Trade winds and Somali Jet.

The interesting periods that are run and analyzed include extreme rainfall anomalies
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within the Medieval Climate Anomaly (MCA) and the Little Ice Age (LIA). The generated
model data are compared with the recently published paleo-data derived from different
archives. The global simulations served as boundary conditions for regional climate and its
transition from one climate period to another (e.g. from MCA to LIA). For the selected
climatic periods typical circulation anomalies responsible for changes in regional climate
and the physical mechanisms driving them are identified. Additional sensitivity simulations
are carried out with and without Tibetan Plateau to investigate and compare the existing
hypotheses on the behavior of Asian summer monsoon due to plateau forcing. The analysis
of sensitivity experiments point out to the significant impacts of Plateau forcing on the
atmosphere-ocean tele-connections. It is shown that, in addition to the direct feedbacks
of Tibetan Plateau orography on the climate of Asia, such as sensible heat pumping and
thermal insulation, other significant processes exist, which link the Asian summer monsoon
to the sea surface temperatures in the North Atlantic Ocean. A removal of the Tibetan
Plateau modifies the wind-driven ocean circulations over the North Atlantic, leading to
a decrease of surface heat advection over the North Atlantic Ocean and a decrease of
the Atlantic Meridional Overturning Circulation. This, in turn, affects via teleconnections
both the monsoon rainfall and the position of the intertropical convergence zone. A
climate modelling approach is presented to reproduce the rainfall patterns over Iran due
to the climatic forcings during the past 6,000 years. The selected periods are simulated
using a spatially high-resolved atmosphere General Circulation Model (GCM). The results
show that the winter rainfall patterns over Iran have changed due to the changes in solar
insolation to a wetter condition starting around 3,000 yr BP and reaching its maximum
during the Medieval Climate Anomaly ca. 1,000 yr BP. The rainfall variability can be
explained by the changes in the climate energy balance as a result of changing incoming
solar irradiance based on the Milankovitch theory. A shift in the earth energy balance
leads to the modulation of the West Asian Subtropical Westerly Jet (WASWJ). The
investigations support the hypothesis that during the Holocene a northward shift in the
WASWJ contributes to the less cyclonic activities over Iran. This brings less moisture into

the region during the winter.
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Chapter 1

Introduction

The climate of the Earth has always been changing throughout the history. Proxy
reconstructions of climate change indicate the existence of eight cycles of glacial advance
and retreat in the last 740,000 years [Augustin, 2004]. However, some scholars suggest that
the recent warming trend is very likely human-induced [Hegerl et al., 1996, Ramaswamy
et al., 2006, Santer et al., 1996, 2003, Stocker et al., 2013]. Cook et al. [2013b] have
shown that of the 4,000 peer-reviewed scientific papers published in the period 1991-2011
“expressing a position on anthropogenic global warming, 97.1% endorsed the consensus
position that humans are causing global warming”. The evolution of future “human-

induced” global climate change has become one of the main concerns of the 215 century.

1.1 Complex monsoon-dominated Asia

Comparing the complex regional monsoon area [Wang et al., 2005a] over Africa, Aus-
tralia, India and East Asia (Figure 1.1) with population density estimate from Global Rural-
Urban Mapping Project, Version 1 (GRUMPv1) (Figure 1.2, http://sedac.ciesin.
columbia.edu/gpw/), reveals that the monsoon region is the most densely populated
area of the Earth. Minor changes of seasonal mean rainfall in this “convectively active”
area, inflict damage on a large portion of the society that is closely tuned to the monsoon
variability [Hannachi and Turner, 2013, Webster et al., 1998]. In recent times, monsoon

affects the livelihood of more than 2.5 billion people under the increasing occurrence and
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Figure 1.1: Modern complex monsoon domain (light gray shading). Figure from Wang
et al. [2005a].
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Figure 1.2: Population density (People/km?) from GRUMPv1 (http://sedac.ciesin.
columbia.edu/gpw/).

frequency of extreme monsoon rainfall events [Krishnan et al., 2009, Shaw and Nguyen,
2011, Ummenhofer et al., 2013].

Annual and intra-seasonal variations of hydro-climatological systems can lead to haz-
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ards in vulnerable Asian regions relating public water availability, sustainable development,
energy security, crop damage, hydro-electric generation and infrastructures. There is an
urgent need to address this issue for planning and securing the future mitigation and
adaptation strategies under global warming scenarios.

Asia has two specific climatic regions: (i) monsoon-dominated humid Southern and
Southeastern Asia and (ii) westerlies-dominated Arid Central Asia (ACA) [Dando, 2005].
Our knowledge about the sensitivity of the severe climate conditions (e.g. droughts) to
changes in climate forcing is mostly limited to the modern instrumental records [Easterling
et al., 2000]. Asian summer monsoon is the most complex circulation of Tropics [Holton
and Hakim, 2012]. This extensive circulation has a dominant role on the climate of South
Asia. It is a consequence of an interplay between land, ocean and atmosphere. The
schematic presented in Figure 1.3 depicts the factors which affect the severity of monsoon
(Seas Surface Temperature (SST)s in the Pacific and Indian Oceans, snow cover and
soil moisture, position and strength of westerlies and changes in solar output) [Wahl and

Morrill, 2010].
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Figure 1.3: Rainfall (from GPCP http://precip.gsfc.nasa.gov) and surface

winds (NCEP/NCAR reanalysis http://www.cpc.ncep.noaa.gov/products/wesley/
reanalysis.html) over Asia during summer (JJA) from Wahl and Morrill [2010]. Yellow

areas and schematic winds indicate some drivers of monsoon changes. Data is averaged
over the period 1979-2009.

1.2 Model-proxy comparison in Asia

This study tackles important subjects for which there is up to now mainly controversial
evidences. The climate of the past millennium, with several mega-droughts recorded
in high-resolution proxy indicators in several areas of the Earth, and with now several
simulations with coupled atmosphere ocean models and regional climate simulations, is
an obvious object of study.

Figure 1.4 presents the number of station temperature records available for the

Climatic Research Unit Time-Series Version 3.21 (CRU TS 3.21) gridded temperature
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Figure 1.4: Number of station temperature records available for the CRU TS 3.21 gridded
temperature field for year a) 1901, b) 1961 and c) 2012.

field [Harris et al., 2014] for the years 1901, 1961 and 2012. As can be seen, the number
of stations drops precipitously for the year 1901. The lack of observations prior to 1930
is dramatic in Central Asia [Cook et al., 2013a]. Thus, this study will use a model-proxy
approach to investigate the Central Asian climate dynamics in a longer period of time.

The reconstructions of Northern Hemisphere temperature anomaly have shown three
different climatic episodes during the past 1,100 years: (i) Medieval Climate Anomaly
(MCA), roughly 950 —1250 AD, (ii) Little Ice Age (LIA), the period of 1400 —-1700 AD
and (iii) the Recent Climate, 1800 —2000 AD [Briffa, 2000, D'Arrigo et al., 2006, Hegerl
et al., 2007, Mann and Jones, 2003, Mann et al., 1999, 2008, Moberg et al., 2005]. Figure
1.5 shows the reconstructed Northern Hemisphere annual temperature anomaly during
the past 2000 years from Intergovernmental Panel for Climate Change Fourth Assessment
Reports (IPCC) 2013 report [Stocker et al., 2013]. The data can be obtained from the
National Climate Data Center (NCDC) webpage (http://www.ncdc.noaa.gov/paleo/
recons.html).

So far there is a huge lack of knowledge about the evolution of precipitation or mois-
ture for centennial and millennial time scales. In contrast to temperature, hydrological

variability has a very regional nature. Hydrological response to large-scale climate forcing
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Figure 1.5: Reconstructed Northern Hemisphere annual temperatures for the past 2000
years from IPCC 2013 [Stocker et al., 2013].

is still a debating aspect of study [Chen et al., 2010, Krishnamurthy and Shukla, 2007,
Turner and Hannachi, 2010]. Recurring climatic phenomena can have a large influence on
societies, economies and human health, with extreme events potentially leading to crises
of some kind. The component of droughts driven by internal variability seem to be very
large and thus the timing of droughts might not be “predicted”.

The following major questions will be investigated within this study:
Question 1) Are the state-of-the-art climate models able to capture the historically
recorded monsoon failures during the past millennium? (Chapter 2)
Question 2) Is there any consistency between simulated and reconstructed moisture sig-
nals in the monsoon regions? (Chapter 2)
Question 3) What are the possible drivers of Asian mega-droughts during the past mil-
lennium? (Chapters 2 and 3)
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1.3 Regional Climate Modelling in Arid Central Asia

Recent studies [Boos and Kuang, 2010, Park and Sohn, 2010, Saito et al., 2006,
Wu et al., 2012, Yasunari et al., 2006] demonstrate that the Tibetan Plateau controls
the climate in most parts of Asia (especially monsoon regions). Regional Climate Models
(RCMs) include more accurate topographic information and are able to reproduce the
climate of the region more precisely than the “driving Global Circulation Model (GCM)*
[Bell et al., 2004, Diffenbaugh et al., 2006, Proemmel et al., 2013|.

Arid Central Asia (ACA), one of the largest deserts of the globe, is likely to be
extremely vulnerable to the future global warming [Chen et al., 2010]. Extreme drought
events, which affect extended areas and maintain over a prolonged period are defined as
" exceptional drought events” [Shen et al., 2007].

The regional hydro-climatic change in ACA over the past millennium is poorly under-
stood. The published climate reconstructions like the Monsoon Asia Drought Atlas [Cook
et al., 2010a], are based on proxy data which are not homogeneously spread over the Asia.
The analysis of local effects are a challenging approach when using such data. The time
resolution of proxies also does not allow the investigation of inter-annual and seasonal
changes. Previous studies based on different proxies show that moisture changes in ACA
and monsoon Asia present an out-of-phase behavior [Chen et al., 2008, 2010, Cook et al.,
2010a, Fallah and Cubasch, 2014, Polanski et al., 2014]. According to Chen et al. [2010],
this out-of-phase relation is more clear during the LIA. They proposed that the strength-
ening and southward shift of the westerly jet stream may contribute to moist Little Ice
Age (LIA) in ACA. Sato et al. [2007] have studied the origins of water vapor over ACA
in the recent climate. They concluded that the westerly circulations are major drivers of
moisture changes in ACA. Lioubimtseva et al. [2005] concluded that the cyclone storms
originated from Mediterranean transport moisture via westerly jet stream into ACA.

This study tries to find a proper answer to the following question:

Question 4) Was the westerly jet stream’s variability the driver of climate change in arid

central Asia during the past 1,000 years? (Chapter 3)
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1.4 Orographic forcing of Tibetan Plateau on Climate

of Asia

The Tibetan Plateau (TP) is a vast elevated plateau in Central Asia with an average
elevation of 4,500 meters. It has long been an established textbook knowledge that the
Asian summer monsoon is associated with the direct sensible heating over the TP [Flohn,
1968, Yanni and Wu, 2006]. Recent theoretical studies and numerical experiments have
challenged this idea [Boos and Kuang, 2010, 2013, Park et al., 2011, Rajagopalan and
Molnar, 2013, Saito et al., 2006, Tang et al., 2011, 2013a,b, Wu et al., 2012, Yasunari
et al., 2006]. There is still controversy on the role of the TP in driving the Asian summer
monsoon system.

This study also tries to answer the following key question:

Question 5) How does the orographic forcing of Tibetan Plateau affect the Asian sum-

mer monsoon? (Chapter 4)

1.5 Moisture changes over Iran

Drastic climatic change was one of the major causes leading to the abandonment of
ancient populations and rise and fall of different cultures in Iran especially at the fringe of
the deserts [Berberian et al., 2012]. Iran, an area with a complex topography, is located
on the transection region between Europe and Asia. It covers an area of 1,648,000 km?
and is located in the transection zone separating the continental climate of west Asia from
Mediterranean climate. The Mediterranean climate governs large parts of Iran which is
affected by changes in Westerly activities. Thus, except the western parts and the northern
coastal areas, Iran's climate is mainly arid and semiarid [Raziei et al., 2005, Sodoudi et al.,
2010].

The Iranian plateau is located upstream of the Tibetan Plateau and its moisture
changes are mainly controlled by westerlies. In this study, the climate change over Iran

is investigated for a longer period of time (Mid-to-Late Holocene) based on the climate
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forcings of this period. The additional objective to chose this area is that, the special
location of Iran makes it possible to study an Asian region which its moisture variability
is mostly controlled by westerly and the influence of monsoon is negligible.

This study also aims to answer these major questions:

Question 6) How was the rainfall change over Iran due to the climatic forcing of past
6,000 years? (Chapter 5)

Question 7) What were the possible drivers of rainfall patterns during the Mid-to-Late
Holocene over Iran? (Chapter 5)

monsoon and a stronger monsoon circulation. However, the monsoon circulation remains
unaffected from July to September, the period corresponding to mature and degenerating

phase of monsoon.

¢ ¢ ¢ ¢ ¢

This thesis is organized into four main chapters and each chapter begins with an
Introduction section: Chapter 2, compares model simulations with proxy reconstructions
of Asian mega-droughts during the past millennium. Furthermore, the evidence of drought
predictability is investigated. Chapter 3, is contributed to the simulated changes in extreme
moisture events over Asia during the past millennium, and chapter 4 is about the interplay
of Tibetan Plateau, North Atlantic Ocean and Asian summer monsoon. Chapter 5 includes
the analysis regarding the global climate change over Iran due to climatic forcings of the

past 6,000 years. Final chapter (Chapter 6) is dedicated to conclusions and discussions.



Chapter 2

Comparison of model simulations with
proxy reconstructions of Asian
mega-droughts during the past
millennium: evidence of drought

predictability

2.1 Introduction

Mega-droughts are natural phenomena that last for years to decades and emerge at
irregular intervals [Cook et al., 2010a]. They may play a pivotal role in societal changes in
Asia: for example, the collapse of the Yuan Dynasty [Zhang et al., 2008], the Ming Dynasty
of China [Shen et al., 2007] and the Khmer Empire of Cambodia [Buckley et al., 2010] are
attributed to mega-droughts. Mega-droughts have been linked to persistent patterns of
Sea Surface Temperature (SST) anomalies in the Indian and Pacific Oceans [Meehl and
Hu, 2006, Ropelewski and Halpert, 1987, Wahl and Morrill, 2010] . Prolonged droughts
during the twenty-first century are expected from global warming [Burke and Brown, 2008,

Dai, 2011a, Rind et al., 1990, Seager, 2007, Sheffield and Wood, 2008a, Wang et al.,

10
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2005b]. In Asia, droughts are always connected to the monsoon circulation. A decline in
the rainfall amount or a change in precipitation pattern may lead to droughts in Asian
monsoon region [Shaw and Nguyen, 2011]. The detection and analysis of the natural
variability of extreme droughts in Asia is complicated by the short period of available
observations and the proxy networks with their coarse spatial distribution.

The Monsoon Asia Drought Atlas (MADA) [Cook et al., 2010a] provides a proxy-
based gridded spatiotemporal reconstruction of the Palmer Drought Severity Index (PDSI)
Palmer [1994] for the past millennium. The PDSI presents the deviation from a normal
hydrological balance level based on a simple water balance model. It quantifies the severity
of drought in time and space based on precipitation and temperature values [Wells et al.,
2004]. Several studies have been devoted to the analysis of the models’ capability to
simulate the mega-droughts and the processes behind them [Anchukaitis et al., 2010,
Dai, 2013, Li et al.,, 2013]. Many simulations capture the past mega-droughts at the
wrong times [Schiermeier, 2013]. Atmospheric simulations using models of intermediate
complexity have shown that a warmer tropical Pacific leads to more anomalous south-
westerly moisture transport into Central Asia [Mariotti, 2007]. However, these simulations
were driven by the prescribed observed SST.

The Global Circulation Models (GCMs) are able to capture prolonged droughts, ENSO
and the global mean aridity trend during the recent climate [Dai, 2013]. According to
Krishnamurthy and Shukla [2007], inter-annual changes in monsoon precipitation consists
of a seasonal mean component and an unpredictable inter-seasonal variability. This leads
to the question, to what extent the simulated mega-droughts are linked to the external
forcing (e.g. greenhouse gases, volcanism) or may be the result of internal variability.

This study evaluates the ability of fully coupled ocean—atmosphere climate mod-
els in identifying the potential long-term drivers of the moisture anomalies in Central
and monsoon-dominated Asia. Several coupled atmosphere—ocean model simulations
within PMIP3/CMIP5 project (Paleoclimate Modelling Intercomparison Project Phase
[11/Coupled Model Intercomparison Project Phase 5), are used to investigate the atmosphere-
ocean interactions for the past millennium.

Long-term climate reconstructions derived from various well-dated proxy data (e.g.,
[Borgaonkar et al., 2010, Fleitmann et al., 2007, Liu et al., 2009, Ponton et al., 2012,
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Prasad and Enzel, 2006, Prasad et al., 2014]) indicate that the past Millennium is the best
documented interval with both historical and climate data. It can be divided into two major
climate periods: the Medieval Climate Anomaly (ca. 900-1350 AD) and the Little Ice
Age (ca. 1500-1850 AD) [Benedict and Maisch, 1989, Graham et al., 2011, Lamb, 1965].
Variations in volcanic forcing coupled with the remote impact of the internal dynamics
of climate modes in the oceans such as the El Nifio—Southern Oscillation are some of
the major drivers contributing to long-term fluctuations in global temperature conditions
during the last 1200 years [Jones et al., 2001] whereas solar forcing has been recently found
to play a minor role [Schurer et al., 2014]. These thermal changes exhibit a strong impact
on global and regional climate phenomena as monsoons [Meehl et al., 2009], which arise
due to seasonal and latitudinal differences in the incoming solar radiation with effects on
the landsea thermal contrast [Gadgil, 2003, Webster et al., 1998]. Consequently, large-
scale pressure gradients evolve including strong low-level atmospheric wind circulations
[Dallmeyer et al., 2013]. Monsoon systems are characterized by a strong spatiotemporal
variability from multi-millennial to intra-seasonal time scales [Ding, 2007, Wang, 2006].
The Asian Monsoon System is the strongest monsoon system of the world [Clift and
Plumb, 2008] and is divided into two strongly non-linear interacting subsystems: the East
Asian Monsoon and the Indian Monsoon [Wang et al., 2001b]. The increased occurrence
and frequency of extreme monsoon rainfall events (e.g., [Krishnan et al., 2009, Shaw and
Nguyen, 2011, Ummenhofer et al., 2013]) in recent times has affected the livelihood of
more than 2.5 billion people. Hence, an understanding of the large-scale mechanisms
and regional spatiotemporal variations leading to past monsoon changes is crucial for an
advanced prediction of the Indian Monsoon (e.g., [Krishna Kumar et al., 2005] ), and
to develop proper mitigation strategies in a global warming scenario. Several studies
have been already carried out analyzing the Asian monsoon variability during the last
Millennium (e.g., [Cook et al., 2010a, Sinha et al., 2011a,b, Wang et al., 2010]).

Using a paleoclimatic network approach Rehfeld et al. [2013] found a stronger Indian
Summer Monsoon (ISM) circulation and a northward intrusion of the ITCZ during Me-
dieval Warm Period caused by an earlier retreat of the Tibetan High in spring. In colder
periods such as Little Ice Age, a more regional influence on the ISM strength has been
identified [Rehfeld et al., 2013].
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Previous reconstruction studies have mainly focused on the Tibetan Plateau and Cen-
tral Asia. Until recently only few records were available from the Indian Peninsula. This
led to a systematic overemphasis on the role of the Tibetan Plateau and Central Asia on
the monsoon, resulting in a gap in understanding the past monsoon changes over India
[Wang et al., 2010]). The combined multi-proxy-climate model approach, as adopted in
HIMPAC (Himalaya: Modern and Past Climates; http://www.himpac.org) and CADY
(Central Asian Climate Dynamics; http://www.cady-climate.org) projects, aims at
analyzing the past monsoon climate in India during the Holocene. It introduces new,
well-dated paleo-records from India, which are based on multiple proxies and archives. A
11,000-year long, high-resolution record from Central India is now available [Anoop et al.,
2013, Menzel et al., 2013, Prasad et al., 2014, Sarkar et al., 2014]) and presents a unique
opportunity for a comparison of long-term climate time proxy series with paleo-model
simulations. The Lonar Lake is influenced by both monsoon branches: from the Arabian
Sea and the Bay of Bengal [Sengupta and Sarkar, 2006].

Ensemble simulations over the last 1200 years using a comprehensive fully coupled
Earth System Model have been performed using external forcing parameters such as solar
variations or volcanic activity derived from reconstructions ([Jungclaus et al., 2010]).
Owing to the coarse horizontal resolution of ca. 3.75° x 3.75°, these coupled models are
not able to capture regional-scale atmospheric circulation and moisture patterns, which
strongly depend on a realistic representation of the local topography [Polanski et al.,
2010]. In this study, transient time slice experiments are performed for selected episodes
of the past using the ECHAMb model with a spatial resolution of T63 (ca. 1.8° x 1.8°).
This improves the simulation of the hydrological cycle in India and the Himalayan region
[Anandhi and Nanjundiah, 2014].

After introducing the model experiments, the proxy data and the statistical methods
(Sect. 2), the capability of the models to simulate mega-droughts is described (Sect. 3).
In Sect. 4 we investigate the relationship between the surface temperature and monsoon
failures. Additionally, we investigate the long term evolution of droughts over the past
millennium and its relation to global mean temperatures and monsoon convection and

circulation, followed by a discussion in Sect. 5.
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2.2 Data and methods

The “millennium” simulations of two coupled Atmosphere—Ocean General Circulation
Models (AOGCMs) from PMIP3 and CMIP5 projects are analyzed: ECHAM5/MPIOM
(five ensemble members) from Max Planck Institute for Meteorology (MPI-M) [Jung-
claus et al., 2010] and GISS-E2-R (eight ensemble members) from NASA Goddard In-
stitute for Space Studies (NASA GISS) [Schmidt et al., 2014]. The forcings for these
simulations include realistic presentations of solar variability, volcanism and greenhouse
gas concentrations [Schmidt et al., 2012]. These simulations are used for Intergov-
ernmental Panel for Climate Change Fourth Assessment Reports [IPCC, 2007]. They
were downloaded from https://pmip3.1lsce.ipsl.fr/. Two of the GISS-E2-R exper-
iments contain no volcanic forcing (rlilp123 and rlilp126). In three of the experiments
(rlilp122, rlilp125 and rlilp128), volcanic forcing was about a factor of 2 “larger than
intended” (http://data.giss.nasa.gov/modelE/ar5/). The Empirical Orthogonal
Function (EOF) analysis reveals that all these experiments, show a completely different
response pattern in PDSI compared to MADA (not shown). The forcings in the remaining
experiments (rlilp121, rlilp124 and rlilp127) are very similar to the ECHAM5/MPIOM
simulations. However, the reconstructed land use/land cover forcing in rlilpl27 exper-
iment is notably larger than the one in rlilp121 and rlilp124 [Schmidt et al., 2011b].
Therefore, the rlilpl21 and rlilpl24 experiments are used in the analysis. They are
called GISS-E2-R, hereafter.

To evaluate the model results in detecting the historical mega-droughts, the model
results are compared with MADA. The MADA presents a gridded summer monsoon metric
based on the proxy data set of 327 annual tree-ring chronologies [Cook et al., 2010a]. The
number of tree-ring chronology networks in MADA rises strongly in the post-1700 period.
To investigate the link between the droughts, the ocean—atmosphere dynamics and the
global warming, the Northern Hemisphere temperature reconstruction [Shi et al., 2013]
is used. Three different Nifo indices are calculated from simulated area-averaged SST
anomalies over the Nifio 142 region (90-80°,W and 10°,5-0°), Nifio 3.4 region (170-
120°,W and 5°,5-5°,N) and Nifio 4 region (160°,E-150°,W and 5°,5-5°N). To evaluate

the ensemble of model experiments, the arithmetic averaging is applied on each of the two
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model experiments (PDSI is calculated for each member separately prior to the averaging).

In order to quantify the severity of droughts in time and space across different cli-
mates, the PDSI [Palmer, 1965] from simulated monthly summer (JJA) precipitation and
temperature is applied. According to Cook et al. [2010a], the first EOF (EOF1) pattern
of reconstructed PDSI is associated with a persistent weak monsoon in Asia. Therefore,
the first principal component gives us information about “active” and “break” monsoonal
phases. In analogy, the first EOF of simulated PDSI from model's ensemble average
conveys us similar information as the EOF1 of MADA.

The maximum covariance analysis is used to identify the coupled patterns in the
climate data. Dai [2013] has utilized the maximum covariance analysis to explore the
relationship between the simulated global Sea Surface Temperatures (SSTs) and the PDSI.
The maximum covariance analysis identifies the most important modes of climate data in
which the variability of the two fields is coupled [Bretherton et al., 1992]. The advantage
of maximum covariance analysis, compared with coupled EOF analysis, is that this method
will focus on those modes of anomalies, which are highly coupled [Bretherton et al., 1992].
The first leading maximum covariance analysis modes of simulated SSTA represent the
ENSO-like patterns. Yearly averaged monthly monsoon (JJA) SSTs were used for the
maximum covariance analysis analysis. A period from 1300 to 1860 was chosen to exclude
the impact of anthropogenic climate effects. The GCM data were re-gridded by bi-linear
interpolation to the MADA's grid (ca 2.5° x 2.5°). The spatial domain of MADA was
considered in the analysis of PDSI (61.25-143.75°,E and 8.75°,5-56.25°,N). The SST
data of GISS-E2-R model is bi-linearly remapped to MPIOM's grid (horizontal resolution
of GR3.0 (ca. 3°x3°)). A 3lyear filter is used to smooth the time-series.

2.3 Simulation of Asian mega-droughts

The first leading EOF pattern of simulated PDSI presents a monsoon failure pattern
over India and Southeast Asia. Fig.2.1 presents the first EOF (EOF1) pattern from recon-
structed PDSI [Cook et al., 2010a, Dai, 20114, Li et al., 2013]. This pattern is comparable

to the principal component pattern of modeled PDSI. The pattern correlation between
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Figure 2.1: Asian monsoon failure patterns: (a) first EOF of PDSI for MADA, (b) for en-
semble mean of GISS-E2-R model and (c) ECHAM5/MPIOM model. Pattern correlation
coefficients between (a) and (b) and (a) and (c) are 0.57 and 0.78, respectively.

EOF1 of reconstructed and averaged simulated PDSI of ECHAM5/MPIOM (GISS-E2-R)
is 0.78 (0.57) (Fig.2.1). The explained variances for EOF1 of MADA, ECHAM5/MPIOM
and GISS-E2-R are 19.52% and 24 %, and 12.28 %, respectively. The EOF1 pattern for
each of the model members is very similar to the one from MADA (not shown). However,
the time expansions show a large variability and the ensemble averaging improves the
agreement between model and proxy [Fallah and Cubasch, 2014, Polanski et al., 2014].
According to Kalnay et al. [1996], the ensemble average is more accurate than a single
deterministic climate simulation. [Lambert and Boer, 2001], concluded that the climato-
logical fields from ensemble average have more agreement with the observations than the
fields generated by any single member.

Those periods during which both, model and reconstruction, have the same sign in the
selected Principal Components (PCs) are described as “active” resp. “break” phases of the
monsoon (green/brown bars in Fig. 2.3. Monsoon “break” phases are more common after
the late 17th in GISS-E2-R simulations. During the Little Ice Age (LIA), active phases of
the monsoon were more frequent. This feature is captured by both the model experiments

and the proxy reconstruction. Five of the large-scale mega-droughts recorded in MADA



Chapter 2: Comparison of global model simulations with proxy reconstructions 17

(a) PCA1 of MADA and GISS-E2-R

il

(b) PCA1 of MADA and ECHAMS5/MPIOM

Zscore
=

1300 1400 1500

1600 1700 1800

Figure 2.2: Time expansions of monsoon failure patterns for (a) MADA (red) and
ensemble mean of GISS-E2-R model (blue), (b) MADA (red) and ensemble mean of
ECHAM5/MPIOM model (blue). Time-series have unit-variance, zero-mean and are
smoothed using a 31year moving average filter. Green (brown) shadings indicate the
times when both time-series are greater (smaller) than zero. Five historical recorded
mega-drought periods are shaded in yellow.

(ref. [Cook et al., 2010a]) are selected for comparisons: (i) mid-14th century drought
associated to collapse of the Khmer empire (1351-1368) in Cambodia [Buckley et al.,
2010, Cook et al., 2010a], (ii) the late 16th century severe drought (1560-1587), (iii) end
of the 17th century drought (1682-1699), (iv) the “Strange Parallels” drought (1756—
1768) and (v) the East India drought (1790-1796). The simulated PCAL time-series
of GISS-E2-R model, detects the last four monsoon failures, but disagrees with MADA
during the mid-14th century (Fig.2.2.a). The ECHAM5/MPIOM model simulation does
not simulate the timing of monsoon failure during the “Strange Parallels”.

The EOF analysis is a linear method for dimensionality reduction of the complex data
[Hannachi and Turner, 2013]. Therefore, it can not capture all the possible drought
patterns in the data-set. By applying EOF analysis, only those droughts are detected
which have a similar dipole pattern as shown in Fig. 2.1 and other possible drought

patterns can not be identified.
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In the following the historical mega-droughts are individually investigated (Fig.2.3).
Based on the reconstructions, the mid-14th century drought (Fig.2.3.a) exhibits three
drought regions over the Asia: (i) most of the India, (ii) Vietnam, Thailand, Laos, South
China and Myanmar and (iii) Mongolia, north East China and Lake Baikal. Figure 3.a
shows that GISS-E2-R model captures these three key regions of the mid-14th century
drought. The ECHAM5/MPIOM model however, simulates a wet spell over most India
during this period.

The late 16th century drought (Fig. 2.3.b) presents two major drought regions in
MADA: (i) over India and Bangladesh and (ii) Kazakhstan and north of Mongolia. Both
models and MADA indicate the dipole pattern between India and arid central Asia region
for this prolonged drought. The ECHAMS5/MPIOM simulation, however, disagrees with
MADA for the lake Baikal region. The GISS-E2-R model produces drought patterns similar
to the patterns in MADA.

The final stage of the 17th century drought displays a similar pattern as the mid-
13th century drought in MADA (Fig. 2.3.c). The GISS-E2-R model captures the two
key regions of (i) North India and Pakistan and (ii) North East China and Mongolia. In
the ECHAM5/MPIOM model simulation, the first pattern is shifted to the north. The
“Strange Parallels” drought, the most persistent mega-drought during the last seven hun-
dred years, had a dominant pattern over India and Southeast Asia that lasted for more than
a decade (1756-1768) [Buckley et al., 2007, Cook et al., 2010a, Lieberman, 2009, Sano
et al., 2009]. The broad drought patterns captured by reconstructions and simulations are
comparable during the “Strange Parallels” drought (Fig. 2.3.d). In ECHAM5/MPIOM
model simulations, all the three key regions of dry conditions: (India, Southeast Asia,
Kazakhstan and Siberia) are captured. The GISS-E2-R model does not simulate the
drought pattern over Kazakhstan and north of the Lake Balkhash. The East India drought,
an El Nifo induced event, occurred in the late 18th century and led to severe famine in
India [Cook et al., 2010a]. The reconstruction exhibits several dry regions for this period:
North East India, West and North Himalayas (Fig. 2.3.e). Cook et al. [2010a], suggested
that the Indian monsoon was hardly weakened during this period. The model simulations
indicate drier conditions over North and Northeast India and North of Himalayas, which

are sources of the water supply for Indian subcontinent.
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a) Khmer empire (1351-1368)

Figure 2.3: Drought patterns during (@) the demise of Khmer empire (1351-1368) [Buck-
ley et al., 2010], (b) the late 16th century drought (1560-1587), (c) the late 17th century
drought (1682-1699), (d) the “Strange Parallels” Drought (1756-1768) and (e) the East
India Drought (1790-1796). Left panels are for MADA, middle panels for the GISS-E2-R
model and right panels for the ECHAM5/MPIOM simulations. Dots indicate both model
and proxy show similar sign in PDSI value.
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2.4 Drivers of the Asian mega-droughts

2.4.1 ENSO

The time expansion of EOF1 mode of PDSI correlates significantly with central Pacific
SST anomalies; such a correlation characterizes ENSO [Cook et al., 2010a, Li et al., 2013].
To investigate the ocean influence on Asian monsoon, a maximum covariance analysis of
simulated PDSI and SSTs has been performed. By considering only the leading maximum
covariance analysis modes, several other natural variations are excluded. Here, the focus is
on the first mode of maximum covariance analysis (MCAL1) of model simulations. MCA1 of
ECHAMS5/MPIOM model accounts for 90 % of explained Squared Fractional Covariance
(SFC), and MCA2 of GISS-E2-R for 40%. This pattern shows a warm anomalous (El
Nifio-like) SSTA over the central tropical Pacific and Indian Oceans (Figs. 2.4 and 2.5).
Krishna Kumar et al. [2006], concluded that the central equatorial warmer (“westward-
shifted" ) Pacific Ocean initiates more extreme droughts over India. The time expansions of
this mode for PDSI and SST are significantly (p value < 0.01) correlated. The temporal
coefficient of the MCA1 pattern of SST from ECHAM5/MPIOM model (blue line in
Fig. 2.4.a) is highly correlated (corr. coeff. = 0.93) with the SST anomalies over the Nifio
4 region (Fig. 2.4.a). The red line in Fig. 2.5.a shows the SST anomalies over the Nifio 4
region for GISS-E2-R model. The correlation coefficient between MCAL of SST and the
Nifio 4 index for GISS-E2-R is 0.84.

Table 5.1, shows the correlation coefficients between different Nifio indices, MCA1 of
PDSI and SSTA and reconstructed global mean temperatures. The behavior of individual
members are shown in supplementary materials of Fallah and Cubasch [2014]. During
the late 17th century, MCA modes of simulated SSTs show negative anomalies in Central
Pacific, which resembles a La Nina event during this drought. ENSO may have been an
important trigger of yet another recorded mega-droughts. During the late 18th century,
both models simulate an El Nino event. The great El Nifio of this period was the main
cause of worldwide societal and economical disturbances [Grove, 2007].

The time-series in Figures 2.4 and 2.5 suggest an influence of volcanic external forc-

ing (magenta lines in Fig. 2.4 and 2.5), especially in the mid 15th, late 17th and early
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Figure 2.4: Maximum covariance analysis results for ECHAM5/MPIOM: (@) time-series
for PDSI (green line), SSTA (blue line), volcanic forcing (magenta) and 2xNifio 4 (red

line). The five recorded mega-drought periods are shaded in yellow. (b) MCA1 pattern
for PDSI. (c) MCAL1 pattern for SSTA.
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Figure 2.5: Maximum covariance analysis results for GISS-E2-R: (@) time-series for PDSI
(green line), SSTA (blue line), volcanic forcing (magenta) and 2xNifio 4 (red line). The

five recorded mega-drought periods are shaded in yellow. (b) MCAL pattern for PDSI.
(c) MCAL1 pattern for SSTA.
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MCA1 of Nifio 3.4 Nifio 1+2 Nino 4 Temp.

ECHAM5/MPIOM SSTA  0.91(99%) 0.66(99%) 0.93(99%) 0.57(99%)
ECHAM5/MPIOM PDSI  0.35(99%) 0.21(99%) 0.41(99%) 0.03(NS)
GISS-E2-R SSTA 0.83(99%) 0.81(99%) 0.84(99%) 0.51(99%)

GISS-E2-R PDSI 0.51(99%) 0.46(99%) 0.47(99%)  0.52(99%)

Table 2.1: Correlation coefficients between the MCA1 time-series, Nifio indices and re-
constructed global temperatures from Shi et al. [2013]. Bold numbers indicate the largest
value in each row. Numbers in parentheses indicate the statistical significance levels. NS
stands for Not Significant.

19th century. There are clear minima in the time-series coincident with major volcanic

eruptions.

2.4.2 Monsoon convection and circulation

Turner and Hannachi [2010], defined two preferred regimes in monsoon convection
in the ERA-40 reanalysis [Uppala et al., 2005]. They suggested that, these regime be-
haviour may be related to the large scale forcing. According to them, Outgoing Long
wave Radiation (OLR) is an appropriate representative of the monsoon convection and
rainfall, especially for the tropical region. The yearly summer (JJA) variability of OLR
is calculated over tropical domain 25°,5-35° N; 50°,E-150°,W for the past millennium
(1300-1850). In addition, as an indication of lower tropospheric circulation, yearly sum-
mer (JJA) 850 hPa wind anomalies (w.r.t 1300-1850) over this domain is used. Following
Turner and Hannachi (2010), the dominant pattern of summer monsoon convection is
identified as the first EOF of summer (JJA) OLR anomalies. The explained variances for
ECHAMS5/MPIOM and GISS-E2-R models are 56 % and 13.68 %, respectively.
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Mixture Model

Mixture models are density models which contain a set of component functions (nor-
mally Gaussian functions). Any number of Probability Density Function (PDF)s can be
combined to shape a mixture distribution [Turner and Hannachi, 2010]. Figure 2.6 shows
the schematic PDF presentation of mixture model, its component and the estimation
of the mixture model. Following Turner and Hannachi [2010], the PDF estimate func-
tion (PDF(x)) is decomposed into a combination of two distinct multivariate normal

distributions (dashed lines in Figures 2.7 and 2.8):
PDF(z) = afi(z,01, 1) + (1 — a)fo(z, 02, i2) (21)

Then the following weightings are applied for each of these regimes (n = 1,2):
wn(t) = angn(t)/c(t) (2.2)
where
9n(t) = exp(—((un — 20)*)/(204))/ V270, (2.3)
with
ca(t) = anexp(—((ul — 2)*)/(201))/V2r01 + azexp(— (12 — 2:)*)/(202)) /v 2702,
(2.4)

and z; is the Principal Component (PC)1 of yearly summer (JJA) Outgoing Long wave
Radiation (OLR) time-series.



24 Chapter 2: Comparison of global model simulations with proxy reconstructions

0.35
0.3r
0.25¢
0.0k == components
' —mixture model
---estimated model
0.15r
0.1t
0.05r
% 0 G 10 15

Figure 2.6: Schematic presentation of PDF of mixture model (blue line), its components
(green dashed lines) and the estimation of mixture model (red dashed line).

ECHAM5/MPIOM

Figure 2.7.a presents the first EOF pattern of summer OLR for ECHAM5/MPIOM
ensemble mean and Fig. 2.7.b—g the histogram of the first Principle Component (PC1)
of OLR for ensemble mean and each of the experiments (mil0010 to mil0015). The
EOF1 pattern of OLR (Fig 2.7.a) shows a positive anomaly pattern over west and central
North Pacific and South- and south-eastern Asia and negative anomaly pattern over East
Indonesian Pacific.

The Probability Density Function (PDF) estimate of OLR shows a “shoulder” in
the positive PC1 values (Fig. 2.7.b). The skewness of the data for ensemble mean is
high (0.42). The distance between the two peaks are larger for any individual members
(Fig. 2.7.c—g). The ensemble average produces a better estimate of the mean state, thus
its PDF tends to a normal distribution (Fig. 2.7.b).

Using the Eq. 2.1 the PDF estimate function (PDF(x)) is decomposed into a com-

bination of two distinct multivariate normal distributions (dashed lines in Fig. 6b), with
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a=0.70,=1, uyy =-04, 0o =0.9 and p = 0.9. Weighting functions as in the study
of Turner and Hannachi [2010] are applied for each of these regimes and the composites of
850 hPa wind and OLR are calculated. In contrast with the study of Turner and Hannachi
[2010], that used the ERA-40 reanalysis, regime 1 happened more frequent than regime
2 during 1300-1850.

Figure 2.9 shows the composites of 850 hPa wind and OLR for these two distinct
regimes: (2.9.a) regime 1 and (2.9.c) regime 2. The patterns are consistent with negative
and positive modes of EOF1 of OLR, respectively. There is a clear regime behaviour in
variability of Somali Jet with cyclonic/anticyclonic circulations over North Arabian Sea
during regime 1/regime 2. In regime 1, OLR decreases over peninsular India with an
increase of positive rainfall anomalies. The 850 hPa wind field presents a convergence
zone over India with strengthening of Easterly winds over Indonesian and Central Pacific.
This pattern is reversed during the regime 2 (Fig. 2.9.c). There is an evidence of negative
OLR anomaly over west equatorial Pacific during the regime 2. This pattern is consistent
with the observed enhanced rainfall over this region and drought over India during the
El Nifio events [Krishna Kumar et al., 2006]. These distinctive results agree well with
the PC1 time-series of PDSI that indicates more “active” phases of monsoon during the
LIA. The composites of modeled PDSI for the two regimes, also present clear patterns
resembling “active and “break monsoon phases (supplementary materials of Fallah and
Cubasch [2014]).

To examine the convection regimes of the five mega-droughts,the composite (totally
84 years) anomalies of 850 hPa wind and OLR for the total period of five mega-droughts
is presented in Figure 2.10.a. During the past millennium, Asian mega-droughts are co-
incident with increased (decreased) OLR over East India, South and East China (West
equatorial and Indonesian Pacific), anticyclonic circulations over Arabian Sea and weak-

ening of the lower tropospheric Trade winds over Indonesian and Central Pacific.

GISS-E2-R

Figure 2.8 presents the same results for the GISS-E2-R model simulations. The skew-

ness of PC1 of OLR data in ensemble average of GISS-E2-R model is 0.1. Experiment
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Figure 2.7: Regime behavior in ECHAM5/MPIOM model simulations: (a) Dominant
OLR pattern (EOF1). Positive (negative) contours are shown by solid (dotted) lines. (b)
PDF estimate of PC1 of OLR (red solid line) and each regime (dashed lines) for ensemble
average and (c—g) for each of the experiments separately.

rlilp121 indicates that the probability of occurrence of regime 2 was larger than regime 1
(Fig 2.8.c and Fig 2.8.d). However, the ensemble average indicates more “active” regimes
during the past millennium (o = 0.7, 01 = 1, uy = —0.23, 09 = 1 and puy = 0.5). The
composite anomalies of OLR indicate negative deviations over Indonesian Pacific, Ara-
bian Sea and India and positive anomalies over central equatorial Pacific during regime 1
(Fig 2.9.b). The lower tropospheric Trade winds during the regime 1, are strengthening
over central equatorial Pacific. This pattern is reversed for regime 2 (Fig. 2.9.d). Fig-
ure 2.10.b shows similar pattern as in Fig. 2.10.a. A notable weakening of Somali Jet
occurred during the mega-droughts in GISS-E2-R model simulations with positive OLR
anomalies over India. The 850 hPa wind pattern of GISS-E2-R model presents a clear
reduction of moisture transport into Indian, especially for the Somali Jet (Fig. 2.10.b).

The composites of modeled PDSI for the two regimes from GISS-E2-R model, present
less clear “active monsoon phase for regime 1 (supplementary materials of Fallah and
Cubasch [2014]). The ensemble average of GISS-E2-R model presents a peak near neutral
conditions (PC1 =~ 0) in Fig. 2.8.b.
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Figure 2.8: Regime behavior in GISS-E2-R model simulations: (a) Dominant OLR pattern
(EOF1). Positive (negative) contours are shown by solid (dotted) lines. (b) PDF estimate
of PC1 of OLR (red solid line) and each regime (dashed lines) for ensemble average and
(c—d) for each of the experiments separately.
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Figure 2.9: Model simulations’ composite anomalies of 850hPa wind (ms~!) and
OLR (W m™2) for the first ((a) and (b)) and the second regime ((c) and (d)) from
ECHAM5/MPIOM (left panels) and GISS-E2-R (right panels) model. Largest wind vec-
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Figure 2.10: Model simulations’ composite anomalies of 850 hPa wind (m s™') and OLR
(W m~2) for the five mega-droughts (totally 84 years) of the past millennium from (a)
the ECHAM5/MPIOM and (b) the GISS-E2-R model. Largest wind vector in (a) is
0.33ms™ ! and in (b) is 1.02m s~ 1.
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2.5 Atmosphere-only GCM simulations of the past mil-

lennium

Due to the high computational costs of the available computing systems, coupled
atmosphere-ocean GCMs can not be applied for the longer time periods (e.g. several
thousand years). For producing a detailed climatic data which is comparable with the
local proxy information, a downscaling technique is required. Here, a two-step approach
(“time-slice simulation”, ref. [Berking et al., 2013, Cubasch et al., 1995]) is used to
simulate the climate of the past millennium: (i) the fully coupled COmmunity earth
System ModelS (COSMOS) from Max Planck Institute for Meteorology (here referred
to Atmosphere Ocean Global Circulation Model (AOGCM) throughout the manuscript)
consisting of the atmosphere model ECMWEF operational forecast model cycle 36 and
a comprehensive parameterisation package developed at HAMburg version 5 (ECHAMS5)
with a spatial resolution of T31 (ca. 3.75° x 3.75°) with 19 vertical levels and coupled
to the ocean model Max Planck Institute Ocean Model (MPI-OM) (horizontal resolution
of GR3.0 (ca. 3° x 3°)), 40 vertical levels; (ii) the atmosphere-only general circulation
model ECHAM5 (here refereed to Atmosphere only Global Circulation Model (AGCM)
throughout the manuscript) with a spatial resolution of T63 ( ca. 1.8° x 1.8°) and 31
vertical levels.

In the Millennium project [Jungclaus et al., 2010], an ensemble of five simulations
covering the time from 800 to 2005 AD has been calculated starting from different ocean
initial conditions. The model simulations have been forced by: solar variability [Krivova
et al., 2007, Solanki et al., 2004], volcanoes [Crowley et al., 2008b], land cover changes
[Pongratz et al., 2008], orbital variations [Bretagnon and Francou, 1988], greenhouse
gases [Marland et al., 2008] and aerosols [Tanre et al., 1984a]. A detailed description of
the Millennium simulations is documented in Jungclaus et al. [2010]. These simulations
have been analyzed to detect extreme wet and dry summer monsoon rainfall anomalies
over India on centennial time scales.

Figure 2.11 illustrates the time series of Empirical Orthogonal Function (EOF)1 of

calculated Palmer Drought Severity Index (PDSI) for the five ensemble members of the
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Millennium experiment from 1300-2000 AD and reconstructed PDSI from Monsoon Asian
Drought Atlas (MADA) (MADA does not include the MCA period). The time series are
smoothed with a 101-yr moving-average filter. The first leading EOF pattern of MADA
and ensemble average of Millennium experiments was shown in previous chapter (Figure
2.1).

The pattern correlations between EOF1 of MADA and each individual experiment
is: mil0010 (0.44), mil0012 (0.46), mil0013 (0.51), mil0014 (0.51) and mil0015 (0.54),
respectively. For the period from 1400 - 1900 AD (excluding the increase in CO, during
past century), PC1 time-series of mil0014 experiment shows the best agreement with
MADA (correlation coefficient = 0.58). This period is coincident with the LIA [Cronin
et al., 2003, Mann et al., 1999]. Correlation coefficients between PC1 of other experiments
and MADA for LIA are mil0010 (-0.53), mil0012 (-0.39), mil0013 (-0.67) and mil0015
(0.12), respectively.

Furthermore, to consider the nonlinearity in temporal evolution of the monsoon activity
(PC1 of PDSI) and quantify the climate behavior due to external forcing, the Empirical
Mode Decomposition (EMD) method is applied [Huang et al., 1998, Rilling et al., 2007] to
develop the nonlinear trend and imbedded structures within the data. A modified version
of this method (Ensemble EMD) was used recently by Franzke [2014], Ji et al. [2014] to
determine the nonlinear trends of land temperatures. EMD isolates signals with specific
time scales which are produced by different physics within the data.

Figure 2.12 shows the nonlinear trends (last EMD component, N = 7) of the data.
As can be seen in this figure, the nonlinear centinental trends are captured very well by
EMD method. The incoherent behavior of the original time-series in the centinental scale
is not strong in the EMD trends. There is a clear rising trend (since 1800 AD) in all
of the time-series that could be linked to anthropogenic forcing (with the exception of
mil0012). Two out of five ensemble members (mil0014, mil0015) present very similar
trends as in the MADA. Among all the members, mil0014 shows the best agreement to
the reconstruction during the entire period (1300- 2000).

Correlation coefficients between corresponding EMD trend of PC1 for MADA and
ensemble members are shown in Figure 2.13 for different components (component number

N = 0 indicates the original data). Higher correlations are obtained between components
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from mil0014 and MADA, especially those of centennial time-scales (components N = 6
and N = 7). The agreement between mil0014 and MADA for the short selected period
of LIA (1515-1715) may be accidental. But now by detrending the data, for a longer
period (1300-2000), it can be concluded that this agreement existed for the whole period
of the MADA. mil0015 also present similar behavior as in MADA for centinental time-
scales. Thus, two out of five experiments are showing trends similar to MADA for the
whole period of 1300-2000. This results indicate that the agreement between mil0014
and MADA did not happened by chance.
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Figure 2.11: PC1 of PDSI for the five ECHAM5/MPI-OM experiments and MADA. Shad-
ing indicates the LIA period inferred from reconstructions of Mann et al. [1999].
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Figure 2.12: EMD trends of PC1 of PDSI for millennium experiments.
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Figure 2.13: The correlation coefficients (cross) of the ensemble experiments and MADA
and their corresponding EMD components. Component 0 here means the original signal.

Limitations in available computing resources was the forcing factor to focus on a
single higher-resolved calculation of the Millennium experiment. Since mil0014 shows the
best fit to MADA during LIA, this experiment has been selected as basis for the AGCM
simulation. This experiment has been simulated with the higher-resolved AGCM for the
MCA (900-1100 AD) and the LIA (1515-1715 AD). One additional experiment has been
performed Post Industrial (PI) (1800-2000 AD) to test the performance of the model
to simulate the present-day climate. The sea surface temperature and sea ice cover data
have been taken from the AOGCM simulations. The same set of full forcing parameters
used for the AOGCM simulations has been applied for the experiments. Furthermore,
several time-slices within each of these AGCM simulations were selected (see. Chapter
3) using the arid Central Asia rainfall amount and PDSI. Finally, six periods (two 30
years periods in each AGCM time-slice) are chosen (based on the severity of moisture
changes) for regional climate model simulations to test the sensitivity of regional-scale
extreme moisture events to past millennium climate forcing. The results of regional

climate simulations are presented in the next Chapter.
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2.5.1 Reconstructions

The AOGCM and AGCM simulated moisture changes between MCA and LIA are
compared with 9 reconstructed paleo-data [Anoop et al., 2013, Bhattacharyya et al., 2007,
Chauhan et al., 2000, Denniston et al., 2000, Ely et al., 1996, Kar et al., 2002, Menzel
et al., 2013, Ponton et al., 2012, Prasad et al., 2014, Sanwal et al., 2013, Sarkar et al.,
2014, Sinha et al., 2011a] derived from different archives like lake and ocean sediments,
peat, and stalagmites (Tab.2.2) using various proxies as pollen, isotopes, mineralogy, and
sedimentology.

The reliability of the archives are evaluated using the following criteria: (i) reliabil-
ity of chronology: the archives should be dated using the radiocarbon or U/Th dating
method. Archives which had the possibility of hard water effect were excluded where the
presence of dead carbon results in artificially old ages for aquatic organic matter [Bjoerck
and Wohlfarth, 2001, Fontes et al., 1996]; (ii) the proxies used should be sensitive to cli-
mate change [Prasad et al., 2014]; (iii) the archives should not have long-term (decadal)
documented hiatus.

Subsequently, the archives are divided into low, medium, and high confidence cat-
egories depending on the number of dates and the sampling Table 2.2. The archives
in the region (76°E-92°E; 16°N-32°N) encompass sites from both the Core Monsoon
Zone (CMZ) and from the northern Himalayan Indian Summer Monsoon (ISM) and
Westerlies influenced regions Figure 2.14. While the sites in the CMZ are mostly af-
fected by ISM from June to September, the Himalayan records show a seasonality in
the moisture source origin between summer (ISM) and winter (Westerlies) due to the
northward (southward) shift of the Inter-Tropical Convergence Zone (ITCZ) band in the
corresponding summer (winter) season.

The annual relative moisture signal from the multi-proxy investigations has been trans-
lated into a qualitative moisture index for a three-part scale: minus (plus) values indicate
drier (wetter) conditions in each 200-yr time slice. No changes are marked with zero val-
ues. This information has been corroborated with the available historical information in
Central India, where decadal scale drought-induced famines are documented in historical

records from the 13" and 14" centuries AD [Dhavalikar, 1984, Maharatna, 1996]).
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No. Name Lat. Lon. Archive Proxy Reference
1 Naychudwari 32.30 77.43 Peat Bog Pollen Chauhan et al.,
2006
2 Gangotri 31.00 | 79.00 | Sediment Pollen Kar et al.,
2002
Dharamijali 2931 | 80.12 | Stalagmite 5180,613C Sanwal et al.,
cave Isotopes 2013
Siddi Baba 28.00 84.00 Stalagmite Laminae Denniston et al.,
thickness 2000
Paradise 27.30 | 92.06 | Lake core Pollen Bhattacharya
Lake et al., 2007
6 Narmada 23.00 77.43 Sediment Flood Ely et al.,,
basin Deposite 1996
Lonar Lake 19.51 | 76.00 | Lake Mineralogy Anoop et al.,
Sediment and isotopes | 2013
Menzel et al.,
1996
Prasad et al.,
2014
Sarkar et al.,
2014
Dandak+Jhumar | 19.00 | 82.00 | Stalagmite 5180 Sinha et al.,
Isotope 2011a
Godavari 16.00 | 83.00 | Marine Core | §'3C of Ponton et al.,
plant waxes 2012

Table 2.2: Paleoclimate records. The colors indicate the confidence level of the records
based on chronology and sampling resolution (red = low confidence record with either
extrapolated or one date for 1000 years, multi-decadal or higher resolution; orange =
medium-range confidence with at least 2 dates and decadal resolution for 1000 years and
green = high confidence with more than 2 dates and sub to decadal resolution for 1000
years).
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Figure 2.14: Paleoclimatic site's (red squares) and topography in m. Topographic data is
downloaded from http://neo.sci.gsfc.nasa.gov/.

2.5.2 Monsoon variability during MCA and LIA

The paleoclimatic reconstructions (Figures 2.15.a and 2.16.a) indicate a clear moisture
shift departing from the MCA to the LIA. The data are compared with the AOGCM and
AGCM simulated Precipitation minus Evaporation (P-E) anomalies. The advantage of the
higher-resolved AGCM (Figures 2.16.a) in regions with complex topography (Himalaya)
is confirmed by a better spatial correspondence to the reconstructed moisture index com-

pared to the coarse resolved AOGCM of the Millennium experiment (Figure 2.15.a). The
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dipole pattern between wetter (Himalaya) and drier (Central India) conditions is in good
agreement between the AGCM simulations and the reconstructions (Figure 2.16.a). Fur-
ther, a strong and statistical significant drying is simulated over northern Arabian Sea
and Bay of Bengal. The characteristic dipole structure in moisture is further supported
by European Centre for Medium-Range Weather Forecasts (ECMWF) climatology for re-
cent times (http://old.ecmwf.int/research/era/ERA-40_Atlas/docs/section_
B/parameter_emp.html) indicating realistic patterns in the AGCM compared to coarse
resolved AOGCM. The summer (JJAS) and winter monsoon (DJF) P-E anomalies and
its statistical significances at 90% confidence level are illustrated for the AOGCM (2.15)
and AGCM (2.16) simulations between MCA and LIA. Due to better spatial resolution,
AGCM shows more detailed representation of seasonal moisture changes.

During summer months MCA tends to be drier compared to LIA especially in a zonal
belt from northern Arabian Sea, Central India and northern Bay of Bengal (Figure 2.16.b).
Over eastern Himalaya wetter summer conditions occur during MCA. Both regions are
statistically significant at 90% confidence level. During the MCA winter months, the
significant drying pattern over Indian Peninsula disappears and is restricted over Arabian
Sea and Bay of Bengal. Statistical significant wetter conditions between LIA and MCA
are simulated over western and central Himalaya (Figure 2.16.c). The sites in Central
India, i.e., Lonar, Narmada basin, and Dandak cave lie in the heart of the Indian summer
monsoon region and the signal can be considered as summer signal. MCA minus LIA
annual P-E anomalies are more influenced by a winter signal in the western and central

Himalayan region and a summer signal in the eastern Himalaya and Central India.
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Figure 2.15: Simulated anomalies of P-E (m™/day; colours) annual (a), summer monsoon
(b) and winter monsoon (c) MCA minus LIA for AOGCM in Monsoon Asia. In addition the
reconstructed moisture index (symbols: + wetter, - drier and 0 no changes; dimensionless)
for MCA minus LIA is shown for annual anomalies (a). Statistical significant P-E values
(p < 0.1; two-tailed t-test) are illustrated by yellow dots.
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Figure 2.16: As in Figure 2.15 but for AGCM.
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Chapter 4

A numerical model study on the
behaviour of Asian summer monsoon
due to orographic forcing of Tibetan

Plateau

4.1 Introduction

Several studies applied Atmosphere—only General Circulation Models (AGCM) [Boos
and Kuang, 2010, Chakraborty et al., 2002, Wu et al., 2012, Yasunari et al., 2006] or
Atmosphere—Ocean General Circulation Models (AOGCM) [Boos and Kuang, 2013, Park
et al., 2011, Tang et al., 2013b] to investigate the Asian summer monsoon behaviour due
to orographic forcing of Tibetan Plateau (TP). For example, Boos and Kuang [2010, 2013]
showed that the heating of the TP locally affects the precipitation over the Himalayas
but has no impact on the large-scale monsoon circulations. They demonstrated that,
during the summer, the Himalayan topography acts as a barrier to shield the warm and
moist southern Asian monsoon region from the cold and dry extra-tropical air masses.
They also found that, during summer, the maximum upper tropospheric temperatures

occur throughout the Indian sub-continent and are not located over the TP. In contrast
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to Boos and Kuang [2010, 2013], Wu et al. [2012] suggested that South and East Asian
monsoons are controlled by the thermal forcing of the different parts of the TP and that
the mechanical effect of the plateau is not the major driver of Asian summer monsoon.
The models applied in the studies of Boos and Kuang [2010] and Wu et al. [2012] were
integrated using the prescribed climatological SST and sea ice. This approach may be
insufficient to represent the indirect impact of the orographic modifications on the ocean
circulation [Boos and Kuang, 2010]. The integration period of the coupled atmosphere-
ocean simulation of Boos and Kuang [2013] was limited to 25 years. Additional studies
are therefore needed to investigate the ocean response to orographic changes by using
longer integrations of coupled atmosphere-ocean models.

To discover the high resolution patterns of Asian summer monsoon, [Tang et al.,
2013b] applied a regional climate model which was driven by an AOGCM. They showed
that the regional orographic uplift produces asynchronous evolution of Indian summer
monsoon and East Asian summer monsoon. They concluded that the intensified East
Asian summer monsoon is linked to sensible heat pumping of the northern, eastern and
central TP and the Indian summer monsoon is enhanced by the thermal insulation. The
selected AOGCM, which was used for their sensitivity experiment, had a globally lower
orography and not only over the TP.

Apart from sensitivity experiments by means of climate models, some studies have used
observational and reanalysis data to study the signature of the TP in the Asian monsoon
[Gu et al., 2009, Rajagopalan and Molnar, 2013]. Using the reanalysis data, Rajagopalan
and Molnar [2013] showed that plateau heating correlates directly with monsoon rainfall
during early and late summer, but only marginally during the mid-June to the end of
August period.

On the other hand, the ocean circulation is affected by the highly nonlinear complex
variations in atmospheric circulation. This is illustrated for example in the atmosphere-
ocean interactions during an abrupt climate change [Gu et al., 2009, Liu et al., 2013,
Rahmstorf, 2002]. Using the NCEP/NCAR reanalysis dataset, Ya et al. [2013] investigated
the possible Eurasia-North Atlantic Ocean teleconnection. According to their results,
Atlantic SST changes have a greater impact on the southern TP summer rainfall than

Indo—Pacific oceans via Rossby waves. The recent IPCC report Stocker et al. [2013]
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points out that global warming may lead to a cooler North Atlantic by weakening the
Atlantic Meridional Overturning Circulation (AMOC). Assuming two preferred regimes
(e.g. active and break) in the Asian summer monsoon [Hannachi and Turner, 2013,
Palmer, 1994, Turner and Hannachi, 2010], the break phases of the Indian monsoon
coincide with a cold Northern Atlantic and Arctic, and the active phases with a warm
Northern Atlantic and Arctic [Marzin et al., 2012]. Thus, the AMOC, which plays a major
role in transporting heat from the Southern Hemisphere and tropics towards the North
Atlantic, may influence the extreme moisture changes in monsoon regions. Alteration
of the AMOC will impact the North Atlantic “storm tracks”. The AMOC reduction is
closely connected with the cooling of the North Atlantic. Woollings et al. [2012] estimated
a temperature change of 0.31 K for a 1 Sv weakening of the AMOC in the region 20°—
60°W, 45°-70°N. They concluded that in a warm North Atlantic, the positive Atlantic
Multidecadal Oscillation (AMO™) phase is associated with an increase of the Sahel and
India summer monsoon rainfall. Previous studies [Cheng et al., 2013, Chiang et al., 2008,
Stouffer et al., 2006, Vellinga and Wood, 2002] indicated that changes in the AMOC
influence the Inter-Tropical Convergence Zone (ITCZ). Stouffer et al. [2006] showed that
an AMOC weakening causes an equatorward shift of the ITCZ. Thus, as a consequence
of changing ITCZ, AMOC influences the Asian monsoon regions [Zhang and Delworth,
2006]. The paleo records from sediment cores of North Atlantic indicate a “shutdown”
in the AMOC during the Heinrich event H1 [McManus et al., 2004]. Using a stalagmite
record from China, Liu et al. [2013] assessed the linkage between the North Atlantic and
the monsoon system during the 8.2k year event. They showed that, during this event,
the climate was significantly drier than today and was connected to an abrupt cooling
in the North Atlantic ocean. According to their results, this linkage is also existent in
any warm climate similar to the current one. Wang et al. [2001b] found a remarkable
resemblance between oxygen isotope records of stalagmites from the Hulu Cave in China
and from Greenland ice cores. They concluded that the strong East Asian monsoon is
linked to warmer Greenland temperature while the weaker East Asian monsoon is related
to cool temperatures in Greenland. The weakening of AMOC due to global warming is
more likely to be linked to changes in surface heat flux than in freshwater [Gregory et al.,
2005].
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The question which is not answered yet in the previous studies is how the TP uplift
will influence the atmosphere-ocean relation and to what extent the atmospheric changes
influence the ocean’s response. Our study investigates the results of a numerical mod-
elling experiment using the ECHAM5/MPI-OM coupled AOGCM to investigate the role
of the TP on the climate system with a focus on the Asian summer monsoon. A longer
integration time is chosen here to consider the feedback processes between ocean and
the atmosphere. In contrast to most of the previous studies, our model set up allows
an investigation of the climatic patterns under changing Tibetan Plateau forcing with an
interactive ocean.

Simulations using the ECHAM5/MPI-OM coupled atmosphere-ocean model with and
without the Tibetan Plateau have been performed to study the large scale effects of
orographic forcing on the behaviour of the Asian summer monsoon system. The analysis

emphasizes the significant impact of plateau forcing on the atmospheric circulations.

4.2 Model configuration

The feedback processes between ocean, atmosphere and orographic forcing are studied
by designing two different simulation scenarios: (a) a simulation with present day topog-
raphy as the Control (CTRL) run and (b) with decreased elevation of the TP and Central
Asia, No Tibetan Plateau (NOTP). The Community Earth System Models (COSMOS
version 1.2.1) developed by the Max Planck Institute for Meteorology in Hamburg was
applied in this study, which consist of the atmosphere climate model ECHAMb version
5.4.01 [Roeckner et al., 2006] and the ocean model MPI-OM version 1.3.1 [Marsland
et al., 2003]. ECHAMS was integrated at T31 resolution (corresponding to a Gaussian
grid of 3.75° x 3.75°) with 19 vertical levels and the MPI-OM ocean model at GR30 res-
olution with 40 vertical levels. Both simulations are initialised using the climate state of
the ensemble member mil0014 of the “millennium* simulation from the fully coupled Max
Planck Institute for Meteorology Earth System Model (MPI-ESM) [Jungclaus et al., 2010],
starting from the year 1500 AD. The model-proxy comparisons show that the mil0014 has
the best performance [Polanski et al., 2014].
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Figure 4.1: Topography in unit m for (a) CTRL and (b) NOTP (final state) simulations.

Green-House Gas (GHG)s concentrations (e.g. COs , NyO, CH,) are fixed at their
pre-industrial values. In both setups, the subgrid-scale orographic drag is considered,
using the parameterisation scheme of Lott and Miller [1997]. In the NOTP set-up, the
topography of the TP is decreased by 200 metres in every 10-year integration period to the
threshold of 500 metres after 180 years of integration (Fig. 4.1). The related subgrid-scale
orography parameters surface roughness length, standard deviation of orography, slope,
orientation, anisotropy, angle, peaks and valleys elevation have been adjusted according to
the scheme presented by Baines and Palmer [1990]. The model simulations are integrated
for 500 years and the last 50 years are used for the analysis, unless otherwise stated.
height of Tibetan Plateau, NOTP. The Community Earth System Models (COSMOS
version 1.2.1) developed by Max Planck Institute for Meteorology (MPI-M) in Hamburg
was applied in this study: Physical climate model ECHAMS5 version 5.4.01 [Roeckner
et al., 2006] / MPI-OM version 1.3.1 [Marsland et al., 2003] is used. MPI-OM includes
HAMburg Ocean Carbon Cycle (HAMOCC), a sub-model that simulates bio-geochemical
tracers in the oceanic water column and in the sediment. The ECHAMS5 was integrated
at T31 resolution with 19 levels and the MPI-OM ocean model at GR30 resolution with
40 levels. Both simulations are initialized by using the climate state (restart files) of the
ensemble member mil0014 of “millennium “ simulation from the fully coupled Max Planck
Institute for MPI-ESM [Jungclaus et al., 2010] from the year 1500.
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4.3 Theoretical considerations

The atmospheric general circulation consists of the flow which is averaged in time
long enough to eliminate the random changes related with local weather systems [Holton
and Hakim, 2012]. In a very simplified model, general circulation can be qualitatively
studied by the “barotropic equation of midlatitude 5-plane”. The conservation law of the
Rossby potential vorticity ((§+ f)/h = const.) indicates that, in the northern hemisphere,
a westerly propagating air parcel is squashed on a topographic barrier and stretched on
the upstream. This leads to a cyclonic motion of the fluid column as it reaches the
topographic barrier. The resulting cyclonic poleward motion will increase Coriolis force
(f) on the air parcel which also reduces relative vorticity (£) to conserve the potential
vorticity. When the air column crosses the topography, the height of the air column (k)
decreases and relative vorticity becomes negative (anticyclonic motion) and the air parcel
moves equatorward. On the downslope, the air column reaches its original height and the
cyclonic motion brings the trajectory to its original latitude. Thus, steady westerly flow
will generate a series of cyclonic and anticyclonic motions on the lee side of a large-scale
barrier. The downstream wave train for the easterly flow is different and the air column
propagates westward at its original latitude. However, in reality, the vertical motions are
influenced by static stability and the large-scale motions are forced rather to pass around
the topography while the potential vorticity remains conserved. These flows may converge
again and increase the baroclinicity [Saulire et al., 2011]. The storm track usually weakens
near the large-scale topography and its trajectory is tilted southwest to northeast over the
lee side.

The midlatitude topographies play a major role on the formation of Rossby waves
[Held and Ting, 1990, Hoskins and Karoly, 1981, Saulire et al., 2011]. The Rossby
waves can influence the air flows up to very remote areas and alter the wind field pattern
throughout the hemisphere. Previous studies confirmed the linkage between North Atlantic
and Eurasia via the wave trains [Bothe et al., 2011, Sun and Wang, 2012, Ya et al.,
2013]. According to Ding and Wang [2005], the summer wave train (e.g. circumglobal
teleconnection pattern) originates in Europe and North Atlantic region which facilitates

the low-level ascending air motions over India. As mentioned by Holton and Hakim [2012],
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a quantitative study of the general circulation requires complex numerical models which

solve the spherical primitive equations.

4.4 Simulation of present day conditions

The state-of-the-art IPCC AR5 models can mainly provide accurate estimates of the
current climate. Among them, ECHAM5/MPI-OM shows a relatively good performance
in reproducing the interannual variation and mean of the Asian summer monsoon [Kri-
palani et al., 2007a,b]. Using this motivation, the possible state of the climate (temporally
averaged patterns of temperature, wind, precipitation and other variables) in the absence
of the Tibetan Plateau is presented here. Prior to applying the model for the sensitivity
experiment, the ability of the model to reproduce the Asian summer monsoon patterns
for precipitation and temperature is tested. Figure 4.2 compares the large scale patterns
of near surface temperature and precipitation between model simulations and the obser-
vations. The model-data comparison shows that the model is skillful in reproducing the
mean climatological state of the rainfall and temperature patterns throughout the Asian
monsoon domain.

Figure 4.3(a) shows the mean summer (JJAS) precipitation minus evaporation (P-
E) for the CTRL. The global picture of the summer monsoon is well represented by this
simulation. Figure 4.3(b) shows the 500 hPa w (Pas™!) as a proxy for the ascending (w <
0) and descending (w > 0) motions superposed on the 850 hPa wind field. Comparing the
two figures reveals that the maximum rainfall values are located on the upward motion
regions (convective precipitation). 850 hPa winds over the central Pacific correspond to
the Walker circulation trajectory with a descending center on the west coast of the United
States and an ascending region over west equatorial Pacific. The easterly winds connect
these two regions and generate the trade winds over the Pacific. There are two large scale
anticyclonic motions on the lee-side of TP over the North Pacific Ocean and the North
Atlantic Ocean (Fig. 4.3(b)). The influence of TP on the monsoon circulation is studied

in the next section by a simulation of conditions without the TP.
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Figure 4.2: Climatology of (a) summer (JJAS) near surface temperature (°C) from NCEP
for 1950-1999, (b) from CTRL; large scale Asian summer monsoon rainfall (™m/day) from
(c) GPCP and (d) from CTRL.
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d) 500 hPa o and 850 hPa Wind for CTRL-NOTP
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Figure 4.3: Large scale patterns of (a) summer (JJAS) Precipitation minus Evaporation
(mm/day) for CTRL (b) 500 hPa. w (Pas™') and 850 hPa wind (ms~') for CTRL
(c) Precipitation minus Evaporation (mm/day) difference of NOTP compared to CTRL
(CTRL-NOTP) and (d) 500 hPa w (Pas™') and 850 hPa wind (ms~!) difference of
NOTP compared to CTRL (CTRL-NOTP). The largest vector in (b) is 12 (ms™') and in
(d) is 6 (ms~!). The magenta circles indicate cyclonic and the green ones the anticyclonic
motions.
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4.5 Simulation of conditions without Tibetan Plateau

Subtracting the general state of the climate in the two different simulations (CTRL-
NOTP) highlights the altered patterns in the climate without topographic effect of TP. As
can be seen in Figure 4.3(c), a large portion of the Asian summer monsoon precipitation
is not present in the NOTP. Over the east equatorial Pacific Ocean (around 120°W and
20°N), atmospheric deep convection is reduced and shifted towards the Central Pacific
and American continent. The largest patterns which are altered in the NOTP are the
reduced ascending motions over the monsoon region with a peak over TP and the weaker
Somali Jet (Fig. 4.3(d)). The pronounced weakening of the Somali Jet, which transits
Kenya, Somalia, Yemen and Oman, accounts for the reduction of moisture transport in
the Indian monsoon region. On the lee-side of the largest topographic barrier (TP), the
alternating cyclonic and anticyclonic motions are not existent in the NOTP simulation
(color circles in the Fig. 4.3(d)). The weakening of trade winds in the NOTP lead
to an attenuated “Walker cell” in the equatorial Pacific which accounts for the rising
motion over Indonesia and a sinking one over the eastern Pacific. The 850 hPa wind
presents an anticyclonic motion in North Atlantic (Fig.4.3(d)). The reduction of this
circulation in NOTP influences the oceanic currents in North Atlantic via the wind-driven
ocean circulations. The anticyclonic motion over the west side of North Pacific, east
coast of Japan, is also reduced in the NOTP. The large cyclonic motion over Middle East
which transports moisture toward the monsoon regions from west Arabian Sea is reduced
(Fig. 4.3(d)). As a response to anomalous atmospheric low level winds, convergence,
precipitation and vertical motions, the ocean-atmosphere interaction alters the ocean
circulation.

The impact of the removal of TP is apparent in SST patterns in North Atlantic region
(Fig. 5.9(a)). A change in the wind field results in impact on the ocean circulations
(Figure 5.9(c)). Figure 5.9(b) shows the climatology of summer (JJAS) SST and wind
stress in North Atlantic. The wind stress over the North Atlantic is considerably weaker
in NOTP (Figure 5.9(c)). This leads to reduced downwelling motions of warm waters
in the mid North Atlantic Ocean. The cyclonic surface wind stress contributes to the

convergence of the surface water, resulting in downwelling; conversely, anticyclonic surface
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wind leads to divergence of surface water resulting in upwelling motions. The wind stress
difference between CTRL and NOTP presents an anticyclonic motion over North Atlantic
Ocean (Figure 5.9(c)). The changes in surface wind velocities in North Atlantic and near
coastal wind stress have an important effect on the Ekman pumping in North Atlantic
region. The reduction of the downwelling motion in NOTP which originates from wind-
driven Ekman convergence, is reflected in the SST pattern (Fig. 5.9(c)). The North
Atlantic Ocean is remarkably warmer in the CTRL than in the NOTP (up to 8 K). This
influences the monsoon via the teleconection between North Atlantic and Asian monsoon
via the mechanisms proposed by Liu et al. [2013]. Figure 5.9(d) shows the climatology
of ocean temperature in the longitude-depth plane at 45°N. With the TP , a warm water
current which initiates from the surface over west of North Atlantic Ocean (around 45°W)
penetrates to the deeper layers down to 2000 m depth over 10°W. This warm current is
reduced when the large scale topography of TP is removed (Figure 5.9(e)).

To verify this effect, the Ekman pumping velocity is calculated based on the surface
wind stress [Legatt et al., 2012]. The climatological Ekman pumping velocity (Figure
4.5(a)) presents an upwelling region around 45°N-70°N and 30°W-10°W and a down-
welling region south of 48°N. The difference between the simulated Ekman pumping in
CTRL and NOTP indicates the response of ocean’s upwelling to uplift of the TP. Figure
4.5(b) indicates the region of downwelling (blue shadings) and upwelling (red shadings)
induced by the wind stress differences. Following the zonal line in Figure 5.9(b), Ekman
pumping velocity indicates a downwelling over the east part of the North Atlantic Ocean
(around 45°W) (Fig. 4.5(b)). In the NOTP experiment, there is a reduction in downward
motions in the wide area of North Atlantic Ocean (Fig. 4.5(b)). This reduction of down-
welling lessens the heat transport from near ocean surface atmosphere to deeper layers
(down to 2500 m depth) and induces a cooling effect in North Atlantic Ocean.

The North Atlantic averaged meridional overturning stream function for the NOTP
shows a remarkable decrease compared to the CTRL (Fig.4.6(a)). This circulation ex-
presses the role of TP on the North Atlantic circulations. The AMOC circulation pattern
(its core is located at ~ 1,000 m depth and 55° N) leads to decreased downwelling motion
of warm surface water into the deeper ocean layers around 40° N. To assess the AMOC

changes, the AMOC index is calculated based upon the maximum value of meridional
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overturning stream function north of 28°N within the red box in Figure 4.6(a) [Hofer
et al., 2011]. The AMOC indices of the CTRL and the NOTP are shown in Figure 5.8(b).
There is a clear drop of about 6 Sv in the AMOC when the TP is removed. The weak-
ening of the AMOC is connected to the cooling of North Atlantic. A decreased AMOC
will reduce the heat advection from western North Atlantic region into the eastern parts.
The existence of a teleconnection between the North Atlantic SSTs and the rainfall over
the Asian monsoon leads to additional reduction of the summer precipitation over Asia in

the NOTP experiment, thereby reinforcing the direct effect.
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Figure 4.4: Spatial patterns of (a) global summer (JJAS) SST differences (K) for CTRL-
NOTP, (b) climatology of summer (JJAS) SST (°C) and wind stress (Pa) for CTRL (c)
summer (JJAS) SST (K) and wind stress (Pa) differences for CTRL-NOTP (d) cross
section of North Atlantic Ocean's temperature (°C) and (e) cross section of the North
Atlantic Ocean’s temperature difference (CTRL-NOTP) along the blue dashed line in (b)
and (c). The largest vector is 0.23 Pa. Magenta color in (b) indicates zero values.
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a) Ekman pumping velocity CTRL

b) Ekman pumping velocity CTRL-NOTP
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Figure 4.5: Ekman pumping velocity (10~%ms™!) for (a) the climatology of CTRL and
(b) the difference (CTRL-NOTP) over the North Atlantic. Note the different colorbars.
Negative values indicate down-welling and positive values upwelling.
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a) AMOC (Sv) for CTRL-NOTP
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Figure 4.6: North Atlantic averaged meridional overturning stream function difference
(Sv) between CTRL and NOTP (CTRL-NOTP) and (b) time-series of AMOC for NOTP
(blue) and CTRL (black).The maximum value inside the red box is defined as AMOC
index for each time-step. Positive values indicate anticyclonic circulations. Vectors in (a)

show the schematic meridional currents.
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Figure 4.7: Annual mean of ocean temperature (red line) and salinity (black line) at 740
m depth for (a) CTRL and (b) NOTP simulation.

4.6 Shallow ocean’s equilibrium state

For the CTRL experiment, model reaches an equilibrium state in shallow water (740
m depth), for both temperature and salinity distribution, after ~ 60 years of integration
(Figure 4.7.a). In the decreasing topography scenario, salinity and temperature decline
remarkably and reach their minimum after 250 years for NOTP simulation (Figure 4.7.b).
Shallow ocean temperature approaches a steady state after ~ 250 years with a slightly
cooling linear trend. However, the shallow water's salinity of NOTP rebounds to values
(~34.88 psu) of CTRL after 500 years.



Chapter 5

Towards modelling the regional
rainfall changes over Iran due to the
climate forcing of the past 6,000

years.

5.1 Introduction

In the inland area of Iran, the climate is characterized as continental hot and dry with
annual range of 22°C to 26°C [Sodoudi et al., 2010]. The Siberian High and Southwestern
branch of summer Monsoon also contribute to the Iranian climate for the winter and sum-
mer seasons, respectively. The fluctuations of Westerlies' equator-ward shift or strength
lead to the climatic changes (more precipitation) in the westerly-dominated regions [Chen
et al., 2010].

Ancient cultures in Iran were mostly relying on the availability of rainfall as a source
of water supply. The archeological evidences show an abrupt collapse of the developed
Akkadian empire ca. 4,170 £ 150 yr BP [Cullen et al., 2000].

The ostracod fauna of Lake Mirabad suggests a low lake level during the early Holocene

and an increase during mid-Holocene [Griffiths et al., 2001]. There is a lack of knowledge
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on the past climate change in Iran compared to other regions of the globe [Karimi et al.,
2011, Kehl, 2009]. Kehl [2009] reviewed the state of the paleoclimate knowledge in Iran.
He concluded that there are evidences of several Quaternary climate changes in this region.
However, their timing and location are controversial.

A pollen record from southwestern Iran, provided the reconstruction of climate change
and vegetation during the Holocene [Djamali et al., 2009]. According to Djamali et al.
[2009], human activity became more evident after 3,700 BP. Using the geologic, geomor-
phic and chronologic data from the Qazvin Plain in northwest Iran, Schmidt et al. [2011b]
studied the cultural dynamics in the Central Iranian Plateau during the Holocene. Their
multiproxy data suggest a peak in aridity at ca. 4,550 yr BP in northwest of Iran which
seems to be shifted from the “4.2 ka BP" drought event [Staubwasser et al., 2003].

There are two classical approaches for the global climate simulations of the Holocene:
(i) transient low resolution comprehensive coupled Atmosphere-Ocean General Circulation
Models (AOGCMs) and (ii) highly resolved Atmosphere only General Circulation Models
(AGCMs) for the selected episodes, the “time-slice simulations” [Berking et al., 2013].
This is due to the high computational costs of the available computing systems that the
second approach can not be applied for the longer time periods (e.g. several thousand
years). For producing a detailed climatic data which is comparable with the local proxy
information, a downscaling technique is required. In this study we use a state-of-the-art
AGCM to carry out the time-slice experiments for the Mid-to-late Holocene. The focus
of our study is the climatic response to external forcings of the climate system since
Mid-Holocene to present day in Iran.

For the first time, | present simulated rainfall data for the period of Mid-Holocene to
present day over the Persian region with employing a dynamical downscaling approach.

Different selected time-slices are simulated by using a spatially finer resolved AGCM.

5.2 Materials and Methods

In this paper we used the ECHO-G model which consists of the atmospheric model

ECHAM4 [Roeckner et al., 1996] and the ocean model HOPE [Wolff, 1997], at a spectral
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resolution of T31 (~ 3.75° x 3.75°). The ECHO-G model has already been used in several
studies [Strandberg et al., 2014, Wagner et al., 2007, Zorita et al., 2005]. However, the
horizontal resolution of the ECHO-G does not capture local patterns over Iran region
(totally 24 grid points within the domain).

Therefore, we utilized the “time slice simulations” [Berking et al., 2013, Cubasch
et al., 1995] for reproducing the rainfall patterns over Iran. These simulations have been
successfully applied for a climate-archaeological study over Sudan to reproduce heavy
rainfall regimes in the ancient city of Naga [Berking et al., 2013]. Twelve 30 year long
simulations for six different periods throughout the last 6,000 years have been performed
with the fifth-generation atmospheric general circulation model (ECHAMDb) at two spectral
horizontal resolution of T63 (~ 1.8° x 1.8°) and T106 (~ 1.125° x 1.125°). The lateral
boundary conditions, Sea Surface Temperature (SST) and sea-ice cover distribution from
the transient simulation of Wagner et al. [2007] (coupled ocean atmosphere model ECHO-
G) are prescribed for time-slice experiments with ECHAM5 model.

5.3 Results

5.3.1 Present time

The geographical distribution and the topography of the study area is shown in Figure
5.1. lranian plateau is the continuation of the Tibetan Plateau. The topographical forcing
plays a major role in the diverse climate of Iran [Sodoudi et al., 2010]. Figure 5.2 shows
the climatology of seasonal rainfall over Iran from Global Precipitation Climatology Centre
(GPCC) data-set provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from
their Web site at http://www.esrl.noaa.gov/psd/. There is a clear seasonal rainfall
variability over Iran, especially between summer (Fig. 5.2(a)) and other seasons (Fig.
5.2(b) to 5.2(d)). The complex topographical condition which contains Alborz range in
the north and Zagros mountains in the West and Northwest and the latitudinal extent of

Iran lead to the spatio-temporal variability of rainfall over this region.
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Figure 5.1: Topography in meter over the study region. Cyan line indicates the recent
time Iranian political boarder.



Chapter 5: Paleaoclimate modelling over Iran 75

b) Summer (JJA)

a) Spring (MAM)

140

120

100

45°E 50°E 55°E 60°E 65°E 45°E 50°E 55°E 60°E 65°E

¢) Autumn (SON)

| H140
120

100

45°E 50°E 55°E 60°E 65°E 45°E 50°E 55°E 60°E 65°E

Figure 5.2: Rainfall [mm/month] over Iran for 5.2(a) Spring (MAM), 5.2(b) Summer
(JJA), 5.2(c) Autumn (SON) and 5.2(d) Winter (DJF) from GPCC VASClimo for 1951—
2000.
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5.3.2 ECHO-G simulations

According to Sundqvist et al. [2010], Zhang et al. [2010], the changes in orbital forcing
are the major driver of the climate change during the Holocene. The insolation due to
orbital forcing shows different anomalous pattern during winter and summer from Mid-
holocene to present time. Figure 5.3 shows the insolation difference between Mid-holocene
and present time. The Northern Hemisphere shows a positive insolation anomaly during
summer (JJA) and a negative anomaly during winter (DJF). Given that the extreme
anomalies in solar insolation between 6 Kyr BP and present time happen during summer
and winter, we focus on these seasons in our analysis.

Figure 5.4 presents the mean summer (JJA) rainfall over Iran region [42.5° E—65.5°F
; 25°N-41°N] for 6 KBP to Pre-Industrial (PI) (blue line) from ECHO-G simulation and
the solar insolation [IW/m?] at 31°N on 15 July (red line). During summer, the rainfall
fluctuations over Iran region show a clear decrease from Mid-holocene to present time.
This can be explained by the changes in solar insolation due to varying orbital forcing. This
result agrees well with the “moderate drying trend” from the study of Lauterbach et al.
[2014] based on reconstructions of summer moisture using a sediment core from Central
Kyrgyzstan. By synthesizing the lake sediment records of mid-latitude arid Central Asia,
Chen et al. [2008] found the existence of a moderate drying trend since Mid-Holocene,
caused by the Westerlies. They concluded that the summer insolation might be the
major driver in controlling the moisture changes in arid Central Asia during mid-and late
Holocene.

For winter, this pattern is reversed and the rainfall presents an increase since the Mid-
holocene until present (Figure 5.4). In contrast with the summer time, the solar insolation
indicates an increasing trend from Mid-holocene until the present.

The time-series of rainfall from Mid-holocene to present time, show that during the
Mid-holocene (ca 6 Kyr BP) the summer rainfall value was larger than winter. This

regime is reversed for the recent observed climate (Fig. 5.2).
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Figure 5.3: Insolation difference (WW/m?) between Mid-holocene and present day (6 Kyr
BP — 0 Kyr BP) due to changes in orbital parameters. The area between the dashed lines
indicates the latitudinal expansion of Iran.
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a) Summer (JJA) rainfall over Iran 6KBP to Present [201yr runmean]
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Figure 5.4: Rainfall over Iran [42.5°E—65.5°E ; 25°N-41°N] for 6 Kyr BP to present
(blue line) and the solar insolation [W/m?] at 31° (red line) from ECHO-G simulation

during (a) Summer (JJA) and (b) Winter (DJF). Time-series are smoothed using 201
years running mean.
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5.3.3 ECHAMS5 simulations

Recent climate simulation of ECHAMS5 reproduces similar large rainfall patterns as in
GPCC but with about 4 (/) over-estimation in area-averaged rainfall during winter
(not shown). This bias can be explained by the coarse spatial distribution of observational
stations used by GPCC or the absence of data assimilation in the model during the recent
climate. In order to investigate the spatio-temporal rainfall changes in Iran throughout
the past 6,000 years, the differences between the time-slice simulations and the pre-
industrial (200 yr BP) simulation is shown for Summer and Winter seasons (Figures 5.5 and
5.6). The results from the ECHAMS simulations at T106 horizontal resolution are shown.
The pre-industrial era has been selected to exclude the human-induced climate change
period due to the recent anthropogenic forcing. During summer, the rainfall anomalies
present similar patterns for all time-slices with minor changes over Southeast corner of
Iran and Pakistan. These rainfall patterns originate from the Asian summer monsoon
activity. Using the European Centre for Medium-Range Weather Forecasts (ECMWF)
reanalysis ERA-40 data set [Uppala et al., 2005], Turner and Hannachi [2010] showed
that, there is an existence of negative outgoing long-wave radiation composite anomalies
(more convective activities) over Southeast corner of Iran in the "break phases” of Indian
summer monsoon. The simulated All Indian Monsoon Rainfall (AIMR) index from ECHO-
G simulations presents a similar trend as the mid-July solar insolation over 25° N during
the past 6,000 years (not shown). The negative rainfall anomaly over Southeastern Iran
can be explained with the increased break monsoonal phases during recent climate which
contributes to more precipitation over this region of Iran.

During winter, the rainfall anomalies are more distinct for the different time-slices. In
the following we investigate the possible drivers of such anomalous winter rainfall patterns

throughout the past 6,000 years.
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Figure 5.5: The 30-yr mean summer rainfall differences [mm/month] over Iran for 5.5(a)
1 minus 0.2 Kyr BP, 5.5(b) 2 minus 0.2 Kyr BP, 5.5(c) 3 minus 0.2 Kyr BP, 5.5(d) 4
minus 0.2 Kyr BP and 5.5(e) 6 minus 0.2 Kyr BP.
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Figure 5.6: The 30-yr mean winter rainfall differences [mm/month] over Iran for 5.9(a)
1 minus 0.2 Kyr BP, 5.9(b) 2 minus 0.2 Kyr BP, 5.9(c) 3 minus 0.2 Kyr BP, 5.9(d) 4
minus 0.2 Kyr BP and 5.9(f) 6 minus 0.2 Kyr BP.
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5.3.4 Westerly jet stream and winter rainfall

According to Holton and Hakim [2012], the fluctuations of time-averaged jet stream
from zonal symmetry are important features of general circulation in Northern Hemisphere.
The maximum jet speed during the winter (located at ~ 30°V) is twice as large as during
the summer (located at ~ 40—45°N) in the Northern Hemisphere. The largest time-mean
anomalies of longitudinally averaged zonal flow are located around 30°N east of North
American and Asian continents and north of Arabian peninsula [Holton and Hakim, 2012].
Jets consist of strong velocity shears which are unstable to any small disturbances. The
small perturbations of jet stream may lead to amplification or drawing of energy from the
jet ("baroclinic instability, see. Holton and Hakim [2012]). The existence of baroclinic
instability is a major factor in developing the midlatitudes synoptic-scale systems.

We apply the maximum covariance analysis [Bretherton et al., 1992] to obtain the
pair of correlation pattern estimates between the rainfall and 250 hPa zonal wind and
corresponding time-series. Maximum covariance analysis has been used in several studies
to capture the correlated modes of variation within pairs of climate variables [Bretherton
et al., 1992, Dai, 2013, Fallah and Cubasch, 2014]. Prior to maximum covariance analysis,
all the time-slice simulations have been merged to a single data-set. The two leading max-
imum covariance analysis modes (MCA1 and MCA2) contain 90% of explained Squared
Fractional Covariances (SFC). The first maximum covariance analysis mode contains 56%
of SFC and the second one 34%, indicating that most of the variances are explained by
these two modes.

Figure 5.7 shows that the first maximum covariance analysis mode (MCA1) of rainfall
is remarkably similar to the maximum winter rainfall pattern over Iran. MCA1 of zonal
wind presents a dipole pattern with a maximum core over the North Arabian peninsula
and Persian Gulf and a negative maximum loading over west-north of Caspian Sea. Time
expansion of these patterns show significant correlation of 0.45 (p — value = 0.01).

The second maximum covariance analysis mode (MCA?2) presents a dipole pattern for
rainfall with a negative sign over Central Zagros and a positive sign over East Turkey.
The MCA2 of zonal wind shows a positive center over Northwest of Iran. Time-series of

these patterns show significant correlation of 0.64 (p — value = 0.01).
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Figure 5.7:  Maximum covariance analysis results for the two leading modes (SFC=56%
and SFC=34%) of winter zonal wind anomaly at 250 hPa and total rainfall for all simula-
tions: (a) the first maximum covariance analysis pattern of rainfall, (b) the first maximum
covariance analysis pattern of jet, (c) the second maximum covariance analysis pattern of
rainfall and (d) the second maximum covariance analysis pattern of jet. Green vectors in
(b) and (d) indicate the possible positions of WASWJ.

The V-shape topography distribution over Iran with Alborz mountain range extending
in North from West to East and the Zagros mountain range extending from Northwest
to South Iran, will force the westerly currents to shape three different pathways (green
vectors in Figures 5.7 (b) and (d)). Under different WASWJ instability conditions, the
westerly current will flow in one of the three trajectories : (1) north, (2) south and (3)
center.

We analyzed the regime behavior of the westerly Jet stream by investigating the
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time-series of the coupled modes (MCA1 and MCA2) throughout the past 6,000 years.
In order to detect the changes in mean state of the WASWJ, the Kernel [Bowman and
Azzalini, 2004] Probability Density Function (PDF) of maximum covariance analysis modes
of WASWJ and rainfall are shown in Figures 5.8(a)—(d). PDF estimates of MCAL and
MCA2 of WASWJ present normal distributions. However, the center of the PDF is shifted
from present time to 6 Kyr BP time episodes. PDF estimates of MCAL and MCA2 of
rainfall present non-Gaussian distribution with a skewness to the negative values and a
peak in positive values (Figures 5.8(c) and (d)). Figure 5.8(e) illustrates the the PDF
centers (maximum probabilities) for each simulation. The linear trend of the time-series
agree well with the time-series of solar insolation and rainfall index from ECHO-G model
(Figure 5.4). Tables 5.1 to 5.2 show the significance of PDF's shifts between different
maximum covariance analysis time-series using the chi-square test. During 3 Kyr BP,
the MCA2 of WASWJ shows a negative maximum which can explain the dipole pattern
in Figure (5.6) during this episode. The reduced rainfall pattern over Zagros mountains
during 4 Kyr BP (Figure 5.6) can be explained with the most negative shift of MCA1 of
WASWJ.

In order to clarify the regime shifts between different episodes, we show the linear
composite of MCA1 and MCA2 ([MCAL's pattern x MCAL's time-series] + [MCA2's
pattern x MCA2's time-series]) for the WASWJ (Figure 5.9). These modes explain most
of the availabilities. Therefore, we exclude the small perturbations by choosing these two
leading modes. Figure 5.9.f shows that during 6 Kyr BP the WASWJ was located far in
the North (at ~ 54°N). The WASWJ was located over North of the domain between
the Black Sea and Caspian Sea (at ~ 45°N) during the 4 Kyr BP. The WASWJ shows a
“tipping point” in its shift with a combination of South and Nort trajectories during the 3
Kyr BP. Since 2 Kyr BP the WASWJ was located in the central trajectory (at ~ 35°N).
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Figure 5.8: The Kernel PDF estimate of maximum covariance analysis time-series for (a)
MCA1 of WASWJ, (b) MCA2 of WASWJ, (c) MCAL1 of rainfall and (d) MCA2 of rainfall.
(e) The maximum covariance analysis PDF’s regime shifts for model simulations.
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Table 5.1: Chi-square test of PDF estimate shifts of different time-slices for MCA1 and
MCA2 of WASWJ. * ** and *** indicate that the test rejects the null hypothesis at 5%,
1% and 0.1% significance level, respectively. Red stars indicated MCA1 and blue MCA2.

6 Kyr BP 4 Kyr BP 3 Kyr BP 2 Kyr BP 1 Kyr BP 0.2 Kyr BP
6 Kyr BP — *kk *kk %k *kk %k
4 Kyr BP * — _ K% * Kk
3 Kyr BP | *** kkx - ok * _
2 Kyr BP ook otk koK _ oKk *%
1 Kyr BP kK kK oKk kK _ k%
0.2 Kyr BP | *** koxk kK koK ok kK _

Table 5.2: Chi-square test of PDF estimate shifts of different time-slices for MCA1 and
MCA2 of rainfall. * ** and *** indicate that the test rejects the null hypothesis at 5%,
1% and 0.1% significance level, respectively. Red stars indicated MCA1 and blue MCA2.
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Figure 5.9: Composite of leading two maximum covariance analysis patterns of WASWJ
for different time-slices (a-f). Vectors indicate the position of WASWJ shown in Figure
5.7.



Chapter 6
Conclusions and outlooks

This study presents a comprehensive investigation of the Asian climate dynamics for
the period of the past millennium and present time based on different proxy data, obser-
vations and the state-of-the-art model simulations (see Appendix A). In the first step, the
recently available global climate simulations and proxy reconstructions are used to study
the evolution of extreme moisture events over central Asia and monsoon region. Global
and regional climate simulations are further designed to investigate the mechanisms be-
hind the climate change throughout the past millennium. The role of Tibetan Plateau
on atmosphere-ocean interactions is investigated using a coupled atmosphere-ocean cli-
mate model. Finally, the paleo-hydroclimatic variability over Iran is studied during the

Mid-to-Late Holocene.

6.1 Model-proxy comparisons

This section answers the main questions 1, 2 and 3 presented previously in the Intro-
duction chapter of the thesis. The analysis of the climate during the past millennium is
based on ensemble simulations of two state-of-the-art coupled atmosphere—ocean models
and published proxy reconstructions of the climate (i.e. tree ring reconstructions from
Cook et al. [2010a]).

EOF analysis of PDSI is applied to identify the monsoon failure periods within the
model-proxy space. Then the MCA analysis of PDSI and SSTA was used to capture the

88
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coupled spatiotemporal modes of atmosphere—ocean interactions during the past millen-
nium. Finally, by using a statistical mixture model method on an index of convection, the
regime structures in monsoon convection is investigated during the past millennium.

When the PDSI is used as metric, the two model and the proxy data sets agree in
terms of timing and duration of the Asian mega-droughts. Time expansions of ENSO-like
patterns agree well with Northern Hemisphere temperature anomalies based on paleocli-
mate data [Shi et al., 2013], both in magnitude and timing. The analysis showed that,
the mega-droughts are mostly linked to El Nifio-like patterns in central equatorial Pacific.
The linkage between droughts and temperature may originate from PDSI, which contains
information about the simulated temperature.

The IPCC Assessment Report 5 [Stocker et al., 2013] summarizes that volcanic and
solar forcing have weak influence on monsoon. Adams et al. [2003] and Mann et al.
[2005] concluded that the ENSO may has been influenced by solar and volcanic radia-
tive forcing. The correlations between the time expansion of MCA1 mode for SSTA of
ECHAMS5/MPIOM (GISS-E2-R) model and the Northern Hemisphere temperature recon-
struction from Shi et al. [2013] are 0.57 (0.51). These time expansions show distinctive
negative anomalies after explosive tropical volcanic eruptions for the mid-15th century
(Pinatubo eruption) and early 19th century (Tambora, Galunggung, Babuyan Claro and
Cosiguina volcanic eruptions). These anomalous cooling SSTAs are consistent with the
reconstructed temperature changes in the Northern Hemisphere [Shi et al., 2013]. The
early 1800s was the coldest period during the past four centuries [D'Arrigo et al., 2009].
The simulations show that, the volcanic eruptions in the early 19th century triggered the
oceans into as cold conditions compared to the LIA.

During the mega-droughts, there is an evidence of decreased monsoon convection over
India and northern Arabian Sea and increased convection in west and central equatorial
Pacific. The MCAL patterns for SSTAs are in a well agreement with the correlation
patterns of MADA and observed SSTAs for the period 1856-2004 [Cook et al., 2010a].
In agreement with England et al. [2014], it is concluded that the weakening in the Pacific
Trade winds and Somali Jet explains for the decreasing of monsoon convection. Weakening
of the Pacific Trade winds leads to El Nifo-like patterns of SSTAs over central and

eastern equatorial Pacific by decreasing the ocean upwelling in these regions (“wind-driven
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circulation”). This increases the surface temperatures over central and eastern Pacific,
which drives further the Asian monsoon failures.

An increase in the likelihood of very wet conditions is projected over the Indian mon-
soon region for the next century under the rising greenhouse gas concentration scenarios
[Dai, 2013]. Further studies are necessary to investigate the ENSO-monsoon relationship
under increased GHG concentrations. It has to be stressed that the methods applied in
this study can only capture the linear hydro-climatic interactions of the complex Asian
summer monsoon system. The nonlinear mechanisms require further investigations [Dai,

2013, Hannachi and Turner, 2013].

6.2 Regional Climate Model simulations

This section is dedicated to the main questions 3 and 4 of the Introduction chapter.
This study also focuses on the dynamical drivers of the moisture changes in central Asia
during the past millennium by using the ECHAM5 AGCM and COSMO-CLM RCM simula-
tions. After evaluating the performance of models in detecting the wet and dry regimes of
the observational and reanalysis data, they are applied for the climatic moisture extremes
of the past millennium. The model experiments cover different possible climate behaviors
throughout the past millennium which could be clustered into wet and dry spells. By
comparing the dynamical behavior of westerly jet over Arid Central Asia (ACA) in the
selected time-slices, the differences of internal variations of the climate system between
extreme dry and wet spells are studied.

Following Lorenz's idea of predictable climate response to different forcing, the ex-
istence of regime behavior in the westerly jet stream data from model simulations is
analyzed. The evolution of westerly jet shows a clear bimodal behavior. This regime
behavior existed in both RCM and GCM simulations. The existence of the bimodality is
mostly linked to the subtropical westerly jet displacement. The analysis based on regional
response of the hydro-climate of ACA to the large-scale climate forcing of the past mil-
lennium, reveals that during the MCA, this region was as sensible as the recent climate to

the westerly jet stream. During the MCA the dipole pattern between India and ACA was
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not as pronounced as during the LIA. The sensibility of moisture changes in Kazakhstan
to westerly variability was stronger during the MCA. During the LIA East China shows dry
patterns as a response to large-scale climate forcing and Kazakhstan remains unaffected
by the regimes of westerly jet changes.

Finally, it should be noted that the simulations are based on a single driving model
and the timing in the model may be uncertain, preventing any conclusion about a spe-
cific year in the simulations. However, for longer 30-year time periods within MCA and
LIA, the results depict the averaged internally produced climate variability under external
natural climate forcings within these epochs. Using different driving GCMs for dynamical
downscaling with RCMs will largely improve the certainty of the results. Regarding this,
it is suggested that considering more realizations using ensemble of driving GCMs and
nested RCMs will produce a lot of added value in the results. This will lead to a larger
coverage of the sample space. However, the computational costs will extremely increase

in such approaches.

6.3 Orographic forcing

This section is committed to the key question 5 of the Introduction chapter. The inter-
play of Tibetan Plateau, Asian summer monsoon and atmosphere-ocean teleconnections
are studied using the ECHAM5/MPI-OM coupled model simulations. As a result of their
coarse spatial resolution, these experiments are able to capture the large-scale climatologi-
cal patterns of the monsoon but its local effects are not resolved. The large-scale patterns
of Asian summer monsoon are influenced significantly by removal of Tibetan Plateau. In
contrast to the studies of Boos and Kuang [2010] and Park et al. [2011], the results
demonstrate that the large-scale Asian summer monsoon circulations weaken remarkably
by removal of TP. Considering the (-plane barotropic theory, eastward propagating fluid
columns will expand on the downslope and compress on the upslope, generating a series
of alternating cyclonic and anticyclonic motions on the lee-side of the topographic barrier.

The model experiment revealed that lee-side circulations are declined in the absence of
TP.
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Two main effects are found when removing the TP: 1. The removal of the TP produces
a weaker Somali Jet that normally acts as the main driver of the “moisture conveyor belt”
which brings moisture to the Indian continent. In the absence of the TP forcing, trade
winds tend to decelerate over the North Pacific Ocean. As a result, the “Walker cell”
attenuates in the equatorial Pacific. These changes result in a reduction of the monsoon
rainfall by around 50% over India and East China. 2. The removal of the TP alters the
global wave pattern, which induces an intensification of anticyclonic patterns of low-level
winds in the North Atlantic Oceans. This leads to a stronger wind-driven Ekman pumping
over this region, connected with a reduction of the AMOC by about 6 Sv. This leads to
the decreased advection of near surface atmosphere heat into the North Atlantic Ocean
and a drop of the surface temperature by about 6 K. With the North Atlantic SSTs being
related to the rainfall over Asian monsoon region via teleconnections, this effect results
in a precipitation drop over the Indian Peninsula and Southeast China.

These results point to possible direct and indirect mechanisms, in which the TP influ-
ences the climatic circulation and particularly the Indian summer monsoon. It is recognized
that the model experiment, due to a lack of computing resources, does not have the res-
olution to resolve all processes in detail. The experiment could not be run to reach an
equilibrium state of the oceanic circulation. The COSMQOS simulations need a spin-up
phase on the order of 5000 years for deep oceans [Stepanek and Lohmann, 2012]. More
experiments and experiments with different models are necessary to establish additional
confidence in the results. However, with currently available computing resources it is

impossible to cover all these considerations.

6.4 Paleaoclimate modelling over Iran

This section is formulated to answer the questions 6 and 7 of the Introduction chapter.
Climate simulations of the past 6,000 years, designed using a “time-sclice modelling”
approach, are used in this study. As the result of the extremely high computational costs
of these GCM simulations, it was possible to apply a deterministic single model simulation

using ECHAMS for each selected time-slice. A total number of twelve GCM simulations
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throughout the past 6,000 years were designed at two different horizontal resolutions.
Moving from a deterministic to a probabilistic approach using the ensemble simulations
(different models, forcings or initial conditions), is still impossible at the high spatial model
resolution that is applied.

By averaging the climatic features over a long enough period of time (totally 180 years
covering 6 time episodes), the mean state of the past climate is investigated over Iran due
to changes in the external forcings. The results reveal that the summer rainfall presents
a similar pattern for all time-slices with little changes over Southeast of Iran associated
with the monsoon activity. In contrast to the summer rainfall, the winter rainfall patterns
show a clear shift from dry conditions during 6 Kyr BP to wetter spells during 1 Kyr BP.
This suggests a probable “tipping point” of the two regimes between 3 and 4 Kyr BP
coincident with the so called “4.2 Ka climate event” [Booth et al., 2005, Liu and Feng,
2012, Marchant and Hooghiemstra, 2004, Thompson et al., 2002]. Variations in solar
insolation, contributes to increased energy within the Earth's climate system. Therefore,
the behavior of westerly subtropical jet stream is analysed as a proxy for cyclonic activity
and moisture transport during winter seasons over Iran region throughout the past 6,000
years.

Previous studies show that the early Persians, who originated from shores of Caspian
Sea, settled in the Iranian plateau ca. 1,700 BC [Durant, 1954, Shoja and Tubbs, 2007],
in a phase when the West Asian Subtropical Westerly Jet (WASWJ) is shifted southward
and the rainfall enhanced over Iran. It can be concluded that the past winter rainfall
patterns over Iran were more sensitive to the WASWJ's meridional gradients than its
mean zonal flow. There is an evidence of similar WASWJ shift to Pl during the 1 Kyr
BP coincident with the Medieval Climate Anomaly (ca 1000 to 1350 AD, [Chen et al.,
2010]). The perturbations of zonal flow show an increasing trend since 6 Kyr BP to Pl
episode, indicating an enhanced cyclonic activity over Iran. There is an evidence of a
regime shift of the WASWJ during the 3 Kyr BP, which contributed to the dipole pattern
in the rainfall anomaly with positive sign over Southwest Iran and a negative sign over
Northwest Iran. It can be concluded that since Mid-Holocene to 3 Kyr BP the WASWJ
was shifted to the north and after the 3 Kyr BP period, to the south. This describes the

enhanced rainfall amounts over Iran via increased moisture transport and cyclonic activity
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after 3 Kyr BP. Further investigations, such as model-proxy comparison, are suggested to
shed light on the mystery of moisture changes over Iran during the historical dry or wet

spells.

6.5 QOutlooks

A set of global and regional models have been used and compared with different proxy
data to determine the physical mechanisms controlling the Asian climate dynamics. Here,
possible improvements are listed for the modelling approaches presented in this thesis:

— Intercomparison of model simulations of Mid- and Late-Holocene with
recently published proxy data in the CADY project: With recently published recon-
structions from other working groups within the CADY project, target time-slices are now
identified that could be compared with simulated model experiments. From the experi-
ences in the first phase of the CADY project (this thesis), useful tools are designed to
investigate the physical mechanisms behind the climate regimes.

— Ensemble Climate Simulations and historical events: There is a potential for
designing a set of new simulations with longer integration period and better resolution for
the key events (e.g., 4.2 ky BP event, Mongol invasion of Khwarezmia and Eastern Iran,
Fall of Angkor civilization in Cambodia, etc.). The ensemble paleoclimate simulations
(different models, different initial conditions) can cover a confident range of the possible
climate and increase the confidence of the results.

— Improved distribution of proxy network: The climatically sensitive regions in
Asia are identified in this study. This information can improve the future site-selection
approach for the proxy data collection and sampling. There is still a lack of proxy data
over several key regions in Asia (e.g., westerly-dominated Iranian Plateau, monsoon region,
Central India, Tibetan Plateau, etc.).

— Proxy data assimilation in process-based deterministic models: A novel
Inverse Proxy Modelling (IPM) technique, as a model-data fusion approach, can integrate
proxy records with models which can capture the physical mechanisms. This can lead to

a better combination of proxy data and model simulations and improve the understanding
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of driving mechanisms behind the Asian climate dynamics so as to improve the future

climate predictions.
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