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Abstract

The northern hemispheric glacial-interglacial climate states during the late Quaternary period drove Caspian Sea
level (CSL) changes of up to ~150 m and can be used as an analogue for assessing present and future climate
impacts. Geologic reconstructions of these paleo-lake levels and potential links with different climate events remain
complex while future declines in modelled lake levels vary widely and are uncertain. The key drivers for such (SL
include variations in the water budget balance between precipitation and evaporation (P-E). This thesis employs
a dimate modeling approach to investigate long-term changes in the Caspian Sea ((S) hydrodimate during
different climate states from the late Quaternary to the end of the 21 century. The new results from the Community
Earth System Model (CESM1.2.2), contribute to an improved interpretation of reconstructed paleo-lake levels with
respect to changing P-E patterns and identify key drivers for future (SL changes. This study produced new
modeling results for the late Quaternary period, that constrain the timings and identify the climate conditions
favourable for major (S transgressions and regressions, in comparison with selected geclogical reconstructions;
under three glacial (Marine Isotope 3 (MIS3), Last Glacial Maximum (LGM), Heinrich event 1 (H1)) and two
interglacial (last interglacial (LIG) and early Holocene (EH)) climate states. The two interglacial climate states
suggest favourable climate conditions (higher temperature and precipitation) for the (S that result in a positive
water budget (LIG-P-E anomalies of 14.6 meter/1000 years and the EH-P-E anomalies ~5 meter/1000yr). The
results propose a transgression was initiated by the summer large-scale and convective precipitation, triggered
by enhanced summer insolation and the associated wind anomalies. The warmer and wetter MIS3 interstadial
climate is identified as being responsible for a transgression with P-E anomalies of 16 meter/1000yr. The colder
and drier LGM climate favours a regression with P-E of -12 meter/ 1000yr. These P-E anomalies and climate
conditions agree with the reconstructions. However, our simulated P-E anomalies (for the H1); do not capture the
magnitude of the reconstructed highstands during the deglaciation, and it is clear that meltwater into the (S is
responsible for this highstand; and as our model does not include a sophisticated meltwater routing into the C5;
hence comparisons with selected reconstructions remain complicated. This study also assessed different CESM
horizontal resolutions and model setups to identify the best version that can represent the (S climate and climate
modes of variability such as North Atlantic Oscillation (NAQ) for the period 1850-2000 CE, as well as presenting
new (SL under two new emission scenarios by the end of the 21=t century. CESM1.2.2 with 1° CAM5 is identified
as the best skill in simulating the NAO and its effects on (S catchment hydrology. Projections under the
Representative Concentration Pathways RCP4.5 and RCP8.5 confirm the winter NAO remains the major winter
variability with a significant impact on the Caspian catchment hydroclimate. However, under global warming, the
evaporation over the sea is the key driver for a (SL decrease of about 9 m and 18 m between 2020 and 2100
for the RCP4.5 and RCP8.5 scenarios, respectively. The new (5L values are larger than previous projections of
(5L, and include an overestimated total evaporation due to a larger (S surface area in CESM. Despite the clear



potential for this, current global climate models neglect to include accurate representations of (S area. This study
generated new results to notably aid in evaluating the impacts of different (S surface areas on the regional and
large-scale climate. Regionally, the presence of a larger (S area has a clear impact as higher evaporation over
the sea and higher precipitation over the south-west catchment, while reducing (summer) and increasing (winter)
surface air temperatures and vice versa for smaller (5 area. Most importantly, this summer temperature disturbs
the upper atmospheric circulation (at the 200 hPa and the 500 hPa level) with a southward shift and increase in
speed of the summer jet stream. This leads to enhanced summer precipitation over central Asia and increased
winter warming over the north-western Pacific. An accurate Caspian Sea area representation is thus vital in global
climate models for paleo and future scenarios and share serious implications for expanding coastal communities,

agricultural activities, fisheries and the ecosystem.



Zusammenfassung

Die Klimazustande der nérdlichen Hemisphare zwischen den Gletschern wahrend der spéten Quartarperiode
verursachten Verénderungen des Kaspischen Meeres (CSL) von bis zu ~ 150 m und kénnen als Analogon fiir die
Beurteilung der gegenwartigen und zukiinftigen Klimaauswirkungen herangezogen werden. Geologische
Rekonstruktionen dieser Paldoseenebenen und mégliche Zusammenhange mit verschiedenen Klimaereignissen
bleiben komplex, wahrend die zukiinftigen Riickgénge der modellierten Seenebenen stark variieren und ungewiss
sind. Die Hauptgriinde fiir eine solche (5L sind Schwankungen im Wasserbudget zwischen Niederschlag und
Verdunstung (P-E). In dieser Arbeit wird ein Klimamodellierungsansatz verwendet, um langfristige Veranderungen
des Hydroklimas im Kaspischen Meer ((S) wahrend verschiedener Klimazustinde vom spéten Quartar bis zum
Ende des 21. lahrhunderts zu untersuchen. Die neuen Ergebnisse des Community Earth System Model
(CESM1.2.2) kdnnen zu einer verbesserten Interpretation rekonstruierter Paldoseepegel in Bezug auf sich
andernde P-E-Muster beitragen und Schlilsseltreiber fiir zukiinftige CSL-Anderungen identifizieren. Diese Studie
lieferte neue Modellierungsergebnisse fiir die spate Quartdrperiode, die den zeitlichen Ablauf einschranken und
die Klimabedingungen identifizieren, die im Vergleich zu ausgewahlten geclogischen Rekonstruktionen fiir groBere
(S-Uberschreitungen und -Riickgénge giinstig sind. unter drei glazialen (Marine Isotope 3 (MIS3), letzten
glazialen Maximum (LGM), Heinrich Event 1 (H1)) und zwei interglazialen (letzten interglazialen (LIG) und frilhen
holozénen (EH)) Klimazustanden. Die beiden interglazialen Klimazustande deuten auf giinstige Klimabedingungen
(hohere Temperatur und Niederschlag) fiir die (S hin, die zu einem positiven Wasserbudget fiihren (LIG-P-E-
Anomalien von 14,6 m / 1000 Jahre und EH-P-E-Anomalien ~ 5 m / 1000 lahre). Die Ergebnisse deuten darauf
hin, dass eine Uberschreitung durch die Kombination von groBraumigem Winter- und Sommemiederschlag und
konvektivem Niederschlag ausgeldst wird, ausgeldst durch eine verbesserte Sommersonneneinstrahlung und die
damit verbundenen Windanomalien. Das warmere und feuchtere interstadiale MIS3-Klima ist nachwesislich fiir eine
Uberschreitung mit P-E-Anomalien von 16 Metern / 1000 Jahren verantwortlich. Das kaltere und trockenere LGM-
Kima begiinstigt eine Regression mit einem KGV von -12 Metern / 1000 Jahren. Diese P-E-Anomalien und
Klimabedingungen stimmen mit den Rekonstruktionen iiberein. Unsere simulierten P-E-Anomalien (fiir das spate
Stadium im ersten Halbjahr); erfasst den rekonstruierten Hochstand wahrend der Enteisung nicht, und es ist klar,
dass das Schmelzwasser in den (5 fiir diesen Hochstand verantwortlich ist: und da unser Modell kein
ausgekliigeltes Schmelzwasser enthalt, das in die (S geleitet wird; Vergleiche mit ausgewahlten Rekonstruktionen
bleiben daher kompliziert. In dieser Studie wurden auch verschiedene horizontale CESM-Aufidsungen und
Modellkonfigurationen bewertet, um die beste Version zu ermitteln, die das (5-Klima und die Klimamodi der
Variabilitat wie North Atlantic Oscillation (NAO) fiir den Zeitraum 1850-2000 CE darstellen kann, sowie neue (SL
unter zwei neue Emissionsszenarien bis zum Ende des 21. Jahrhunderts. CESM1.2.2 mit 1 © CAMS5 gilt als die
beste Fahigkeit zur Simulation des NAO und seiner Auswirkungen auf die (S-Einzugsgebietshydrologie.
Projektionen im Rahmen der reprasentativen Konzentrationspfade RCP4.5 und RCP8.5 bestdtigen, dass die
Winter-NAO die griiBte Variabilitét im Winter darstellt, die sich erheblich auf das kaspische Einzugsgebiet des
Hydroklimas auswirkt. Bei der globalen Erwdrmung ist jedoch die Verdunstung iliber dem Meer der Hauptgrund
fiir eine Verringerung der (SL um etwa 9 m und 18 m zwischen 2020 und 2100 fiir die Szenarien RCP4.5 und
RCP8.5. Die neuen (SL-Werte sind griBer als die vorherigen Projektionen von (SL und enthalten eine
iiberschatzte Gesamtverdunstung aufgrund einer gréiBeren (S-Oberflache in CESM. Trotz des klaren Potenzials
dafiir wird in aktuellen globalen Klimamodellen die genaue Darstellung des (S-Bereichs vernachléssigt. Diese
Studie lieferte neue Ergebnisse, um insbesondere die Auswirkungen verschiedener (S-Oberflichen auf das
regionale und groBraumige Klima zu bewerten. In der Region wirkt sich das Vorhandensein eines gréBeren (5-
Gebiets eindeutig auf eine hohere Verdunstung iiber dem Meer und hihere Niederschldge im siidwestlichen
Einzugsgebiet aus, wahrend die Oberfidchentemperaturen im Sommer und im Winter sinken und im kleineren C5-
Gebiet umgekehrt. Am wichtigsten ist, dass diese Sommertemperatur die obere atmosphérische Zirkulation (bei
200 hPa und 500 hPa) mit einer Verschiebung nach Siiden und einer Erhdhung der Geschwindigkeit des
Sommerstrahlstroms stéirt. Dies filhrt {iber Zentralasien zu vermehrten Sommemniederschlagen und (iber dem
Nordwestpazifik zu verstarkter Wintererwdrmung. Eine genaue Darstellung des Kaspischen Meeres ist daher in
globalen Kliimamodellen fiir Paldo- und Zukunftsszenarien von entscheidender Bedeutung und hat



schwerwiegende Auswirkungen auf die Ausweitung der Kiistengemeinden, die landwirtschaftlichen Aktivitéten, die
Fischerei und das Okosystem.
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Chapter 1

1 Introduction

The regional paleo-hydroclimate variations in the Caspian Sea and the Caspian Sea level (CSL)
are often attnibuted to the large-scale clhimate processes over the Northern Hemusphere during
glacial-interglacial climate states (Rodionov, 1994). Paleoclimate reconstructions regarding
the CSL reveal substantial sea level changes of ~150 m during the past ~130 thousand years
before present, hereafter kyr BP. Compared with the present CSL (~28 m below global mean
sea level), the CSL 1s considered to fluctuate between ~50 m higher to ~>90 m lower between
glacial and interglacial periods and >3 m in the last century (Arpe & Leroy, 2007; Arslanov ef
al., 2016; Forte & Cowgill, 2013; Kakrood: ef al., 2015; Krijgsman ef al., 2019; Naden ef al.,
2013; Yamna, 2014). The Caspian Sea has experienced higher and more rapid sea level changes
compared to the global ocean and serves as an i1deal niche for scrutimzing these changes under
extreme climate events that can be used as an analogue for assessing future climate impacts.
Climate model projections for the Caspian Sea level vary widely, with a potential extreme
decline of up to 9 m projected to occur by the end of the 21* century (Elgmind: & Giorgy,
2006a).

The key drnivers for the above-mentioned Caspian Sea level range as well as future changes are
largely uncertain, but most geologic and climate modeling studies agree that physical
mechanisms between the northern hemmsphenic glacial-interglacial climate states and the
regional water budget changes between precipitation and evaporation control the sensitive sea
level changes (Rodionov, 1994). Owing to this sensitivity, future nisk assessment and
developing adaptive strategies are of particular importance for the CS region; especially for
coastal commumties (e.g. expanding cities), the economy (agricultural activities and fishery)
and the ecosystem (biodiversity changes). This thesis employs a modeling approach to improve
our understanding of the physical processes that drive changes in the Caspian Sea hydroclimate
during the cold and warm climate states from the late Quaternary to the end of the 21%* century.
The results presented here also serve as a case study for comparisons with other large semm-
1solated lake systems (e g, mega lake Chad and the North American Great Lakes). As such our
modeling results can contribute much valued interpretations on extensive climate processes;



especially i absence of or due to sparse geologic reconstructions and are the only tool available
for identifying the physical mechanisms for future CSL.

1.1 The Caspian Sea

1.1.1 The current biogeographical and climate context

The present-day Caspian Sea 1s sited between Russia in the North, Azerbaijan and the Caucasus
to the West, Iran in the South, and Kazakhstan and Turkmenistan to the East and is equivalent
to the area of Germany (Leroy et al , 2019) (Fig. 1.1). It 1s located anud the semu-arid Central
Asian regions, the flat arid northern terrains, and the hunud high mountain ranges of Eurasia.
The shallow northern area (water depth of ~ 6 m) and Kara-Bogaz-Gol span an area of 80 000
km?, while the middle area (water depth of ~80-200m) covers 138 000 km’, and the southern
area (water depth of ~1025m) straddles 168 400 km’ (Rodionov, 1994). The current Caspian
Sea 15 a surviving fragment of the ancient Paratethys sea (until ~6 Million years ago) and
developed as an senu-1solated lake basin during the Pliocene (Forte & Cowgill, 2013). During
the late Quaternary, climatic driven episodic periods of 1solation and overflow in the Black-
Caspian Sea region are considered to cause changes in biodiversity (Yanina, 2014). Geologic
reconstructions propose the last overflow from the Caspian Sea into the Black Sea occurred at
~15-11 kyr BP (Chepalyga, 2007).
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Figure 1.1: Schematic view of the present-day Caspian Sea. The black line denotes present day Caspian
catchment area and the major river basins at present and past.

The modern Caspian Sea 1s the world’s largest inland sea, located in a closed catchment area
with no outlet. It is within a vast endorheic catchment area (3.6 x 10® km?) which 1s fed by



~130 nivers, the major ones being the Volga, Kura, Ural, and Terek (Rodionov, 1994). The key
inflow source (80%) is the Volga river (1.4 x 108 km?) that enters the flat northern Caspian Sea
area (Arpe & Leroy, 2007; Kroonenberg ef al., 2008). The secondary flow comes from the Ural
Mountains, while smaller contributions arise from the western rivers of Kura, Terek and Kuma.
Other rivers, extinct at present, (for e g. Amu and Sur Darya) are suggested o contnibute
significantly by flowing via the Aral Sea mto the Caspian Sea (Leroy ef al., 2019; Leroy et al.,
2014). Hence, the Caspian Sea retamns a good sedimentary archive for examiming the above-
mentioned rapid sea level changes.

The regional CS climate 1s driven by the northern henuspheric atmospheric circulation patterns
such as the mud-latitude westerly winds, the Azores high pressure system, and the polar and
subtropical jet stream systems (Rodionov, 1994). These include the northern cold Arctic air
and the moist temperate air masses mitiating over the Atlantic Ocean and transported over the
Caspian region by the westerlies. From the southwest, warm subtropical air masses arise from
the Black Sea and Iran while cold and dry confinental air masses arise from the East
(Kazakhstan). The climate 1s also governed by the widely complex topography over this region
(from high mountain ranges of the Caucasus and Alborz on the southwestern CS and covering
the vast northern steep). The climate differs on an annual to seasonal time scales dependent on
the location of the polar and subtropical jet stream during summer and winter. Hence, the
northern Caspian Sea climate lies in a continental climate zone, whereas the middle and
southern CS lie in a warm and dry contiental belt.

The Caspian Sea 1s home to a multitude of endemic species of flora and fauna (Kosarev, 2005;
Kosarev ef al., 1994). The entire catchment area 1s rich in valuable biological diversity in terms
of ecosystems, natural habitats, large river systems, major wetlands with high level of species
endemism and diversity. Specifically, the northern site embodies the highest diversity of both
habitat and species, as the Volga and Ural rivers create a region with freshwater and marine
dynamics for a high natural productivity. However, in a future warnung world, 1t 1s highly
likely that the shallow northern Caspian Sea may dry out (Chen ef al., 2017; Elguindi & Giorgy,
2007), which would have grave implications on 1ts biodiversity.

1.1.2 Caspian Sea Hydroclimate during the Past, Present and Future

In order to understand potential future climate changes in the Caspian Sea catchment area, 1t 1s
necessary to comprehend the changes during the recent geological past and from present



periods. Smce, fluctuations in the CS hydroclimate are a result of interactions between regional
and global chimate processes, they should be considered in the context of large-scale physical
mechanisms over the entire Northern Hemusphere (Rodionov, 1994). When examined closely,
regional changes in the Caspian Sea surface area (transgressions/ regressions) appear to broadly
comncide with the late Quaternary global warm and cold conditions (Yammna et al., 2018§;
Yamna, 2012). However, the correlation between these transgression and regression and the
late Quaternary climate events i1s challenging due to multi-disciplinary methods for age
estimates and the application of inconsistent stratipraphic schemes (Arslanov et al., 2016;
Kroonenberg et al., 1997; Leroy et al., 2014; Yammna, 2014). Hence, this leads to the question
of how the major Caspian Sea fransgressions and regressions developed during such global
glacial and interglacial climate state. Importantly, climate modeling results can contribute in
constraining the tinung, and the climate conditions favourable for the occurrences of such
transgressions and regressions; in comparison with the reconstructions.

The abrupt climatic changes during the last glacial period 1s considered to include several major
CS transgressive and regressive stages. The late Manne Isotope Stage 3 (MIS3) at ~ 35-25 kyr
BP period 1s associated with a transgression that lasted until ~10 kyr BP with a maximum CSL
of ~+50m above mean sea level (m a_s.1) but the age dating 1s unclear (Arslanov ef al., 2016;
Swvitoch, 2007; Tudryn et al., 2016, Yamna, 2012; Yamna, 2014). Generally, transgressions are
proposed to be driven by high freshwater inputs into the Volga river basin, which result from
the melting of the Eurasian Ice Sheet in the Eastern European Plains (Arslanov et al., 2016;
Tudryn et al., 2016) or the paleo Amu Darya river basin (Leroy ef al., 2019; Leroy ef al., 2014).
Consequently, atmospheric precipitation, enhanced by winter teleconnections (such as the
North Atlantic Oscillation) or summer teleconnections (Indian Summer Monsoon) are equally
responsible for generating larger CS surface areas. A major regression 1s suggested to occur
during the cold climate conditions of the Last Glacial Maximum (LGM at ~19kyr BP) (Arpe
et al., 2018; Bezrodnykh & Sorokin, 2017; Kislov & Toropov, 2007; Sorokin, 2011). Modeling
studies highlight this repression with a negative water budget (1.e., hugher evaporation than
precipitation rates relative to present day) and as a CSL of ~-50 m below mean sea level (Kislov
& Toropov, 2007). Following this regression, extreme climatic conditions prevailed during the
deglaciation of the Scandinavian ice sheet (~18-13 kyr BP). Tudryn ef al. (2016) proposes that
a highstand resulted by the melting of the ice sheet which routed freshwater into Volga
catchment area. But, its extent 1s linked with uncertainties in the ice-sheet refreat. This period
1s broadly associated with the Henrich event 1 (H1), which 1s connected to the release of



freshwater into the North Atlantic Ocean. Thus 1s debated to trigger changes mn the strength of
the Atlantic Menidional Overturming Circulation (AMOC), that transports heat northward. A
slowdown of the AMOC can cause the North Atlantic Ocean to cool as less heat 1s fransported
northward with resultant changes in temperature and precipitation over northern
Europe (Broecker et al., 1992; Broecker ef al., 1990). Moreover, a chmate modeling approach
for assessing the potential relationship between the North Atlantic H1 and the regional CS
water budget has yet not been exanuned, but 1s considered to result in a very different climate
condition when compared to the LGM.

In contrast to the aforementioned glacial conditions, the interglacial climate states represent
warmer condifions compared to present day. For mnstance, the last interglacial period (~130-
116 kyr BP) is suggested to be globally warmer (~1 °C) compared to 20% century (McKay et
al., 2011; Otto-Bliesner Bette ef al., 2013), whereas during the early Holocene (~10.5 to ~8.4
kyr BP) global annual mean surface air temperatures were higher by ~ 0.5°C compared to 20%
century but this 1s also region dependent (Liu ef al., 2014; Otto-Bliesner ef al., 2006). The
reconstructions suggest a fransgression for the last interglacial period. However, conditions
over the CS 1s expected to differ substantially for the early Holocene, as some reconstructions
suggest a regression that lasted longer for the northern CS (Bezrodnykh et al., 2014;
Bezrodnykh & Sorokin, 2017) and others debate it ended earlier for the middle and southern
CS (Leroy ef al., 2019; Leroy et al., 2014). Both, the last interglacial period and the early
Holocene are important for assessing regional changes in the Caspian Sea development as a
similar climate for the end of the 21 cenfury 1s projected by current research (Flato ef al.,
2013). The timing and the favourable climate conditions responsible for the above changes still
remain uncertain. To date, regional changes in the Caspian Sea water budget for the above
mterglacial climate states have yet not been mvestigated with climate models. Such an
approach could, however, help to clanify the following open questions:

1) Areregional changes in the Caspian Sea water budget (i.e., precipitation and evaporation)
influenced by global glacial and interglacial climate conditions?

2) Can a climate model capture the reconstructions for the transgressions and regressions of
the Caspian Sea in terms of only water budget changes involving precipitation and

evaporation?



In addition, the major winter North Atlantic atmospheric teleconnection patterns, such as the
North Atlantic Oscillation (NAO), the East Atlantic (EA) pattern and the Scandinavian (SCA)
pattern play an important role regarding the Caspian Sea water budget changes (P-E).
Correlation analyses between these teleconnections and the Caspian Sea water budget based
on current and future climate model simulations remain poorly elucidated. The NAO 1s the
leading mode of North Atlantic winter climate variability and 1s characterized by a north-south
dipole in sea level pressure anomalies approximately centred over Iceland and the
Azores (Hurrell, 1995; Hurrell & Deser, 2009). The positive and negative phases are linked to
changes 1n the intensity and location of the jet stream, storm tracks, and patterns of meridional
and zonal heat and moisture fransport. Strong positive phases depict above-average values in
air temperature, precipitation and wind velocity across northern Europe and Scandinavia, and
below-average values in southern/central Europe. The EA pattern, first described by Wallace
& Gutzler (1981), 1s the second mode affecting climate over the North Atlantic and Europe and
has its major centre of action over the mid-latitude North Atlantic (Barnston & Livezey, 1987).
Its positive phase 1s associated with above average surface temperatures m eastern
Europe (Comas-Bru & McDermott, 2014). The third mode 1s the SCA pattern (previously
referred to as Eurasia-1 pattern by Barnston & Livezey, 1987). A positive SCA phase 1s related
to a positive sea level pressure anomaly over Scandinavia and may be related to major blocking
anticyclones. Examiming these effects remain challenging as much depends on the climate
model versions and resolutions, which include key underlying assumptions and could hence
lead to different results. In general, this raises a number of questions that should be clanfied:

1) Are the different climate model versions and resolutions able to capture North Atlantic
winter teleconnection patterns when compared with reanalysis data?

2) How does the NAO influence the Caspian Sea hydroclimate and sea level changes at
present and future time-scales?

The future CSL changes remain a matter of debate and are linked to the projected impacts from
global warming of 1.5°C above pre-industrial levels (Hoegh-Guldberg et al, 2018). In
particular, the comparison between climate model and reanalysis data constitutes an important
evaluation process, as the ability to capture reanalysis data with a climate model enhances the
overall confidence in the simulated changes shown for present and future projections of the
Caspian Sea catchment area. This evaluation process depicts a key model bias, seen in all



models which relates to an maccurate CS surface area. Mimicking precise Caspian Sea surface
areas in climate models remain challenging as models still prescribe an unrealistic Caspian Sea
area, often resulting i an over or under estimation of several key processes (e.g_, evaporation
that affects the water budget). Globally, the present day Caspian Sea has the lughest vanation
mn the surface area on interannual-decadal time-scales (Arpe ef al., 2018). Climate modeling
studies agree that changing surface areas of lakes affect regional and large scale climates (e g_,
Farley-Nichols & Toumu (2013) for the Caspian Sea, Contoux ef al. (2013) for mega lake
Chad). These studies suggest associated strong seasonal changes in temperature, evaporation,
and precipitation with corresponding seasonal changes in the upper atmospheric circulation
and the location of the subtropical jet stream, with increased frequency and strength of
cyclones (MNotaro et al., 2013; Sousoums & Fritsch, 1994). Hence, an accurate mclusion of the
Caspian Sea area in climate models 1s key to identifying the interactions between the regional
and large-scale climate processes and in calculating the future CSL. Nevertheless, some open
questions still remain:

1) Are regional hydroclimate changes in the catchment area solely driven by changing
Caspian Sea surface areas?

2) How significant are the impacts from different Caspian Sea surface areas on upper
atmospheric circulation patterns and the subtropical Jet Stream?

1.2 Thesis Objectives and Outline

Contimung from recent modeling studies on the Caspian Sea region, this thesis aims to identify

and contribute to the physical mechamsms that drive the Caspian Sea hydroclimate and the

CSL, as an element of the global climate system; for the recent geological past, present and by

the end of the 21 century. Different climate model resolutions and setups are tested to assess

the skills for the best model version that represents the Caspian Sea climate variability.

The following three hypotheses are tested to address the research questions stated in section

1.1.2:

1) The Caspian Sea hydroclimate (i.e., precipitation and evaporation) in the late Quaternary
and early Holocene is driven by interglacial-glacial climate conditions and Heinrich
events.

This hypothesis 1s tested 1n chapter 3, which exanunes the impacts from past climate conditions

(glacial-interglacial) and Heinrich eventl on the CS hydroclimate. In particular, the chimate



model 1s used to mnterpret the changes 1n CS; solely based on changes between evaporation and
precipitation that can constrain the timing and climate conditions favorable for the occurrence
of the major transgression and regression events based on selected geologic reconstructions.

2) The Caspian Sea hydroclimate (i.e., precipitation and evaporation) is affected by North
Atlantic winter climate for the present and by the end of the 21° century.

This hypothesis 1s tested 1 chapter 4, which evaluates the impact of the historical (1850-2000
CE) and future (2020-2100 CE) North Atlantic winter teleconnections on the CS catchment
area water balance of precipitation minus evaporation. Different version and resolutions of the
chimate model performance have been validated by comparing the present-day chimate to
reanalysis and observational datasets. This chapter provides key insights on the influence of
the North Atlantic on Caspian Sea level by the end of the 21 century.

3) Changes in the Caspian Sea surface area impact large-scale atmospheric circulation
patterns.

This hypothesis 1s tested in chapter 5, which assesses the influence of different CS surface areas

on the regional atmospheric water budget as well as the large-scale atmospheric circulation

patterns like changes in the location of the subtropical jet stream  when compared to a no

Caspian Sea scenario. This chapter provides key insights on how different surface areas of CS

influences present day climate_



Chapter 2

2 A Modeling Approach

The widely-used Community Earth System Model version 1.2 .2 (CESM1.2.2) 1s employed.
CESM1.2.2 15 a fully coupled global clhimate model that provides state-of-the-art computer
simulations for the Earth’s past, present and future (Hurrell ef al., 2013). The development of
this model 1s coordinated by the National Centre for Atmospheric Research (NCAR) n
Boulder, Colorado, USA. The CESM1.2.2 coupled components consist of a physics based
atmospheric model, a land-surface model, an ocean model, a sea ice model and of a River
Transport Model. The models are coupled through a central flux coupler which uses the Model
Coupling Toolkit (MCT) and coordinates the exchange of information between these models
(Hurrell et al., 2013).

In this thesis, two versions of the Commumty Atmosphere Model (CAM), 1.e., versions 4
(CAMA4; (Neale ef al., 2010) and 5 (CAMS; (Neale ef al., 2012) are used to understand the
response of the atmospheric climate and of Caspian Sea hydrology interactions. CAM4
mncludes improvements in the convection parameterization scheme and in the Arctic cloud
formation, leading to a realistic polar response compared to CAM3. CAMS differs significantly
from CAM4 with an improved representation of physical processes; by simulating more
realistic full aerosol-cloud mteractions and hence indirect radiative effects. It includes
improved moist turbulence, shallow convection, cloud micro- and macrophysics, and aerosol
schemes (see Neale et al., 2010, for details).

The Commumity Land Model, version 4 (CLM4; (Lawrence et al., 2011) 1s qute densely
parameterized and consists of several embedded models such as a carbon-mitrogen
biogeochemical model with dynamic vegetation, a modified terrestrnial hydrology, land cover
and land use algorithms, snow and soil sub models as well as human dimensions and ecosystem
dynamics. These adjustments (compared to CLM3.5) lead to improved simulations of land
surface processes like soil water storage, evapotranspiration, precipitation, vegetation types,
surface albedo and permafrost. CLM4 also embeds the River Transport Model (Gent ef al.,



2011) to transport runoff per gnid cell to the ocean. CLM4 aims to develop an understanding
between global climate, the terrestrial ecosystem and humans.

The ocean component model 1s based on the Parallel Ocean Program version 2 (POP2; (Snuth
et al., 2010)), which solves ocean dynamics 3-D equations using the hydrostatic and
Boussmnesq approximations. Overall, 1t shows improvement i reducing sea-surface
temperature and sea-surface salimify biases mn the North Atlantic relative previous CESM
versions (Gent ef al., 2011). In POP2, the Caspian Sea 1s considered as an ocean. The sea ice
component 1s based on version 4 of the Los Alamos National Laboratory Community Ice Code
(CICEA4) sea ice model (Hunke & Lipscomb, 2010). CICE4 includes a shortwave radiative
transfer scheme, enhancing the representation of sea ice and radiative impacts of aerosols on
sea ice. This model also explicitly accounts for enhanced Antarctic and Arctic sea-ice
distributions (including sea ice thickness, areal extent and spatial patterns).

The CESM1 .2 2 ocean and 1ce models share the same horizontal grid, whereby the atmosphere,
land and river mnoff models can be on different gnds. Here, both 1° and 2° horizontal grids
for CAM4 and the 1° horizontal grid for CAMS are used. The ~1° honizontal grid consists of
199 x 288 latitude/longitude grid cells and uses a uniform resolution of 0.9° x 1.25° 1n
longitude. The ~2° horizontal grid consists of 96 x 144 latitude/longitude gnd cells with a
uniform resolution of 1.9° x 2.5° mn longitude. The atmosphere model has a finite volume core
with a umiform horizontal resolution, which 1s shared with the land model grid. The vertical of
the atmosphere model 1s divided into 26 layers, which are equally distributed. The ocean model
erid consists of 60 vertical levels. The horizontal resolution varies and 1s higher around
Greenland, with the North pole being displaced into Greenland, as well as around the equator.
Here, a nomunal 1° honizontal resolution of the ocean/sea ice grid with 320 x 384 gnid points 1s
used.

All numernical simulations were performed at the North-German Supercomputing Alliance
(HLRN-IIT) and on the same machine (Cray XC30/40 of HLRN-IIT). The simulations were
designed in accordance with the guidelines of the Coupled Model Intercomparison Project
Phase 5 (CMIPS5; (Taylor ef al., 2011) and the Paleoclimate Modeling Intercomparison Project
Phase 3 (PMIP3; (Braconnot et al., 2012). All analyses were performed with the NCAR
Command Line (NCL) software.
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2.1 Changing Caspian Sea surface areas in CESM1.2.2 simulations

One of the goals of this thesis was to successfully incorporate realistic modelled CS surface
areas to understand the relationship with regional and large-scale chimates. Four simulations
are designed by changing the surface area of the Caspian Sea. The procedure below outlines
multi-step modifications for implementing CESM1 .2 2 1° pre-industrial simulations mvolving
different CS surface areas mn a fully coupled configuration. This mcludes changing technical
aspects of CESM1.2.2 input and itial conditions (e.g. a land-sea mask) by running and
modifying scripts from a Paleo Toolkit developed by the Paleo working group of NCAR, that
has been applied to various studies.

For the imtial conditions changes in the input files of surface topography, ocean bathymetry
and basins, land cover and in the ocean, coupler, land and atmosphere components had to be
performed. These were modified from specific default CESM1.2 2 files, which had been set-
up using a pre-industrial control configuration. At first, new CS surface areas (big, current,
small) were produced with a 5-arc minute ETOPO1 digital elevation model (DEM) and ArcGIS
software, by defining the DEM bathymetry (0 m, -90m, -27m). The resultant CS areas were
overlaid onto the CESM1 .2 2 default ocean model domain file to identify which land and ocean
erid points need to be modified. For example, if the water level of a grid pomnt (ocean grid cell)
1s higher than the mean bathymetry of the gnd, tlus grid point 1s set to be on land and vice
versa. In addition, a no CS surface area was produced, where all ocean prid points
corresponding to the CS have been removed and have subsequently been replaced with land

grid points.

At first, the new ocean bathymetry was computed. Based on the above-mentioned CS surface
areas, a new CESM1 2 2 ocean bathymetry (a 2D binary field called KMT denoting the number
of active depth levels at each grid point) was created to reflect changes made to land/ocean
areas. The second step involved the creation of mapping files, which serve to interpolate from
the POP grid to the CAM gnid and vice versa as well as to map river runoff from the land to
the ocean. The overall CESM1 2.2 ocean 1s kept in a pre-industrial state, whereby only changes
to the Caspian Sea have been performed. Afterwards, new domains were generated for all
components. The next step mvolved the computation of surface topography and new land
surface conditions to account for the newly created land-sea mask and ocean region mask files.
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For all simulations, the surface characteristics of the new land grid cells (e.g. plant functional
types like grasslands and soil properties) were interpolated using the nearest neighbour grid
cell. The surface land characteristics were recalculated for each stmulation of CS surface area.
Since the model 1s sensitive to changes between the land-sea masks of various model
components, CESM1.2.2 was run for 5 days to check for a successful production of imitial
conditions. Subsequently, mmtial land surface conditions were interpolated (using the
Interpinic-a CESM tool) onto the newly defined land surface. With this new land-sea mask,
topography, mapping files, domain files and imtial conditions for the land model were
obtained. However, these interpolated imitial conditions are not in equilibrium with the local
chimate (e.g. land cover and vegetation change). Hence the last step was to implement a new
CESM1.2.2 pre-industrial control simulation mcluding the above-mentioned configuration,
which was spun up for ~100 years to reach equilibrium 1n the near surface climate conditions.
Each time the CS surface area changed, the above steps were repeated.

2.2 CESMI1.2.2 simulations outline

The main modeling aspects of chapters 3-5 are stated (Table 2.1).

Additionally, two Intergovernmental Panel on Chmate Change (IPCC) scenario-based 1°
CAMS projections of atmospheric composition relative to pre-industrial conditions named
Representative Concentration Pathways (RCPs) 4.5 and 8.5 were simulated. The RCPs project
radiative forcing based on the forcing of different greenhouse gases until the end of the 21+
century. The RCP8.5 1s categorized as a lighrange scenario with continuously rising
greenhouse gas emissions throughout the 21% century, ending up with an additional radiative
forcing of 8.5 W/m? at the end of the century (Lamarque et al., 2011). The RCP4 5 is a mid-
range scenario that stabilises and does not exceed the total radiative forcing of 4.5 W/m? by the
year 2100 (Meinshausen ef al., 2011). Utilising RCP4.5 and RCP8.5 provides a range of
forcings to explore the long-term response of the climate and Caspian Sea catchment area
system to the anthropogenic components of radiative forcing by the end of this century.
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Table 2_.1: CESM1 2.2_simulations.

Time Version COs CH, N0 Eccentricity | Obliquity | Precession
(ppm) | (ppb) | (ppb) (degrees) | (degrees)

127 kyr - Last | 2° CAM4 | 275 685 255 0.0393 24 275

Interglacial

35 kyr - MIS3 | 2° CAM4 | 203 512 203 0.0146 227 248

Stadial, Fresh

water Forcing

(FWF)

{100mSv)

35 kyr - MIS3 | 2° CAM4 | 203 512 203 0.0146 227 248

Interstadial

21 kyr - Last 2° CAM4 | 190 357 200 0.0189 229 114

Glacial

Maximum

18 kyr - Early | 2° CAM4 | 190 357 200 0.0189 229 114

Heinrich Event

1. FWF

{100mSv)

15.2 kyr - Late | 2° CAM4 | 223 474 212 0.0196 238 209

Heinrich Event

1. FWF

{100mSv)

9 kyr - Early 2° CAM4 | 265 680 260 0.0191 242 319

Holocene

1850 Pre- 2° CAMS | 280 760 270 0.0167 234 102

Industrial (PT)

1850 PT * 1° CAMS | 280 760 270 0.0167 234 102

1850-2005 2° CAM4 | Transient historical green-house gas forcing branched from 1850

1850-2005 1° CAM4 | conditions.

1850-2005 17 CAMS

2005-2100 1° CAMS5 | Transient green-house gas branched from 2005 conditions and

2005-2100 1° CAMS | for RCP4.5 and RCPS.5.

*Has been repeated 4 tumes with the different CS surface areas.
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Abstract

The major Caspian Sea transgressions and regressions during the Late Quaternary remain
poorly constrained as reconstructions greatly differ amongst studies. It is hypothesized that
changes in Caspian Sea transgressions and regressions were driven by changes in
precipitation minus evaporation (P-E). By using a modeling approach, we test the
interpretation of paleo-lake level reconstructions with respect to changing P-E patterns. The
hydroclimate of the Caspian Sea catchment area is simulated under three glacial (Marine
Isotope 3 (MIS3) 35kyr BP, Last Glacial Maximum (LGM) 21kyr BP, Heinrich event 1 (H1))
and two interglacial (last interglacial (127 kyr BP) and early Holocene (9kyr BP)) climate
states, using the Community Earth System Model version 1.2.2. Results show a positive P-E
occurred during the MIS3 interstadial stage due to warmer and wetter climate compared to
the MIS3 stadial stage. A CS negative P-E occurred during the LGM due to a colder and drier
climate over the entire Volga basin. Our model suggests different climate conditions between
the early (18 kyr BP) and late (15.2 kyr BP) stages in HI affect the Caspian Sea catchment
area differently. Compared to the previous LGM climate, the early HI results in a negative P-
E, while a positive P-E occurs for the late HI. The last interglacial and early Holocene climates
suggest warmer and wetter climate resulting in positive water budget changes of P-E. Although
the P-E changes do not capture the large magnitude of all the reconstructions, our model
results provide constraints on the selected major transgressions and regressions, based on the
interaction between the large-scale North Atlantic climate and the regional hydroclimate
variations in the larger Caspian Sea catchment area.
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3.1 Introduction

The current Caspian Sea Level (CSL) 1s ~28 m below global mean sea level At present, the
Caspian Sea (CS) is the largest inland sea (~386 400 km’, excluding the Kara-Bogaz-Gol),
located in an endorheic basin, sited in Eurasia and fed by ~130 rivers (Arpe ef al., 2018; Leroy
et al., 2019, Rodionov, 1994) (Fig. 3.1). Owing to its closed nature, the CS 1s very sensitive to
river discharge and hydroclimate (precipitation and evaporation over the CS) changes 1n 1ts
large catchment area (~3600 000 km®) (Kosarev, 2005; Leroy ef al., accepted). The present-
day summer precipitation over the northern CS catchment of the Volga river i1s the key
contributor (80 to 90%) to changes in CSL (Arpe & Leroy, 2007; Arpe ef al., 2012). Today,
the CS nestles anud the complex topography of hunud towering mountain ranges i Eurasia,
the vast northern steppe terrains (the Russian Plain, also known as the East European Plain)
and the semu-arid eastern Central Asian regions. As such, the entire CS catchment area covers
a climatically diverse region (Chen & Chen, 2013) and in particular, presents a good source
of sedimentary archives, aiding in the understanding of rapid sea-level changes under extreme
chimate events (Leroy ef al., accepted).
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Figure 3.1: The Caspian Sea (CS) and neighbouring areas. The black lines signify the Caspian Sea
catchment area and the white line indicates the extent of the Last Glacial Maxmmum ice sheet based on
the GLAC-1D dataset (Briggs et al_, 2014; Tarasov et al_, 2012; Ivanovic et al., 2016).

Throughout the last glacial cycle, the CS has experienced severe sea level changes varying
by =150 m which are poorly identified and not well understood as reconstructions differ
amongst literature (Leroy ef al., accepted). Compared with the present CSL, past CSL are
suggested to have been between ~50 m higher and ~100 m lower (Yamna, 2014). During the
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Holocene the CSL can have fluctuated by several tens of meters (Kroonenberg et al., 1997,
Rychagov, 1997; Yamina, 2014). These CSL changes were likely driven by contrasting climatic
conditions which resulted mn large changes in the regional water budget (precipitation minus
evaporation; P-E). However, correlation between climatic events and major transgressions and
regressions 1s hampered by large age uncertamnties and the application of indirect stratigraphic
schemes amongst studies (e.g. CS fossil molluscan fauna) (Leroy et al., accepted). A
transgressive phase 1s generally recognizable from dating ancient shorelines (Yamna, 2014),
however, a regressive phase 1s difficult to date since 1t results in a sedimentation hiatus along
the coast due to successive transgressions (Kroonenberg ef al., 2008; Kroonenberg et al., 1997,
Leroy et al., 2014). Moreover, further complication arises as several repeated short-lived
transgressions and regressions were embedded in the major phases. As such, geologic studies
often contradict the age and extent of the CS transgressions/ regressions (Arslanov et al., 2016;
Kakrood: ef al., 2015; Kroonenberg ef al., 2008; Leroy et al., accepted; Leroy ef al., 2014;
Tudryn ef al., 2016; Yamna, 2014). It 1s therefore still largely unknown what kind of climatic
conditions favored the development of major CS transgressions and regressions i the
geological past.

To address this question, we designed different equilibrium simulations based on transient
transgressive and regressive stages as suggested by geological reconstructions (cf. Table 3.1
and 3.2). Additionally, our climate simulations can be used to investigate on what kind of large-
scale climate conditions were favorable for the major CS transgressions and regressions. The
relatively warm era of the Last Interglacial (LIG; ~130-116 kyr BP; also known as Marine
Isotope Stage 5e (MIS5e)) has been proposed to involve the late Khazarian nunor transgression
(of ~-10m highstand (relative to ~-28m) by Yamna, 2012) with large age estimates (~140-76
kyr BP) varying amongst literature cited in Yamna (2014) (Table 3.1). Recently, Krijgsman et
al. (2019) connected the late Khazarian transgression phase between 127-122 kyr BP. Until
now, climate models have not been used to investigate 1f the LIG climatic conditions favored
a CS transgression or not.

Geological reconstructions suggest that most likely several major CS transgressive and
regressive stages occurred during the last glacial period (~115-11.7 kyr BP). Many geologists
agree that the Marine Isotope Stage (MIS) 3 (~35-25 kyr BP) reflects the mmtial expansion
phase of its greatest transgression called the Khvalynian (Arslanov ef al., 2016; Knjgsman et
al.,2019; Yamna, 2014) which continued until the deglaciation (~13 kyr BP) (Table 3.1). The
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Khvalynian includes a probable highstand of ~+50m, but includes large age uncertainities for
the maximum stage and 15 based on regional stratigraphic schemes (without
stratotypes) (Arslanov ef al., 2016). However, it 1s unclear whether this stage was linked to a
stadial or an imferstadial event. Also, climates models have not yet identified the main
freshwater sources or favourable climatic conditions for this transpression. It 1s generally
accepted that the Khvalynian phase was divided by a major regression (Elfon or Enotaevka?)
with a lowstand of >100m (undated) which covers the Last Glacial Maximum (LGM; Table
3.1). Nevertheless, the age for the maximum stage remains unclear and subject of discussion
(Yamina, 2014). Climate modeling studies suggest a lowstand (Arpe ef al., 2011) and indeed
show a negative water balance anomaly (1.e., lugher evaporation than precipitation rates
relative to present-day) resulting in a CSL of ~ -50 m below msl by Kislov & Toropov (2007)
and -32/33 m below msl by Arpe at el (2018). Followimng this regression, the Khvalynian
transgression 1s considered to continue into the extreme climatic conditions of the early and
late stages in the deglaciation (~18-14 kyr BP) (Table 3.1). The best studied example involves
radiocarbon dating on mollusk shells show two high stands of +35 m at 16 kyr and +22 m at
14 kyr BP (Arslanov et al., 2016). Recently, Tudryn et al. (2016) have confirmed that the
Khvalynian transgression resulted from high freshwater into Volga river basin driven by the
melting of the Eurasian Ice Sheet on the Eastern European Plains (EEP). However, its extent
15 still debated, and linked to uncertainties in ice-sheet refreat. This deglaciation stage generally
coincides with the abrupt cooling episode of Hemrich Event 1 (H1; ~18-15 kyr BP) (Broecker
et al., 1992; Broecker et al., 1990). During H1 the release of freshwater into the North Atlantic
Ocean due to the melting of icebergs likely resulted in a slowdown of the Atlantic Meridional
Overturning Circulation (AMOC), which in general transports heat northward. Hence, changes
n the AMOC strength during H1 can trigger substantial temperature and precipitation changes
over northern Europe and the CS catchment area. A climate modeling approach for assessing
the above has not been examined yet, but 1s speculated to result in very different climate
conditions compared to the LGM.

Lastly, it has been confirmed that the Mangyshlak regression occurred in the CS during early
the Holocene (~-113m lowstand) (Bezrodnykh & Sorokin, 2017; Kroonenberg et al., 1997,
Leroy ef al., 2019; Yamna, 2014). This lowstand has been established at ¢. 11.5-10.5 kyr BP
in the middle CS (Leroy ef al., 2014) and at >11.7-11.2 kyr BP in the southern CS (Leroy et
al., 2013). The age linuts for this lowstand are longer in the shallow northern CS (12-9 kyr BP)
(Bezrodnykh & Sorokin, 2016). Here, we study the subsequent transgression called the post-
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Mangyshlak highstand (Leroy et al., 2019) coinciding with the early Holocene climate (Table
3.1). In particular, there remains uncertainty regarding the age and the potential freshwater
sources (inactive paleo rivers and channels e.g. Anm Darya) contributing to this subsequent
highstand. To date, regional changes in the CS water budget for the early Holocene have not
been examuined with climate models.

The above show there 1s evidence of CS lugh and low stands but the age uncertainties of the
analogous transgressions and regressions are huge and highly debated in the literature. Hence,
we apply a modeling approach to constramn the tinungs of the major CS transgression/
regression. Since it 1s still not fully known what kind of climate conditions favored the major
CS ftransgressions and regressions, we use our modeling approach to assess whether these
transgressions and regressions are linked to the general climatic conditions (1.e. warm and cold
chimates). In particular, we aim to identify the chimate processes over the Northern hemisphere
that impact changes 1 the CS water budget involving precipitation and evaporation; leaving
aside potential changes i niver hydrography, and compare our time-slice model results with
selected geological reconstructions which are transient in nature.

3.2 Methods
3.21 CESM1.2.2

We used the Commumity Earth System Model version 1.2.2 (Hurrell ef al., 2013). The CESM
coupled components include an atmospheric model, 1 e, the Community Atmospheric Model
CAM4 (Neale et al, 2010), a land-surface model, 1e, the Communmty Land Model
CLM4 (Lawrence ef al., 2011), an ocean model, 1e, the Parallel Ocean Program,
POP2? (Smuth ef al., 2010) a sea ice model, 1e_, the Commumty Ice CodE, (CICE4) and a
Raver Transport Model, RTM (Gent ef al., 2011). The components are coupled through a flux
coupler. The atmosphere model uses a finite volume grid with a 1.9° x 2_5° umform horizontal
resolution, which 1s shared with the land model grid. The atmosphere grid has 26 vertical levels.
The CESM1.2.2 ocean and sea ice models are assigned the same nominal 1° resolution
horizontal grid. The ocean model grid has 60 levels in the vertical

3.2.2 Experimental setup
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Table 3.1: CS transgressions/ regressions. Most probable reconstructed stages of Caspian Sea
transgressions and regressions relative to present day.

Mean CSL Period CESM Estimated age Key Reconstructions
Phase Simulations {kvr BP)
Late
Khazarian Last interglacial/ LIG (MIS5e) ~140-76 Fychagov, 1997; Yanina,
Marine Isotope 2014; Dolukhanov et al_,
Transgression | Stage 5e ~127 2009
(High stand of Krijgsman ef al. (2019)
~-10m)}
Early Late Manne MIS3 ~35-25
Khvalynian Isotope Stage 3 (st and 1st) Yanina 2014
Transgression
Elton? Last Glacial LGM ~23-19
Maximum Yanina, 2014
Regression
(~lowstand)
Late
Khvalynian | Deglaciation phase eHl1 ~16 (+35m) Arslanov et al, 2016
Transgression IH1 ~14 (+22m)
(High stand
of~ +50 m)
Mangyshlak (Bezrodnykh & Sorokin,
Regression Early Holocene EH 12-9 2017; Rychagov, 1997;
Yanina, 2014) (North CS)
11.5-10 Leroy et al., 2013; 2014
(muddle and south CS)
post-
Mangyshlak ~8.5-8 Leroy et al.. 2019
Highstand
~-28m Present day PI 0 Arpe etal, 2018

Table 3.2: CESM simulations with atmosphenic composition and freshwater hosing.

Time CESM CO; CHy N0 FWF
simulations (ppm) (ppb) | (pph)
Last Interglacial (LIG) 127 kyr 275 685 255
MIS3 Stadial (MIS3st) 35 kyr 203 512 203 100mSv
MIS3 Interstadial (MIS31st) 35 kyr 203 512 203
Last Glacial Maximum (LGM) | 21 kyr 190 357 200
Early Heinrich Stadial 1 (eH1) | 21 kyr 190 357 200 100mSv
Late Heinrich Stadial 1 (IH1) 15.2 kyr 223 474 212 100mSv
Early Holocene (EH) 9 kyr 265 680 260
Pre-Industrial (PT) 1850 280 760 270

In total, we performed eight time-slice simulations (Table 3.2) in order to get mnsight into the
paleo-hydroclimatic conditions during several key transgressive/regressive phases of the CS
(Table 3.1). A standard pre-mndustrial (PI) control stmulation was carried out following the
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PMIP3 (Paleoclimate Modeling Intercomprison Project 3) gmidelines (Braconnot ef al., 2012).
The PI control run was spun up from modern imtial conditions and ran for 1000 years until a
chimate equlibrium was reached. In all paleoclimate simulations the ozone and aerosol
distributions as well as the solar constant were kept the same as in the PI. Analysis of these
quasi equilibrium states are based on the last 50 year mean climatologies of each experiment.

We set up two interglacial climate simulations representing the last interglacial (127 kyr BP;
experiment LIG) and the early Holocene (9 kyr BP; expeniment EH). Except for orbital
parameters and greenhouse gas concentrations, all boundary conditions are identical to PI
(Table 3.2). For both time slices the astronomical forcing produces northern hemisphere
summer insolation close to maximum (Otto-Bliesner ef al., 2017). Both simulations were
mitialized from the PI control run and integrated for 800 years.

In total, five simulations for glacial conditions were performed (Table 3.2). All glacial
simulations apply the same LGM-like land-sea mask based on D1 Nezio ef al. (2016). This
land-sea mask reflects a glacial sea-level decrease of ca. 120 m compared to present day. As
the resulting advance of oceanic coastlines was applied globally following a standard procedure
and the CS 1s part of the ocean model in CESM1.22, the CS surface area 1s smaller in
comparison with present day. The characteristics of exposed land surface gnid cells are
prescribed according to nearest-neighbor extrapolation based on present-day conditions. The
applied 1ce-sheet configurations for all glacial time slices are based on the GLAC-1D ice sheet
reconstructions (Bniggs et al., 2014; Ivanovic ef al., 2016; Tarasov ef al., 2012). The 35 kyr
time slice was chosen to represent the late MIS3. Tlus simulation was mmitialized from the >1
kyr long equilibrium LGM run of D1 Nezio ef al. (2016) and run for 200 years with MIS3
chimate conditions. The resulting MIS3 climate 1s characterized by a relatively strong AMOC
with a volume transport of ~22 Sv (1 Sv = 10° m/s), which 1s comparable to the PI AMOC.
Therefore, this climate state most likely represents an interstadial state (experiment MIS ist)
as seen also from (Zhang ef al., 2014). In order to obtain a stadial state with reduced AMOC
(experiment MIS_st), we perturbed the ocean circulation by introducing a freshwater flux of
100 mSv into the North Atlantic over the so-called Ruddiman Belt (approximately between 41
and 50°N). The hosing (stadial) experiment was imtialized with the MIS3 interstadial climate
and the freshwater forcing was continuously applied for 200 years resulting n an AMOC
volume flux of only 10 Sv. As a consequence, mean annual surface air temperature over
Greenland drops by about 8°C compared to the unperturbed MIS3 simulation, which 1s
reasonable agreement with reconstructed Greenland temperature differences between
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interstadial and stadial states (Huber ef al., 2006; Kindler ef al., 2014). Therefore, exanuning
the perturbed and the unperturbed MIS3 states allows us to assess whether the early Khvalynian
transgression was linked to stadial or interstadial climate_ In order to compare the MIS3 climate
with the full glacial state of the LGM, a 21 kyr stmulation was performed (Table 3.2). The
LGM simulation is also a continuation of the >1 kyr long equilibrium simulation by D1 Nezio
et al. (2016) and was run for additional 200 years. In an additional experiment, the LGM
climate state was perturbed by North Atlantic freshwater hosing in the same way as in the MIS3
stadial experiment. This hosing experiment simulates the early phase of H1 (experiment eH1).
To simulate the late phase of H1 (experiment 1H1) changes in greenhouse gas concentrations,
1ce-sheet size and orbital forcing have to be considered. To this end, we performed a climate
simulation with 15.2 kyr boundary conditions and a freshwater perturbation as in the other
hosing experiments (Table 3.2). The hosed 15.2 kyr run was mtegrated for 200 years and
mitialized from an equilibrated non-hosed 15.2 kyr chmate. The hosed LGM (eH1) and 15.2
kyr (IH1) experiments were studied to obtain msight into hydroclimatic processes during the
last deglaciation which presumably coincides with the late Khvalynian transgression. Under
the 35 kyr, 21kyr and 15.2 kyr stmulations, the GLAD-1D 1ce sheet elevation and extent 1s
different, especially close to the CS northern (Volga) catchment area (Fig. 3.2). At 35 kyr, the
elevation 1s hmited to~1000 meters above sea level (m_.a s 1) and 1s centered over Scandinavia.
Compared to this, the ice sheet has maximum elevation at 21 kyr (> 2000 m a s 1) and gradually
declines at 15.2 kyr (~1800 m.a s.1); and extends to the western margin of the Volga catchment

area.

a) 15.2 kyr b) LGM (21 kyr) c) MIS3 (35 kyr)
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Figure 3.2: Eurasian ice sheet dynamics. GLAC-1 ice sheet elevation (meters above sea level) at a)

15.2kyr. b) 21 kyr and c) 35 kyr.

3.3 Results and discussion

Our new simulated results aim to provide an overview for the large-scale climate conditions
responsible for vanations in the CS water budget (P-E anomalies) that are associated with the
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major fransgressions and regressions during the Late Quaternary and compare them with
selected geological reconstructions. Assessment for the ability of this model version to simulate
key parameters of the North Atlantic and Caspian chimate (temperature, precipitation, P-E) and
major climate modes of winter variability (e_g., North Atlantic Oscillation) was carried out in
MNandini et al_, revised. Previous studies have shown that the size of the CS surface area has a
major impact on the CS water budget mainly through its effect on evaporation (Arpe ef al.,
2018; Farley-Nichols & Tounmu, 2013; Nandim ef al., revised). Due to the different CS surface
areas in our glacial and mterglacial experiments (see Section 3.2.2) CS water budgets of the
glacial sismulations are not comparable to the water budgets of the interglacial simulations.
Moreover, the CS surface area i the PI (and hence the LIG and EH) simulations 1s larger than
the actual modern surface area since the defanlt CESM1.2 2 land-sea mask, which assumes a
CSL of 0 m rather than 28 m below global mean sea level, was used in all mterglacial
simulations. In particular, we consider this when discussing the transgressions and regressions
stated 1n Table 3.1 with our “quasi fransient’ equilibrium simulations.

3.3.1 Last Interglacial (LIG) climate anomalies and the late Khazarian transgression

event

We present our simulated results for the last interglacial (LIG) to provide the timing and the
climate conditions favorable for a larger CS surface area which is be presumably related to the
late Khazarian transgression event (MIS5e) (Yamna, 2014). Our model results and discussion
for the LIG climate are relative to the stmulated pre-industrial (PI) conditions. The LIG annual
mean air temperature at 2-meter height increased over the CS catchment area by >0.5°C with
a peak over central Europe (Fig. 3.3a) that potentially results from a higher summer insolation.
The annual mean precipitation anomalies mclude a north-south dipole pattern over the larger
CS catchment area with decreases over the northern area (Volga basin) (~-0.4 to 0.2 mm/day)
and mcreases for the middle and southern area (Fig. 3.3b). The resultant P-E pattern closely
follow the above precipitation dipole pattern (Fig. 3.3c). Most of this region’s annual
precipitation 1s dominated by large-scale precipitation which 1s governed by water vapor fluxes
transported by the North Atlantic westerlies; seen here as the annual total precipitable water in
the atmosphere (Fig. 3.3d). An important point to consider 1s that the entire CS catchment area
spans a large geographical area (latitude-longitude) and 1s influenced by major atmospheric
teleconnections over differing climate states of the past; such as the winter North Atlantic
Oscillation-NAO (Panin & Dianskii, 2014), the winter Artic oscillation-AO (Rodionov, 1994),
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the Indian (and Asian) summer monsoon (ISM) (Leroy ef al., 2014) and the summer El Nino
Southern Oscillation (ENSO) (Arpe ef al., 2000). Hence, 1t 1s not always clear which of these
major chimate systems contributed to the large-scale and the convective precipitation that 1s
key m controlling CS surface area changes. Our results show that it 1s the summer precipitation
anomalies that drive the north-south dipole pattern in the annual mean precipitation for the LIG
(Fig. S3.1a). We discuss the winter variability for this region first, followed by the summer
variability that contribute to the enhanced precipitation dipole pattern.

Since large-scale circulation patterns from the North Atlantic are known to play a key role in
regional precipitation changes, we examine the winter sea level pressure (SLP) and the winter
zonal wind at the 850 hPa level Together, the enhanced pressure gradient and anomalous
westerly wind brings more water vapor to southern CS, and leaves less precipitation in northern
CS (Fig. 3.3e & 3.3f). There’s a negative NAO-like pattern suggested by the weaker winter
westerlies that result from the generally well-known north-south dipole in the SLP anomaly
whereby the atmospheric pressure gradient at sea level between the Icelandic low and the
Azores high 15 weaker than average. As a consequence, storms over this region tend to be
weaker, and their tracks can be shifted southward compared to average storm tracks (Fig.
S3.4a). This increases the probabilities of storms hitting central and southern parts of Europe.
In this context, the annual precipitation pattern likely results from a combination of weakened
winter westerlies and regional thermodynamics (Clausis-Clapeyron relationship) triggered by
mid-latitude warming. However, it 1s also conceivable that the annual dipole pattern seen in
precipitation, caused by the summer precipitation in response to the enhanced summer
msolation, induced lower summer SLP and strengthen summer westerly anomalies (Fig. S3.5a
& b). The summer SLP patterns and the summer westerlies contribute to the main patterns seen
for the annual mean SLP and the annual mean zonal wind at 850 hPa level (Fig. S3.6a & S3.7a).
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Figure 3.3: Climate conditions for the last interglacial. a) Annual mean 2-meter temperature (°C), b)
precipitation (mm/day), ¢) precipitation minus evaporation (mm/day) and d) the total precipitable water
(kg/m”). e) winter sea level pressure (hPa) and f) winter zonal wind at 850 hPa (m/s) level relative to
pre-industrial (PI) values. The black outline denotes the CS catchment area.

The LIG period shows a warmer and wetter (drier) climate over the southern (northern) CS
catchment area that 1s pnimanly related to summer convective precipitation, triggered by the
enhanced nsolation that destabilizes the atmosphere. This period 1s studied as an analogue for
a warmer future world (~1°C) and to evaluate climate model performance (Masson-Delmotte

et al., 2013; Otto-Bliesner Bette ef al., 2013; Otto-Bliesner ef al., 2017). However, the timing
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of the thermal maximum across the globe remains to be precisely assessed due to different
methods used 1n analyzing a variety of temperature proxies retrieved from paleochimate (ice,
marime and terrestrial) archives (Bakker & Renssen, 2014; McKay ef al., 2011). Our model
results identify the LIG (127 kyr) chimate conditions responsible for the occurrence of a larger
CS surface area. Our time-slice stmulated results agree with selected geological reconstructions
that debate for a transgressive event during the LIG that corresponds to the late Khazarian
period (Krijgsman ef al., 2019) that includes large age estimates based on the precision of the
available dating methods (140-76 kyr BP) (Dolukhanov et al., 2009; Tudryn et al., 2013;
Yammna, 2014). In particular, thus period also mcluded two major fransgressions and
regressions (Dolukhanov et al., 2009; Yanina, 2014).

3.3.2 MIS3 Interstadial (MIS3 ist) versus stadial (MIS3 st) climate anomalies and the
early Khivalynian transgression event

Our simulated results evaluate whether the early Khvalynian transgressive stage 1s linked to
the stadial or interstadial MIS3 climate by considering the stadial as a perturbed (hosing)
chimate state and the imnterstadial as the unpertirbed glacial climate state. Our results are
discussed with a focus for the MIS3 interstadial relative to the MIS3 stadial climate conditions.
The MIS3 glacial period consisted of rapid smaller growth and melting of ice sheet between
warm and cold periods with opposing climate conditions over the mmd-latitudes (Van
Meerbeeck et al., 2009). Compared to the stadial, the interstadial stage indicates a much
warmer climate with higher temperatures over the North Atlantic (>22°C) and the CS
catchment area (~8°C) (Fig. 3.4a). This strong warming over the North Atlantic 1s largely
responsible for the enhanced large-scale precipitation for the MIS3 interstadial compared to
the stadial climate (Van Meerbeeck ef al., 2009). Accordingly, the precipitation mcreases
across the region; with the wettest conditions of =0 5mm/day over the North Atlantic, Europe,
the Mediterranean the northern CS catchment area (Volga area) (Fig. 3.4b).
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Figure 3.4: Climate conditions for the Manne Isotope Stage 3. Same as Fig. 3.3 but for the Marine
Isotope Stage 3 interstadial (MIS_ist) relative to the stadial (MIS_st).

Our results suggest the enhanced winter precipitation controls the regional annual precipitation
(Fig. S3.2b). Additionally, this strong thermal pradient also increases the corresponding
evaporation pattern (Fig. S3.3b). In particular, this enhanced evaporation over the CS 1tself can
lead to greater moisture availability for precipitation (recycling) especially over the northern
CS catchment area; as seen from the P-E anomalies. The annual P-E anomalies
exceed >0 5mm/day over Europe and 0.2-0.3mm/day over the northern CS catchment area,
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with a decrease mn P-E for the middle and southemn areas (Fig. 3.4c). Upon integrating the
annual P-E anomalies for the entire CS catchment area, we present a positive water budget of
P-E = 16 meter/1000yr which 1s clearly influenced by higher precipitation over the Volga
catchment area. This increase 1n precipitation is attnibuted to the increase in total precipitable
water transported from the Atlantic towards the CS catchment area (Fig. 3.4d) as well as
thermal driven changes in the winter atmospheric SLP anomalies (-6 hPa over the entire CS
catchment area) and the corresponding lower atmospheric circulation like the winter weaker
westerlies over northern CS (-4 m/s) compared to southern area (2 m/s) (Fig. 3.4e & f). The
winter patterns for SLP and the westerlies clearly control the annual mean patterns in SLP and
westerhies (Fig. S3.6b & S3.7b), further confirming the role of winter vanability driven by the
thermal gradient (e g the contrast in temperatures between the Artic and the equator).

Apart from the shifts in the larpe-scale atmospheric circulations, the warmer MIS3 interstadial
1s also associated with abrupt changes in large-scale ocean circulation like the AMOC strength
which 1s linked with the ice sheet meltwater discharge mto the North Atlantic. Our study
showed that the AMOC 1s stronger for the MIS3 interstadial compared to the stadial by ~16Sv
(Fig. S3.9b). This simulated strengthened AMOC 1s generally considered to transport warm
and salty water into the subpolar North Atlantic, reducing the sea ice which includes a range
of self-amplifying feedbacks that i1s debated to influence the atmospheric moisture
levels (Srokosz et al., 2012; Van Meerbeeck ef al., 2011). The role of the Eurasian ice sheet
melting as key for CS transgression during the second part of the MIS3 remains unproven and
recently rejected by Tudryn et al. (2016) as ice sheet growth was smaller during MIS3 (when
compared with the LGM and MIS4). In addition, the GLAC-1D data used m our study also
suggest a smaller Eurasian ice sheet and agree with the previous study as well as Van
Meerbeeck ef al. (2009); Van Meerbeeck ef al. (2011). Our result indeed suggests that the
maximum ice sheet margin was too far from the Volga catchment area to have a large impact

during this peniod (Fig. 3.2c).

We 1dentify MIS3 interstadial as responsible for the occurrence of a CS transgressive event.
The climatic conditions during the mnterstadial (compared to the stadial) shows a warmer and
wetter (drier) climate over the CS northern (southern) catchment area. Our results suggest the
enhanced thermal driven precipitation over the North Atlantic and the larger CS region as the
main factor for the onset of favourable conditions of the early Khvalynian transgression (~33-
36 kyr BP) that could have reached an extreme CSL (~+50 m.asl) (Arslanov ef al., 2016;

27



Yamna, 2014). However, the precise timing and extent of this high stand 1s heavily contested,
with no existing radiocarbon dating of the maxinmm extent, and 1s argued to be closely
followed by a low stand. Recently, Sorokin ef al. (2018) also linked the warmer MIS3
mnterstadial (30-21 kyr BP) to increased niver discharge into the CS that ensured the onset for
early Khvalynian transgression stage. In the next section, our modeling results focus on the
geological conclusions of the Elfon regression; that 1s recogmized to divide the early and late
Khvalynian transgressive phase (Dolukhanov et al., 2009; Yamna, 2014).

3.3.3 LGM climate anomalies and the Elfon? regression event

We compare the colder LGM conditions to the previous warmer MIS3 interstadial so that our
simulated results can constraimn the timing and the climate conditions favorable for a smaller
CS surface area dunng the LGM, which presumably corresponds to the Elton regression.
Concerning the glacial chimate of the LGM, our study confirms an east-west dipole in surface
temperatures with colder, more arid conditions over the CS catchment area compared to the
previously discussed MIS3 interstadial (Fig. 3.5). The LGM reveals colder temperatures of up
to <-12°C around Europe and the Eurasian ice sheet, as well as the entire CS catchment area
(with temperatures ranging between -10 and 1°C) (Fig. 3.5a). The Eurasian ice sheet elevation
(Fig. 3.2b) clearly affect the precipitation anomalies, resulting in a north (drier)-south (wetter)
dipole pattern over the ice sheet location (>0.5mm/day along the southern ice sheet margin) as
well as over the CS catchment area (Fig. 3.5b); as dner over the Volga basin (-0.2mm/day) and
wetter over the southern area (0.2mm/day).

The annual decreased evaporation over southern ice sheet margin and enhanced over the North
Atlantic (Fig. S3.3c) lead to the associated changes in the P-E that indicate an increase in
precipitation over Europe (with P-E values >0 5mm/day) (Fig. 3.5¢). Over the CS catchment
area P-E over the Volga decreases (with P-E values ~-0 4mm/day) and the southern CS
experience higher P-E values. We aftribute this to a climatically low precipitation over the
northern CS catchment area that 1s linked with changes in the ice sheet elevation and perhaps
a shightly stronger AMOC (~1-2Sv; Fig. S3 9c). The andity of this region can be also explained
by the declined total precipitable water in the atmospheric column (Fig. 3.5d). Interesting, the
winter SLP depicts a different structure, with a more east-west alignment of the centres of
action (sumular to Justino & Peltier (2005)) with a stronger pressure gradient over the North
Atlantic resulting in the corresponding enhanced east-west dipole patterns in the winter zonal
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winds at the 850 hPa level (>5m/s) and vice versa for the southern CS catchment area (Fig.
3.5e & f). It 1s very interesting to note this east-west dipole SLP patterns under glacial climate,
unlike the north-south dipole SLP patterns seen for present day interglacial climate. An
explanation for this considers that at LGM, the ice sheet over Eurasia and the orbital enhanced
snow and sea ice at higher latitude affect the mean winter SLP variability, that can result in this
east-west SLP pattern (Otto-Bliesner ef al., 2006).

The LGM 1ce sheet 1s primanly responsible for controlling most of the northern hemisphere
via the large-scale atmospheric and regional precipitation changes over the CS catchment area.
Our results confirm the annual precipitation pattern is controlled by the winter precipitation
(Fig. S3.2c) that 15 associated with a southward shift in the winter westerly winds (Fig. 3.51),
as well as the winter storm tracks (Fig. S3.4c) likely orographically forced by the ice sheet
elevation. The winter SLP and zonal wind patterns at the 850 hPa level are responsible for the
annual mean patterns seen in the SLP and the zonal wind (Fig. S3.6¢ & S3.7c). The strong
cooling by the LGM 1ce sheet elevation 15 associated with a reduced atmospheric moisture over
this region and southward shift of moist from the Atlantic flows towards the southern CS,
leaving the northern area dry. A southward shift in the storm track 1s also apparent in various
paleochimate sitmulations (Kageyama ef al., 2013; Kageyama et al., 1999; Pausata ef al., 2011)
and despite the overall cooling during the LGM, can explain the enhanced precipitation over

southern CS area.

Concerning the LGM i1ce sheet evolution for this region, the GLAC-1D data show that the
maximum ice sheet was extending as far as the north-western Volga catchment margin with an
elevation of >~2400 masl (Fig. 3.2b). This agrees well with recent reconstructions that
confirm the south-eastern extent of the Scandinavian Ice sheet (SIS) during the LGM (Akesson
et al.,2018; Hughes et al., 2016; Stroeven ef al., 2016) and also continuous permafrost covered
the Russian Plain, Volga catchment area up till the north CS shoreline (Tudryn ef al., 2016;
Yamna, 2012). Our results present climate conditions favourable for a smaller CS surface area,
with a negative water budget and 1s consistent with other modeling studies which indeed show
a negative water budget for the CS during the LGM (Arpe et al., 2011; Arpe ef al., 2018;
Kislov & Toropov, 2007). Hence, our simulated climate conditions are favourable for the
occurrence of a CS regression; similar to the reconstruction of Yanina (2014).
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Figure 3.5: Climate conditions for the last Glacial Maximum. Same as Fig 3.3 but for the Last Glacial
Maximum (LGM) relative to the MIS3_ist values.

3.3.4 Early and Late stages of H1 versus LGM climate anomalies and the late Khvalynian
transgression event

Our next modeling results share key insights into climatic processes during the last deglaciation
(which spans the early and late stages in the Hemnrich eventl (H1)) that likely correspond to
the late Khvalynian transgressive phase. Here, our simulated results for the early and late stages
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of H1 are relative to mean changes in the simulated LGM climate. Quute interestingly, the early
and late stages of H1 exhibit the strongest decrease in temperature and precipitation over the
North Atlantic, Europe, the Volga basin and the CS catchment area (Fig. 3.6a-d). This 1s
particularly true for the early stage H1 (when compared with the LGM or the late stage H1),
mmplymg enhanced cold and and conditions over the CS. Since much of the Eurasian region
underwent large changes in ice sheet melting, the different climate conditions during the early
and late stages of H1 appear to be interesting for the CS hydrological development, relative to
the previously seen LGM climate. During the early stage H1 climate conditions were colder
and drier over the North Atlantic (>-20°C; >-0.5mm/day), Europe and the CS catchment area
(>-8°C; <-0.2mm/day) (Fig. 3.6a, c);, compared to the LGM climate. Compared to the early
stage H1, the late stage of H1 shows a climate that was slightly warmer and less dry over the
catchment area (~-4°C; <-0.1lmm/day), but was still colder and dner almost everywhere in
comparison with the LGM (Fig. 3.6b & d). When compared with the LGM climate, the P-E
water budget during early stage H1 show lower P-E values over the Volga basin, the EEP,
Europe and the North Atlantic (Fig. 3.6e), which 1s shifted to shghtly lngher values over the
EEP and the Volga basin during late stage H1 (Fig. 3.6f). A catchment integrated P-E leads to
a negative water budget for the early H1 and a shght positive water budget for the late H1 (Fig.
$3.10). The water budget 1s associated to the availability of the total precipitable water in the
atmospheric column during the early H1 (compared to the LGM) (Fig. 3.6g) and for the late
H1 (compared with the LGM) (Fig. 3.6h). In both cases, this 15 likely related to the much-
debated changes in the large-scale winter atmospheric circulation, in combination with the
complex regional thermodynamics during the ice sheet melting. The annual precipitation
pattern over ice sheet location 1s controlled by the summer precipitation (Fig. S3.1d & e) while
the catchment area 15 dominated by the winter precipitation variability (Fig. 53.2d & e), which
1n turn 15 determined from the enhanced winter mean SLP (Fig. 3.61 & j) and north-south dipole
strength in the winter westerlies over the northern and nmuddle CS catchment area (Fig. 3.6k &I,
at the 850 hPa level). From this, 1t 15 clear that a primary dipole exists over the ice sheet
location, that can influence a secondary dipole seen for the intensified westerlies.

Of particular interest in the light of transgressions and regressions are the different climate
states seen during the early and late stages of H1, which appear to impact the CS catchment
chimate and the CS surface area changes differently. Compared to the LGM climate, the early
H1 sugpgests colder, drier chmate over the larger CS catchment area, mainly driven by the ice
sheet and a weakened AMOC (Fig. S3.9d). The late H1 stage, when compared to the LGM,
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suggest slightly less cold, drier climate mnfluenced by shghtly warmer temperature and ice sheet
melting. The implications from a reduction 1n the AMOC strength during H1 (Fig. S3.9d & e
~>248v) are under intense debate and in-depth analysis have not been performed to link the
effects on atmospheric moisture transport.

The reconstructed CS transgressions during the late Khvalyman transgression (~16-14 kyr BP
with CSLs of +35 and +22 m a s .1 (Arslanov ef al., 2016)) 1s very likely driven by the melting
from the SIS into the eastern part of the Russian plain during the deglaciation (which continued
from the LGM and finished at 13.8 kyr BP) (Tudryn ef al., 2016). The age constraints for the
(early and late stages) Khvalynian transgression event came to an end spanming the period 35
kyr BP - ~10kyr BP (Knjgsman et al., 2019). These mghstands are confirmed by an overflow
of CS water into the Black Sea wvia the Kuma-Manysch strait (22m a s 1) durning this fime that
stopped at ~12 8 kyr BP (Chepalyga, 2007; Tudryn ef al., 2016). Exammming this margin in our
model, we see that the maximum ice sheet margin at 15.2 kyr was indeed into the eastern part
of the EEP and overlapping the north-western CS catchment area. Tlus potentially routes the
melting water inside the Volga (northern CS catchment). Hence, 1t 1s clear that this meltwater
15 the main source for the highstands confirmed by reconstructions. Compared to the LGM, the
early H1 suggest a CS regression, solely suggested by atmospheric arid conditions. The late
H1 climate conditions are slightly warmer, and moist over the ice sheet location and appear to
provide 1deal conditions for deglaciation and 1s ighlighted by the flowing of meltwater into
the Volga catchment area which seems highly probable given our modelled and the GLAC-1D
data (Fig. 3.2a; Fig. 3.6b, d). However, our simulated study did not account for meltwater
routing mto the CS that makes the comparisons with the selected reconstructions complicated.
Despite the above limitation, the climatic conditions for the early stage H1 show colder, drier
conditions (accounting for large shifts in nud latitude storm tracks), with a switch to less cold
and arnid conditions and less mtense storm tracks during the late H1 stage when compared to
the LGM (Fig. S3.4d & e).
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Figure 3.6: Same as Fig. 3.3 but for the early (left column) and late (right column) stages of Hemnrich Event 1 (eH1; 1H1) relative to the LGM.
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3.3.5 The early Holocene interglacial climate anomalies (post-Mangyshlak regression)

Soon after the end of the Mangyshlak regression (that lasted between one and three nullenma
over the entire CS catchment area) (Bezrodnykh & Sorokin, 2017; Rychagov, 1997; Yanina,
2014) a high stand 1s proposed to occur in the first part of the Holocene; this lnghstand 1s called
the post-Mangyshlak lnghstand in Leroy ef al. (2019). Here, our new simulated results will be
discussed to give contribution on the favorable climate conditions and the timing for onset of
a larger CS surface area that occurred after the Mangyshlak regression. Our results for the early
Holocene (EH) (defined with the orbital conditions for the 9 kyr BP in our simulation) are in
comparison to the PI climatic conditions and include generally cooler conditions over the entire
CS catchment area and drier over the Russian plain and Volga basin, while being wetter
elsewhere (Fig. 3.7a-b). During the early Holocene, temperatures were higher over Europe
by =0.5°C, but colder (<-0.5°C) over the CS catchment area (Fig. 3.7a), emerging in an east-
west dipole pattern. The annual mean precipitation includes a north-south dipole pattern over
the region with drier over Europe, northern CS catchment area (of ~-0.1 mm/day) and increased
over the mddle and southern areas by 0.2 mm/day (Fig. 3.7b). Interestingly, this north-south
dipole over the northern and southern CS catchment areas favour a reversed salimty gradient
as shown m Leroy ef al. (2019). The corresponding P-E pattern resembles the precipitation
pattern (Fig. 3.7¢c). The regional annual precipitation patterns seen are due to the summer mean
precipitation (Fig. S3.1f) which can be linked to the total precipitable water (Fig. 3.7d) and a
decrease summer SLP and north (increased)-south (decreased) dipole in the summer westerlies
at the 850 hPa level (Fig. S3.5c & d) that control the wetter conditions around southern CS and
drier over northern CS. Similar to the discussion for the LIG, we suggest the EH the enhanced
precipitation over the southern CS area 15 primarily related to summer convective precipitation,
triggered by the enhanced msolation that destabilizes the atmosphere. Additionally, given the
mmpact of North Atlantic winter variabihity over this region, we note the enhanced pressure
gradient over the entire catchment area (Fig. 3.7e) and the southern shifted weakened winter
mean westerlies at the 850 hPa level; denoting a negative NAO-like pattern. These patterns are
also somewhat similar to the LIG and we see a combined effect of a smaller thermal gradient,
pressure gradient and thermodynamics on the CS catchment that results in a small increase in
P-E anomaly, denoting a slightly large CS surface area.

The climatic conditions during the EH show a cooler condition with drier (wetter) P-E values
over the northern (muddle and southern) catchment area. Our stmulated results suggest the onset
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of a transgression, which can lead to the mghstand confirmed by Leroy ef al. (2019). This high
stand likely relates to an enhanced paleo Indian summer Monsoon driving freshwater discharge
through the paleo Amu Darya niver and the paleo Uzboy channel to the east of the CS
(Turkmenistan) (Leroy ef al., 2019; Leroy et al., 2014; Leroy ef al., 2013).
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Figure 3.7: Climate conditions for the Early Holocene. Same as Fig. 3.3 but for the early Holocene
(EH) relative to the PI values.
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3.3.6 CESM Annual water budget (P-E) anomalies and comparisons with reconstructions

Here, we analyze the water budgets of the glacial experiments MIS3 1st, MIS3 st, eH1, and
IH1 as anomalies relative to the LGM, and the water budgets of the interglacial experiments
LIG and EH as anomalies relative to PL.

10

15 p—

10

P-E [mm/year]

-15
LIG-PI MIS3 (ist-st) LGM-PI LGM-MIS3 st eH1-LGM IH1-LGM EH-FI
Relative difference between CESM Simulations

Figure 3.8: Annual mean changes in the CS water budget. Annual mean precipitation minus
evaporation (P-E in mm/day) for the Last Interglacial (LIG) relative to pre-industrial (PI), the Early
Holocene (EH) relative to PI. the Last Glacial Maximum (LGM) relative to PI, Marine Isotope Stage 3
interstadial (ist) relative to LGM, the MIS3 stadial (st) relative to LGM, Early Heinrich eventl (eH1)
relative to LGM and the Late Heinnich eventl (IH1) relative to LGM climate conditions for the entire
Caspian Sea and 1ts catchment area.

Regarding the interglacial climate states, a positive anomaly mn the water budget (defined as
the mean annual P-E averaged over the CS catchment area) 1s simulated for the LIG (Fig. 3.8).
The LIG has a positive water budget anomaly (P-E=14.6 mm/year) relative to pre-industrial
conditions, denoting higher precipitation than evaporation over this region. Even such a modest
P-E change can lead to a large increase in CSL of 14.6 meter/1000 years, not even taking ice-
sheet dynamics into consideration. The EH experiment also shows a positive anomaly (P-E=
4.8 mm/year), albeit smaller than for the LIG (Fig. 3.8). Noteworthy is that the smallest
(negative) water budget change relative to the pre-mdustrial occurs for the LGM (P-E=-0.73
mm/year), which proves mteresting given the small CS area i our LGM simulation compared
with the pre-industrial. As to the other glacial climate states, the largest positive water budget
1s found for MIS3 1st (P-E=~16 mm/year), when compared with the stadial climate of MIS3st;
that can potentially lead to a CSL increase (16 meter/1000 years). The largest negative water
budget anomaly occurs for the LGM (P-E=-11.68mm/day) when compared with the previous
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MIS3 interstadial chimate that can lead to a CSL decline (-11.68 meter/1000 years); Our model
further suggests different hydroclimatic conditions between the early (eH1) and late (IH1)
phases of H1 over the CS catchment area. Compared to the preceding LGM climate, the early
H1 shows a negative water budget (P-E=-1.34 mm/year) implying less net precipitation (P-E),
whereas the late H1 phase shows a positive water budget anomaly (P-E= 1.9 mm/year) (Fig.
3.8).
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Figure 3.9: CESM modeled P-E versus the Reconstructions. Schematic interpretation of the change
in CSL based from CESM model P-E results and the selected reconstructions after (Kryjgsman ef al.,
2019). Annual mean rate of change in the CSL 1n meter for CESM model (catchment-integrated P-E 1n
m/1000yr) and reconstructions for MIS5e, MIS3, LGM, eH1. 1H1 and EH. Note reconstructions with
uncertainty range 1s detailed in Knjgsman ef al. (2019).

Overall our new simulated results of catchment mtegrated P-E anomalies are discussed with
the selected reconstructions for the CS fransgressions and regressions; bearing in nund the
model limitations (Fig. 3.9). To this end, we indicate the positive/negative P-E anomalies with
up/down arrows as a representation for an increase/decrease in the CS surface area change and
compare to the selected reconstructions after (Krijgsman ef al., 2019). Based on paleo
timescales, we begin with the last interglacial at 127 kyr; here our simulated P-E show a
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positive water budget and agree with the reconstructed transgressive nature of the MIS5e. Next,
an increase m P-E anomaly confirm agreement with the reconstructed transgression during
MIS3 at ~35kyr. Subsequently, both the model and reconstructions agree for the occurrence of
a regression event during the LGM climate at ~19kyr. However, during the deglaciation period,
our simulated P-E anomalies does not capture the reconstructed highstand at 16 kyr BP. Instead
1t only captures one highstand, during the end of the deglaciation (14 kyr BP) which marks as
the late Heinrich event 1 m our stmulations. Our simulated study did not account for meltwater
routing mto the CS that makes the comparisons with the selected reconstructions complicated.
Our simulated water budget are not solely sufficient to explamn the magmitude of the two
reconstructed high stands at 16 and 14 kyr BP, as modelers still need to understand how
meltwater 1s routed to the CS during the deglaciation. The last comparison between the model-
reconstruction points to the early Holocene chimate period, whereby the simulated positive P-
E anomaly related to the onset of fransgressive behaviour after the end of the regression at
~Okyr and agrees to Leroy et al (2019).

Lastly, our modeling study includes some caveats which were also determuned by internal
variability, which strongly depends on specific physical boundary conditions, such as land-
ocean and sea-ice distribution and topography. Even though the global sea levels were higher
during MIS3 compared to LGM, all glacial simulations were setup with a 120m lowering of
the sea levels (a standardized method used in many studies like Van Meerbeeck et al. (2009))
and included a smaller CS surface area. Our CESM mterglacial simulations, including the pre-
industrial simulation, include a prescribed CS area which 1s larger than the actual CS area. The
chimatic biases of involving a smaller or larger CS area have major impacts on the surrounding
CS catchment climate as well as the large-scale climate in the northern hemisphere revealed in
Arpe et al. (2018); and Nandim et al. (revised). The absence of the ice sheet meltwater routing
i to the CS and leaving aside potential changes mn niver hydrography, as well as the changes
n the AMOC strength which are needed to provide constraints on the tining and magnitude
of CS hydroclimate changes, can be stronger in reality when compared to our simulated results;
since only sumulated precipitation and evaporation results can not reveal the sole climatic
conditions favorable for the onset of major CS transgressions and regressions. Nevertheless,
our modeling study shares key msights on identifying the impacts from different climate
processes that can frigger a CS fransgression or regression.
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3.4 Conclusions

We present new modeling results that identify climate processes responsible for hydroclimate
(precipitation and evaporation) changes in the Caspian Sea which 1s associated with the major
transgression and regressions, leaving aside potential changes in niver hydrography, based on
selected glacial and mterglacial chimate states spanning the Late Quaternary and compared
them with selected geological reconstructions. Our new modeling results contribute in
constraining the timing for the Caspian Sea transgressions and regressions as well as the
climate conditions favourable for the occurrence of these events.

The interglacial climate states from our study suggest favourable climate conditions (lugher
temperature and precipitation) for the CS that result in a positive water budget (precipitation
minus evaporation; P-E). In comparison with the pre-industrial climate conditions, the last
Interglacial period results in P-E anomalies of 14 6 meter/1000 years and the early Holocene
marks P-E anomalies ~5 meter/1000yr; suggesting a larger Caspian Sea area and agrees with
the reconstructions that confirm a mild transgression event. Our early Holocene simulation
relates to the post- Mangyshlak regression and includes conditions for a larger CS that agree
with the lighstand suggested by Leroy et al. (2019). Our results suggest that the above two
mnterglacial periods are impacted by large-scale and convective summer precipitation triggered
by enhanced summer insolation and the associated wind anomalies, such as the southern shaft
in the strength and the position of the nud latitude winter westerly winds and storm tracks. This
controls the annual mean precipitation that 1s responsible for drier conditions over the northern

CS catchment area and wetter conditions over the southern area.

The glacial chmate states include the combination of abrupt orbital induced insolation changes
mn the winter larpe-scale atmospheric circulation for the pressure gradient and enhanced
westerlies contributing to the precipitation patterns; however, the summer ice sheet melt
discharge into the Caspian Sea and the Atlantic and changes in the Atlantic Merndional
Overturming Circulation strength plays a pnmary role. The warmer and wetter Marine Isotope
3 (MIS3) mterstadial climate results in the largest positive water budget of P-E anomalies of
16 meter/1000yr; driven by enhanced thermal drnven winter precipitation over the North
Atlantic and the larger CS region. We 1dentify the MIS3 interstadial climate responsible for a
larger CS surface area; simular but smaller in magmtude to the reconstructions for the early
Khvalynian transgression. When compared to the previous MIS3 interstadial climate, a colder
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and drier Last Glacial maximum (LGM) chimate includes a negative water budget of catchment
mtegrated P-E of ~-12 meter/ 1000yt that leads to a CS regression, which 1s analogous to
reconstructions. Based on GLAC-1D ice sheet data, during the deglaciation (our simulated
early and late stages in the Heinrich event 1), 1t 1s clear that insolation-controlled changes in
the 1ce sheet meltwater 1s responsible for the two reconstructed high stands seen at 16 and 14
kyr. Here, our P-E anomalies only capture the conditions for one highstand, since the model
does not include a sophisticated meltwater routing mto the CS, making comparisons with the
selected reconstructions complicated. Our simulated results do however show that n
comparison with the LGM conditions, the early H1 shows much colder and drier conditions
which switches to slightly less cold and dry during the late H1.

Our time-slice simulated results suggest that the accumulation of P-E anomalies over a longer
timescale can result in changes in the Caspian Sea surface area that can correspond to similar
magnitudes in the reconstructed transgressive-regressive behaviour for Caspian Sea under the
late Quaternary. However, this 1s not true for the transient climate periods that are solely driven
by orbital induced ice sheet growth/ melting or mncluding large changes mn paleo river
hydrography around the larger Caspian Sea region. Hence including only, the simulated P-E
anomalies or the atmospheric-ocean circulation processes are not sufficient to explain the full
nature of the major transgressions and regressions. Importantly, our model results can also be
utilized for both, other modeling and paleoclimate reconstruction studies, which attempt to
better interpret the nature of the Late Quaternary Caspian Sea transgressions and regressions

with respect to changes in precipitation and evaporation.
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Abstract

The Caspian Sea Level (CSL) has undergone variations of more than 3 m during the past
century with important implications for the life of coastal people, economy and the ecosystem.
The origin of these variations as well as future changes in the Caspian water budget are still
a matter of debate. Here, the major modes of North Atlantic winter climate variability and
atmospheric teleconnections that have a potential effect on the hydroclimate of the Caspian
catchment region are examined, i.e. the North Atlantic Oscillation (NAO), the East Atlantic
Pattern, and the Scandinavian Pattern. The skill of the Community Earth System Model
(CESM1.2.2) regarding the simulation of the modern climatology in the Caspian region and
the major North Atlantic modes are analysed using different atmospheric grid resolutions and
setups of the atmospheric component, the Community Atmosphere Model (CAM4 and CAMS).
CESM1.2.2 with CAMS5 afmosphere physics and 1° atmospheric grid resolution shows
reasonable skill in simulating the North Atlantic winter teleconnections. Using this model
version, a weakly positive (r=0.2) statistically significant (p<0.03) correlation between the
catchment winter water budget (precipitation minus evaporation, P-E, integrated over the
catchment area) and the NAQO is found for the historical period 1850-2000. Climate projections
of the 21st century under the Representative Concentration Pathways RCP4.5 and RCPS8.5
show that the NAO remains the leading mode of winter variability with a dominant influence
on the climate in the Caspian catchment region. Under the RCP4.5 scenario the correlation
between the winter NAO and winter P-E over the Caspian catchment region increases (r=>0.5,
p<0.05). For RCPS.5, however, this correlation disappears due to a north-south dipole pattern
with a positive P-E anomaly over the northern and a negative anomaly over the southern parts
of the Caspian catchment region, cancelling out an effect on the total Caspian water budget.
Nevertheless, due to increasing annual evaporation over the Caspian Sea in the warming
climate, the model predicts an additional CSL decrease of about 9 m and 18 m between 2020
and 2100 for the RCP4.5 and RCP8.5 scenarios, respectively. Even though the model tends fo
overestimate the total evaporation due to a too large Caspian Sea surface area, these values
are larger than previous projections of CSL decline.
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4.1 Introduction

The Caspian Sea (CS) 1s the world’s largest inland sea and located within a closed (endorheic)
dramage basin (Fig. 4.1). The CS 1s nestled between eastern Europe and Central Asian semi-
arid regions, northern flat terrains and Caucasus high mountain ranges. The CS catchment basin
(covering ca. 3.7 x 10° km?) 1s ca. 10 times larger than the CS itself, and includes more than
130 nivers feeding into the lake (Arpe ef al., 2018; Rodionov, 1994). The Volga river 1s the
main inlet (~80-90% of total nver discharge into the CS) and covers the northern CS catchment
basin (Leroy et al., accepted). The other major river basins include Ural, Terek and Kura. The
CS basin 1s rich m ecosystems, large river systems, and major wetlands and features high level
species endemism and diversity (Kosarev, 2005). Therefore, chimatic changes in this region
may have a strong environmental impact.

| T | T | T T
30E 40E S0E G60E

Figure 4.1: Study Area. Caspian catchment area and major river basins outlined 1n black.

The CS has experienced drastic lake level changes due to climate and hydrological processes
n the last 150 years (Arpe ef al., 1999; Arpe & Leroy, 2007; Chen et al., 2017, Kroonenberg
et al., 2008). Currently, the Caspian Sea Level (CSL) 1s ~28 m below zero (1.e. the global sea
level). However, during the past 150 years, large and rapid fluctuations of ~4 m 1 CSL (-25
to -29 m) had strong consequences for coastal commmunities. The drivers for these changes are
not fully understood and heavily debated (Arpe ef al., 2000; Arpe & Leroy, 2007; Elguind: &
Giorgi, 2006b; Golitsyn ef al., 1990; Panin & Diansku, 2014; Panin ef al., 2014; Rodionov,
1994). However, numerous observational and modeling studies suggest that vanations in the
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CSL are mainly driven by climate-induced changes m the Volga river runoff and surface fluxes
(precipitation minus evaporation, P-E) over the CS (Chen ef al., 2017; Elgmnd1 & Giorgy,
2007; Kroonenberg et al., 2008; Panin ef al., 2014; Panin ef al., 2015; Yamna, 2014). Due to
the CSL's sensitivity to hydrochimatic changes, future risk assessment and the development of
adaptive strategies are of particular importance in the CS region.

Atmospheric circulation features influencing the CS catchment area mclude the md-latitude
westerly winds and, at upper tropospheric levels, the polar and subtropical jet streams (Molavi-
Arabshali ef al., 2015; Rodionov, 1994). Several air masses affect the regional climate, 1e.
cold air from the Arctic, moist temperate air masses from the Atlantic Ocean, warm subtropical
air masses arising from the Black Sea, and dry continental air masses from the east. Hence, the
northern CS resides in a continental climate zone, whereas the central and southern CS 1s
located in a warm and dry climate belt. Given this complex climatological setting, the seasonal
cycle of precipitation varies strongly over the different regions of the catchment area, with
maximum precipitation m summer over the northern part (Volga basin), in spring over the
western part (Kura/Terek area), and in autumn-winter over the southern CS (the eastern CS
coastal area 1s a desert). Evaporation over the CS 1s nghest in autumn (September) (Rodionov,
1994).

Major winter North Atlantic teleconnection patterns are known to impact European climate
and include the North Atlantic Oscillation (NAQ), the East Atlantic (EA) pattern and the
Scandinavia (SCA) pattern (Barnston & Livezey, 1987; Hurrell, 1995; Pamin & Diansk,
2014). Although the NAO, EA, and SCA patterns undoubtedly have a strong impact on
European winter climate, their influence on the hydrology of the Caspian catchment region and
hence the CSL 1s controversial While Rodionov (1994) discusses possible effects of the NAO
on the CSL and Panin & Diansku (2014) as well as Pamn et al. (2015) argue m favor of NAO-
driven CSL changes based on correlations between NAO and precipitation, other studies could
not find a stable connection between NAO and CSL, but instead suggest a role of the El Nifio-
Southern Oscillation (ENSO) in driving CSL variations (Arpe et al., 2000). Recent studies have
evaluated the ability of climate models to reproduce teleconnection patterns and revealed biases
in representing physical processes and shifts in the position and magnitude of the centres of
action that impact regional surface temperature and precipitation (Davim & Cagnazzo, 2014;
Lee & Black, 2013; Ning & Bradley, 2016; Stoner ef al., 2009). These studies emphasize the
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need to consider teleconnection biases in projections of future climate change and their
relationships with regional winter climate variability.

Moreover, projections for the 21 century CSL change remain contradictory since much
depends on the model physics and resolutions and the key underlying assumptions that lead to
different results (Arpe & Leroy, 2007; Elgmndi & Giorgi, 2006a; Elgmnd: & Giorgi, 2006b;
Renssen et al., 2007). CSL predictions were performed based on global (Arpe ef al., 1999;
Kislov et al, 2014; Kislov & Toropov, 2007, Renssen et al., 2007) and regional
models (Elgmindi & Giorgi, 2006b, 2007). Using a global model and projections based on the
IPCC A1B scenario, Renssen ef al. (2007) show a CSL decline of 4.5 m by 2100. Projections
based on the IPCC A2 scenario suggested a CSL decline of at least five meters by
2100 (Elguindi & Giorgi, 2007). Interestingly, by using an ensemble of different atmosphere-
ocean general circulation models (AOGCMs) forced by the same A2 scenario, a CSL drop of
about mine meters by the end of 2100 was found (Elguindi & Giorgi, 2006a). Other models
suggested a stable or even increasing CSL (Arpe & Leroy, 2007). Hence, it 1s essential to
consider biases from model setups and resolutions to improve our understanding regarding the
physical mechamsms behind future CSL vanations.

In the present study, we mvestigate the potential role of North Atlantic winter teleconnections
mn driving regional Caspian climate vanability and CSL varations with the coupled general
circulation model CESM1.2. 2. Given the potential sensitivity of simulated teleconnections and
hydroclimatic variations to model physics and grid resolution as mentioned above, we carry
out a model evaluation to select the best model version with respect to atmosphere physics and
horizontal resolution to represent the CS catchment climate. We also investigate the changing
nfluence of these winter teleconnections on the Caspian region hydroclimate under global
warmung for the period 1850-2100. Moreover, we provide first-order estimates of the projected
CSL change under two emission scenarios by the end of the 21%* century.

4.2 Methodology and Data
4.2.1 CESM1.2.2 Model and Experimental Design

The Commmumty Earth System Model CESM122 i1s a fully coupled global climate
model (Hurrell ef al., 2013). Its development i1s coordinated by the National Centre for



Atmospheric Research (NCAR), Boulder, Colorado. The coupled components include a
physics based atmospheric model (Community Atmosphere Model, CAM4 or CAMS), a land-
surface model (Commumity Land Model, CLM4.0) (Lawrence ef al., 2011), an ocean general
circulation model (Parallel Ocean Program, POP2) (Smuth ef al., 2010), a dynamuc-
thermodynamic sea ice model (Commumty Ice CodE, CICE4) (Hunke & Lipscomb, 2010)
and a River Transport Model (RTM at 0.5° resolution) (Gent ef al., 2011). The models are
coupled through the CESM1.2 2 flux coupler (CPL7). The CESM1.2 2 ocean and ice models
share the same horizontal grid. The horizontal resolution of this grid vanes and 1s higher around
Greenland, with the North Pole displaced, as well as around the equator. In all our experiments,
we use a nonunal 1° resolution of the ocean/sea-ice grid. The ocean model grid has 60 levels
in the vertical

CESM1.2.2 can be run with different atmospheric grid resolutions and physics packages
(CAM4 and CAMS). CAMS differs from CAM4 by simulating full aerosol-cloud interactions
and hence indirect radiative effects. It includes improved moist turbulence, shallow convection,
cloud micro- and macrophysics, and aerosol schemes (see Neale et al. (2012) for details).
CAM4 runs with 26 levels in the vertical, while four levels were added for a better
representation of the boundary layer in CAMS. To evaluate which model version performs best
with regard to CS basin climatology and North Atlantic modes of vanability, we carned out
three control transient experiments (Table 4.1) using different atmospheric grid resolutions (2°
versus 1°) and model physics (CAM4 versus CAMS) for the historical (1850-2005 AD) period
with identical forcings (a combination of anthropogenic and natural forcings; see Gent ef al.
(2011); Meehl et al. (2012)) and on the same machine (Cray XC30/40 of HLRN-IIT). Note that
the atmosphere model has a finite volume dynamucal core with a uniform horizontal resolution
which 1s shared with the land model grid.

In order to examine potential future changes in the climate of the CS region, two transient
experiments were run until the year 2100 under the IPCC scenarios RCP45 and
RCP8.5 (Meinshausen et al., 2011; Moss et al., 2010; van Vuuren et al., 2011). The RCP8.51s
a high-range scenario with rising greenhouse gas emissions and a radiative forcing of 8.5 W/m?
by the year 2100 while RCP45 1s a mud-range scenario that does not exceed 4.5
W/m’ (Lamarque et al., 2011). Both experiments use the 1° version of CAMS and were
mitialized with the final state of the corresponding hustorical min. Experiments are summanized
i Table 4.1
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Table 4.1: CESM1.2.2 coupled model experiments.

Experiment Resolution:  Horizontal | Period

grid
Control CAM4 2°(2.5°x 1.9%) 1850-2005 CE
Control CAM4 1% {1.25% x 0.99) 1850-2005 CE
Control CAMS5 1% {1.25% x 0.99) 1850-2005 CE
RCP4.5 CAMS 1% {1.25% x 0.99) 2005-2100 CE
RCP8.5 CAMS 1% {1.25% x 0.99) 2005-2100 CE

4.2.2 Observational/Reanalysis Climate Data

The following datasets were used to assess the model’s skill in simulating the climate of the
Caspian region and North Atlantic teleconnection patterns. Sea-level pressure (SLP) from
1950-2000 at 2.5° resolution was taken from the National Center for Environmental Prediction
(NCEP/NCAR) reanalysis dataset (Kalnay ef al., 1996). Gridded (at 0.5° resolution) monthly
station time series of land 2-meter temperature (T2m) 1s taken from the Umversity of Delaware
dataset version 4.0.1 (Willmott & Matsuura, 1995) for the period 1900-2000. Mean monthly
precipitation, evaporation and P-E reanalysis data at 0.5° resolution was extracted from the
reanalysis done at the European Center for Medium Range Weather Forecasts (ECMWEF) (Dee
et al., 2011) for the period 1979-2000. For the analysis of the total hydrological budget of the
Caspian catchment basin, we integrated P-E over the entire basin area up to 60° E where the
Karakum Desert (Turkmemnistan) 1s located and river water from further east evaporates and

seeps away (Fig. 4.1).

4.2.3 Climate Indices

We apply Empirical Orthogonal Function (EOF) analysis to the observational, reanalysis and
model data to extract independent modes of climate variability in the North Atlantic/European
region. The NAO, EA and SCA indices i this study are defined as standardized first, second
and third principal component time series calculated from seasonal-mean SLP anomalies in the
region [70°W-60°E, 20°-80°N], which includes the CS basin. We focus on the winter season,
Dec-Jan-Feb (DJF), as the NAO and other modes display their largest climate impact in the
boreal winter months (Arpe et al., 2000, Arpe et al., 2014; Hurrell ef al., 2013; Hurrell ef al.,
2003). All data was defrended before performing the EOF analysis. Corresponding EOF maps



(spatial patterns) were obtained by regressing the detrended SLP fields onto the standardized
principle component time series (index). The time series of each mode was obtained by
projecting the eigenvectors of the SLP covarnance matrix onto the latitude-weighted
anomalies (North ef al., 1982). The signs of the NAO, EA and SCA indices are defined such
that a positive NAO phase corresponds to a negative SLP anomaly over Iceland (Hurrell,
1995), a positive EA phase corresponds to a positive SLP anomaly over the Northeast
Atlantic (Barnston & Livezey, 1987) and a positive SCA phase 1s related to a positive SLP
anomaly over Scandinavia (Aondover, 2013; Bueh & Nakamura, 2007). Analyses were
performed with the NCL software.

4.3 Results

4.3.1 Simulation Skills of CESM]1.2.2 for the Modern Climatology of the Caspian Sea
region and North Atlantic Modes of Variability
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Figure 4.2: Model Skill Metrics. Normalized Taylor diagram for different CESM versions and the
referenced data vanables (annual means) over the Caspian basin [36-60°N and 45-55°E] (1979-1999).
The QFLX here refers to evaporation. The diagram shows CESM-data comrelation coefficients (angular
axis), CESM standard deviations normalized to observational standard deviations (radius) and biases
(Baker and Taylor, 2016; Taylor, 2001).
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We evaluate the skills of the different model setups in simulating climatological 2-meter air
temperature (T2m), precipitation and evaporation (defined here as the total surface moisture
flux mnto the atmosphere) fields in the CS catchment [36-60°N; 45-55°E] by means of a Taylor
diagram (Fig. 4.2), which 1s a common practice to evaluate multiple aspects of a climate
model’s performance 1n a single diagram (Taylor, 2001). To this end, the three historical runs
with different model setups (Table 4.1) are evaluated against observational/reanalysis datasets
for climatological (1979-1999) annual means. The Taylor diagram reveals that all model setups
show lowest skill (low spatial correlation) for evaporation, whereas the models perform better
with respect to T2m and precipitation. One reason for the relatively low skill in sitmulating the
evaporation field is related to the land-sea mask of CESM1.2.2, where CSL 1s set to global sea
level and therefore CS surface area 1s too large especially in the north (Fig. S4.1, S4.2). Since
evaporation mainly takes place over the CS, this results in a positive bias in all the model
simulations (Fig. 4.2). As a consequence, the water budget of the Caspian catchment basin
becomes too negative (Fig. S4.3, S4.4). A negative bias in the sstmulation of precipitation (Fig.
4 2) further contributes to the negative water budget in all model setups and 1s partly related to
a poor stmulation of precipitation in the mountainous regions (Caucasus) west of the CS (Fig.
S4.5, S4.6). This orography-related bias 1s smallest in the 1° model setups. With respect to
T2m the 1° CAMS setup shows the smallest bias over the entire region (Fig. 4.2). A closer
mspection reveals that a temperature bias north of the CS of more than 4°C in the 2° CAM4
sefup reduces to less than 2°C in the 1° CAMS setup (Fig. S4.7, S4.8).

Figure 4.3 shows the leading modes of North Atlantic SLP winter vanability as simulated by
the three model setups and derived from reanalysis data for the period 1950-1999. The results
reveal that the ssmulation with 1° CAMS5 shows the best skill when compared to the NAO and
EA denived from reanalysis data with respect to the spatial EOF patterns and explaned
variances, iz 46.4% (15.4%) in the model compared to 42.7% (16%) in the reanalysis data for
the NAO (EA). All model setups have severe problems with ssmulating a SCA-like pattern in
the 3" mode, but the 2° CAM4 setup clearly shows the poorest performance compared to the
reanalysis. NAO and EA-like patterns are also simulated by both CAM4 model setups, but the
NAO southern centre of action 1s too weak m the 1° CAM4 while the northern centre of action
15 shifted eastward 1n all model setups. The EA pattern 1s also shifted too far east in all model
setups.



Figure 4.3: Leading three EOFs of winter (DJF) SLP (detrended) calculated for 1950-1999 [70°W-
60°E. 20°-80°N] from (a) reanalysis data and (b-d) different model versions. EOF maps were obtained
by regressing the detrended SLP fields onto the standardized principal components. The black outline
denotes the Caspian catchment basm.

Taken together, the 1° CAMS5 setup shows considerably improved skill in simulating the
leading modes of vanability compared to the 1° CAM4 and 2° CAM4 setups. It 15 important to
1dentify the difference between the model setups for future climate change studies. Based on
our evaluation, we carried out CESM simulations for future climate with the 1° CAMS setup.
Moreover, we restrict our analyses to the first two modes since the simulation of the SCA
pattern 1s still msufficient with this model setup. Since the position and intensity of
teleconnection centres of action are known to affect regional temperature and precipitation, the
model biases need to be considered in the assessment of past and future changes in the Caspian
region (Hurrell, 1995; Ning & Bradley, 2016; Stoner et al., 2009).

4.3.2 Influence of NAO and EA on Winter Temperature, Precipitation and P-E in the

Caspian Catchment Area

In order to analyze the influence of the NAO and EA patterns on the winter (DJF) chmate in
the Caspian catchment region, we calculate linear regression coefficients with the detrended
T2m, precipitation and P-E fields. The regressions are tested for significance against the null
hypothesis (1.e. slope =0). Figure 4 4 shows the results for observations and the 1° CAMS5
version of CESM1 .2 2 for temperature and the period 1950-1999.
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Figure 4.4: NAO and EA influence on T2m. Detrended winter (DJF) near-surface temperature (T2m)
regressed onto the two leading standardized principal components of DJF SLP (NAO and EA indices,
cf. Fig. 4.3) from (a-b) observations/reanalysis and (c-d) CESM (1° CAMS) for 1950-1999. Stippling
indicates significance at 95% level (applying Student’s t-test). The black outline denotes the Caspian
basin.

The model captures the observed pattern related to the NAO rather well (Fig. 4.4a, c). In both
model and observations, the nodal line crosses the CS and, further o the west, the Black Sea.
During the positive NAO phase anomalous warnung occurs over the northern part of the
Caspian catchment region (including the Volga river basin), while anomalous cooling takes
place m the southwestern part. The anomalous warnung 1s mainly controlled by advection of
heat by anomalous westerly flow as shown m previous studies (Hurrell & van Loon, 1997;
Trigo et al., 2002) and hinked to the anomalous SLP pattern over the larger CS area (cf. Fig.
4 3a, d). By contrast, the model fails to reproduce the observed EA-related T2m anomaly
pattern, which shows an east-west dipole in the observations (Fig. 4.4b), whale strong cooling
takes place over the entire CS catchment region during the positive EA phase in the model
(Fig. 4d).
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Figure 4.5: NAO and EA impact on precipitation. As Fig. 4.4 but for detrended DJF precipitation and
the period 1979-1999.

As to precipitation, both data and model show a strong and large-scale negative anomaly west
of the Caspian catchment region (Mediterranean/Black Sea region) and a positive anomaly
over the northern Volga basin during the positive NAO phase (Fig_ 4.5). It has been shown that
NAO-related changes mn the mean flow are accompanied by a mendional shift in the storm
tracks and associated synoptic eddy activity (Hurrell & van Loon, 1997), which in turn controls
precipitation rates (Trigo ef al., 2002), thus explaiming wetter/drier conditions m the
northern/southern regions during positive NAO (Fig. 4.5¢). The EA pattern has hardly any
significant effect on precipitation over the catchment region in the reanalysis, while the model
shows a tendency towards wetter conditions during the positive phase (Fig. 4.5b, d). P-E shows
a strong NAO signal over the CS in the reanalysis with a posifive anomaly duning the positive
NAO phase (Fig. 4.6a). A positive anomaly 1s also simulated by the model, albeit weaker
compared to reanalysis over the CS and stronger over the Volga basin (Fig. 4.6c). The EA
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shows no clear effect on P-E over the Caspian catchment in the reanalysis data but some
wettening 1n the model during the positive EA phase (Fig. 4.6b, d). In summary, CESM’s bias
in representing the EA pattern (eastward shift in the centre of action towards the northern CS
catchment area; Fig. 4.3d) strongly affects the relationship between the EA and T2m,
precipitation and P-E.
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Figure 4.6: NAO and EA impact on P-E. Same as Fig. 4.5, but for P-E.

Due to the generally weak performance of the model in simulating the EA-related T2m and
precipitation anomalies in the Caspian region, we will focus our analyses on the NAO for the
remainder of tlus paper. The explained varance for the listorical period (1850-2000) as
simulated by the 1° CAMS version 1s 44.9% for the NAO which exhibits a north-eastward shift
of the northern centre of action with respect to reanalysis data (Fig. 4.7). Trend analysis of the
corresponding principal component tume series showed no significant trend over the historical

period.
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Figure 4.7: CESM CAMS NAO. Leading mode as in Fig. 4.3 but for the historical pennod 1850-2000
using CESM with 1% CAMS.

Considering the impact of the NAO over the entire historical period (1850-2000) 1n order to
obtain more reliable statistics, we find that the T2m pattern remains robust (Fig. 4.8a) when
compared to the shorter period (Fig. 4.4c). The winter EOF-based NAO index for this period
1s significantly correlated with the winter T2m averaged over the catchment area (1=0.7,
p<0.05). The winter precipitation shows a much more pronounced and significant large-scale
north-south dipole over the longer period than over the shorter late 20 century interval, with
more impact on the Caspian catchment area (Fig. 4.8b). This precipitation pattern reflects a
northward shift in the storm track and increased moisture transport which 1s associated with a
shift in winter precipitation from southern to northern Europe and the Volga catchment (Hurrell
& van Loon, 1997; Hurrell, 1995). This results in a slightly positive correlation between the
winter NAO index and winter precipitation averaged over the CS catchment area (=02,
p<0.05). The P-E pattern largely resembles the precipitation pattern (Fig. 4.8c). Anomalous
Volga basin precipitation dominates the relationship between NAO and the catchment-
integrated water balance, resulting in a weak but statistically sigmificant positive correlation
between the winter NAO mdex and winter P-E mtegrated over the Caspian catchment area
(r=0.2, p<0.05).
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Figure 4.8: CESM NAO for historical period. As Figs. 4.4-4.6 but for the simulated historical period
1850-2000 with CESM with 1° CAMS.

4.3.3 Projected Climatic Changes in the Caspian Catchment Area

Here we examne the projected mean chimatological changes first and then investigate the
projected changes i the winter NAO signal and its influence on winter Caspian hydroclimate.
Regarding projections of the future CS climate evolution, we only consider the 21st century
long-term trends based on annual means (2020-2100), since on shorter (e.g. decadal) timescales
the transient behaviour of future clhimate change 1s mfluenced by internal climate variabality,
e g. the NAO (Deser ef al., 2017). Consideration of the long-term trend minimmzes the effects
of internal climate vanability in our analysis. Figure 4.9 shows the linear trends (slopes) in
annual mean T2m and hydroclimatic variables as simulated with the 1° CAMS setup of
CESM1.2 2 for the RCP4.5 and RCP8.5 scenarios. In the RCP4.5 scenario the warming 1s
weaker but the pattern has a similar structure (Fig. 4.9a). As expected, the RCP8.5 simulation
shows a strong annual warnung over the entire region, which 1s slightly dampened over the
water bodies (Caspian Sea, Black Sea) (Fig. 4.9b).

The RCP4.5 shows precipitation increases over the northern and western CS basin, whereas a
north-south dipole structure emerges in the RCP8.5 scenario (Fig. 4.9¢, d). Evaporation also
increases in response to the warming. Strong increase of evaporation over the CS contributes
to the damping of surface warming over the lake area.
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Figure 4.9: Linear trends of annual mean in the RCP4.5 and RCP8.5 scenanos with CESM 1° CAMS
for the peniod 2020-2100 for (a-b) T2m, (c-d) precipitation, (e-f) evaporation, (g-h) P-E. (i-j) surface
temperature minus 2m air temperature (T5-T2m) and (k-1) surface windspeed. Stippling indicates
significance at the 95% level (applying Student’s t-test).

The increase in evaporation dominates over the precipitation increase such that P-E decreases
over the Caspian catchment area in both scenarios (Fig. 4 9e-h). The increase in evaporation
over the CS in the RCP8.5 scenario amounts to 15-20% by the end of the 21%* century, which
1s 1 line with the 16% global lake evaporation increase recently found by Wang ef al. (2018)
under the same emission scenario. Due to evaporative cooling and thermal inertia of water the
lake surface warms slower than the air above 1 both warming scenarios but especially more
so for the RCP8.5 (Fig. 4.91, ;) which implies a higher stability of the atmospheric boundary
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layer and therefore attenuates increased evaporation. No sigmficant changes in surface wind
speed are found over the CS that would contribute to enhanced lake evaporation in the global
warming scenarios (Fig. 4 9k, 1).
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Figure 4.10: Trend analysis of P-E timesenes based on annual means integrated over the CS catchment
area over the Caspian Sea catchment area over 80 years (2020-2100) for (a) RCP4.5 and (b) RCP8.5 as
simulated by CESM (1° CAMS).

Table 4.2: Linear trend analysis (in mm/day/80years) with significance (p-values; bold for p=0.05)
for P-E time senies (2020-2100) integrated over the CS catchment for RCP4.5 and RCP38.5 and the
individual seasons.

Seasons RCP4.5 P-E RCP3.5 P-E
DIJF Trend=0.1 Trend=0.11 (p=0.08)
(p=0.1)
MAM Trend=-0.02 Trend=-0.16
(p=0.6) (p=0.02)
JJA Trend=-0.18 Trend=-0.11
(p=0.003) (p=0.02)
SON Trend=-0.13 Trend=-0.33
(p=0.07) (p=0.0001)

The timeseries of future annual mean P-E integrated over the CS catchment area shows
significantly (p<0.05) decreasing trends (-0.06 mm/day/80years for RCP4.5 and -0.12
mm/day/80years for RCP8.5) (Fig. 4.10). Based on a simple “bathtub™ model of the CS, which
1gnores the bathymetry of the CS as in Elgmindi & Giorgi (2006a), and taking a value of 10 for
the ratio between CS catchment area and CS surface area, the above negative P-E trends
translate into an additional reduction of the CSL by ca. 9 m (RCP4.5) and 18 m (RCP8.5) from
2020 to 2100. Table 4.2 shows the projected P-E trends (2020-2100) based on seasonal means
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mntegrated over the CS catchment for RCP4.5 and RCP8.5. The future P-E 1s negative for all
seasons except the winter, highlighting the donunance of future enhanced evaporation,
especially for the summer under the RCP4.5 and the autumn for the RCP8 5.
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Figure 4.11: Winter precipitation. As Fig. 4.9 ¢, d but for winter (DJF) seasonal means.

In both scenarios, only in winter a positive trend 15 found, which can be attributed to an increase
mn precipitation over the Volga basin (Fig. 4.11) that was also noted in previous
studies (Elgmind: & Giorgi, 2007). We note that the annual catchment-integrated P-E had no
significant long-term trend for the historical period. Increasing evaporation due to warming
becomes dominant only in the 21% century, whereas no significant warming of the CS was
simulated for the historical period (not shown). By analysing the historical period, Arpe &
Leroy (2007) suggested that 1t 1s the summer precipitation over the Volga which 1s key to past
CSL vanations. However, our linear trend analysis for P-E anomalies suggest that it 1s the
mcrease in summer (under RCP4 5) and spring and autumn (RCP8_5) evaporation over the CS
catchment area that 1s key to understanding future CSL changes by 2100.

4.3.4 Projected Changes in the NAO Signal and Influence on Winter Caspian
Hydroclimate

Of particular interest in this study 1s the projected winter NAO influence on the CS catchment
area. Under RCP4.5 and RCP8 5 we find that NAO remains the leading mode of North Atlantic
winter variability but the location and intensity in the centres of action shightly change (Fig.
4.12).
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Figure 4.12: The NAO under RCPs. Same as in Fig. 4.7 but for 2020-2100 in (a) RCP4.5 and (b)
RCP8.5

No significant trend 1s found in the projected NAO index in our simulations. The projected
NAO pattern 1s hard to be distinguished from the present-day NAO pattern given the present-
day model biases (Fig. 4.3, 4.7). Under RCP4.5, the only clear difference is that the NAO’s
northern centre of action 1s more intensified, extended to the east and has a stronger impact on
the entire CS catchment area, while the southern centre of action 1s weaker, resulting 1n a
southward shift of the nodal line (Fig. 4.7 versus Fig. 4.12a). Compared to the RCP4.5, in the
RCP8.5 scenario the model predicts a more (less) intensified southern (northern) centre of
action, with a smaller southward displacement of the nodal line over the CS region (Fig. 4.12b).
These projected shifts in the nodal lines are likely related to future changes in the large-scale
SLP pattern with SLP decrease over the Arctic and mncrease over the Atlantic and southern
European regions (Collins et al., 2013).

Regressmg the detrended winter T2m onto the winter NAO index for the period 2020-2100 we
find a clear north-south dipole pattern for both RCP4.5 (more southward displaced) and
RCP8.5 (less southward displaced over the CS compared to RCP4.5) (Fig. 4.13). Hence,
compared to the present/listorical situation (Fig. 4.8), the region of positive temperature
anomalies during the positive NAO phase extends further south in both scenarios such that
almost the entire Caspian basin and Black Sea experience a surface air temperature increase
during the positive NAO phase.
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Figure 4.13: NAO influence on T2m under RCPs. As Fig. 4.8a, but for 2020-2100 1n (a) RCP4.5 and
(b) RCP8.5.

In both scenarios, T2m for almost the entire Caspian catchment 1s in phase with NAO since the
nodal line shifts southward compared to present. The particularly strong correlation between
NAO and CS catchment-averaged T2m under RCP4.5 (r=0.73, p<0.05) compared to RCP8.5
(r=0.63, p<0.05) 15 likely driven by the shift and intensification of the northern center of action.
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Figure 4.14: NAO influence on precipitation under RCPs. Same as Fig. 4.13, but for precipitation.
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Compared to the present situation, the influence of NAO on winter precipitation 1s projected
to increase in the northern part of the Caspian catchment area in RCP4.5 (with a correlation of
r=0.5 for the catchment average, p<0.05) (Fig. 4.14a). However, in RCP8.5 NAO's nfluence
on winter precipitation increases over the southern part of the catchment region (Fig. 4.14b)
which can partly be attributed to a northward shift of the EOF’s nodal line and an mtensified
southern center of action (Fig. 4.12b) that can be linked to a poleward shift in the storm tracks
which 1s accompanied by a poleward shift in nmdlatitude precipitation (Chang ef al., 2012;
Meehl ef al., 2007; Yin, 2005). Moreover, a change in the frequency and magmtude of winter
blocking events during NAO may also affect precipitation over the southwestern CS (Molavi-
Arabshahi ef al., 2015).

a) NAO, ; RCP4.5 b) NAO, ¢ RCP8.5
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Figure 4.15: NAO influence on P-E under RCPs. Same as Fig. 4.13, but for P-E

As to P-E, a distinct north-south dipole pattern emerges in RCP8.5 (Fig. 4.15) whuch gives rise
to a net cancellation of the effect of winter NAO on P-E vanability integrated over the entire
Caspian catchment area (1.e. the Caspian water budget) as a positive (negative) P-E anomaly
over the Volga basin 1s nearly compensated by a negative (positive) P-E anomaly over the
southern basins. Under the RCP4.5 scenario the correlation between the winter NAO index and
wimter P-E mtegrated over the Caspian catchment area (detrended) increases sigmificantly
(r=0.5, p<0.05). For RCP8.5, however, this correlation disappears (r=0.05, p=0.6) and the
promunent P-E dipole pattern removes the net NAO effect on the Caspian water budget due to
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a sub-basin cancellation which i1s linked to the mechamsms of the NAO-precipitation
relationship discussed above. However, in both scenarios the future long-term evolution of
catchment-integrated P-E and hence CSL will not be determined by changes in the NAO, but
rather by gradually increasing evaporation that will lead to a substantial CSL decline over the

21% century.

4.4 Discussion

The 1° CAMS5 setup of CESM1.2 2 simulates the two leading modes of North Atlantic winter
vaniability (NAO, EA) with reasonable skill However, the CESM teleconnections for the
Caspian region are reliable only for the NAO (first mode), and replicate typical see-saw spatial
patterns in temperature and precipitation which just reach the CS catchment area. The DJF
MNAO has a clear mfluence on the DJF T2m as also seen in other studies (Comas-Bru &
McDermott, 2014; Deser et al., 2017; Hurrell & Deser, 2009). Due to the large mendional
extension (ca. 30° latitude) and complex orography of the CS catchment area, the NAO affects
different parts of the catchment in different ways. A positive NAO reflects enhanced and
northward shifted westerly flow bringing warm (and moist) maritime air as far east as the CS
region. Associated variations in the precipitation pattern are linked to anomalous atmospheric
moisture transport and synoptic activity driven by the NAO as shown previously (Trigo ef al.,
2002; Pamn ef al., 2015). While previous studies hypothesized an effect of the NAO on the
total Caspian water budget (integrated P-E) and hence CSL (Pamin & Dianskn, 2014; Panin et
al., 2015), we were able to quantify this correlation for the historical period based on
CESM1.2.2 (1=0.2, p<0.05).

Our results suggest that the relationship between the NAO and the catchment-integrated winter
P-E changes depends on the respective background winter climate and the chosen timescale.
Under RCP4.5, the projected changes in NAO-driven winter temperature and precipitation
signals in the CS region are attributed to an intensified and northeasterly displaced northern
center of action along with a weakened southern center of action when compared to the present-
day situation, while i the RCP8.5 scenario NAQO-related changes are attributed to a
comparably more mtense and westward shifted southern center of action. Even though there
1s no general consensus on shifts in the NAO centers of action under changing climate
conditions, a similar northeastward shift in the NAO 1s also seen for some models i other
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studies (e.g. Ulbrich & Christoph, 1999; Hu & Wu, 2004) and associated with a change in
midlatitude baroclinity and the intensity and position of the Atlantic jet stream and storm track.
Previous studies (e.g. Davim & Cagnazzo, 2014; Lee & Black, 2013; Stoner ef al., 2009; Ning
& Bradley, 2016) also examine model biases in simulating and projecting the spatial NAO
structure and associate it to uncertainties related to internal model component variability or

dynamics and emission scenarios.

Our simulations suggest an additional CSL decline of ca. 9 m and 18 m by the end of the 21%
century for the RCP4.5 and RCP8.5 scenarios, respectively, although this 1s only a first order
estimate, neglecting any other water storage systems (e.g. groundwater) in the Caspian
catchment basin, as well as discharge into the Kara-Bogaz bay, the CS bathymetry or tectonic
movements (cf. Elpmindi & Giorgi, 2006a; Elgmundi & Giorgi, 2007). Moreover, these
estimates must be taken with care smce (1) no dynamic lake model 1s included m our
simulations such that lake-climate feedbacks are not correctly captured, and (11) the Caspian
lake area 1s too large in the CESM such that evaporation and hence the future CSL decrease
are overestimated. The latter effect 1s of particular importance. Given that the present CS area
and associated evaporation 1s about 10% less than in the model, a corrected CSL calculation
with evaporation reduced by 10% yields CSL declines of ca. 9 m and 18 m by the end of the
21% century for the RCP45 and RCP8.5 scenarios, respectively, still suggesting that
evaporation plays a key role m future CSL evolution. Interestingly, a CSL rise in response to
mcreasing greenhouse gas concentrations by the end of the 21 century was simulated with the
coarse-resolution (2.5° horizontal grid resolution) ECHAM4 model (Arpe & Roeckner, 1999).
However, this rise was estimated solely from the mcrease in the Volga river discharge due to
mcreased winter circulation and precipitation. Other studies also find strongly increasing
evaporation over the CS in response to increasing air temperatures and suggest CSL reductions
by the end of the 21** century of at least 5 m in a regional model (Elguindi & Giorgi, 2007) and
about 9 m in a multi-model (global) ensemble mean (Elguindi & Giorgi, 2006a). Taking all
these estimates together, i1t appears highly likely that the CSL will substantially drop due to
increased evaporation by the end of the century.

Indeed, Chen et al. (2017) recently suggested that increased evaporation over the Caspian Sea
1s not balanced by river discharge or precipitation, making it the leading driver for changes in
CSL. This imbalance 1s likely to continue unless compensated by discharge or precipitation
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mcreases i the Caspian basin. However, that study did not provide specific estimates of the
CSL changes by the end of the 21% century. If the current rate of 7 em/yr decrease in CSL
(Chen ef al., 2017) continues, the northern portion of the CS, in which water depths are less
than 5 m, may disappear in 75 years . However, due to the strong interdecadal vanability of
the CSL, such a linear extrapolation should not be based on a decadal trend. Nevertheless, 1t
cannot be ruled out that the shallow northern CS, like the nearby Aral Sea, could face similar
catastrophic ecosystem and agricultural impacts (Kosarev, 2005). The mddle and south
Caspian basins are less likely to face such strong impacts due to greater depths of =800
m (Rodionov, 1994).

As mentioned above, a key caveat in this and other studies 1s related to the lack of feedbacks
associated with a changing lake surface area. For example, a negative feedback where reduced
Volga river discharge causes CSL lowering, lake surface area shrinking and hence decreasing
evaporation 1s not modelled by CESM or other chmate models. Arpe ef al. (2018) suggest a
formula to estimate this effect for correction. The correct size of the CS mn climate models 1s
important for sitmulating the hydrological cycle. Our simulations also do not consider human-
made contributions to the CSL such as dam building and wmgation which may impact the
hydrological cycle and the CS size. Further caveats include shortcomings i the sitmulation of
orographic precipitation due to limited model resolution in particular in the Caucasus and
Elburz mountain regions as well as the fact of not considering the effects of ENSO, which have
been previously investigated in Arpe ef al. (2000). Our study also ighlights the need for
evaluating and mmproving the atmospheric circulation patterns at nud-latitudes in chimate
models.

4.5 Conclusions

Using the global climate model CESM1.2.2 we analysed the major modes of North Atlantic
winter climate varnability and atmospheric teleconnection patterns in the Caspian catchment
region for the past and future time interval 1850-2100. Our study reveals that CESM1 2 2 with
CAMS5 atmosphere physics and 1° resolution shows best skill in simulating these modes and
teleconnections when compared to the 1° CAM4 or 2° CAM4 setups. Under the RCP4.5 and
RCP8.5 scenarios, the EOF-derived NAO remains the leading mode of winter North Atlantic
chimate vanability, however the location and magmtudes of the centres of action change which
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affects the regional hydroclimate variability. An increased impact of the NAO on the Caspian
region winter climate during the 21 century 1s seen for the RCP4.5 scenario with enhanced
precipitation over the Volga basin during the positive NAO phase due to an intensified and
easterly displaced northern centre of action. For RCP8.5 the effect of the NAO on P-E over the
southern part of the CS catchment area increases such that a distinct P-E dipole emerges which
results in a net cancellation of the NAO effect on the total Caspian water budget. Our results
therefore suggest that the correlation between the NAO and the winter conditions over the CS
catchment area depends on the changing background climate and on shifts in the location and
magnitude of the NAO centres of action.

The most important effect of future warmung on the CSL 1s related to increasing evaporation
over the lake surface. Despite increasing precipitation over the northern Volga basin, the
increasing evaporation results in a negative water budget and an additional CSL drop of ca. 9
m (RCP4.5) to 18 m (RCP8.5) in our CESM1 2 2 simulations by the end of the 21 century.
Although these values may be somewhat overestimated due to a CS area that 1s too large in the
model, they are of the same order of magmitude as the values presented in previous model
studies. Such a CSL decline may have a significant impact on the Caspian environment
especially over the northern Caspian basin which presently has a depth of less than 5 m A
logical next step 1s to study the robustness of our results by using multiple global and regional
climate models.
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Abstract

The Caspian Sea is the largest inland lake in the world, and currently has the highest
interannual-decadal variation in surface area of all the large lakes. Despite the clear potential
for these variations to impact regional climate, this remains an overlooked element of current
global climate model simulations. In this study, the impact of different Caspian Sea (CS) areas
on its catchment area and the northern hemisphere are investigated. The CESM1.2.2 coupled
climate model is used to simulate the climate of the region with pre-industrial CO; and four
scenarios of Caspian Sea area: (1) larger-than-present area, (2) current area, (3) small, and
(4) no CS scenario. Results reveal strong changes in the regional atmospheric water budget
(precipitation and evaporation), whereby evaporation over the sea increases with increasing
area, while precipitation increases over SW CS with area increases and vice versa. The
presence of CS areas has a large impact on reducing (in summer) and enhancing (in winter)
surface air temperatures. We also note enhanced precipitation over central Asia and increased
warming over north-western Pacific during winter. Our results further suggest the widening
of the 500 hPa troughs with smaller CS area over the northern Pacific and vice versa. Lastly,
we show that decreased summer temperatures can trigger the reduction in geopotential height
anomalies which results in enhanced north-south dipole pattern and a southward shift in the
subtropical jet stream at the 200 hPa and 500 hPa levels during summer. Our findings establish
that changing CS areas result in climate impacts of such scope that CS area variation should
be considered for incorporation into global climate model simulations, including paleo and
future scenarios.
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5.1 Introduction

The Caspian Sea (CS) 1s the world’s largest inland sea sited within a vast endorheic catchment
area (3.6 Mkm?) that is fed by 130 rivers (Rodionov, 1994). The present-day Volga river (spans
the northern CS basin) contributes ~80% of inflow to the sea level which i1s ~27 m below sea
level (Arpe & Leroy, 2007, Kroonenberg ef al., 2008). The CS lies anud semi-arid Central
Asian regions, flat arid northern terrains, and hunid high mountain ranges in Eurasia (Fig. 5.1).
A large region of strong desertification vulnerability lies north of the CS (Republic of
Kalmykia) and a region of high precipitation (1000 mm /yr), 1.e. the Hyrcaman region, 1s found
south of the CS (Molavi-Arabshahi ef al., 2015). Given this complex orography, the entire CS
catchment area occupies six Koppen climatic zones (Chen & Chen, 2013) and 1s known to
affect regional and large-scale climate (Arpe ef al., 2012).
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Figure 5.1: Study Area. High resolution DEM contours of Caspian Sea surface areas (shown by red
solid line (big Caspian-BC), red broken line (small Caspian-SC) and light blue area (current Caspian-
CC)). The catchment area is depicted by black solid line. Blue and grey solid lines represent rivers and
country borders respectively. Elevation change 1s shown by colour shades of white-grey-black.

Over the late Quaternary period, the Caspian Sea Level (CSL) has seesawed drastically by 190
m; ranging from ~50 m higher to ~>90 m lower between glacial and interglacial periods (Fig.
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5.1) and >3 m 1 the last century (Arpe & Leroy, 2007; Arslanov ef al., 2016; Forte & Cowgill,
2013; Kakroodi et al., 2014; Naden et al., 2013). This has led to CS surface area changes
~equivalent to the combined area of the Netherlands and Belgium, which potentially affect
regional and large-scale climate. However, 1t 1s still not well known on how the CS changing
areas (increase/ decrease) affected the regional and northern henuspheric climate in the
geological past. Therefore, understanding the feedbacks of changing CS surface areas on the
atmosphere 1s essential at both the regional and global scale, since any large waterbody like CS
plays a sigmificant role n affecting the energy and water budget by altering the albedo,
evaporative fluxes and near-(surface) temperature.

The potential influence of the presence of a CS on regional and large scale chimate, as compared
to a ‘no-CS’ scenario, can be inferred from previous climate modeling studies that examined
the impacts on the CS itself (Arpe ef al., 2018; Farley-Nichols & Toumu, 2013; Lodh, 2015)
and other large lakes, e g mega lake Chad (Brostrom et al., 1998; Coe & Bonan, 1997,
Contoux ef al., 2013) or the Great Lakes (Lofgren, 1997; Notaro et al., 2013; Sousoums &
Fritsch, 1994). The presence of lakes in climate model simulations (compared to simulations
i which lakes are absent) 1s linked, in general, with strong seasonal changes i evaporation,
temperature, and precipitation such as the lake effects of increased precipitation and
temperature on the CS shown by Farley-Nichols & Tounu (2013). Idealized modeling studies
of the Great Lakes have noted that their presence impacts large-scale circulation patterns
(geopotential height) and the jet stream (Lofgren, 1997), with increased strength of zonal winds
and resulting in enhanced cyclogenesis. This 1dea 15 reinforced by Sousoums & Fritsch (1994)
who show the Great lakes contribution to the East Coast cyclogenesis via heat and moisture
transport. Another study of the effects of the Great lakes on large-scale circulation found that
the lakes caused decreased (increased) surface pressure in winter (summer), which led to
wregular cyclomicity (anticyclomcity) (Notaro et al., 2013). However, they found no shift in
the subtropical jet stream unlike other studies (Lofgren, 1997), due to constraints in regional
modeling domam Moreover, using a regional model, Lodh (2015) established that area
changes of the CS impact precipitation over northern India, assumingly from a shift of the
subtropical jet stream.

Most climate models still poorly prescribe the actual CS area (related to e.g. low spatial
resolution), which results in over /underestimation of its climatic impacts and the introduction
of errors in the CS water budget (Arpe et al., 2018; Nandim ef al., revised). There are two
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notable studies involving investigation of different CS surface areas (Arpe et al., 2018; Farley-
Nichols & Toumu, 2013). Using a regional climate model, Farley-Nichols & Tounu, (2013)
examined the impacts of the presence of the present-day CS area (when compared to no CS)
on seasonal precipitation and large-scale circulation patterns. Their findings suggest that the
presence of the CS lead to significant changes in surface temperatures, which merease i winter
and decrease in summer. This in turn leads to associated changes m cyclomcity. In particular,
decreases i summer temperature are suggested to influence the atmosphere via changes to
geopotential height by extending to the top of the troposphere and hinked with zonal winds,
leading to a stronger summer jet stream over western Asia. However, this study did not
mvestigate other CS areas (larger or smaller areas compared to current area) which are known

to occur duning late Quaternary period.

Using a global climate model, combined with a full ocean model, Arpe ef al. (2018) examined
the impacts of different CS areas and found that changes in evaporation over the sea are linearly
related to CS area. Interestingly, they found that different CS areas have an impact on the large-
scale atmospheric circulation as far as the northem Pacific. However, their results can be
affected by low resolution (T63), which can linit the actual representation of CS area. Hence,
an accurate inclusion of the CS area/shape in climate models of higher spatial resolution 1s thus
important for reliable simulations of the regional climate and surface-atmosphere feedbacks.

The above suggest there 1s evidence of CS changing surface area on near and far chimate
systems. Here, we apply a new modeling approach to constrain the impacts from major surface
area changes in the CS which are known to occur during the late Quaternary period. Since 1t 1s
still not fully known what kind of regional and large-scale climate conditions were influenced
by the major changes CS surface area, we use our modeling approach to assess whether changes
mn regional hydroclimate (precipitation minus evaporation) in the catchment area are solely
driven by Caspian Sea surface areas. In particular, we aim to identify the impacts from different
Caspian Sea surface areas on upper atmospheric circulation patterns (e.g., subtropical jet
stream).

5.2 Methodology and Data

We design four scenarios of different CS size (large, small, current and no Caspian) with the
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earth system model CESM1.2 2 (Hurrell ef al., 2013) to simulate the chimate. Next, we examine
the anomalies i atmospheric water budget (Precipitation-Evaporation; P-E), surface air
temperature and vertically integrated lower level (> 850 hPa) water vapor flux of large, current
and small Caspian scenarios with respect to no CS for the regional impact. Vertically integrated
water vapor transport (IVT) 15 calculated by integrating the zonal and mendional moisture
fluxes via each atmospheric layer between 1000 hPa and 850 hPa. We repeat this for large-
scale changes (subtropical jet stream, geopotential height and sea level pressure. We also
perform stand-alone numerical simulation of CSL using clhimate forcing from the four scenarios
using the Hydrological Routing Algorithm model (THMB; (Coe, 1998, 2000)). All statistical
analysis on all four simulations mnclude annual mean temporal and spatial as well as polar
stereographical seasonal plots of Winter (December, January, February-DJF), Spring (March,
April, May-MAM), Summer (June, July, August-JJA) and Autumn (September, October,
November-SON). The statistical significance of seasonal and annual mean differences was
estimated using a two—tailed Student t-test with 95% confidence level

Table 5.1: CESM1.2.2 fully coupled model expenments.

Experiments Resolution Size (km-) Time
No Caspian (NC) 1°(1.25°x09°) |0 1850
Small Caspian (SC) 1° (1.25° x 0.9°) 194019 1850
Current Caspian (CC) | 1° (1.25°x 0.9°) | 433 926 1850
Big Caspian (BC) 1° (1.25° x 0.9°) 628620 1850

5.2.1 CESM1.2.2 Model Experimental Design

Four numerical sensitivity experiments were carried out at 1° resolution using the Commumty
Earth System Model (CESM1.2.2 CAMS) on the North German Supercomputer HLRN3 for
pre-industrial (1850) climate conditions with different CS prescribed areas (Fig. 5.1 and Table
5.1). CESM 1s a fully coupled global climate model that provides numerical simulations of the
Earth’s past, present and future (Hurrell ef al., 2013). Development of the commumity model 1s
coordinated by the National Center for Atmospheric Research (NCAR). The coupled
components include a physics based atmospheric model (Community Atmosphere Model,
CAMS), a land-surface model (Commumty Land Model, CLM4.0 with carbon-mtrogen
(CN) (Lawrence ef al., 2011)), an ocean model (Parallel Ocean Program, POP2; (Snuth ef al.,
2010), a sea ice model (Commumnity Sea Ice Model, CISM) and a River Transport Model (RTM
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at 0.5°) (Gent ef al., 2011). The models are coupled through the CESM1.2.2 flux coupler
(CPL7). The atmosphere grid has 26 vertical levels. The CESM1.2.2 ocean and ice models
share the same horizontal grid. The horizontal resolution of this grid vanes and 1s higher around
Greenland, with the North Pole displaced, as well as around the equator. In all our experiments,
we use a nonunal 1° resolution of the ocean/sea ice grid. The ocean model grid has 60 levels
in the vertical. Evaluation of the model version used in this study (1° version of CESM1.2.2
with CAMS) as well as the role of present and future winter North Atlantic teleconnections on
the CS catchment area have been mnvestigated previously m Nandim ef al. (revised) and found
to be the best version of CESM representing the present day CS climate.

5.2.2 CESM Caspian Sea areas and Input Data Preparation

The three CS areas (large, current and small; Fig. 5.1) are determuned using a 5 arc minute
ETOPO1 digital elevation model (DEM) (Amante, 2009) and using spatial analysis tools in
ArcGIS (ESRI, 2016). The DEM is visualized and rasterized with ArcGIS by changing the
bathymetry depth of the DEM (0 m, -90 m, -27 m) to create each CS area. The resultant CS
areas are overlaid onto the CESM default ocean model domain file to identify and modify the
land and ocean grid points. If the water level of a grid point (ocean gnid cells) 1s lower than the
mean bathymetry of the grid, the grid 1s set to be a land grid. The large Caspian simulation 1s
actually the default CESM pre-industrial simulation, that includes a CS area that 1s larger than
the present-day area.

Based on the new CS areas, CESM ocean bathymetry (a 2D field called KMT representing the
number of active depth levels at each grid point) are modified to reflect changes made to
land/ocean areas. Next, new mapping files are generated with the NCAR Paleo toolkit software
to prepare all mnput files which are mnterpolated onto the same doman. For all four scenarios,
we extrapolate the surface properties of the nearest neighbour grid cell to the new land gnd
cells (e.g. plant functional types (e.g. grasslands) and soil properties). The land properties were
recalculated for each scenario. The mmtial land surface conditions were mterpolated (using
Interpinic-a CESM tool) onto the new land surface defimtion. However, 1t does not extrapolate
CLM mutial conditions onto the newly created land grid cells, meaning those are potentially
qute far from equlibrium. Lastly, the CESM simulations are spun up for 100 years and the
last 50 years are taken for amalysis i our sensitivity study. In this study, we examine
differences between all simulations with respect to a no Caspian scenario.
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5.2.3 The hydrological model: THMB

The CESM model outputs are used as imnputs for the hydrological model THMB (formerly
known as HYDRA, Hydrological Routing Algorithm) to perform offline simulations of four
CSLs, which are spun up for a 1000-year stmulation time each. THMB simulates hydrological
processes as a linked dynamic system in which locally derived runoff 1s transported across the
land surface in rivers, lakes and wetlands, and 1s finally transported to the ocean or an inland
lake (Coe, 1998, 2000). The model 1s forced with estimates of runoff over land, and
precipitation and evaporation over sea in a hydrologic network linked to a linear reservoir
model (Eq. 1). The linear reservoir model (river water reservoir (Wr), surface runoff pool (Ws),
and subsurface drainage pool (Wd)) simulates water transport based on prescribed local
dramage directions derived from the local topography, residence times of water within a gnnd
cell, and effective flow velocities.

OIW,1/0t = [W,/T, + Wg/Tgl*[1—A,] + [B, —E, 1+ A, — [W,/T]+ $F,

eqn. 01

where Ay 15 the predicted fractional water area in the gnid cell; Ts, T4, and T; are the residence
times (s) of the water in each of the reservoirs; P, and E,, are the precipitation and evaporation
rates (m’s™) over the surface water, respectively; and Fi is the water fluxes (m’s?) from the
upstream cells. For the case of small and no-CS scenarios, where considerable areas were
changed to land, we used a sumplified Penman-Monteith equation (Allen ef al., 1998) to
estimate potential evaporation over areas that THMB simulates as water, rather than using the
climate modelled actual evaporation (over land pomts).

5.3 Results
5.3.1 The impact of CS areas on regional climate

Here we present the impacts on surface water budget (evaporation and precipitation), CSL and
IVT based on monthly means, and 2 m temperature (T2m). All results presented below are
based on monthly climatological model output. Our results show that changes in the CS area
exert strong impacts on the water budget (Fig. 5.2). Evaporation increases as CS surface area
mncreases in all seasons, with spring being the lowest and autumn the highest except for the NC
where evaporation 1s highest in spring (Fig. 5.2a) because highest precipitation occurs i winter
(Fig. 5.2c), when there would be enough water in the ground, which can be evaporated. The
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mean annual precipitation mcreases with a larger CS area with up to a 73% over CS and 21%
over CS basin with respect to no-CS scenario (Fig. 5.2c). The mean annual evaporation
increases with a larger CS area with up to a 398% over CS and 51% over CS basin with respect
to no-CS scenario (Fig. 5.2b). This 1s directly linked to the mcrease in surface area of the CS.
The annual mean evaporation anomaly over the CS 1s predonunantly higher (more than 3 mm
day!) (Fig. 5.3a,e,1).
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Figure 5.2: Seasonal changes for evaporation and precipitation a) Mean seasonal evaporation, b)
percentage change of evaporation relative to no-CS scenano over larger CS (in grey) and CS catchment
(in orange), and c) same as b) but for precipitation.

The changes in CS area likely controls the precipitation distribution and amount (Fig. 5.3b, f,
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1), since larger surface area means more water available for evaporation and this leads to more
moisture in the atmosphere available for precipitation. The largest precipitation anomalies
(greater than 1 mm day') occur over the south-western (SW) part of CS.
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Figure 5.3: Annual mean changes for evaporation (a. e and 1), precipitation (b, f and 7). P-E (c. g and
k) and lower level (1000 — 850 hPa) vertically integrated water vapor transport (IVT) (d. h and 1) for
large, current and small CS with respect to No-CS scenario. Shading indicates significance at 95% level
(applying Student’s t-test). The IVT is calculated by integrating the zonal and mendional moisture
fluxes. The vector field are not anomaly values. but actual values of IVT for BC (d), CC (k) and SC (1).
The two possible primary reasons for higher precipitation in the SW are the amount of
evaporation available over the sea (which depends on the size of the sea) and lower level
easterly winds driving vapor flux toward a SW direction (Fig. 5.3d, h, 1) enhanced by the
Caucasus and Elburz mountains (Arpe et al. 2018). Significant, though smaller, changes in the

annual mean precipitation (<0.5 mm day!) are observed over most parts of CS catchment area,
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which can be linked to the combined effect of lower level easterly wind driving the moisture
flux and the large-scale circulation processes mnfluenced by upper level westerly winds. To
understand the drivers of moisture transport that contribute to changes in water balance, we
mvestigate lower level IVT (=850 hPa level). The amount of available moisture flux increases
with larger CS area (Fig. 5.3d, h, 1). Lower level wind patterns over CS and the eastern part of
CS basin form a circular pattern and this plays wvital role for transporting moisture flux
generated over CS and also from the eastern part of the sea (Fig. 5.3d). In particular, this
easterly surface winds (from Kazakhstan) shuft direction to the south-west around the western
CS catchment area and this contributes significantly to the moisture flux directed towards the
south-western parts of CS.
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Figure 5.4: Seasonal mean evaporation changes of large, current and small CS with respect to No-CS
scenario. The shaded colours show statistically significant changes with 95% confidence interval.

Higher evaporation over the CS mainly happens during the autumn (followed by winter) season
(Fig. 5.4). This 1s because of greater thermal inertia (lugher heat capacity plus lower albedo
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compared to bare surface), and more heat 1s stored during spring and summer leading to lower
evaporation and released later during autumn and winter leading to higher evaporation. Due to

an accumulated cooling effect during winter and spring periods (resulting in sea ice cover
during spring time) the northern shallow CS part experiences lower evaporation (Fig. 5.4b, f).
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Figure 5.5: Same as Fig_ 5.4 but for precipitation changes.

Seasonal changes of precipitation have a similar spatial pattern to changes i evaporation
during autumn and winter (Fig. 5.5). The presence of CS produces more precipitation over the
sea in autumn and winter (more than 2 mm day™), but less precipitation over sea in spring and
summer (Fig. 5.5). This suggests that winter and autumn precipitation changes donunate the
annual mean anomalies which can be related to changes in air temperature. Although changes
in precipitation tend to follow evaporation occurrence during autumn and winter, the changes
are not linearly related throughout the year.

The surface temperature changes are linear (Fig. 5.6), with the larger CS area produced ligher
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(lower) in T2m during autumn and winter (spring and summer) (Fig. 5.6) which agree with the
results of Farley-Nichols & Toumu (2013), and further suggest the link between changes in CS
area and air temperature changes over the CS and surrounding area.
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Figure 5.6: Mean seasonal temperature (T2m) changes with respect to no Caspian scenario over CS
surface areas.

Seasonal vanation of T2m for larger CS clearly show sigmficant decrease over and around the
CS, predomunately during spring and summer time (Fig. S5.2), although the amount of solar
radiation recerved during this time 1s higher compared to other seasons. This can be explained
by the albedo and heat capacity effect. A No-CS scenario results in a greater area of bare land
surface with a higher surface albedo than over sea, and because of ligher thermal inertial
(higher heat capacity) of the sea, air temperature over the sea remains cooler during the summer

SEAs0n.
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5.3.2 The presence of CS areas on large-scale climate
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Figure 5.7: Annual mean changes for small Caspian, Current Caspian and Big Caspian
compared with no-Caspian scenarios for (a-c) temperature 2-meter, (d-f) precipitation, (g-1) sea
level pressure and (j-1) zonal wind at 200hPa showing the location of the jet stream Stippling
indicates significance at 95% level (applying Student’s t-test).
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Annual changes show significant warmung (>1 K) i surface air temperatures extending in a
north-easterly band over the northern catchment area and as far as east Siberia and northwest
Pacific. The warmung over the northwest Pacific decreases in the small CS scenario when
compared with the no Caspian scenario (Fig. 5.7ac). Also, 1t appears that temperatures are
restricted m the southern CS by the Elburz mountamns, which was previously noted by Farley-
Nichols & Toumu (2013) and Arpe et al. (2018). These temperature changes are stronger when
compared with precipitation, where annual mean changes appear more restricted fo regional
NW surroundings of CS catchment area at ~0.8 mm/day (Fig. 5.7d-f). Upon examining the
large-scale changes in sea-level pressure due to the presence of each CS area, high pressures
are seen extending from the Mediterranean region towards the southern CS (at ~ 125 Pa), which
mcreases with small CS when compared with larger CS area (Fig. 5.7g-1). We also note high
pressure over the northwest Pacific that decreases due to the presence of large to small CS area
(Fig. 5.7g). The zonal winds at the 200 hPa level show the location of the subtropical jet stream
that plays a key role i distributing moisture, temperature, and pressure across this region (Fig.
5.7)-1). We denote north-south dipole changes in the jet stream pattern driven by the westerlies
with a decrease in speed over the northern CS catchment area, which extends in a north-easterly
band across Asia and northwest Pacific concerning small to large CS area. The increase in the
jet stream speed slows down over the southern CS catchment area, in the small CS area (Fig.
5.7).

In order to understand the influence from different CS areas on the upper atmospheric flow,
we also mvestigated annual changes for geopotential height and temperature at the 500 hPa
level (Fig. 5.8). Results show that annual mean temperatures trigger corresponding changes in
geopotential height, possibly via atmospheric Rossby waves (Hoskins, 1981). This can result
in the widening of the 500 hPa troughs over the northern Pacific under the presence of large
CS area (Fig. 5.8f). Hence, a significant upper atmospheric link occurs between decreases in
temperature and the reduction in geopotential height over the southern CS catchment area and

Vvice Versa.
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Figure 5.8: Same as Figure 5.7 but for (a-c) temperature and (d-f) geopotential height at the 500 hPa

level.
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Figure 5.9: a) Winter and b) summer changes for temperature for current CS- no CS scenano and c)
CESM CS surface area changes for winter temperature, averaged over Northwest Pacific region
[45:80N and 140:185E] (circled 1n black).

The seasonal results also suggest that different CS areas influence large-scale climate over the
entire northern hemisphere. Here, we only consider winter and summer changes and take the
current CS scenario (compared to no CS) as an example. The most striking and sigmficant
seasonal feature 1s the intense warning during winter for air temperatures over the CS and the
northern catchment area, which extends as far afield as the northwest Pacific (Fig. 5.9a). In

79



comparison, the summer reduction in temperatures are restricted over the CS catchment area
(Fig. 5.9b). The enhanced winter temperature seen i Fig. 5.9a over the northwest Pacific
region [45:80N and 140:185E] are averaged for all CS scenarios (Fig. 5.9¢).
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Figure 5.10: a) Winter and b) summer changes for precipitation for current CS- no CS scenario and c)
CESM CS surface area changes for summer precipitation averaged over central Asia region [35:55N
and 55:100E] (rectangle in black).
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Figure 5.11: a) Winter and b) summer changes for sea level pressure for current CS- no CS scenano
and c) CESM CS surface area changes for winter sea level pressure averaged over Northwest Pacific
region [45:80N and 140:185E] (circled in black).

Generally, the warnung increases from a no CS to large CS area. On the other hand, the winter
increase in precipitation are mostly restricted over the CS (Fig. 5.10a). However, the summer
increases over central Asia are of valid interest (0.6 mm day) (Fig. 5.10b). When examined
over the central Asia region [35:55N and 55:100E], precipitation seems to broadly increase for
all ssmulations (Fig. 5.10c). This increase in summer precipitation over central Asia can be
driven by the associated changes seen previously m surface winds, moisture flux and the lake
effects of the CS which transports moisture afield. However, this merits further imvestigation.
The winter sea-level pressure changes show an east-west pressure dipole over the CS
catchment area, and high pressure over the northwest Pacific and Europe (Fig. 5.11a).

80



However, during summer, high pressures are seen over the sea, southern catchment area and
central Asia region (~160 Pa) (Fig. 5.11b). To investigate the high pressure over the northwest
Pacific during winter, we averaged this region [45:80N and 140:185E] and suggest the presence
of the small CS area to influence the enhanced pressure gradient; when compared to a larger
or current CS area (Fig. 5.11c).
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Figure 5.12: Winter and summer changes for current CS- no CS scenario for (a-b) geopotential height
and (c-d) zonal winds at 200 hPa showing the location of the jet stream. Stippling indicates sigmificance
at 95% (t-test).

The presence of different CS areas affects the atmospheric circulation patterns much higher in
the atmosphere (at the 500 hPa and the 200 hPa levels) via changes in geopotential height and
zonal winds. We firstly examined winter and summer changes for the geopotential height and
the location of the jet stream by investigating the zonal winds at the 200 hPa level (Fig. 5.12).
The seasonal responses of both to the presence of different CS areas during winter and summer
show high variability, especially in the structure of subtropical jet stream (Fig. 5.12¢, d). It
appears that reduced summer surface temperatures (Fig. 5.9b) can trigger a reduction in the
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summer geopotential height (~28 m) (Fig. 5.12b) with a resultant enhanced summer north-
south dipole pattern in westerly winds over southern CS, from the Mediterranean Sea to east
Asia and a reduced northward tilt over the northern CS (Fig. 5.12d).
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Figure 5.13: Winter and summer changes for current C5- no CS scenario for (a-b) temperature, (c-d)
geopotential height and (e-f) zonal winds at the 500 hPa level.

A possible explanation for the strong southwards shift in the jet stream anises from horizontal
temperature gradients between warm and cold regions which influence the westerlies as also
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seen in Farley-Nichols & Tounu (2013). It 1s plausible be that surface temperature signals
propagate up to higher atmospheric levels, which changes the geopotential height. The above
summer relationship 1s consistent at the 500 hPa level as well (Fig. 5.13) and our results show
that, the summer temperatures indeed influence the reduction in geopotential height anomalies
(-30 m) which results in the same (but weaker) dipole pattern of the jet stream (Fig. 5.13b, d,
f). The results of this study suggest that the presence of different CS areas affect large-scale
climate over the entire northern hemmsphere.

5.4 Discussion

Our simulated results suggest that the presence of different CS areas (when compared with a
no CS scenario) affect the climate 1n the regional catchment area and large-scale circulation
patterns in the northern hemisphere. We note that both precipitation and evaporation increase
(decrease) with a larger (smaller) CS area; as a larger CS can produce and contribute to more
moisture to this region compared to a smaller or no CS, particularly during late autumn—early
winter, when cold, dry air masses pass over the relatively warm CS given the high heat capacity
of the sea. Our results highlight that evaporation plays a sigmficant role on the CSL varability
simular to seen in the investigations by (Chen ef al., 2017). A clearly enhanced precipitation
in the SW of the CS 1s seen 1n our study, which was not found by Arpe ef al. (2018) but shown
by Farley-Nichols & Tounu (2013). During the winter, precipitation changes tend to follow
evaporation, however, these changes are not linearly related throughout the year (sumlar to
Farley-Nicholls & Toumu, 2013). The impacts on evaporation and precipitation are smaller
during spring. A partial explanation for this lies m the contrasting seasonal thermodynanmucs
(and thermal inertia of the sea) and atmospheric moisture recycling changing in each CS area
simulations. Also, the summer atmospheric moisture recycling and distribution 1s known to
play a key role in changing the regional climate (and convective stability). In particular, the
amount of atmospheric moisture available 1s driven by the temperature difference between
surface atmosphere and sea surface and surface winds and this relationship changes upon a

given CS area.
Of key interest in our study are the impacts of the changing CS areas on specific regions in the

northern hemisphere. In particular, we examine and discuss three main large-scale relationships
seen 1 the simulations: 1) The mmpact of surface air temperatures extending towards east
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Siberia and northwest Pacific during the winter. 2) The impact of enhanced precipitation in the
central Asia region during summer. 3) The impact of surface temperature on upper atmospheric
geopotential height and zonal winds.

The first association focuses on the impact of enhanced winter surface air temperatures which
extends as far as east Siberia and northwest Pacific. These temperatures increase based on
larger area changes and vice versa and are relative to a no CS scenario. This enhanced warming
over north-western Pacific can be driven by changes in CS area dependent air masses (strong
westerlies and convective mstabilities during winter). During winter, the presence of the CS
(when compared with no CS) leads to reduction in atmospheric stability due to CS being
warmer than the surrounding air temperatures. Hence, the seasonal temperature leads to
atmospheric instability (implications on cyclogenesis), during winter and greater stability (anti-
cyclogenesis) during summer (Arpe et al., 2018; Farley-Nichols & Toumu, 2013). However,
the warming over the northwest Pacific can be attributed to the Pacific decadal oscillation, but
this 1s not mnvestigated i our study. Moreover, 1t 15 quite plausible that the above changes are
affected by a no CS scenario, comparable to a stmular sifuation such as that seen for the nearby
Aral Sea (McDermud & Winter, 2017; Small et al., 2001). Interestingly, the temperature
changes are linked to the sea level pressure changes which show simular pattern for the same
region, lighlighting surface temperatures as drivers of low-level atmospheric circulation
Typically, enhanced (warmer) surface temperatures imtiate updrafts, with resultant effects on
low sea level pressure. Moreover, the winter season around the CS catchment area (relative to
no CS scenario) 1s domunated by lower pressure, stronger low-level winds and increased

moisture (enhanced temperature and evaporation changes).

The second connection focuses on the impact of enhanced summer precipitation i the central
Asia region which can be associated with surface winds and westerly winds which transports
moisture afield However, the westerlies are stronger in winter. Yet, 1t 1s likely that these winds
pick up moisture over the sea and transport towards the eastern dry plains near central
Asia (Arpe et al., 2019). Also, the generally westerly flow in winds 1s disturbed by the
Caucasus mountamns and restricted by the southern Elburz mountains. During the summer,
associated reduced surface temperatures, high pressure pradients and weaker westerlies are
seen relative to no CS scenario. Given this, it 1s mteresting that the summer precipitation
increases with larger area changes (high moisture capacity) and vice versa and are relative to a
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no CS scenario. A second potential explanation is that the summer Indian monsoon 1s driving
the high precipitation variability over central Asia from the Far East (Schiemann et al., 2007).

The third link focuses on the impact of temperature on upper atmospheric geopotential height
and zonal winds resulting in a shift in the location of the jet stream that influence changes in
circulation patterns. Here we discuss two aspects; first our results suggest the widening of the
500 hPa troughs with smaller CS area on the northern Pacific and vice versa. In the Northern
Hemusphere, two frontal zones are best developed at the 500 hPa level, imtiating a strong
thermal gradient at the 500 hPa level that can be projected via the Rossby waves or stationary
waves (Hoskins, 1981). These wave trains in the upper atmosphere intensify due to stronger
winds from the north; induced from a difference mn temperature gradients. Hence a thermal
response (for changes in the temperatures at the 500 hPa level) can be responsible for triggering
the wave pattern seen in the geopotential height at the 500 hPa level.

The second aspect of the third link relates to the southward shift in the location of the summer
jet stream_ The presence of different CS areas 1s seen to influence the atmospheric circulation
patterns much higher in the atmosphere (at the 500 hPa and the 200 hPa levels). During the
summer, surface temperatures influence a reduction in geopotential height at the 200 hPa level
(-28 m) and an associated southward shift in the jet stream at 200 hPa. Typically, strong surface
temperatures can influence changes m the upper atmospheric geopotential height field, and
mmpact the zonal wind field due to the geostrophic height-wind relationship. Here, we note the
presence of different CS areas affect the thermal gradient, which drives the jet stream speed
and location. In particular, this summer relationship for a surface thermal response triggering
the reduction in geopotential height anomalies which result in similar enhanced dipole pattern
in the jet stream at the 200 hPa level 1s seen in the regional modeling study by Farley-Nichols
& Tounu (2013). However, we have also tested this summer relationship at the 500 hPa level
and can show that the summer temperatures at the 500 hPa level mdeed influence the reduction
in geopotential height anomalies (-30 m), that results in the same (but weaker) dipole pattern
of the jet stream seen previously at the 200 hPa level. It 1s also comparable with the Great
Lakes studies by Lofgren (1997) that lead to a poleward shift in the winter jet stream due to
stronger menidional temperature gradient being mtensified in the north and weakened in the
south. Also, our study agrees with the regional linuted study of Farley-Nichols & Toumi (2013)
and further contributes to our new simulated results by including different realistic CS areas,
using a state-of-the-art high-resolution coupled climate model and the improving the
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mnterpretation between the CS changing surface areas and the large-scale physical processes
over the Northern Hemusphere.

Our study mnvolves some caveats that can limit the detailed understanding of the regional and
large-scale climate over the northern hemmsphere (e.g. moisture cycle 1s more pronounced on
hourly, daily and weekly basis). The default version of the CESM includes a prescribed (larger)
CS surface area. This affects realistic CS moisture transports that influence the atmospheric
water budget and the feedback of CSL vanability. By perfornung idealized stmulations of four
CS area changes, our findings aid in recognizing regional and large-scale climate impacts of
the CS and strongly mdicate that the inclusion of a realistic CS area representation 1s essential
n future climate model developments.

5.5 Conclusions

Our new results propose that the presence of different CS areas affect the regional climate over
the CS catchment area as well as large-scale climate over the northern hemisphere and
contributes to the improved interpretation between the CS changing surface areas and the large-
scale physical processes over the Northern Hemusphere. When compared to a no CS scenario,
evaporation over the sea increases with increasing area, while precipitation increases over
southwestern CS with mcreases in surface area. The presence of CS areas has a strong impact
on surface air temperatures due to its thermal mertia, reducing temperatures in summer and
mcreasing it in winter. This leads to enhanced precipitation over central Asia and increased
warming over north-western Pacific during winter. The temperature and precipitation changes
during different CS surface areas affect large-scale circulation and disturbance in wave trains
resulting in a widening of the 500 hPa troughs on the northern Pacific region; as seen for the
smaller CS area scenario. Furthermore, our results suggest a summer relationship of surface
temperatures which trigger a reduction in geopotential height anomalies that can result in
enhanced north-south dipole pattern and a southward shift in the jet stream at the 200 hPa and
500 hPa level.

Our results underline that an accurate representation of the CS 15 important to avoid bias when
evaluating the climate processes over this region like changes in temperature, evaporation and
the subtropical jet stream for climate models. This study allows for an accurate estimate of the
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change of the CSL from the change in the CS surface areas when compared to a simulation
carried out with an inaccurate CS area. Our study shares implications for exploring these
realistic CS surface areas under past climate states as well as climate projections for the 21*
century and can provide vital assessments for identifying climate impacts of changing CS

surface areas.
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Chapter 6

6 Conclusions and Qutlook

Both paleoclimate reconstructions regarding the extreme changes i Caspian Sea level (CSL)
during the late Quaternary, and climate modelling regarding the CSL by the end of the 21
century, have been of keen interest, heavily debated and uncertain. Understanding the global
mechanisms for regional CSL changes 15 complex, but essential for predicting the CSL under
future climate change In this study, a chimate modeling approach was used to identify the
physical mechamsms for the long-term vanations in the water budget (precipitation and
evaporation; P-E) of the Caspian Sea (CS) that lead to changes in the CSL; as well as to assess
the CESM1 .2 2 model skill in representing different climate states for the CS. To this end, a
large set of paleo climate, present-day and future simulations were designed for the above, and
the new results offer fresh perspectives on the relationship between the northern hemuspheric
chimate events and the CS catchment area during the late Quaternary to the end of the 21+
century. Here, we summarise the key insights gained from research questions examined in the
three chapters.

The results of the first chapter clearly suggest that regional changes in the CS water budget are
influenced by global glacial and interglacial chimate conditions. The CESM1.2 .2 constrains the
timings for the major CS transgressions and regressions as well as idenftifies the chimate
conditions favourable for the occurrence of these events during the Late Quaternary; leaving
aside potential changes m river hydrography, and compared with the selected paleoclimate
reconstructions. However, the model cannot capture all selected reconstructions for the above,
based solely on water budget changes; in particular during the Heinrich Stadiall. Insolation-
controlled summer meltwater and a weakened m the Atlantic Mendional Overturning
Circulation strength potentially play a primary role during the early and late phases of Heinrich
Stadiall that are quite different and affect the catchment area in different ways. Based on
CESM i1ce sheet data, and the selected reconstructions, it 1s clear that meltwater 1s responsible
for the two reconstructed high stands seen during the deglaciation (at 16 and 14 kyr BP). Here,
the CESM positive water budget and climate conditions only capture one highstand (~14 kyr
BP), since the model does not mclude a sophisticated meltwater routing into the CS, making
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comparisons with the selected reconstructions complicated. Compared with the pre-industrial
chimate, the warmer and wetter interglacial climates result in a positive CS water budget and
agree with the selected reconstructed transgressions; based on a combination of weakened
winter westerlies (denoting a negative NAO-like pattern) and insolation enhanced summer
precipitation. The glacial Marine Isotope 3 interstadial climate 1s clearly driven by enhanced
thermal influenced winter precipitation over the North Atlantic and the larger CS region,
resulting in a positive water budget that identify fto a transpression; analogous to
reconstructions. The North Atlantic winter climate vaniability and ice sheet dynamics control
the colder and drier conditions of the Last Glacial Maxumum that lead to a negative water
budget; leading to a regression, and concur with the reconstructions.

The second chapter suggests that the present and future changes (1850-2100 CE) in the winter
North Atlantic Oscillation (NAO) clearly impact the Caspian Sea hydroclimate and CSL. The
CESM1.2.2 with CAMS5 atmosphere physics and 1° resolution shows the best skill in
simulating the NAO, when compared to the 1° CAM4 or 2° CAM4 versions. The present-day
winter NAO enhances winter precipitation over the Volga catchment area. Similarly, the future
projection of RCP4.5 suggest hugher precipitation over the Volga; but, the RCP8.5 proposes a
more interesting cancelling effect of the NAO on P-E, with a north (increase)- south (decrease)
dipole pattern in the NAO centres of action over the entire catchment area. This insinuates that
the correlation between future winter NAO and the Caspian water budget 1s not stable and
depends on the changing background climate and shifts in the location and magnitude of the
NAO centres of action. In particular, the key result of future climate warming is related to
mcreasing summer evaporation over the CS surface. Hence, despite increasing winter
precipitation over the northern catchment area, the increasing summer evaporation over the sea
1s stronger and results in a negative water budget with an additional CSL drop of ca. 9 m
(RCP4.5) to 18 m (RCP8.5) by the end of the 21 century; larger than future CSL from previous
modeling studies. Such CSL decline can significantly impact the Caspian region, mainly the
shallow (< 5 m water depth) northern Caspian catchment area. Because the CESM1.2.2 model
mcludes an inaccurate CS surface area that 1s larger when compared to present-day, the
calculated CSL drop can be overestimated.

In order to assess the impacts of different Caspian Sea surface areas on the regional water
budget as well as large-scale atmospheric circulation patterns, the results from the third chapter
focus on the relationship of a larger, current and smaller CS surface area; when compared to a
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no CS. The model essentially confirmed that the presence of different Caspian Sea areas
substantially affects the regional and upper atmospheric large-scale climate over the northern
hemisphere. Regional changes i the CS catchment area appear to be driven by these changing
CS surface areas. When compared to a no Caspian Sea scenario, a larger CS area suggests
higher evaporation over the sea and hugher precipitation over the south-west catchment area
and vice versa for a smaller CS. Seasonally, the presence of a larger Caspian Sea area reduces
(increases) surface temperatures mn summer (winter) that triggers a resultant southward shaft
and increased speed in the subtropical jet stream at the 200 hPa and 500 hPa level. These
changes in the upper atmospheric circulation lead to increased summer precipitation over
central Asia and increased winter warming over the north-western Pacific; possibly via changes
in the Rossby waves. Hence, mncluding a correct Caspian Sea area 15 important to avoid model
bias when evaluating for the above, as well as estimating changes in CSL when compared to
simulations mvolving an maccurate Caspian Sea area. In this context, exploring realistic
Caspian Sea surface areas for past climate states and projections for the 21 century can provide
improved and realistic assessments for identifying changes in CSL.

In this study, the CESM1.2.2 model has considerably contributed to improved understanding
of the physical interactions between the large-scale climate over the Northern Henusphere and
the regional hydroclimate vanations in the CS by constraiming the selected reconstructions.
However, the CESM model 1s limited in 1dentifying and constraining all the CS transgressions
and regressions during the late Quaternary, solely based on precipitation and evaporation
changes._ In particular, future modeling studies should consider integrating regional geological
archives for estimates of ice sheet dynanucs (growth and melting), paleo- hydrography changes
and a proper implementation of a sophisticated meltwater routing into the CS that can provide
a more realistic assessment of the meltwater impact during paleo climate, e g, during the late
stage in Heinrich Stadiall. For a realistic assessment of the potential biases, future CESM and
other climate model developments should include the correct Caspian Sea surface area
representations that are the best representative of past geologic and present periods; in order to
predict most likely CSL changes under future scenarios.

Producing climate ensembles and transient climate simulations with precise CS surface areas
can contribute to constraining the paleoclimate reconstructions for changes in the CS catchment
area. At the regional scale, there 1s a need for a better integration of geologic archives and
chimate models in simulating a realistic Caspian Sea climate and to better validify the predictive
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ability of high-resolution climate models for the physical mechamsms for changes i CSL
throughout the 21+ century. However, CESM1 .2 2 1s recogmised to be robust at improving the
mterpreting of reconstructions and at representing present-day climate conditions. This mstalls
a greater confidence in the model projections and interpretations regarding the climate and
hydroclimate conditions for the Caspian Sea catchment area by the end of the 21 century.

Of particular concern 1s that the extreme CSL changes calculated from this study can occur
before 2100, as the latest assessment by the IPCC special report highlhighting impacts of global
warmung of 1.5°C above pre-industrial levels suggest dire changes as early as 2030 (Hoegh-
Guldberg et al., 2018). A rapid decline in the Caspian Sea poses well-known risks; sumlar to
the nearby Aral Sea, which 1s a prime example of rapid lake shrinkage and the effects this has
on the surrounding societies, agriculture, fisheries and the ecosystem. Similarly, the Caspian
Sea’s highly valuable resources are integral to the surrounding countries, and while further
man-made developments can substantially change this region, the predicted future scorching
summer chimate certainly plays a key role. Conversely, the winter NAO can enhance winter
precipitation / niver runoff flow into the Volga and the Caspian Sea. However, the increased
summer evaporation plays the key role in rapid Caspian Sea shrinkage and this trend 1s highly
likely to continue with higher temperatures influencing stronger evaporation by the end of the
21% century. Given the large longitude of the CS catchment area, the influence of large-scale
climate events on the precipitation and evaporation donunating the CSL and changes in this
sensitive balance should be investigated constantly and in more detail in the next decades.
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Supplements

S1 Supporting Information for Chapter 3
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Figure 53.1: Summer mean precipitation in mm/day.
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Figure 53.2: Winter mean precipitation in mm/day.
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Figure 53.3: Annual mean differences in evaporation between simulations (mm/day).
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Figure 53.4: Mean winter zonal wind at 500 hPa level,
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Figure 53.5: Summer mean differences in LI minus Pl conditions for a) summer sea-level pressure in hPa and b) zonal
wind at the 850 hPa level and the same for (c-d) EH minus Pl conditions.
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Figure 53.6: Annual mean sea level pressure in hPa.
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Figure 53.7: Annual mean zonal wind at 850 hPa level in m/s.
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Figure 53.8: Annual mean strength of the Atlantic Meridional Overturning stream function (AMOG; Sv).
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Figure 53.9: Annual mean differences between simulations the AMOC strength (Sv). The stronger AMOC under gladial
conditions seen above is common in medel simulations (Weber et al., 2007) and likely results from wind stress changes

induced by larger ice sheets.
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S2 Supporting Information for Chapter 4

HE “0E

Figure 54.1: Annual mean evaporation (surface water flux) in mm/day from 1979-1999 for (a) 0.5° ERAI reanalysis and (b-

d) the different CESM versions.
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Figure 54.2: Difference in annual mean evaporation in mm/day from 1979-1999 between (a-<) different CESM versions and

0.5° ERAI reanalysis.
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Figure 54.3: As Fig. 521, but for annual mean P-E in mm/day.
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Figure 54.4: As Fig. 522, but for annual mean P-E in mm/day.
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Figure 54.5: As Fig. 521, but for annual mean predipitation in mm/day.
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Figure 54.6: As Fig. 52.2, but for annual mean predipitation in mm/day.
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Figure 54.7: As Fig. 521, but for annual mean T2m in *C.
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Figure 54.8: As Fig. 5.2.2, but for annual mean T2m in *C.
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53 Supporting Information for Chapter 5
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Figure 55.1: Statistically significant changes in seasonal mean P-E of large, current and small (5 with respect to No-(5
scenario. The shaded colours are areas were mean anomaly is different from zero with 95% confidence interval.
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Figure 55.2: Same as Figure 55.1 but for near surface temperature changes.
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