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Abstract

The tropical atmospheric overturning circulations are likely weakening under increased CO,
forcing. However, insufficient understanding of the circulations’ dynamics diminishes the full
confidence in such a response. Here I address two distinct aspects of the circulation change as it
is represented in a series of CMIPS (Coupled Model Intercomparison Project Phase 5) idealized
experiments: the robustness of the Walker circulation in a warming climate and the fast response

of the tropical overturning circulation to CO; forcing.

The first study investigates the changes in the Pacific Walker circulation under anthropogenic
forcing and the sensitivity of its weakening response to internal variability, General Circulation
Model (GCM) configuration, and indexing method. The sensitivity to internal variability is
analyzed by using a 68-member ensemble of the MPI-ESM-LR model; the influence of model
physics is analyzed by using the 28-member CMIPS5 multi-model ensemble. Three simple
circulation indices, based on mean sea-level pressure, 500 hPa vertical velocity and 200 hPa
velocity potential, are computed for each member of the two ensembles. The analysis uses the
outputs of the CMIPS5 idealized transient climate simulations with 1% per year CO; increase
from pre-industrial level, and investigates the detected circulation response until the moment of
CO; doubling (70 years). Depending on the indexing method, it is found that 50-93% of the
MPI-ESM-LR and 54-75% of the CMIP5 ensemble members project significant negative trends
in the circulation’s intensity. This large spread in the ensembles reduces the confidence that a
weakening circulation is a robust feature of climate change. Furthermore, the similar magnitude
of the spread in both ensembles shows that the Walker circulation response is strongly influenced

by natural variability, even on a 70-year period.

In the second part of this thesis I analyze CMIPS idealized climate experiments with abrupt
quadrupling of atmospheric CO, to understand the fast response of the tropical overturning
circulation to this forcing and the main contributors to this response. I define a measure for
the circulation intensity based on pressure velocity in the tropical subsidence regions. In doing
so, I play on the advantage of the subsidence regions in being dynamically stable and on the
fact that, from a measurement point of view, the observation of these regions is prone to less
uncertainty than the convective regions. Also, the subsidence regions are less sensitive to the
GCM’s cloud and precipitation parametrization schemes. My method allows to decompose the

circulation intensity relative change (with respect to a control state) into a sum of the relative
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changes in subsidence area, static stability and atmospheric cooling rate. Also, I use aqua
planet and realistic planet experiments to look into the effect of the land-sea differentiated
heating on the total change in circulation strength. I find that on average the tropical circulation
slows down and this change is dominated by the cooling rate reduction, as the other factors
show a positive change. The cooling rate reduction results from the direct radiative effect of
increased CO; concentration in the atmosphere. I find that even in a realistic planet setup the
circulation change is dominated by the changes in the subsidence regions over the oceans, but
the land-sea differentiated heating also contributes to the slow-down of the circulation by driving
the vertical expansion of the tropics. A brief analysis of the circulation changes in a coupled
climate experiment suggests that the fast response of the circulation is detectable at time scales
smaller than 1 year: another mechanism leading to the circulation weakening takes over around
this time range, i.e. the increased static stability in response to the surface temperature rise

occurring as a result of the CO; greenhouse effect.



Zusammenfassung

Die tropischen Umwilzzirkulationen schwichen sich wahrscheinlich bei erhohtem CO,-Antrieb
ab. Ein unzureichendes Verstindnis der Dynamik der Zirkulationen verringert jedoch die
Verlasslichkeit einer solchen Reaktion. Hier gehe ich auf zwei verschiedene Aspekte der
Zirkulationsverdnderung ein, die in einer Reihe von idealisierten Experimenten im Rahmen des
CMIP5 Modellvergleichs untersucht werden: die Robustheit der Walker-Zirkulation in einem
sich erwidrmenden Klima und die schnelle Reaktion der tropischen Umwilzzirkulation auf den
CO,-Antrieb.

Die erste Studie untersucht die Verdnderungen der pazifischen Walker-Zirkulation unter an-
thropogenem Einfluss und die Sensitivitit ihrer Abschwichung im sich erwirmenden Klima
beziiglich interner Variabilitét, der Konfiguration des allgemeinen Zirkulationsmodells (General
Circulation Model oder GCM) und der Indexierungsmethode. Die Sensitivitit beziiglich in-
terner Variabilitdt wird mit Hilfe eines Ensembles aus 68 verschiedenen Realisierungen des
MPI-ESM-LR Modells analysiert. Der Einfluss der Modellphysik wird mit Hilfe des CMIP5
Ensembles aus 28 Modellen analysiert. Drei einfache Zirkulationsindizes, basierend auf dem
durchschnittlichen Meeresspiegeldruck, auf der 500 hPa Vertikalgeschwindigkeit und auf dem
200 hPa Geschwindigkeitspotenzial werden fiir jedes Mitglied der zwei Ensembles berechnet.
Die Analyse verwendet die Ergebnisse der idealisierten CMIPS5 transienten Klimasimulatio-
nen mit einem CO;-Anstieg von 1% pro Jahr seit dem vorindustriellen Niveau und untersucht
die nachgewiesene Zirkulationsreaktion bis zum Zeitpunkt der CO,-Verdopplung (70 Jahre).
Abhingig von der Indexierungsmethode wird festgestellt, dass 50-93% der MPI-ESM-LR und
54-75% der CMIP5-Ensemblemitglieder signifikante negative Trends in der Zirkulationsinten-
sitdt projizieren. Diese grofle Streuung in den Ensembles verringert das Vertrauen, dass eine sich
abschwichende Zirkulation ein robustes Merkmal des Klimawandels ist. Die dhnliche Grofe der
Streuung in beiden Ensembles zeigt dariiber hinaus, dass die Anderung der Walker-Zirkulation
stark von der natiirlichen Variabilitit beeinflusst wird, selbst bei einem Betrachtungszeitraum

von 70 Jahren.

Im zweiten Teil dieser Dissertation analysiere ich idealisierte CMIPS Klimaexperimente mit
abrupter Vervierfachung des atmosphérischen CO,, um die schnelle Reaktion der tropischen
Umwilzzirkulation auf diesen Antrieb zu verstehen und die wichtigsten Faktoren fiir diese

Reaktion zu finden. Ich definiere ein MaB fiir die Zirkulationsintensitit basierend auf der Druck-
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geschwindigkeit in den tropischen Subsidenzgebieten. Dabei nutze ich den Vorteil, dass die
Subsidenzgebiete dynamisch stabil sind, und den Vorteil, dass die Beobachtung dieser Regionen
aus messtechnischer Sicht weniger unsicher als die der konvektiven Regionen ist. Aufer-
dem reagieren die Subsidenzgebiete weniger empfindlich auf die Parametrisierungsschemata
fiir Wolken- und Niederschlag des GCM. Meine Methode erlaubt es, die relative Anderung
der Zirkulationsintensitit (in Bezug auf einen Kontrollzustand) in eine Summe der relativen
Anderungen im Subsidenzgebiet, der statischen Stabilitit und der atmosphérischen Abkiihlrate
zu zerlegen. AuBerdem benutze ich Vergleiche zwischen Experimenten, die einen reinen
Aqua-Planeten simulieren und realistischen Experimenten, die auch die Landverteilung bertick-
sichtigen, um die Wirkung der differenzierten Land-See-Erwirmung auf die Gesamtverdnderung
der Zirkulationsstdrke zu untersuchen. Mein Ergebnis ist, dass sich die tropische Zirkulation
durchschnittlich verlangsamt und diese Verdnderung durch die Reduktion der Abkiihlrate do-
miniert wird, da die anderen Faktoren eine positive Veridnderung zeigen. Die Reduktion der
Abkiihlungsraten resultiert aus dem direkten Strahlungseffekt der erhohten CO,-Konzentration
in der Atmosphire. Zudem zeige ich, dass selbst in den realistischen Simulationen die Zirkula-
tionsdnderung von den Verdnderungen in den Subsidenzregionen iiber den Ozeanen dominiert
wird. Dabei tragt allerdings auch die unterschiedlich starke Erwidrmung von Land und Ozean zur
Verlangsamung der Zirkulation bei, indem sie die vertikale Ausdehnung der Tropen vorantreibt.
Eine kurze Analyse der Zirkulationséanderungen in einem gekoppelten Klimaexperiment legt
nahe, dass die schnelle Reaktion der Zirkulation innerhalb von Zeitskalen unter einem Jahr
nachweisbar ist. Ein weiterer Mechanismus, der zur Schwichung der Zirkulation fiihrt, wird in
diesem Zeitbereich dominant: die erhohte statische Stabilitét in Reaktion auf den Anstieg der

Oberflichentemperatur infolge des CO;-Treibhauseffekts.



Contents

Abstract

Zusammenfassung

1 Introduction

1.1
1.2
1.3
1.4
1.5

2 Data
2.1
2.2
2.3

The atmospheric circulation in the tropics . . . . . . . .. .. .. ... .. ..
Anthropogenic CO, emissions’ impact on the tropical circulation . . . . . . . .
Motivation and research questions . . . . . . . ... ... ...
Research approach . . . . . . . . ... . .. .
Outline . . . . . . . .

The CMIPS experiments . . . . . . . . . .. ... ...
The ERA-Interim reanalysis . . . . . . . . . . .. ... ... .. .......
The ENSO index dataset . . . . . .. .. ... ... .. .. ... .. .....

3 The change of Walker circulation under CO; forcing

3.1
3.2
33
34
3.5

Walker circulation indices . . . . . . . ... ... L o
The simulation of the Walker circulation in ERA-Interim . . . . . ... .. ..
The natural variability signal in the Walker circulation change . . . . . .. ..
The CMIPS detected Walker circulation change . . . . . . ... .. ... ...

Ensemble members’ differences and the detected ensemble spread . . . . . . .

4 The fast response of the tropical circulation to CO, forcing

4.1
4.2
4.3
4.4
4.5

The subsidence mass flow metric . . . . . .. . ... .. ... ... ... ...
The circulation response in the aqua-planet experiments . . . . . . . . ... ..
The circulation response in the AMIP experiments . . . . . ... ... ....
Does CO; impact the variability of the circulation? . . . . .. ... ... ...

The slow response of the tropical circulation to CO; forcing . . . . . . .. ..

5 Conclusions and outlook

5.1
5.2

Conclusions . . . . . . . . e,
Outlook . . . . .

vii

12
12
14
15

16
16
18
21
24
28

37
37
41
45
48
52



Contents viil

Bibliography 66
List of Tables 74
List of Figures 75

Acknowledgements 80



1 Introduction

Thermodynamical changes induced by the anthropogenic greenhouse gas emission are already
observable at global scale. At regional scale, however, the atmospheric circulation plays an
important role in modifying weather and climate. An understanding of the expected circulation
changes and the associated risks will provide crucial information for the global, regional and
local decision-making process in the effort to mitigate and to adapt to climate change. Here I
investigate two different aspects of the tropical circulation change, with the over-arching goal of
advancing our understanding of the mechanisms driving the change and the sensitivity of the
circulation to the anthropogenic CO; forcing. The first aspect is the robustness of the Walker
circulation slowdown and its sensitivity to natural variability and climate model configuration.
The second aspect of circulation change is the fast response of the tropical overturning circulation

to a CO; increase, i.e. the direct effect of CO, increase on the circulation.

1.1 The atmospheric circulation in the tropics

Compared to the mid- and high-latitudes, the meridional temperature gradients in the tropics
are much less pronounced. As a consequence, the weather and climate in the tropics are shaped
predominantly by the contrast between the heat capacities of land and ocean. Over land, due
to the low heat capacity of soil and vegetation, air temperature and moisture exhibit a large
diurnal amplitude compared to the less ample variation over the ocean. Additionally, over
land we find a clear seasonal migration of the wet weather systems. This migration is much
less pronounced over the ocean. This uneven distribution of heat/moisture sources and sinks
throughout the tropics, at different space and time scales, maintains strong convective systems
and extensive subsidence areas, which characterize the tropical atmospheric circulation. Within
the tropics, the atmospheric motion manifests itself on climate time scale through several large
scale features: the trade winds, the ITCZ (Intertropical Convergence Zone), and the Hadley,

Walker, and monsoon circulations.

The trade winds are the predominant easterlies shaping the surface zonal air flow between
around 20°S and 20°N. This region is populated by trade wind shallow cumulus clouds controlled

by the convection induced by the warm surface. The trade winds supply the air mass and moisture
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needed to fuel the ITCZ, which represents a discontinuous region of strong convection clusters
driven by the convergence of surface equatorward-moving air masses. Due to axial tilting
and differential distribution of land masses in the Southern and Northern Hemispheres, the
ITCZ exhibits a clear seasonal cycle and its position shifts between 5°S and 7°N throughout
the year [Donohoe et al., 2013]. By maintaining a strong vertical flux of sensible and latent
heat from the surface to the upper troposphere, as well as a weaker net upward mass flux, the
ITCZ drives the Hadley circulation, which is the largest atmospheric meridional flow feature
in the Earth’s climate system [Mcllveen, 2010]. In the upper troposphere, this circulation
feeds air mass and heat pole- and eastward to the subtropical high pressure zones (Fig. 1.1),
such as the Azores, the Bolivian or the North Pacific Highs. In these regions, in the lower
troposphere, the air motion turns equator- and westward and feeds the trade wind region, thus
closing the Hadley Cell. As mentioned above, the differential heating of land and ocean induces
seasonal disturbances in this large circulation system, especially in the Northern Hemisphere.
This monsoon circulation manifests itself through a change in wind speed and direction (and
subsequent change in precipitation) in boreal summer, most prominently over South Asia and
West Africa.
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Figure 1.1: Schematic of the atmospheric circulation over the tropical Pacific Ocean and its relation-
ship to the ocean circulation. The color shading describes the anomalous ocean circulation with the
help of the equatorial and meridional mean trend in water temperature down to the 300 m depths as
detected in the 1992-2011 period reanalysis (reprinted by permission from Springer Customer Service
Centre GmbH: Nature Climate Change, England et al. [2014], (©2014).
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Aside from the Hadley Cells, the tropical atmospheric circulation features the Walker Cells,
the largest being the Pacific Walker Cell. This component of the atmospheric circulation is
influenced by the Pacific Ocean circulation along the equator. On average, the Humboldt current
transports cold water northward towards the equatorial East Pacific, maintaining a shallow
mixed layer and thermocline in this region, while the West Pacific in the region of the Maritime
Continent retains a warm and deep mixed layer and thermocline. The trade winds sustain
this east-to-west slope of the thermocline, thus creating the conditions for the strong updraft
region over the Maritime Continent and the subsidence region in the Eastern Pacific, featuring
the two vertical branches of the Pacific Walker Cell (Fig. 1.1). Though the motion within the
Cell is fuelled by the trade winds, the temperature gradient over the equatorial Pacific has a
large impact on the size and intensity of the Cell. This impact is emphasized by ENSO (El
Nifio Southern Oscillation). This quasi-periodic oscillation has two phases determined by the
sea-surface temperature (SST) anomaly over the equatorial Eastern to Central Pacific: El Nifio
(positive) phase, characterized by significant positive SST anomaly, and La Nifna (negative)
phase, which represents an extreme case of the mean conditions, with significant negative SST
anomaly. Consequently, during an El Nifio event, the Pacific Walker Cell is slowed down or even
reversed, while it is strengthened during La Nifa. By having a significant impact on the vertical
circulation along the full length of the equator, ENSO’s influence extends on the variability of
the climate in the subtropics and the temperate zone as well as on that of the tropics [Gershunov
and Barnett, 1998; Diaz et al., 2001; Alexander et al., 2002].

1.2 Anthropogenic CO, emissions’ impact on the tropical circulation

In the last two centuries, the anthropogenic emissions of CO, and other greenhouse gases have
been impacting the Earth system in various inter-related ways. By reshaping the radiative
signature of the atmosphere and driving the rise of surface temperature, these emissions affect

the dynamics of the climate system.

The latest investigations based on the CMIP5 (Coupled Model Intercomparison Project
Phase 5, see Taylor et al. [2012]) General Circulation Models (GCMs) show a consensus on the
weakening of the tropical atmospheric circulation in response to global climate change [Held
and Soden, 2006; Vecchi and Soden, 2007; Gastineau et al., 2009; Bony et al., 2013; Shepherd,
2014; Kociuba and Power, 2015]. The components of the tropical circulation, however, respond
differently to the anthropogenic climate change. Though the tropics already exhibit expansion
trends by up to 2° of latitude per decade [Davis and Birner, 2013], the ITCZ becomes narrower
and more vigorous in a warmer climate, with Byrne and Schneider [2016] pointing out the

strengthening of the meridional moist static energy gradient as the dominant mechanism for this
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change. For the Hadley circulation, the CO, forcing may cause a weakening of the northern
cell, but a strengthening of the southern cell [Ma and Xie, 2013]. At the same time, there is
substantial evidence that both cells widen [Lu et al., 2008; Davis and Birner, 2013; Albern et al.,
2018].

The Walker circulation will likely respond to the increased CO, concentration by weakening at
a higher rate than the Hadley circulation [ Vecchi and Soden, 2007]. Conversely, the observations
of the past two decades have shown a strengthening of the Pacific Walker Cell, which is related,
according to England et al. [2014] and McGregor et al. [2014], to the post-2000 global surface
temperature hiatus and the increased subsurface ocean heat uptake (Fig. 1.1). Kociuba and
Power [2015] found this variation (i.e. the recent strengthening of the Walker circulation) to
be difficult to simulate by the state-of-the-art CMIP5 GCMs in coupled climate experiments
with prescribed natural and anthropogenic forcings from observations in the last 150 years (the
CMIPS historical experiment; Taylor et al. [2012]). However, Ma and Zhou [2016] suggest in
their study, based on non-coupled climate experiments with prescribed sea surface temperatures
from observations (the AMIP experiment; Taylor et al. [2012]), that there is reasonably good
performance in the simulation of the strengthened circulation by the CMIP5 models. This may
relate to the insufficient understanding of the drivers of the Walker circulation and its internal
variability. Therefore, there is a high degree of uncertainty in simulating the behaviour of the
Walker circulation arising from this lack of understanding its dynamical mechanisms and from
the model performance in representing the impact of external forcing of the factors determining

the changes in the circulation.

The thermodynamical mechanism for the circulation weakening, according to Held and Soden
[2006], consists of the imbalance between the increase in atmospheric moisture driven by the
temperature rise and the slower precipitation rate change. Lu et al. [2008] show that the stronger
increase in static stability compared to the increase in diabatic heating as a response to warming
weakens the overturning circulation. Another discussed mechanism is the advection of dry
air from the subsidence regions towards the strong convection regions, thus decreasing the
horizontal extent of the convection, but increasing its vertical extent, as well as the vertical
extent of the tropical troposphere [Chou et al., 2009; Chou and Chen, 2010]. Additionally, Ma
et al. [2012] suggest that the cooling/warming of the convective/subsiding regions as a result of

enhanced advection of vertical stratification causes the tropical circulation slowdown.

One would expect that both the increase in CO; itself and the subsequent climate system
feedbacks, such as surface heating, play a role for the circulation slowdown, but their relative
contributions are still unclear. Most recent studies show that the increase in surface temperature
dominates and causes a decrease in the circulation intensity, by enhancing the atmospheric
stability of the lower troposphere [ Vecchi and Soden, 2007; He and Soden, 2015]. At the same
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time, Zelinka and Hartmann [2010] and Bony et al. [2013] argue that even in the absence of
surface temperature increase the tropical circulation will weaken if CO, concentration rises.
This relates to the radiative effect of CO; on the atmospheric cooling rate, as the latter weakens
and therefore reduces the vertical atmospheric motion. In addition, there is insufficient certainty
on the circulation’s natural variability [Power and Kociuba, 2011b; Kociuba and Power, 2015],
which may mask the CO; induced weakening. The regional aspects of climate change introduce
further uncertainty: Ma and Xie [2013] argue that a large part of the intermodel spread in the
tropical overturning circulation is driven by the patterns in sea surface temperature change;
Gaetani et al. [2017] and Li and Ting [2017] suggest, on the example of the Asian and West

African monsoons, that at regional scales the circulation actually strengthens under CO; forcing.

1.3 Motivation and research questions

The effects of the increasing CO, concentrations in the last two centuries have been investigated
mostly from the point of view of thermodynamical response of the climate system [Shepherd,
2014]. This allows us to build an understanding of the expected changes in the global patterns
of climate variables, but still leaves a wide margin for uncertainty in regional climate changes.
The regional response to anthropogenic forcing is highly dependent on atmospheric circulation
(global and regional), but GCMs have yet to provide a high confidence level in simulating and
projecting these circulation changes [Shepherd, 2014].

Referring to the above mentioned mechanisms responsible for the response of the tropical
circulation to anthropogenic CO, forcing, there are various sources of uncertainty, as well as
sources for the intermodel spread of the response, that one needs to consider for an investigation,

such as the ones depicted in Fig. 1.2:

current understanding: the climate system is a coupled atmosphere-ocean system. The
changes in the atmospheric dynamics need to also account for the ocean dynamics. At the
moment, the processes in the ocean are still less understood than the atmospheric processes

and this impacts the performance of the GCMs and the confidence in the detected changes;

drivers of the circulation: the proper representation of these drivers in the GCMs (e.g. tem-
perature gradients, land-ocean contrast, seasonal, interannual, decadal variability modes)

raises the confidence level in the detected variation;

drivers of change: the various mechanisms leading to the likely weakening of the tropical

atmospheric circulation were mentioned above. However, these mechanisms do not act
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individually and their impact differs in time and space. Therefore, a good understanding

of their interaction is needed to assess the potential changes;

natural variability: the effect of the increased CO; is superimposed on the natural variability.
The latter depends on external factors (e.g. solar cycle, obliquity, precession) and internal
factors (seasonal cycles, variability modes at various time scales, volcanic activity). A

good representation of this variability is thus needed to insure realistic simulations;

spatial scale: though thermodynamics dominate at the global scale, regional changes are

highly sensitive to circulation changes [Shepherd, 2014];

the interaction between large- and small-scale processes: the small-scale processes, such
as cloud or convective systems, go along with the large-scale circulations, but are much
more variable in time and space, as well as a big source of uncertainty for the climate

representation;

circulation intensity quantification: there are a multitude of metrics for the intensity of the
tropical circulation, in general, and for its components, in particular. Besides presenting
various facets of the circulation, each of the metrics is subject to the CO, impact on its

base-parameter;

GCM configuration and parametrization schemes: though the intermodel spread within the
General Circulation Models suite has a decreasing trend, we still find a large uncertainty
in the detected changes. [PCC [2013] states that the largest uncertainty is likely to arise

from the precipitation and cloud parametrizations.

In this work, I investigate two distinct aspects of the change in tropical atmospheric circulation,

touching upon most of the uncertainty sources listed above.

In the first part of this thesis, I look into the robustness of the projected change of the Pacific
Walker circulation in an idealized coupled climate experiment and the sensitivity of the findings
to natural variability, GCM physics and quantification method. The research questions addressed

here are:
— What is the most probable response of the Walker circulation to a gradual CO; increase?
— How robust is this response?
— Does the choice of metric for the Walker circulation intensity matter?
— What are the reasons for the intermodel spread?

— How does the detected change compare to the natural variability of the circulation?
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THE TROPICAL CIRCULATION

CHANGE UNDER COZ FORCING
sources of uncertainty and
of inter-model spread

- drivers of the

» natural variability circulation

“spatial scale - drivers of change

»current understanding

*the interaction between
large and small scale
processes

- circulation intensity
quantification

*GCM configuration and
parametrization schemes

Walker circulation the fast response of
weakening under CO, the tropical circulation
forcing to CO, forcing

Figure 1.2: Sources of uncertainty and of intermodel spread in the assessment of the change in tropical

circulation under anthropogenic CO, forcing investigated in this work.

In the second part, the direct role of CO; forcing on the tropical circulation is assessed using a
series of simple idealized climate experiments. This relates to the fast response of the circulation
to the forcing, as opposed to the slow response that is shaped not only by the change in CO,
concentrations, but also by the subsequent climate feedbacks, such as the surface temperature
increase or the atmospheric moisture content increase. The following research questions guide

this part of the work:

— How does the tropical circulation change as response to the CO, forcing, but with no

surface temperature adjustment?

What are the relative contributions of the change in radiative heating rate and in static

stability to the total change in circulation intensity?

How does the effect of land-sea contrast on the circulation change compare to the CO,

impact?

Is the fast response detectable in the coupled experiments?
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1.4 Research approach

Taking into account the sources of uncertainty and intermodel spread noted in the previous
Section, the analysis setup for both parts of this work aims to address several sources each
(Fig. 1.2).

First, I look into the variation of the Walker circulation in a CMIP5 idealized transient
climate simulation (Chapter 3), which describes a climate state close to present conditions. In
particular, I investigate the robustness of the weakening of the circulation in a CMIPS transient
climate experiment, namely the benchmark 1% per year increase in CO; concentration (from
pre-industrial levels to quadrupling of concentration), referred to henceforth by its CMIP5 label
1pctCO2. The novelty of my approach is that I consider not only the GCM configuration and
the initial conditions for the experiment as uncertainty sources, but also the method used to
quantify the intensity of the Walker circulation. In other words, I inspect the detected circulation
response from three distinct perspectives: the internal variability, the GCM configuration and

the indexing method.

The influence of internal variability on the detection of a weakening Walker circulation will
be deduced from the outputs of a 68-member ensemble of the MPI-ESM-LR model [Stevens
et al., 2013]. The members of this ensemble differ only in initial conditions: the initial climate

state for each member is derived from distinct time windows of the control run of this model.

The second ensemble used in this work comprises 28 CMIP5 GCMs (one realization each).
The initial conditions for the 1pctCO2 outputs differ as in the case of the MPI ensemble, because
each experiment is run from a mean control state subject to the model physics. But this ensemble
also includes a signal of the differences between the model configurations and parametrization
schemes. As mentioned in Bony et al. [2013] and Shepherd [2014], the simulation of the
dynamical aspect of climate change is quite dependent on the interaction between the simulations
of large-scale systems and small-scale processes. Under this consideration, I analyze the outputs
of this ensemble from the aspect of the non-linear effects caused by the model configuration in

addition to the effect of natural variability.

The third investigated factor is the indexing method applied for quantifying the intensity of
the Pacific Walker Cell. The need to include this factor arises from the fact that most studies
rely on a single indexing method to describe the intensity of the circulation (e.g. Wang [2002],
Tanaka et al. [2004], Vecchi et al. [2006], Bayr et al. [2014]). Consequently, additional spread in
the projected responses of the Pacific Walker Cell may be caused by the internal variability and

the response of the index’s base parameter to increased CO, forcing (see Chapter 12 in [PCC
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[2013]). My analysis provides a comparative view on three simple, widely-used indices and the

circulation response differences that arise from their application:

e The first index relates to the main driver of the Pacific Walker Cell, which is the tem-
perature gradient between the East and West Pacific. This gradient is accompanied by
a pressure gradient across the Pacific. Under these considerations, this perhaps most
intuitive index for the Pacific Walker Circulation is based on the mean sea-level pressure
(MSLP) difference between the East and West equatorial Pacific [Vecchi et al., 2006].
This index will be referred to as MSLP-index.

e The second index reflects the dynamics of the cell: the wsgp-index is derived from the
500 hPa vertical velocity anomaly difference between the East and West equatorial Pacific
[Wang, 2002].

e The third index was introduced by Tanaka et al. [2004] as a characteristic of the circulation
in the upper troposphere. It is based on the annual deviation from the zonal mean of the

200 hPa velocity potential, and will be referred to as the y»gp-index.

As mentioned above, the response of the index’s base parameter to increasing forcing may
induce additional uncertainty in the Walker circulation projection. The three indices investigated
in this paper are based on parameters highly sensitive to regional cloud and precipitation pattern
changes (e.g. surface pressure) and thus are subject to the uncertainty of cloud and precipitation
representation in GCMs [Held and Soden, 2006; Power and Kociuba, 2011a,b; Bony et al., 2013].
I acknowledge that there are other indices quantifying the circulation intensity from anomalies
extending over several atmospheric layers (e.g. based on the zonal mass stream function, see
Yu and Zwiers [2010]). Nonetheless, I chose these three simple, all quasi-surface indices, as
their derivations are comparable and each of them reflects the circulation at different levels in
the atmosphere. This will further allow me to look into the sensitivity of the Walker circulation

response to the representation of various processes within the Walker Cell.

The time series of the three indices are derived for the two ensembles mentioned above.
Following this derivation, index-based differences between trends in the Pacific Walker Cell
intensity are analyzed, as well as the correlation of the indices. Models will be grouped depending
on their Walker circulation response, attempting to reveal possible sources of uncertainty and
inconsistency between GCMs. I start from the premise that differences among models may also
be detected in the patterns of parameters whose response to climate change is robust among the
CMIP5 models, such as global mean surface temperature increase and mean outgoing longwave

radiation decrease over the tropical Pacific (see Chapter 12 in [PCC [2013]).
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In the second part of this work (Chapter 4), I develop a metric for the circulation intensity that
allows the quantification of this CO, radiative effect on the total change in tropical circulation,
while investigating the fast response of the tropical overturning circulation to climate change,
i.e. the direct effect of CO; increase on the circulation. It is common to investigate the tropical
overturning circulation through the prism of both the convective and the subsiding regions in the
atmosphere. Most metrics for the intensity of the circulation are based on the dynamics in the
convective regions, on the difference between the convecting and subsiding regions for a certain
parameter (e.g. vertical velocity), and/or on the tropical precipitation patterns (e.g. Bony et al.
[2013]; Ma and Xie [2013]; He and Soden [2015]). However, Rybka and Tost [2014], Shepherd
[2014], Su et al. [2014], and Merlis [2015] suggest that the cloud, precipitation and convection
parametrizations cause most of the uncertainty in the GCM simulation of atmospheric circulation.
The metric introduced here considers the vertical pressure velocity @ in the tropical subsidence
regions, and, therefore, reduces the impact of this uncertainty (i.e. induced by the cloud and
precipitation parametrizations) on my results. My metric gives the opportunity to decompose
the relative change in circulation into a sum of relative changes in atmospheric cooling rate,
stratification and subsidence area. This decomposition allows me to quantify the fast response of
the circulation to CO, increase, as well as to determine the main drivers of this response. This

allows for a better understanding of the mechanisms affecting this change.

Another process to be considered when analyzing atmospheric circulation is the differential
heating of land and ocean surfaces, which acts as additional forcing both at regional and global
scales. To account for this, I study first the simple idealized case of the aqua planets, without
axial tilting, therefore no seasons and zonal asymmetries [Medeiros et al., 2015]. Then I compare
these results to the results obtained from AMIP (Atmospheric Model Intercomparison Project,
see Taylor et al. [2012]) experiments. These experiments are set up on an Earth-like planet,
but the climate system is limited to the atmosphere only, with sea surface temperature and
sea ice being prescribed to modern patterns. To put my findings in the context of a coupled
climate system, I carry out a brief similar investigation on the CMIPS5 idealized coupled climate

experiment with an abrupt CO, quadrupling from pre-industrial levels.

This study setup helps to quantify and decompose the fast response of the tropical atmospheric
circulation into the contributions of radiative cooling rate change and atmospheric stratification
change. By comparing the aqua planet and Earth-like planet results, I address the question
whether the fast response of the circulation is dominated by the land-sea differential heating.
The results presented here are based on an ensemble of eight CMIP5 GCMs participating in
both the aqua-planet and AMIP experiments.
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1.5 Outline

The results of this thesis are presented as follows:

Chapter 2 contains the description of the datasets used in this thesis, as well as that of the

CMIPS idealized climate experiments and of the ERA-Interim reanalysis;

Chapter 3 firstly presents the Walker circulation indices (Section 3.7). Then I discuss the
Walker circulation variation in ERA-Interim (Section 3.2), in the MPI-ESM-LR ensem-
ble (Section 3.3), and in the CMIP5 ensemble (Section 3.4). Section 3.5 analyses the

intermodel differences and the potential reasons for the intermodel spread;

Chapter 4 describes the new method for the quantification of the tropical circulation intensity
in Section 4.1; the circulation change and its drivers are discussed for the aqua-planet
experiments in Section 4.2, for the AMIP experiment in Section 4.3. Section 4.4 presents
a brief analysis of the change in circulation variability. Section 4.5 puts the previous

results in the perspective of the coupled climate experiments.

Chapter 5 summarizes the main conclusions of the thesis and presents a brief outlook for the

findings.

Note: This thesis contains excerpts from the following two publications:

1. Plesca, E., Griitzun, V., and Buehler, S. A. (2018). How robust is the weakening of the
Pacific Walker circulation in CMIPS idealized transient climate simulations? Journal of
Climate, 31(1): 81-97

2. Plesca, E., Buehler, S. A., Griitzun, V. (2018, in review). The fast response of the tropical

circulation to CO, forcing. Submitted to Journal of Climate
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2 Data

2.1 The CMIP5 experiments

This work is based on the intercomparison of results from 28 General Circulation Models
(GCMs) participating in the Coupled Model Intercomparison Project Phase 5 (CMIPS5). The
CMIPS5 experiments provide a wide range of climate system setups that allow the assessment of
various drivers of change, anthropogenic, as well as natural [Taylor et al., 2012]. In accordance
with the research approach described in Section /.4, a distinct set of experiments will be used
for each of the two main parts of this thesis. The list of experiments from the CMIP5 framework
relevant to this work is presented below (the first two will be investigated in Chapter 3, the rest

in Chapter 4):

piControl multicentury pre-industrial control experiment, the climate system is considered to

be in quasi-equilibrium, with unforced variability;

1pctCO2 idealized experiment with 1% per year increase in CO, concentration relative to mean

pre-industrial levels, run until quadrupling of concentration (140 years);

historical coupled climate experiment forced by observed atmospheric concentrations (of
natural and anthropogenic origin), with time-evolving land cover. This experiment is
used here mostly as a source of mean surface temperature patterns, as well as mean

concentration of atmospheric absorption species;

aquaControl aqua-planet idealized control experiment [Taylor et al., 2012; Medeiros et al.,
2015]. The aqua planet is an idealized Earth-size planet covered by water, with no
axial tilting, and an uncoupled climate system. The radiation scheme uses the mean
concentrations of the absorption species from the historical experiment for the 1979-2008

period;

aqua4xCO2 aqua-planet idealized experiment set up based on aquaControl, but with sudden
CO; concentration quadrupling from aquaControl. The surface temperature is prescribed
to the aquaControl mean. Therefore, the climate system response in aqua4xCO2 represents
the effect of the increase in CO;, and is not subject to the change in surface processes

resulting from increased surface temperature;
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amip uncoupled amip control experiment (from AMIP — Atmospheric Model Intercomparison
Project). This experiment is set up similarly to aquaControl, but this time an Earth-like
planet is considered. In the amip experiment the atmospheric composition follows the
1979-2008 mean historical values, and sea surface temperature and sea ice are prescribed
to the 1979-2008 historical values;

amip4xC0O2 amip idealized experiment, with the CO, concentration abruptly quadrupled
compared to the amip values. The sea surface temperature is held fixed to the amip

values, but the land is allowed to heat;

aquad4K aqua-planet experiment with atmospheric composition kept to aquaControl values, but

the surface temperature is abruptly increased by 4 K

amip4K amip experiment with atmospheric composition kept to amip values, but the surface

temperature is abruptly increased by 4 K;

abrupt4xCO2 idealized coupled experiment with an abrupt quadrupling in CO, concentration
from piControl mean values. Though an equilibrium climate state is not yet reached, most

outputs for this experiment are limited to 140 years.

For the investigation of the change in Walker circulation intensity I use monthly mean outputs
of two GCM ensembles for the piControl and 1pctCO2 experiments. The first ensemble consists
of 68 members resulting from running the MPI-ESM-LR model [Giorgetta et al., 2013; Stevens
et al., 2013] for 1pctCO2 with slightly perturbed initial climate state at each run, derived from
different time windows in piControl (referred to onward as the MPI ensemble). The second
ensemble comprises monthly outputs for the CMIP5 1pctCO2 experiment from 28 GCMs listed
in Tab. 2.1 (referred to as CMIP5 ensemble). The version of the MPI-ESM-LR model applied
for obtaining the MPI ensemble is different from the model version in the CMIP5 ensemble,

therefore differences in values and responses are to be expected.

For consistency reasons, the GCM ensemble analyzed for the assessment of the fast response
of the tropical circulation to CO; is limited to 8 models that had been run for the aqua-planet
experiments, marked in Tab. 2.1. The length of the time series for both aqua-planet experiments
is 5 years, for the amip experiments it is 30 years. Throughout the study I will compare the
mean control climate state (referred onward as aquaControl/amip or control climate) to the
quasi-equilibrium reached by the climate system after the sudden change in CO; forcing occurs

(referred onward as aqua4xCO2/amip4xCO?2 or forced climate).

In both parts of the research for every CMIP5 GCM one realization of the model was

considered, namely the rlilpl realization [Taylor et al., 2012].
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The CMIPS5 data were accessed through the German Climate Computing Centre (DKRZ)
ESGF-CoG node.

Table 2.1: Details of the CMIP5 General Circulation Models

Model Horizontal TCRtp Aqua- Institute Reference
grid [K] planet
(latxlon)
ACCESS1-3 145%x192 1.669 Commonwealth Scientific and Industrial Bi et al. [2013]
Research Organisation and Bureau of
Meteorology, Australia
BCC-CSM1-1 64x128 1.284 Beijing Climate Center, China Wu et al. [2014]
BCC-CSM1-1-M 160x320 1.551 Meteorological Administration Wu et al. [2014]
CanESM2 64x128 1.835 Canadian Centre for Climate Modelling Arora et al. [2011]
and Analysis
CCSM4 192288 1.350 + National Center for Atmospheric Research, Meehl et al. [2012]
USA
CESM1-BGC 192x288 1.367 Community Earth System Model Long et al. [2013]
Contributors, USA
CMCC-CM 240x480 2.106 Centro Euro-Mediterraneo per i Scoccimarro et al. [2011]
Cambiamenti Climatici, Italy
CNRM-CM5 128 %256 1.644 + Centre National de Recherches Voldoire et al. [2013]
CNRM-CM5-2 128 %256 1.532 Meteorologiques, Meteo-France Voldoire et al. [2013]
CSIRO-Mk3-6-0 96x192 1.602 Commonwealth Scientific and Industrial Rotstayn et al. [2012]
Research Organisation and Queensland
Climate Change Centre of Excellence,
Australia
FGOALS-g2 60x128 1.408 Institute of Atmospheric Physics, Chinese Liet al. [2013]
FGOALS-s2 108x128 1.682 Academy of Sciences, and Tsinghua Bao et al. [2013]
University, China
GFDL-CM3 90x 144 1.892 NOAA Geophysical Fluid Dynamics Donner et al. [2011]
GFDL-ESM2G 90x 144 1.303 Laboratory, USA Dunne et al. [2012]
GFDL-ESM2M 90x 144 1.336 Dunne et al. [2012]
GISS-E2-H 90x 144 1.569 NASA Goddard Institute for Space Studies, Schmidt et al. [2014]
USA
HadGEM2-ES 145x192 2.127 + Met Office Hadley Centre, UK Collins et al. [2011]
INMCM4 120x 180 1.095 Institute for Numerical Mathematics, Russia Volodin et al. [2010]
IPSL-CM5A-LR 96x96 2.032 + Institute Pierre Simon Laplace, France Dufresne et al. [2013]
IPSL-CM5A-MR | 143x144 2.056 Dufresne et al. [2013]
IPSL-CM5B-LR 96 x96 1.413 Hourdin et al. [2013]
MIROC-ESM 64x128 1.844 Japan Agency for Marine-Earth Science and Watanabe et al. [2011]
MIROCS 128x256 1.388 + Technology, Atmosphere and Ocean Research | Watanabe et al. [2010]
Institute (University of Tokyo), and National
Institute for Environmental Studies
MPI-ESM-LR 96x192 1.843 + Max Planck Institute for Meteorology, Stevens et al. [2013]
(1.547 +0.080) Germany
MPI-ESM-MR 96x192 1.971 + Giorgetta et al. [2013]
MRI-CGCM3 160x360 1.392 + Meteorological Research Institute, Japan Yukimoto et al. [2012]
NorESM1-M 96x 144 1.108 Norwegian Climate Centre Bentsen et al. [2013]
NorESM1-ME 96x 144 1.186 Bentsen et al. [2013]

2.2 The ERA-Interim reanalysis

ERA-Interim is a global atmospheric reanalysis dataset produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF) [Dee et al., 2011]. The dataset covers the period

from 1979 until present and is updated every month. In the framework of my research questions

and considering that the climate experiments I analyse are idealized, I use the ERA-Interim

1979-2014 monthly means as a ’reality check’ of my results. I acknowledge that this dataset is
subject to the biases of the ECMWF Integrated Forecasting System (IFS), version IFS (Cy31r2)
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from 2006 and cannot be treated as the true state of the climate, but nonetheless represents a
reliable reference dataset. The spatial resolution of the dataset used here is 0.75° x 0.75° on

60 vertical levels from the surface up to 0.1 hPa.

2.3 The ENSO index dataset

The tropical circulation, in general, and the Pacific Walker circulation, in particular, are strongly
modulated by the El Nifio Southern Circulation (ENSO). For comparison between the ENSO
phase and the variation of the circulation, I use the Ocean Nifio Index (ONI). This index
represents a 3-month running mean SST anomaly in the Nifio 3.4 region (5°S-5°N, 120°-
170°W), according to the ERSST.v5 SST dataset. ONI takes into account the rapid surface
temperature increase since 1950 and calculates the sea surface anomalies with reference to their

contemporary climatology [NOAA CPC, 2018].
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3 The change of Walker circulation under CO, forcing

In this Chapter I present the analysis of the time series for the Pacific Walker circulation indices.
The indices are described in Section 3. 1. Further, I discuss separately the results for ERA-Interim
(Section 3.2), the MPI ensemble (Section 3.3), those for the CMIP5 ensemble (Section 3.4) and
look into ensemble members’ differences that relate to the detected ensemble spread (Section
3.5).

3.1 Walker circulation indices

Three indices for the intensity of the Pacific Walker Cell are compared in this work. The first
index relates to the main driver of the Walker circulation - the temperature gradient across the
tropical Pacific, which may also be derived from the pressure gradient. The MSLP-index is
computed following Vecchi et al. [2006], and is equal to the difference between the MSLP
anomaly (deviation from the mean MSLP for the experiment time range — 140 years that
corresponds to the moment of CO, quadrupling) averaged over two spatial boxes as shown
in Fig. 3.1a: the East equatorial Pacific box (160°W-80°W, 5°S-5°N) and the West equatorial
Pacific box (80°E-160°E, 5°S-5°N).

The second index, named ®sgp-index, looks into the vertical motion in the ascending and
subsiding branches of the Pacific Walker Cell. It is derived from the mean 500 hPa vertical
velocity anomaly (deviation from the mean 500 hPa vertical velocity for the experiment time
range — 140 years that corresponds to the moment of CO; quadrupling) difference between the
East equatorial Pacific (160°W-120°W, 5°S-5°N) and the West equatorial Pacific (120°E-160°E,
5°S-5°N), as described in Wang [2002] (Fig. 3.1b).

The third method of indexing the Walker circulation is based on the decomposition of the
200 hPa velocity potential field in three orthogonal spatial patterns - zonal, time mean eddy,
and transient eddy components, each describing the Hadley, Walker, and monsoon circulations,
respectively [Tanaka et al., 2004]. Following this method, the 200 hPa vertical velocity zonal
mean, describing the intensity of the meridional flow and the Hadley circulation, is removed
from the time series. Afterwards, the Y»p0-index of the Walker circulation is defined as the

maximum value over the West Pacific in the 12-month running mean field of this deviation
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from the zonal mean (Fig.3.1c). The definition of the index provides an indication of the
approximate geographical position for the ascending branch of the cell in addition to the

intensity quantification.

Note that the reference boxes for the MSLP-index and @sgo-index differ (Fig. 3.1a and 3.1b),
and the reference grid point for the y»oo-index varies between time steps. Also, because for the
X200-index the seasonality of the index is removed by applying a 12-month running mean, I
apply the same averaging method to the time series of the MSLP-index and the wsgg-index to

ensure equivalent comparison.
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Figure 3.1: ERA-Interim reanalysis 1979—2008 mean fields for the parameters used to derive (a) the
MSLP-index, (b) the wsno-index, and (c) the ¥»p0-index. The Western and Eastern Pacific boxes used

for the first two indices are marked in (a) and (b).
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To investigate the relationship between the change in the Walker circulation and the mean
surface temperature change, I look into transient climate response (TCR), which was first
introduced by Cubasch et al. [2001] as the mean global surface temperature change AT by
the time of CO, doubling under a scenario equivalent to the 1pctCO2 experiment. TCR is
usually applied to characterize the mean climate state in a transient climate, being different from
equilibrium climate sensitivity (ECS), which reflects the changes of the system after equilibrium
is reached [Gregory and Forster, 2008]. TCR is most commonly calculated as the mean global
AT for years 61-80 of the 1pctCO?2 output, after the control run mean global temperature is
removed. Gregory and Forster [2008] introduce a new method for TCR calculation, from the
radiative forcing at the time of CO, doubling and the climate resistance parameter, thus removing
the need to use the control runs of the models. By deriving TCR with both methods, as well as
with linear regression of the time series, I find that the difference between TCR derived with the
Gregory and Forster [2008] method and with linear regression is of the order of 1073 K for the
MPI ensemble and of the order of 10~> K for the CMIP5 ensemble. The difference between
these methods and the first method is of the order of 10~! K for both ensembles. Considering
that the method introduced by Gregory and Forster [2008] accounts for the gradual increase
in forcing and for the climate system resistance to the changes induced by this forcing, I will

consider this as reference method for the calculation of TCR.

However, the comparison of global TCR to Walker circulation changes introduces additional
uncertainty to answering the research questions, as global TCR is also subject to variations in
the subtropical and polar regions’ circulation. Consequently, in the framework of this thesis, I
define the tropical Pacific transient climate response (TCRtp) equal to AT in the region within
the (80°E-80°W, 30°S-30°N) box by the time of CO, doubling. This box covers all regions
used in the derivation of the Walker circulation indices. At the same time, TCRp cannot be
derived directly by using the Gregory and Forster [2008] method, since that method relies
on global averages. To simplify the calculation of TCRp, I use the linear regression method
(Tab.2.1). This is justified by the small difference between this and the Gregory and Forster
[2008] methods.

3.2 The simulation of the Walker circulation in ERA-Interim

The ERA-Interim mean value of the MSLP-, wsg- and }po-index is 4.099 + 83.576 Pa,
(0.299+18.853) x 10 3Pas™! and (108.764410.012) x 10°m?s~!, respectively (Tab.3.1).
Fig. 3.2 shows the time series of these indices, which visually explain the high variance detected
above. It is also evident that the Walker circulation is directly linked to ENSO, as the periods
of extremely weak Walker Cell coincide with the extreme El Nifio events (e.g. 1983-1984,
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1997-1998). It is remarkable that the MSLP and the wsog indices’ minima precede the El Nifio
minima by 4-5 months, while the )»po-index minima practically coincide with the El Nifio
events. Therefore, the changes in the circulation in the lower and mid troposphere change the
east to west wind stress regime over the equatorial Pacific and amplify the sea surface anomaly,

while the upper troposphere is directly sensitive to the changes in the boundary layer.

I also acknowledge that the definitions of the MSLP- and wsyo-indices suggest the time
mean of these indices should tend to zero. However, the choice of the spatial boxes used to
derive the mean anomalies in the convection and subsidence branches of the Walker Cell can
explain the non-null values. The western boxes used in the derivation of the indices include
considerable land mass, especially the MSLP-index (Fig. 3.1). Therefore, in comparison with the
eastern box, the western anomalies will also arise from the effect of land-sea contrast. Another
reason for a non-null mean value could be related to the difference between the convection
and subsidence areas — the former is more aggregated than the latter and the eastern box may
not contain the entire subsidence area related to the Pacific Walker Cell. Despite this feature
of the index definition, I consider the ERA-Interim indices’ time series a reliable reference
dataset, comparable with values obtained in previous studies for time series of observation
and/or reanalysis datasets [Wang, 2002; Tanaka et al., 2004; Vecchi et al., 2006].

Table 3.1: Statistical results for the ERA-Interim reanalysis dataset

ERA-Interim
MSLP-index¥Pa] 4.099 4+ 83.576
s0o-index{103Pa s~ '] 0.299 +18.853
2200-indexq10°m2s 1] 108.764 +10.012
all months in the Walker circulation index time series
corr(MSLP-index, wsqo-index)? 0.753
corr(MSLP-index, y200-index)® 0.427
corr(@sno-index, Y00-index)? 0.613

months in the Walker circulation index time series with extreme

circulation intensity

corr(MSLP-index, mspo-index)ex? 0.884
corr(MSLP-index, x200-index)ex;? —0.400
corr(@sno-index, Y200-index)ex” —0.110

2 For each index, I calculate the mean of its time series and the standard deviation of its
detrended time series. The table presents the averages of these values and their variance
within the dataset.

b corr(x,y) - Pearson correlation coefficient between x and y.

As mentioned above, the three indices describe a distinct feature of the Pacific Walker
Cell each, are subject to thermodynamical and circulation processes at different levels in the

atmosphere, and are built on different basis variables and geographical regions. Tab. 3.1 gives
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time series statistics, including trend and correlation coefficient statistics, for the reanalysis and
the investigated indices. The reanalysis dataset reveals a fairly good correlation between the
MSLP- and the wspp-index (0.753), as well as between the @so- and the )»p0-index (0.613), but
quite low between the MSLP- and the ),p9-index (0.427). Here I consider again the relation
between ENSO and the Walker circulation — El Nifio events relate to weakened circulation. The
La Nifia events are consistent with a strengthened Pacific Walker Cell (Fig. 3.2), but the index
deviation from the mean in these periods is significantly smaller than in the El Nifio periods
[Tanaka et al., 2004]. I therefore correlate the months with circulation intensity outside 10
from the mean of the time series for all three indices (hereafter named extreme cases). It is
found that all the identified extreme cases relate to a strongly weakened circulation. While
the correlation coefficient between the MSLP- and wsgo- indices becomes larger, it becomes
negative and considerably smaller for the correlations between the ¥»>0o-index and these two
indices, respectively. This results from the latter reaching a minimum of intensity 4-5 months
later than the first two indices (Fig. 3.2), suggesting a slower response of the upper troposphere to
a weaker circulation. Considering the differences between indices’ definitions and the medium
to high correlation between the time series, the correlation results for the ERA-Interim time

series are deemed realistic.
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Figure 3.2: ERA-Interim reanalysis 1979-2008 time series for (a) the MSLP-index, (b) the @wsgp-index,
and (c) the yppo-index. In every plot the ONI-index is presented in dashed line, with values on the

second y-axis.
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3.3 The natural variability signal in the Walker circulation change

As stated above, the purpose of using the MPI ensemble is to study the impact of natural vari-
ability on the Walker circulation trend. Averaging over the 68-members of the MPI ensemble,
the mean value over the time series of the MSLP-, ws00- and }»0p-index is —0.038 +0.398 Pa,
(0.01940.049) x 103 Pas~! and (134.213 +0.869) x 10° m?s~!, respectively (Tab. 3.2). These
mean values differ from the ERA-Interim mean values, but the high variance within the reanaly-
sis still places them within 10 (standard deviation) from the mean for the first two indices and
around 20 from the mean for the y>0o-index. The ERA-Interim mean value shows a stronger
Walker circulation in comparison to the MPI ensemble mean if the MSLP- and @s(- indices are
applied, but slower if the )»po-index is applied. Here I acknowledge that these differences arise
from (1) the setup of the CMIPS 1pctCO2 experiment as an idealized climate experiment, (2) the
distinct configuration of the ECMWF IFS model on which the ERA-Interim reanalysis is based
(compared to the configuration of the MPI-ESM-LR model), (3) the different time extent for the
averaging, which takes into account more internal variability modes for the CMIPS experiment
than for ERA-Interim, and (4) the fact that ERA-Interim relies on a period which was shown to
have a strengthened Walker circulation [England et al., 2014].

Table 3.2: Statistical results for the MPI ensemble

MPI ensemble
mean c

MSLP-index?Pa] —0.038£0.398 75.5424+6.787
s00-index{ 10 3Pa s~ '] 0.019+£0.049 9.574+0.945
2200-index¥10°m?s 1] 134.213+£0.869 10.019+0.739
all months in the Walker circulation index time series
corr(MSLP-index, msqo-index)? —0.435+0.136
corrf(MSLP-index, xgoo—index)b 0.398 £0.062
corr(wsop-index, xZoo-index)b 0.256 £0.084
months in the Walker circulation index time series with extreme circulation
intensity
corr(MSLP-index, ®sog-index)exr” —0.2144+0.359
corr(MSLP-index, xgoo—index)extrb 0.5744+0.213
corr(@sno-index, Y200-index)exi” 0.299 +0.221
variations of parameters until CO, doubling
MSLP-index trend [Pa dec™!] —1.553+0.398
Ws00-index trend [10~3Pa s~!dec™!] —0.725+0.753
2200-index trend [10°m?s~'dec™!] —1.1134+0.592

2 For each index and each ensemble member, I calculate the mean of its time series (140-years period,
which corresponds to CO, quadrupling), and the standard deviation of its detrended time series. The
table presents the averages of these values and their variance within the ensemble.

b corr(x,y) - Pearson correlation coefficient between x and y.
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The correlation within the MPI-ensemble, interestingly, is inconsistent with the reanalysis,
showing not only smaller correlation coefficients, but also negative correlation between the
MSLP- and the wsgp-index (Tab. 3.2). The latter may be caused by various factors, such as
the definition of the indices, discrepancies between the surface pressure and vertical velocity
response to circulation intensity change, the physical approximations and parametrization
scheme of the MPI-ESM-LR. A thorough analysis of this feature is beyond the scope of this
work, but may serve as a good test case for the performance of a GCM. Having the above-
mentioned negative correlation in mind, I find that, while looking into the extreme cases for
this ensemble, the MSLP- and the @s(g- indices are practically uncorrelated. While the mean
ensemble correlation between the )»go-index and the other two increases for the extreme cases,
its variance also becomes larger. The reasons for such values stated for the ERA-Interim data
set apply here as well, along with the fact that, for the MPI ensemble, the time lag between
the minima in the yqp-index and the other two indices’ time series is around 7-8 months. The
interesting fact that the correlation between different indexing methods is stronger in reanalysis
than in GCM simulations was also noticed by Davis and Birner [2016], albeit for the Hadley
circulation and the width of the tropical belt instead of the Walker circulation. The reason for
this apparently general behaviour is unclear: it may be caused by insufficient precision in the
GCM simulation of the circulation, but also might simply be due to the much higher resolution

of the reanalysis.

The trends in the intensity of the Pacific Walker Cell were derived by applying time linear
regression to the three indices’ time series. The mean trends over the MPI ensemble, index-wise,
until the moment of CO, doubling (70 years) and quadrupling (140 years), are shown in Tab. 3.2.
On average, independent of the chosen index, the Walker circulation slows down by the time
CO; doubles. Compared to the ensemble mean standard deviation of the indices, the trend
suggests a decrease in the intensity of the cell by 2.1% o, 7.6% ¢ and 11.1% o per decade
for the MSLP-, ws00- and )»00-index, respectively (Tab. 3.2). But the percentage of members
simulating a weakening circulation varies among indices. Here I consider as significant the
trends with >80% confidence level and I observe the following for each of the indices’ time

series:

1. MSLP-index: 49 out of 68 ensemble members show significant trends, whereof 34 are

negative (suggesting a weakening Walker circulation by the moment of CO; doubling);

2. wspp-index: 59 out of 68 ensemble members show significant trends, whereof 54 are

negative;

3. X200-index: 63 out of 68 ensemble members show significant trends, all negative.
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These results suggest a degree of sensitivity of the circulation projection to surface processes,
which induces additional variability for the indices. The lower troposphere branch of the Pacific
Walker Cell is highly dependent on the thermodynamics and atmospheric circulation within the
boundary layer, and is also influenced by the atmosphere-ocean coupling. The MSLP-index,
which is characterising the intensity of this section of the cell, shows the lowest percentage of
significant trends (72%) and the lowest percentage of ensemble members projecting a weakening
circulation by the doubling of CO, (50% of all ensemble members and 69% of the ensemble
members with significant trends). Conversely, in the case of the wsgy-index, which describes
the change in the ascending branch of the cell and is less sensitive to surface processes, there
are more ensemble members which have a significant trend (87%). Also, the probability of a
weakening circulation is higher if this index is considered, as 79% of ensemble members project
the weakening (92% of the ensemble members with significant trends). The upper troposphere
is significantly more stable than its lower and middle parts and exhibits less variability on
monthly scales. As a result, for the }9p-index time series I find significant trends in 93% of
the ensemble members and all these members suggest a weakening circulation. To conclude,
the detection of trends in the intensity of the Walker circulation is affected by the sensitivity of
the base parameter to surface processes, including the atmosphere-ocean coupling in the lower
troposphere. Also, some of the variability may be a result of the index definition: while Tanaka
et al. [2004] separate the Walker circulation from the Hadley and monsoon circulations, the other

two indices might still contain significant variability modes originating from these circulations.

The most robust feature in the response of the climate system to increased CO; forcing is
mean surface temperature rise. Previous studies show that the tropical overturning circulation is
slower in a warmer climate [Held and Soden, 2006; Vecchi and Soden, 2007; Bony et al., 2013;
Chadwick et al., 2013]. In this regard, I examined the relationship between the change in the
intensity of the Walker circulation and the change in mean surface temperature in the tropical
Pacific region. Considering the above, negative correlation between the Walker circulation
trend and surface temperature variation should be expected. The MPI ensemble tropical mean
AT by CO; doubling, TCRtp, is 1.547 K and has a low variance, as shown in Tab. 3.2. The
trends detected in the Walker circulation indices have considerably higher variance (Tab. 3.2),
therefore high correlation between TCRTp and the circulation changes across the ensemble is
less probable, as seen in Tab. 3.3. TCRtp has the highest absolute correlation coefficient value
with the MSLP-index trend, which is expected considering the dependence of the MSLP-index
on surface temperature changes. The sgp-index trend shows the highest variance within the MPI
ensemble (Tab. 3.2), which may in turn explain the detected insignificant correlation coefficients.
If only ensemble members with significant detected trends are considered, the correlation
between the changes in the circulation and in the surface temperature slightly improves for the

MSLP- and )»00- indices, but this does not hold for the @syy-index.
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Table 3.3: MPI ensemble correlation between the change in Walker circulation on one side and TCRp
and the OLR trend (until CO, doubling) on the other side (selected runs/GCMs refer to the runs/GCMs

that show a significant trend in the Walker circulation intensity until CO, doubling)

Correlation with TCRtp | Correlation with OLR trend

all runs | selected runs | all runs selected runs
MSLP-index | —0.774 —0.826 0.131 0.144
Ws00-index 0.152 0.150 —0.156 —0.179
X200-index —0.534 —0.546 0.489 0.498

As mentioned in the definition of the ¥»0o-index, this method also provides an indication of
the location of the ascending branch of the Cell. By analyzing the time series of the coordinates
for the maximum value of ¥»0o, I find that 90% of the MPI ensemble members suggest an

eastward shift of the ascending branch, consistent with previous findings [Bayr et al., 2014].

In conclusion of this Section, based on the MPI ensemble, I note that internal variability alone
causes a significant spread in the response of the Pacific Walker circulation to increasing CO,
forcing. The robustness of a weakening circulation is diminished by the differences between
the trends detected in the time series of the three indices and by the relatively low correlation
between these indices. In general, the ¥»>0o-index provides the highest confidence in the detected
trend, and in the sign of the circulation’s intensity change, leading me to rely on it for further
studies. At the same time, this index is a proxy for the upper tropospheric divergence of flow
resulting from the circulation, being less representative for the ascending branch or the lower
tropospheric flow within the Pacific Walker Cell. Consequently, in future studies, the choice of

index should depend on the scope and region of study.

3.4 The CMIP5 detected Walker circulation change

In this Section I look into another kind of ensemble, the CMIP5 model ensemble. Here, each
ensemble member has different model physics. Initial conditions also differ, but the main source
of differences is generally seen in the GCM configuration. The 28 members of the CMIP5
ensemble render time averaged MSLP- and @s(o- indices slightly different in value and variance
from the case of the MPI ensemble. As in the case of the MPI ensemble, these values differ from
the ERA-Interim resulting averages (Tab. 3.4). The )»pp-index shows a CMIP5 ensemble mean
value smaller than the MPI ensemble value, but which is closer to ERA-Interim to a degree of
one standard deviation. The considerations stated in the previous Section on the differences

between datasets are also valid for this ensemble. Moreover, these differences and the higher
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variance come from the non-linear effects of the numerical approximations and parametrization
schemes characteristic to each GCM. Under these considerations, I assume that the simulations

capture the Walker circulation reasonably well.

The correlation between indices is low and significantly more varying within this ensemble
compared to both the MPI ensemble and the reanalysis values. The differences between the
physics of the CMIP5 GCMs make it impossible to conclude on the correlations between the
indices on ensemble level (both for the entire time series and for the extreme cases), even though
for specific models some coefficients are large. For example, the correlation between the MSLP-
and Y0p-index for MIROC-ESM equals to 0.855, but is quite low between @sqp- and ¥200-index
(0.322) and MSLP- and )p-index (0.179). The large variance of the correlation coefficients
suggests a different response of the circulation at different vertical levels, pointing to a probable
degree of discontinuity in the vertical in some GCMs, and/or to a need to adjust the indices to

the particular GCM.

Table 3.4: Statistical results for the CMIP5 ensemble

CMIP5 ensemble

mean (o]
MSLP-index?[Pa] 0.129+0.446 71.545+21.732
Ws00-index?¥ 10 3Pa s™1] —0.015+0.087 13.027 +4.922
2200-index¥10°m?s 1] 119.241425.425 | 11.041+3.506
all months in the Walker circulation index time series
corr(MSLP-index, mso-index)P 0.203+£0.548
corr(MSLP-index, xZoo—index)b 0.3374+0.262
corr(msgg-index, x200-index)? 0.307 £0.243
months in the Walker circulation index time series with extreme circulation
intensity
corr(MSLP-index, ®soo-index)ex” 0.380+0.664
corr(MSLP-index, x200-index)ex? 0.535+0.385
corr(wsop-index, xzoo-index)extrb 0.367£0.422
variations of parameters until CO, doubling
MSLP-index trend [Pa dec '] —4.4774+4.328
wspo-index trend [10~3Pa s~ !dec™!] —0.516+1.101
2200-index trend [10°m?s~'dec™!] —0.39540.955

2 For each index and each ensemble member, I calculate the mean of its time series (140-years period,
which corresponds to CO; quadrupling), and the standard deviation of its detrended time series. The
table presents the averages of these values and their variance within the ensemble.

b corr(x,y) - Pearson correlation coefficient between x and y.
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Table 3.5: CMIP5 ensemble correlation between the change in Walker circulation on one side and
TCRtp and the OLR trend (until CO, doubling) on the other side (selected runs/GCMs refer to the
runs/GCMs that show a significant trend in the Walker circulation intensity until CO; doubling)

Correlation with TCRtp | Correlation with OLR trend

all runs | selected runs | all runs selected runs
MSLP-index | —0.338 —0.323 —0.273 —0.150
Ws00-index 0.047 —0.094 0.174 0.104
X200-index —0.370 —0.454 —0.213 —0.213

As seen in Tab. 3.4, the mean CMIP5 ensemble trend in the Pacific Walker Cell is negative,
regardless of the chosen index. On average, in the period until CO; doubling the circulation is
slowing down by 6.3% o, 4.0% o and 3.6% o per decade for the MSLP-, @ws09- and )2p0-index,
respectively (Tab. 3.4). The values of the mean trend differ significantly from the MPI ensemble
and their variance is considerably larger. Fig. 3.3 depicts the Walker circulation 70-years trends
(until CO; doubling) and 140-years trends (until CO, quadrupling) over the CMIP5 ensemble.
Independent of the index, at least 70% of the ensemble members show significant trends, as
defined in the previous Section (24 out of 28 for the MSLP-index, 20 out of 28 for the wsyo-index,
23 out of 28 for the y»>00-index). A weakening Pacific Walker Cell is simulated by:

1. 21 out of 24 members with significant trend in the MSLP-index time series;
2. 15 out of 20 members with significant trend in the wspo-index time series;
3. 17 out of 23 members with significant trend in the }»gp-index time series.

Compared to the MPI ensemble, looking at the ability to detect significant trends, the CMIP5
ensemble shows less sensitivity to surface processes. However, the number of members and the
distinct configuration of the GCMs caution against drawing conclusions from this difference in

sensitivity.

Nonetheless, as it was also true in the case of the MPI ensemble, the same ensemble member
may suggest a different sign for the change in the circulation intensity depending on the chosen
index (Fig. 3.3). As the 1pctCO2 experiment set up in CMIP5 allows investigation of changes
until quadrupling of CO», I note in Fig. 3.3 that some models reveal significantly different trends
in the circulation from the start of the experiment until doubling of CO; (70 years period) than
until quadrupling (140 years period) - e.g. BCC-CSM1-1, FGOALS-s2, MIROC-ESM. I find
that these differences of trends hold even if the period from the moment of CO; doubling until

that of quadrupling is considered. This finding leads to the conclusion that the intensity change
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is non-linear and changes not only as a result of increasing forcing, but also partly due to the

internal variability of the Pacific Walker circulation and its driving factors.
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Figure 3.3: Pacific Walker Cell intensity trends detected for the CMIP5 ensemble 1pctCO2 experiment
output. Trends detected until CO; doubling are shaded red, until CO, quadrupling - blue (hatched
bars denote trends with confidence level below 80%). The red solid line represents the MPI ensemble
mean trend, the dashed lines - the range of 10 variance, the dotted lines - the total spread of the MPI

ensemble.
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To assess the importance of increased forcing for the circulation change, I look again into the
TCRTp as a robust indicator of the response of the climate system to higher CO, concentration.
Fig. 3.4 depicts the change in circulation as a function of TCRtp, for each member of both
investigated ensembles. There is one subfigure for each circulation index. As clearly visible, the
CMIPS5 ensemble mean TCRtp, 1.592 K (Tab. 3.4), does not differ significantly from the MPI
ensemble mean TCRtp, but the GCMs’ distinct configurations lead to a much higher variance
(0 = 0.302K). These large variances of TCRtp and of the Walker circulation indices affect the
detection of correlation between these parameters, giving significantly different values compared
to the MPI ensemble (Tab. 3.5). Limiting the correlation only to the GCMs showing significant
trends does not improve the correlation either.
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Figure 3.4: Pacific Walker Cell intensity trend until CO, doubling compared to the TCRtp in the
CMIP5 and MPI ensembles’ output of the 1pctCO2 experiment (the values corresponding to the MPI
ensemble are denoted by circles with smaller diameter). The correlation coefficient between the two

sets is given for each ensemble separately.

In summary, it is interesting to note that, although somewhat larger, the spread in the detected
Walker circulation intensity change found in the CMIP5 ensemble is of comparable magnitude

to the spread found in the MPI ensemble.

3.5 Ensemble members’ differences and the detected ensemble spread

Judging from Fig. 3.4, it is apparently sufficient to use one GCM ensemble (in this case the

MPI ensemble) to obtain the variance of the Walker circulation trends under increased CO»
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forcing. In other words, it appears on first sight as if natural variability alone could account
for the observed intermodel spread in Walker circulation response. I investigated this point
further, looking for differences between GCM representation of the Walker circulation in a
control unforced climate experiment and for qualitative differences between Walker circulation

response spread in the two different ensembles.

Before looking into these differences, I rank the MPI and CMIP5 ensemble members in
ascending order by each Walker circulation index time series trend. Fig. 3.5 shows the order
of the ensemble members arranged according to their mean rank across the three indices. The
figure draws again attention to the difference between the trends detected in the time series of
the three indices - unless by mean rank, the low correlation between index rankings makes it
difficult to indicate which model shows the largest weakening or strengthening of the Walker
circulation. Further, I use the 5th and 95th percentile of the mean rank (ranky,) across each
ensemble to distinguish 2 groups of MPI-ESM-LR runs and of CMIP5 GCMs (Fig. 3.5):

1. low-ranking ensemble members (LRMs) or members that project the strongest weakening
of the Walker circulation: MPI-ESM-LR runs with rank,, < 17 (MPI ensemble 5th
percentile) and GCMs with ranky, < 10 (CMIPS ensemble 5Sth percentile);

2. high-ranking ensemble members (HRMs) or members that project the smallest weakening
of the Walker circulation or even its strengthening: model runs with rank,, > 58 (MPI
ensemble 95th percentile) and GCMs with rank,, > 23 (CMIP5 ensemble 95th percentile).

In order to investigate the simulation of the Walker circulation by the CMIP5 ensemble
members, I look into the background naturally-forced CMIP5 experiment, namely piControl.
A time mean for this control run of the meridional cross-section over the equatorial Pacific
(between10°N and 10°S ) of the vertical velocity field, hereinafter wy, can be used to give an
indication of the characteristics of the Pacific Walker Cell simulation in the respective GCM
and the locations of the corresponding ascending and subsiding branches. Fig. 3.6a presents
such a cross-section obtained from the output of the MPI-ESM-LR model, showing a clear
differentiation between the convective region in blue shading over the Maritime Continent and
the subsidence region in red shading over the Central and East Pacific. The wave-like features
visible in the cross-section for this model, as well as MPI-ESM-MR (Fig. 3.6b), are numerical
artifacts resulting from spectral ringing (personal comment of Thorsten Mauritsen). To facilitate
the comparison of the Pacific Walker Cell representation between the 28 members of the CMIP5
ensemble, I calculate the layer-thickness-weighted vertical mean of wy, referred onward as @y.
The minimum value of @y corresponds to the region of strongest convection, and the maximum
value to the region with strongest subsidence. As seen in Fig. 3.6b, the general expected @y

pattern of the Pacific Walker Cell is identifiable in all the models: I find a convective region
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over the Maritime Continent and a subsidence region over the East Pacific. There is also a
region of ascending motion starting around 280°E eastward, but this is induced by orography.
Nonetheless, there is a large variance of the Walker circulation simulation among the CMIP5
GCMs, especially in the zonal extent and in the average intensity of vertical velocity in these
regions. Considering this background experiment variance, I infer that the GCM numerical
configuration and its parametrization schemes influence the representation of the Pacific Walker
Cell and its variation under various forcings. I further investigate the change in @y at the
moment of CO; doubling (averaging over year 60-80 of the 1pctCO2 output) with respect to the
piControl mean, in particular for the CMIP5 ensemble LRMs and HRMs. Fig. 3.6¢ shows this
change on the primary y-axis (solid lines) and the background pattern on the secondary y-axis
(dotted lines).
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Figure 3.5: MPI and CMIP5 ensemble members’ index-based ranking (in ascending order) according
to the projected trend in the intensity of the Pacific Walker Cell until CO;, doubling within the 1pctCO2
experiment (MPI-ESM-LR runs and GCMs are ordered according to their mean rank). The blue shad-
ing denotes the low-ranking ensemble members (LRM, projecting on average the strongest weakening
of the Walker circulation), the red shading - high-ranking members (HRM, projecting on average the

smallest weakening of the Walker circulation or its strengthening).
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There is no clear distinction between the LRMs and HRMs in the piControl experiment.
So, apparently, the difference in the response between the LRMs and HRMs is not caused
by them having different representation of the Walker circulation to start with, but by other
intermodel differences that only become apparent upon forcing. The HRMs show significantly
less variance in the change across the equatorial Pacific than the LRMs. Also, the HRM ensemble
members suggest a slightly intensified convection in the ascending branch and small change
in the subsidence area, which is consistent with a circulation that either shows insignificant
change or one that strengthens. Conversely, the LRMs clearly show a shift of the convecting
branch eastward from the Maritime Continent and a general increase in ascending motion across
the Pacific, which is related to a slower circulation. Again, the fact that in the background
experiments the low-ranking and the high-ranking ensembles members do not show clear
differences suggests that the distinct response found for the Pacific Walker Cell is mostly
induced by the CO, forcing and the response of the climate system elements to this forcing (e.g.
clouds, precipitation, surface temperature, atmospheric stratification, atmosphere-ocean heat

exchange).

As mentioned in Section 3.3, increased surface temperature is one of the robust responses of
the climate to CO; concentration increase and may serve as an intermediate parameter to identify
drivers of the circulation response variation. The circulation may be investigated inclusively
from the point of view of the related cloudiness and/or outgoing longwave radiation (OLR). The
latter is modulated, among others, by clouds, precipitation, and aerosols. Currently, because
of the low confidence in aerosol-cloud interaction radiative feedback [see Chapter 8 in [PCC
[2013]], the parametrization of clouds and convection is responsible for most uncertainty in
climate models, including in the projection of OLR variation at intra- and interannual time scale.
Here I look into the spatial structure of OLR change and surface temperature increase by the
doubling of CO», as simulated by the ensembles, and investigate the differences among ensemble
members in the region of the tropical Pacific. Although the correlation of surface temperature
increase, OLR trend, and Walker indices trends is low (Tab. 3.3 and 3.5), the differences in the
regional response of temperature and OLR may be indicative of the origin in Walker circulation

change differences among models.

Fig. 3.7 describes for each of the two ensembles the mean ensemble change in OLR with
respect to the piControl mean, as well as the change detected in the LRM and HRM groups.
Fig.3.7a and 3.7b show that the patterns in the mean control OLR (obtained from averaging over
the monthly outputs of the piControl CMIP5 experiment) are quite similar between the MPI
and CMIPS5 ensembles, despite the small differences over the central Pacific and Eastern Indian

Ocean - Australia regions, where the MPI ensemble suggests less cloudiness. Consequently,
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I deem it reasonable to look into the CO;-forced OLR changes in both ensembles, aiming to

identify the effect of internal variability and of GCM configuration on the mean change.
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Figure 3.6: (a) Meridional cross-section of vertical velocity @y between 10°N and 10°S, calculated
for the mean piControl output of MPI-ESM-LR. (b) CMIP5 ensemble vertically-weighted mean @x of
the meridional cross-section presented above. (¢) Changes in @x at the moment of CO, doubling with

respect to the control run for the CMIP5 ensemble LRMs (GISS-E2-H, MIROC-ESM, HadGEM2-ES)

and HRMs (INMCM4, NorESM1-M).

Notes: The thick black lines at the bottom of plot (a), as well as the grey stripes in (b) and (c), represent land
surface on the equator, corresponding to Sumatra, Borneo and South America. The beige stripes in (b) and (c)

refer to the zonal extent of the boxes used to compute the MSLP-index; the hatched stripes refer to the zonal

longitude [deg E]

extent of the boxes used to compute the wspp-index.
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Figure 3.7: (a), (b) - Ensemble mean OLR in the pre-industrial control experiment (piControl) for
the MPI and CMIP5 ensembles, respectively. (c), (d) - Ensemble mean trend in OLR variation until
CO; doubling in the 1pctCO2 output. (e), (f) - Mean trend in OLR variation until CO, doubling in the
1pctCO?2 output, averaged for the low-ranking ensemble members (LRM). (g), (k) - Mean OLR trend
until CO, doubling, averaged for the high-ranking ensemble members (HRM). Note: Regions with

trends having >80% confidence level are hatched.

This comparison reveals significant differences between the mean ensemble OLR change:
the MPI ensemble shows an increasing cloudiness not only across the central Pacific, but also
over the Maritime Continent, whereas the CMIPS ensemble does not (Fig. 3.7c and 3.7d). Also,
the presence and intensification of the southern branch of the Intertropical Convergence Zone
(ITCZ) is much more pronounced in the MPI ensemble. The CMIPS mean OLR change reveals
a strong increase of cloudiness immediately to the east of the Maritime Continent. Therefore,

not only the previous studies [Bayr et al., 2014 ] and the }0p-index analysis project this shift of
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the ascending branch of the cell (75% of the CMIP5 GCMs simulate it; not shown), it is also
confirmed by the OLR change pattern.

I note that the MPI ensemble mean OLR change pattern is preserved in both the LRM and
HRM means (Fig. 3.7e and 3.7g): increasing cloudiness along the equator and the Maritime
Continent, visible southern branch of the ITCZ. The difference between these groups of the MPI
ensemble members is mostly in magnitude, not the sign of the trend. This can be seen in Fig. 3.8,
which shows mean OLR trend differences between HRM and LRM models. Hatching there
indicates where the trend changes sign between LRM and HRM models, and subplot (a) shows
that this does not occur over the tropical Pacific for the MPI ensemble. However, it is also visible
that, compared to the HRM group, the LRM group projects almost no increase in cloudiness
over the Maritime Continent, but eastward from this region. This is once more consistent with

an eastward shift of the Walker Cell ascending branch in a climate with slower circulation.

(a) MPI ensemble HRM-LRM OLR trend difference
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Figure 3.8: Mean OLR trend difference between HRMs and LRMs for the MPI ensemble (a) and
the CMIP5 ensemble (b). The crossed hatching shows the regions where the sign of the trend differs
between LRMs and HRMs. Blue areas without hatching are where the models with less circulation
slowdown (HRM) have a stronger increase in cloudiness (lower OLR) than the areas with a stronger

circulation slowdown (LRM).
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Fig.3.7f and 3.7h show the mean OLR trend for the CMIP5 LRM models (GISS-E2-H,
MIROC-ESM, HadGEM?2-ES) and HRM models (INMCM4, NorESM1-M), respectively. Com-
pared to the results from the MPI ensemble, the patterns in the OLR trend differ significantly
between the two groups of GCMs. Also, the area showing different sign in the trends is much
larger (Fig. 3.8b), including parts of the Maritime continent and of the tropical Pacific. The
LRM group (Fig. 3.7f) is characterized by a strong significant negative OLR trend to the east of
the Maritime Continent. This is indicative of increasing cloudiness related to the intensification
of convection in this region and the eastward shift of the ascending branch of the Pacific Walker
Cell. The HRM subplot (Fig. 3.7f) suggests, on the other hand, only small increase in cloudiness
over the equatorial region of the Maritime Continent, but a strongly intensified cloudiness over
its northern region, consistent with more active convection in the Pacific Walker Cell. Also, in
the OLR trends in the HRM model I identify a pronounced southern branch of the ITCZ in the
South-Western Pacific, which cannot be found in the LRM models.

(a) CMIP5 LRMs

...........................................................................................

..............................................................................

150°W 90°W

(b) CMIP5 HRMs
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e 15

1.0

Figure 3.9: Surface temperature change at the moment of CO, doubling in the 1pctCO2 experiment
output, averaged for the LRM (a) and HRM (b) CMIP5 models.

A similar picture to the differences in OLR trend between the LRM and HRM ensemble

members emerges in the surface temperature change over the tropical Pacific (Fig. 3.9). The
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LRM ensemble members show overall a larger increase of surface temperature across the
equatorial Pacific and especially over the Eastern Pacific, a pattern compatible with an El Nifio
state of the climate system and a slower Walker circulation. The temperature variation over the
Maritime Continent is also smaller but more uniform in the HRMs than in the LRMs, consistent

with a non-changing or strengthening circulation (Fig. 3.7f and 3.7h).

This analysis of the relation between the changes in OLR over the tropical Pacific and the
variation of the Walker Pacific Cell dynamics shows that even if the detected variances of
the circulation trends in the two ensembles are similar, this variability is caused by different
factors. For the Walker circulation trends in the MPI ensemble, which are driven by internal
variability, the patterns in OLR change are comparable (differing mostly in magnitude) between
the runs projecting the most weakened circulation and the runs projecting the less changing or
strengthening circulation. On the other hand, the CMIP5 ensemble shows that a GCM with a
strong decrease in the intensity of the Walker Cell will likely have a drier Maritime Continent, a
significant eastward shift of the ascending branch of the cell, and a warmer East and Central
Pacific by CO; doubling than a GCM with a stronger circulation. It has been suggested by Bony
et al. [2013] and Su et al. [2014] that these intermodel differences arise most probably from the
differences in the representation of small-scale moist processes, like convection and clouds, and

their interaction with the large scale circulation.
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4 The fast response of the tropical circulation to CO,

forcing

This Chapter includes the description of the newly defined metric for the tropical overturning
circulation in Section 4. /, and the discussion of the detected circulation change, as well as the
decomposition of this change into the contributions of radiative heating rate, stratification and
subsidence area change, for the aqua-planet experiments (Section 4.2) and the amip experiments
(Section 4.3). A brief investigation of the change in circulation variability is presented in Section
4.4. Section 4.5 compares these results with the circulation change detected in the coupled

climate experiments.

4.1 The subsidence mass flow metric

I limit my analysis of the circulation change to the tropical subsidence regions. Following Davis
and Birner [2013], the zero-crossings between 20 — 40° latitude (in both hemispheres) of the
vertically-averaged zonal mean of mass stream function are considered as the tropics’ limits for
any given time step (Fig. 4.1). This allows the separation of the equatorward from the poleward
air mass transport. An atmospheric column within the tropics is considered a subsidence column

if the vertically-averaged vertical pressure velocity @ is positive.

In the limits of the detected tropical subsidence regions, I define the subsidence mass flow
SMF as follows:
1
SMF =-A| w, 4.1
8

where g is the gravitational acceleration, A | is the subsidence area and ® is the vertical velocity
of each grid box. Fig. 4.3, subplots (1a) and (1b), show the zonal mean of the subsidence mass
flow averaged over the output of CNRM-CMS for the aquaControl and aqua4xCO?2 experiments,
respectively. It is noticeable that the variation pattern of SMF' is dominated by the variation of
o (Fig.4.1a), as the grid-box area in the limits of the subsidence regions does not vary strongly

enough to have an impact on the pattern of the subsidence flux.
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Figure 4.1: (a) Zonal mean of mass stream function in 10°kgs™! (black contours) and of vertical ve-
locity (color shading), averaged over the aquaControl output of CNRM-CMS5. (b) Vertically-averaged

zonal mean of mass stream function for the same output with the selected tropics expanse.

In the tropical subsidence regions the diabatic vertical motion @ balances diabatic heating

QOr, as horizontal temperature advection is almost insignificant [Zelinka and Hartmann, 2010;
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Thompson et al., 2017]. As this work is limited strictly to these regions, I diagnose vertical

velocity from the total diabatic heating rate Q7 and static stability o

Or
0w=—— 4.2
p 4.2)
therefore equation (4.1) becomes:
1
SMF:——Aig. 4.3)
g c

I decompose the tropical total heating rate Q7 into the purely-radiative clear-sky heating rate
Qrqq and a residual heating rate Q,.;. The latter accounts for the cloud radiative effect, cloud

microphysics and the heating resulting from lateral eddy mixing [Phillips, 1956]:

QT = Qrad + Qres . (4-4)

The definition of subsidence mass flow in equation (4.1) and (4.3), and the consideration of

equation (4.4) allow the decomposition of the change in subsidence mass flow as follows:

dSMF dA do d
_:J__+&, (4.5)
SMFE Al o ' 0Or

and
dSMF o dA\L do + erad eres

SMF ~ Al o ' Or Or

(4.6)

Therefore, I can investigate the relative change in subsidence flow SMF in comparison with
the contribution of the relative change in the following parameters: subsidence area (%), static
stability (—%"), and heating rate (dQLTT). The latter is also equivalent to the sum of changes in
clear-sky heating rate Q,,; and residual heating rate Q,,, relative to the total heating rate Qr in

the control setup (dQ% = dg—’;"’ + %).

PSRAD

For the decomposition of total heating rate into the clear-sky and residual components (equa-
tion (4.4)) I apply the radiative transfer model PSRAD [Pincus and Stevens, 2013] to calculate
the clear-sky heating rate Q,,4. This model uses as input the vertical profiles for temperature,
humidity, pressure, cloud properties, and absorption species’ volume mixing ratios (CO2, CH4,
N20, O3). The absorption species volume mixing ratios were not available for all the investi-
gated GCMs. I therefore used mean profiles for the 1979-2008 period (Fig. 4.2), averaged over
MPI-ESM-LR, MRI-CGCM3, and four other GCMs that have available gas concentrations but

are not investigated in this study (these GCMs were not run for the aqua-planet experiments):
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CanESM2 [Arora et al., 2011], CESM1-BGC [Long et al., 2013], GFDL-ESM2G and GFDL-
ESM2M [Dunne et al., 2012]. The GCM vertical profiles are limited in the stratosphere to
10 hPa. To account for this, I extend the remaining vertical range (10 — 0 hPa) with the tropical
reference profiles FASCOD [Anderson et al., 1986]. These data provide stability to the PSRAD
run and insure a realistic picture of heating rates above the tropopause without affecting the
heating rate profile in the troposphere, which is my area of interest. Besides the vertical profiles,
PSRAD uses surface temperature, surface pressure, surface albedo and solar zenith angle as
input. For surface albedo I use the values of 0.07 and 0.2 for ocean and land surface, respectively.
In the case of solar zenith angle I have to account for the fact that the GCM output is a monthly
mean output. Therefore, I follow Cronin [2014] and Wing et al. [2018] and use a fixed zenith
angle of 42.05° and an adjusted solar constant of 456.07 W m~2 to ensure a tropical mean annual

insolation.
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Figure 4.2: Mean profiles of CO,, O3, N>O, and CHy, averaged over the 1979-2008 period in the
CMIPS historical experiment output of CanESM2, CESM1-BGC, GFDL-ESM2G, GFDL-ESM2M
and MPI-ESM-LR.
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4.2 The circulation response in the aqua-planet experiments

I apply the methodology described above to the aquaControl output averaged over the entire
experiment time range. In the case of aqua4xCO2, I limit the averaging of the climate variable to
years 2-5. This is to account for the abrupt CO, quadrupling which causes clear outlying values
in the time series for the first year for most variables. Therefore, I will compare the mean control
climate state (referred onward as aquaControl or control climate) with the quasi-equilibrium
reached by the aqua-planet climate system after the sudden change in CO, forcing occurs

(referred onward as aqua4xCO2 or forced climate).

Because of the lack in land mass and seasons, the aqua-planet climate system is fairly
symmetric meridionally and fairly uniform zonally. This enables the investigation of various
variables just by looking at their zonal means. I use the CNRM-CMS results to illustrate the
zonal means for the subsidence mass flow SMF, static stability o, heating rates (total QOr,
clear-sky Q,qq4, and residual Q,.s), and their difference between aquaControl and aqua4xCO2
(Fig.4.3). Note that the difference for the subsidence mass flow and static stability is shown in
percentage, while for the heating rates it is in Kday~!: the latter have both negative and positive
values, confusing the assessment of the change. The results indicate that in an aqua-planet
setup the changes due to CO, quadrupling occur with respect to the magnitude, not the pattern
of the various variables. The subsidence mass flow and therefore the circulation is in general
weakening (Fig. 4.3, line 1), which is in agreement with previous studies [Held and Soden, 2006;
Vecchi and Soden, 2007; Bony et al., 2013; He and Soden, 2015]. The only region where the
values increase is in the vicinity of the ITCZ, suggesting that this convective region narrows.
This is consistent with previous studies reporting this narrowing in Earth-like planet experiments
[Lau and Kim, 2015; Byrne and Schneider, 2016]. Small change is seen in the static stability in
the lower and mid troposphere (Fig. 4.3, line 2), but the upper troposphere shows a clear increase
in stability. This may be related to the increase in high clouds and rise of the level of maximal
meridional mass outflow in the upper troposphere, which enhance moisture divergence at these
levels and promote stability increase [Zelinka and Hartmann, 2010; Lau and Kim, 2015]. The
most evident change in the total heating rate is around 850 hPa (Fig. 4.3, line 3), where I find
that in the forced climate the atmosphere cools less. This is dominated by clear-sky heating rate
changes, as seen in its similar patterns of change (Fig. 4.3, line 4). The residual heating rate
changes correspond to a narrowing of ITCZ and a drying of the atmosphere by entrainment in
the regions close to the edges of ITCZ (Fig. 4.3, line 5). The parameters’ values in the layer
above the surface and in the stratosphere are either impossible to compute (these regions have
little to no subsidence) or are too scattered to present a clear picture. Therefore for further

analysis I consider only the results for the troposphere at pressures below 925 hPa.
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Figure 4.3: (first line) Zonal mean of subsidence mass flow, averaged for CNRM-CMS over (a) the

aquaControl and (b) the aqua4xCO2 experiment, as well as (c) the difference between the experiments.

(lines 2-5) Same as in the first line, but for static stability, total diabatic heating rate, radiative heating

rate and residual heating rate, respectively.
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Figure 4.4: aquaControl (dashed lines) and aquadxCO?2 (solid lines) ensemble mean profiles of (a)
subsidence mass flow, (b) static stability, (c) tropical subsidence area, and (d) total, clear-sky and

residual heating rates (the profiles are averaged over the tropical subsidence areas).

Fig. 4.4 shows the ensemble mean tropical subsidence profiles for SMF, o, A |, Or, Qraa

and Q,., for the control climate and the forced climate. The difference between the profiles

confirms once more that the circulation weakens, most prominently in the lower part of the

troposphere. As the surface is not allowed to heat, which would impact the lapse rate, the direct

effect of CO; increase on the mean static stability is almost undetectable. This is not the case

for the subsidence area and heating rates. The subsidence area increases throughout the height

of the troposphere. In the case of QO the change is driven by the change in Q,,4, which means a

weaker atmospheric cooling in the lower and mid troposphere.
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After investigating the response of each variable to CO; forcing, I now look at the contribution
of the respective change to the general change in tropical overturning circulation (Fig. 4.5).
According to equations (4.5) and (4.6), a relative increase in subsidence area and in heating rate
will force an increase in circulation intensity, while an increase in static stability will dampen
the circulation. As mentioned above, the circulation weakens significantly in the lower and
mid troposphere. I find that this weakening is of 3 — 5% in the ensemble mean (Fig. 4.5a,
red line) and the ensemble spread of the maximum decrease in circulation strength is 1 — 8%
(Fig. 4.5a, gray lines). Fig. 4.5b—f present the contributions of ¢, A |, Or, Q,4q and Q,.s changes,
respectively. The static stability and subsidence area response to CO, forcing bring around
4% and 1% enhancement to the circulation, respectively. These are counteracted by the CO,
effect on the total heating rate: Q7 decreases by 7 — 8% and causes a general weakening of the
circulation. The change in total heating rate is dominated by the change in clear-sky heating rate,
which is reduced by around 10%. However, above 400 hPa, the total and radiative heating rates
become slightly more negative (the atmosphere cools more). At the same time A | increases
most prominently in this tropospheric region as well. These findings explain the slight increase
in SMF in the upper troposphere, suggesting stronger subsidence. This result goes in line with
the narrowing of the ITCZ, which intensifies the convection and the divergent mass flow at the

tropopause height, with subsequent subsidence increase in the tropical upper troposphere.

I note that Fig. 4.5b—f show a clear outlier: HadGEM2-A. This may represent an effect of the
model’s inability to accurately represent tropical precipitation processes [Haywood et al., 2016].
Also, in Fig. 4.4c I notice 3 distinct groups of GCMs. This grouping is caused not only by the
model configuration, but also by the presence of a double ITCZ in the climate simulation of
some models (CNRM-CMS5, IPSL-CM5A-LR).

Considering the above, I find that the fast response of the tropical overturning circulation
to CO, quadrupling in an aqua-planet setup exhibits a weakening of around 4%, similar to
the one found by He and Soden [2015]. This weakening can be decomposed into a sum of
contributions from static stability, subsidence area and heating rate. Fig.4.5a shows that the
calculated relative change in subsidence mass flow can be reasonably well approximated by
the sums of contributions, as presented in equations (4.5) and (4.6). However, the sum from
equation (4.6) is deviating stronger from the calculated change and this is most probably related
to the calculation of Q,,,; with PSRAD, as I use the same mean profiles of absorption species for
all GCMs. Based on this decomposition, I find that the driver of the change in circulation is the
radiative effect of CO, on the clear-sky heating rate, reconfirming previous studies [Bony et al.,
2013; He and Soden, 2015]. The results from the ensemble GCMs still vary considerably due to
the model configuration and initialization, visible even in the tropical mean surface temperature,

which has a spread of 293.8 —296.5K in the control climate (not shown). But the resulting
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ensemble variance in the change of the investigated variables supports the robustness of the

circulation weakening.
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Figure 4.5: (a) Relative change of subsidence mass flow in the aqua-planet experiments. The solid line

present a comparison of this change calculated following equations (4.1), (4.5) and (4.6). (b)—(f) The

contribution to the change in SMF of static stability change, subsidence area change, total, clear-sky

and residual heating rate change, respectively. The grey lines represent the corresponding results for

every ensemble member (in (a) they show the change in SMF according to equation (4.1)).

4.3 The circulation response in the AMIP experiments

In comparison to the aqua-planet experiments, in the amip experiments I find that, on the mean,

the circulation weakens (in response to CO; increase) throughout the troposphere (Fig. 4.6a),

not only in its lower part. This more uniform tendency is driven by the different change pattern
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between the subsidence areas over land and over ocean. The change over ocean is similar to
the aqua-planet results: most of the change is projected for the lower troposphere. Over land,
however, I detect a significant weakening in the upper troposphere as well. This is related to
the increasing land surface temperatures and their effect on the air column above. Another
difference between the aqua-planet and amip experiments is in the circulation intensity itself:
the aqua-planet has a much more vigorous circulation in the tropics. This is easily explained
by the setup of the experiments, as the aqua-planet has no axial tilting and therefore the tropics
receive the same amount of solar energy year-round compared to the amip realistic planet system.
This aspect can also explain the static stability profiles’ difference between amip and aqua
experiments. Judging by the height of the sudden increase in static stability, the tropopause
is on the mean situated higher in the aqua-planet system than in the amip system (Fig. 4.6b).
However, this does not change the response of ¢ to CO, quadrupling, as its profile barely
changes. The differential heating of land and ocean in the amip experiments leads to opposing
tendencies in subsidence area under increased CO, forcing: it shrinks over land and expands
over ocean (Fig. 4.6¢), as was shown previously by Bony et al. [2013]. Nonetheless, the total
tropical subsidence area change is driven by the change over ocean, as here the area is around 3
times as big as the area over land. The heating rates have similar values in the aqua and amip
experiments, as well as the same tendencies: I find again a less cooling atmosphere in the forced
climate (Fig.4.6d-f). There is, however, a clear difference between experiments in residual
heating rates, which are larger in the amip experiment, especially in the lower troposphere. This
difference between the aqua and amip experiments, as well as the larger difference within the
amip experiments, may be related to a different cloud regime and a more irregular flow on a
planet with land surfaces, and to the response of the extratropical systems to CO; forcing, such
as the equatorward shift of the storm tracks and increased lateral eddy mixing [Butler et al.,
2010].

As mentioned earlier, there is a much more vertically uniform change in circulation (subsi-
dence mass flow) in the amip experiments in comparison to the aqua-planet experiments. As can
be seen from Fig.4.7, in the tropics this change amounts to 3 — 4% in the lower troposphere and
is dominated by the change over ocean. Towards the tropopause the general change decreases
to 0%; in comparison, in the aqua-planet experiments I find an increase of around 3% near
the tropopause. Here the pattern is significantly impacted by the change over land, where the
circulation decreases uniformly throughout the troposphere by around 4%. Such a difference
between the lower and upper troposphere in comparison to the aqua-planet experiments is
noticed in the other variables, too. However, this does not impact my findings related to the
main contributor to the circulation weakening: in the amip experiments I find that it is again the

decrease of radiative heating rate that dominates the circulation variation.
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Figure 4.6: amip (dashed lines) and amip4xCO2 (solid lines) ensemble mean profiles of (a) subsi-
dence mass flow, (b) static stability, (c) tropical subsidence area, (d) total, (e) clear-sky and (f) residual
heating rates (the profiles are averaged over the tropical subsidence areas). The respective results are
presented for the entire tropical subsidence area (red lines), as well as over land (orange lines) and over
ocean (blue lines). The corresponding profiles from the aqua-planet experiments are presented in grey

lines for comparison.

Although the amip experiments’ setup introduces additional sources for the potential tropical
circulation change, I find that regardless of the presence of land-sea contrast the circulation
weakens. The main driver of this change in the amip case is also the direct effect of CO, increase
on the radiative heating rate. However, the differential heating of land and ocean impacts the

vertical distribution of this weakening by not limiting it to the lower troposphere.
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Figure 4.7: (a) Relative change of subsidence mass flow in the amip experiments. (b)—(f) The contri-
bution to the change in SMF of static stability change, subsidence area change, total, clear-sky and
residual heating rate change, respectively. The respective results are presented for the entire tropical
subsidence area (red lines), as well as over land (orange lines) and over ocean (blue lines). The results

from the aqua-planet experiments are presented in dotted lines for comparison.

4.4 Does CO, impact the variability of the circulation?

Fig. 4.3 shows a high zonal variance of patterns for the subsidence mass flow and the heating
rates. Here I investigate in a simplistic approach whether the CO, forcing impacts the variability
of these parameters: I use the ratio between the standard deviation and the mean of a time series,

i.e. the coefficient of variance CV. This coefficient allows me to assess whether the forcing
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impacts only the mean state (when CV does not change significantly, even though the mean and

the standard deviation change) or the variability of the system (CV varies considerably).

Fig. 4.8 shows the corresponding standard deviation profiles for subsidence mass flow, static
stability, subsidence area and heating rates, while Fig. 4.9 shows the corresponding coefficient
of variance profiles. The standard deviation profiles for the two experiments are similar for each
separate parameter, but there are apparent changes in the standard deviation of the heating rates,
where the difference varies strongly on the vertical. The highest variance is present for SMF
(Fig.4.9a), where the standard deviation is around 50 — 60% of the mean. This is in accordance
with the variance I already see in Fig. 4.3. The static stability varies quite narrowly in the lower
troposphere in both aquaControl and aqua4xCO2 (5 — 12% of the mean), but the value is slightly
larger in the forced climate. The variance increases gradually towards the upper troposphere
up to 15 —20% in both experiments, the forced climate still surpassing the control climate.
This links to the sudden increase of static stability close to the tropopause and the subsequent
increase in its variance. The subsidence area also shows small variance throughout most of the
troposphere (10 — 14%) and a sudden increase in the tropopause region. This picture is very
similar for both experiments and the mentioned sudden increase may arise just from sampling,
as close to the tropopause the area decreases significantly and the number of analysed profiles is

small.

Though the heating rates’ standard deviation differs evidently in the two aqua-planet ex-
periments (Fig. 4.8d), the coefficient of variance suggests that the system is maintaining its
variability throughout the atmosphere (Fig. 4.9d). The large negative values of the coefficient
for Qs in the layer 700 — 850hPa are explained by the difference in magnitude between the
experiments: e.g. at 700 hPa the mean is very close to zero (Fig.4.4d), while the standard
variation is 0.16 — O.20Kdaly_1 (Fig. 4.8d). Except for these outliers, Q,,, also shows, as the
other variables, that the climate system is adjusting to the forcing mostly by changing the mean
values of the parameters, but not their variance. Additionally, I confirm that in the subsidence
regions the atmosphere is quite uniform, except in the boundary layer and in the vicinity of the

tropopause, where the local processes affect the variance.
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By applying the same simple analysis to the amip experiments (Fig. 4.10), I find that, except
for the subsidence area and the residual heating rate, the variance of variables in the forced
climate does not change or becomes smaller than in the control climate (note that the coefficient
of variance for Q7 and Q,,s is negative and a positive change corresponds to a decrease in
variance). This supports the findings from the aqua-planet experiments in that the forcing

impacts the mean climate state more than its variability.
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Figure 4.10: amip (dashed lines) and amip4xCO?2 (solid lines) ensemble coefficient of variance for the
mean profiles of (a) subsidence mass flow, (b) static stability, (c) tropical subsidence area, (d) total, (e)
clear-sky and (f) residual heating rates (the profiles are averaged over the tropical subsidence areas).

Note: The respective results are presented for the entire tropical subsidence area (red lines), as well as
over land (orange lines) and over ocean (blue lines). The corresponding profiles from the aqua-planet

experiments are presented in grey lines for comparison.
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4.5 The slow response of the tropical circulation to CO, forcing

A comparison of the fast response of the circulation with its slow response to CO, increase,
in uncoupled and coupled experiments, can further the understanding of the time and space

scales of the atmospheric dynamics response to anthropogenic forcing without limiting the
contributions to the atmospheric processes only.

The slow response of the circulation to increased CO; refers here to the combined actions
of the greenhouse effect amplification and the subsequent climate system feedbacks. The
advantage of the CMIPS5 tiered experiments is that I can separately investigate the effect of CO,
and the subsequent (slower) increase in surface temperature by analysing the results from the
aqua4xCO2/amip4xCO?2 and aqua4K/amip4K. This comparative investigation will further our

understanding of the changes detected in the coupled abrupt4xCO2 experiment, in which the
impact of the factors combine.
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Figure 4.11: Ensemble mean tropical profiles of (a) subsidence mass flow, (b) static stability, (c)
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amip experiments.
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I continue the research approach from the previous sections by assessing the change in
circulation induced by a sudden increase in surface temperature by 4 K. I find that the effect of
this sudden increase is a stronger slowdown of the tropical circulation compared to the effect of
CO; (Fig.4.11a). The vertical pattern of change is again different between the aqua- and the
Earth-like planets. Under the presence of land the circulation changes non-uniformly on the
vertical: this time, the intensity decreases significantly in the upper-troposphere, while in the

lower troposphere is close to the change induced by the quadrupling of CO,.

The impact of the surface temperature rise on the static stability, subsidence area and diabatic
heating rate is rather uniform vertically (Fig. 4.11b—d). The static stability increases significantly
compared to its response to CO, increase. But the land-sea contrast appears to have an effect
on the change in the lower troposphere, where the increase in static stability is around half as
strong as in the upper troposphere (in the aqua-planet experiment there is also less increase in
the lower troposphere, but the difference to the upper troposphere is smaller). Compared to
aqua4xCO2/amip4xCQO2, in the aqua4K/amip4K experiments the subsidence area increases
considerably: the difference to the control is 10-12 times larger in the aqua-planet experiments
and 3—4 times larger in the amip experiments. Whereas the total diabatic heating rate mostly
increases as a response to CO; quadrupling, it becomes more negative when the surface heats:

1

the atmosphere cools stronger, by up to 0.2Kday ™" in the upper troposphere. This change is

dominated largely by the response of the radiative heating rate to CO; forcing (Fig. 4.11e).

Fig.4.12 shows the relative change in circulation and the contributions of each parameter’s
change. I find that the circulation weakens by 0-5% in the lower troposphere and that this
response is dominated by the weakening over the ocean. In the upper troposphere the weakening
is more intense: up to 12—18%. Here, the change in radiative heating rate leads mostly to a
strengthening of the circulation (Fig. 4.12¢), except in the middle troposphere. I can speculate
that here the atmosphere cools less radiatively, but this effect is counteracted diabatically by
advection of dry air (Fig. 4.12f), as suggested by Lu et al. [2008]. As a result, the total heating
rate change as a result of surface warming has a positive effect on the circulation (Fig. 4.12d).
The same goes for the subsidence area change that increases by around 6% and is dominated
by the significant increase over land (Fig. 4.12¢). However, these positive contributions to the
circulation response are dominated by the negative contribution resulting from the increase in
static stability. The latter increases by around 12% in the lower troposphere and by up to 60—
70% in the upper troposphere (Fig. 4.12b), driving the overall vertical pattern of the circulation

slowdown.
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Figure 4.12: Ensemble mean tropical profiles of relative change in (a) subsidence mass flow, (b) static
stability, (c) tropical subsidence area, (d) total, (e) clear-sky and (f) residual heating rates. The grey
lines refer to the aqua-planet experiments, the red lines — to the mean tropical profile in the amip
experiments, the orange lines — to the mean profile over land, the blue lines — to the mean profile over
ocean; the dashed lines present the respective profile in the experiment with abrupt quadrupling of

COa,, the solid lines — in the experiment with abrupt 4 K increase in surface temperature.

As I see above, there are two main mechanisms driving the circulation weakening in a realistic
climate system: the atmosphere cooling less as a result of CO, forcing increase and the enhanced
static stability as a result of the rise of surface temperature. These effects are related, but occur in
different time frames. Considering a coupled climate system in which the concentration of CO,
is abruptly quadrupled and then kept at the same level (the abrupt4xCO2 CMIP5 experiment), I
find that the surface temperature starts increasing immediately, considering climate time-scales

(by up to 1 K in the first year, Fig. 4.13). However, due to the slow rate of CO, exchange between
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the surface waters and the deep ocean, it takes more than 50-200 years for the system to reach a
quasi-equilibrium. Considering these distinct time frames, a brief investigation of the response
of the circulation in a coupled climate system will be here attempted by comparing the means
over the first year after CO, quadrupling, as an immediate response to the forcing, and over the

last 110-140 years, as a quasi-equilibrium climate state.
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Figure 4.13: Global mean annual surface temperature variation after an abrupt CO, quadrupling, as
found in 8 CMIP5 GCM runs for the abrupt4xCO2 experiment.

The changes in the circulation intensity and the contributors to the change are shown in
Fig.4.14 for the first year and years 110-140 in abrupt4xCO2 compared to the responses
detected in the amip4xCO2 and amip4K. Note that the impact of CO; increase is still present in
the first year of the coupled experiment, as the radiative heating rate vertical profile of change is
similar to the amip4xCO?2 profile. Evidently, the mean profile of change for the last 30 years of
the experiment indicates to the effect of the increased surface temperature on the heating rate
(Fig.4.14e). In the case of the static stability change, the effect of the increase in temperature is
observed already in the first year (Fig. 4.14b). Therefore, the fast response of the circulation
to CO; can still be detected at time scales smaller than 1 year, consistent with the findings of
Bony et al. [2013]. However, it is also noticeable that the circulation barely changes in the
first year. The fact that in the first year the positive contribution of residual heating rate change
is comparable to the sum of the negative contributions of the change in static stability and

radiative heating rate (Fig. 4.14) suggests that the adjustment of the cloud systems and air masses
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exchange to the increased forcing occurs at this time scale and has a considerable impact on the
circulation.
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Figure 4.14: Ensemble mean tropical profiles of relative change in (a) subsidence mass flow, () static
stability, (c) tropical subsidence area, (d) total, (e) clear-sky and (f) residual heating rates. The grey
lines refer to the amip experiments, the red lines — to the coupled experiments (dashed lines for the 1st

year mean in abrupt4xCQO?2, solid lines for the last 30-year mean in abrupt4xCQO?2).

Concluding, I found that the likely tropical circulation weakening as a result of increased CO,
forcing is driven by different mechanisms depending on the investigated time frame. In the first
months after a hypothetical sudden increase in CO, concentration, the circulation will respond
mostly to the radiative effect of CO, 1.e the decreased atmospheric cooling rate. But the rapid
increase in surface temperature would enhance the static stability quickly enough for this effect

to be detectable (and to overtake the fast response) 1 year after the concentration increase.
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5 Conclusions and outlook

5.1 Conclusions

In this work I investigated some aspects of the tropical circulation response to anthropogenic
CO;, forcing. This analysis consists of two parts, one investigating the robustness of the Walker
circulation response to this forcing, and the other looking into the fast response of the tropical
overturning circulation to the CO, radiative effect. In these two parts several sources of the
current intermodel spread were considered, such as the current understanding of the circulation
drivers, the mechanisms for the circulation change, the GCM configuration and parametrization
schemes. Sources of uncertainty for the estimation of the circulation change were also discussed,
such as the natural variability, the quantification of the circulation intensity, as well as the

interaction between the large- and the small-scale processes.

The robustness of a weaker Pacific Walker circulation under constant increase in CO, forcing
and its sensitivity to natural variability, GCM configuration and the chosen indexing method
was investigated in the first part of the study (Chapter 3). The analysis was carried out on
two ensembles of GCMs simulations of the CMIP5 1pctCO2 experiment setting - the MPI
ensemble (based on slightly perturbed initial climate states) and the CMIPS ensemble, consisting
of distinct GCMs. Three simple indices were used for the computation of the Walker circulation

intensity time series.

I find that, regardless of the ensemble and chosen indexing method, a weakening Pacific
Walker Cell is the most probable scenario for a transient CO; increase. The variance of this
response is of comparable magnitude in the CMIP5 ensemble and the MPI ensemble, suggesting
that the Walker circulation trend for the considered time period of 70-140 years is as dependent
on the initial climate state as on the model physics. The comparison in the projection of mean
surface temperature and circulation intensity change by the moment of CO;, doubling shows
much less variance in the surface temperature than in the circulation intensity, regardless of
the ensemble. This difference seems to reflect the better understanding and simulation of the
thermodynamical changes in GCMs than of the atmospheric circulation’s response to increased

forcing, a general point that has been argued by Shepherd [2014].
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An index-only comparison between simulated Walker circulation changes must consider the
variability and sensitivity of the index’s base-parameter to increased CO, concentration. The
MSLP-index (based on the MSLP anomaly difference between the East and West Pacific) is
indicative of the intensity of the lower branch of the Pacific Walker Cell and is highly sensitive to
the internal variability of MSLP and the parametrization of boundary layer processes within the
GCM. The other two investigated indices are the @sgp-index, derived from the 500 hPa vertical
velocity anomaly difference between East and West Pacific, and the }¢p-index, derived from
the maximum 200 hPa velocity potential anomaly over the West Pacific. These two indices
reveal a dependence on the cloud and convection parametrization of the climate model, as
they represent the ascending branch and the upper tropospheric branch of the cell, respectively.
Therefore, a future study of the Walker circulation change in a specific climate experiment
should not take into account the model’s physical basis and parametrizations exclusively. The
quantification of the circulation’s intensity variation should also consider the sensitivity of the

index’s base-parameter to various atmospheric processes and forcings.

This work was not aimed to identify the best index to represent the intensity of the Walker
circulation. I considered widely accepted indices and showed that — though they relate to the
same complex phenomenon, the Pacific Walker Cell — the correlation between their time series is
not large enough to insure the same variance of the response. Also, because of these differences,
in some GCMs the three indices suggest distinct changes of intensity. This analysis suggests
that these indices are in fact each describing one distinct aspect of the complex Walker Cell
phenomenon. The three indices regarded in this study all use quasi-surfaces, albeit at different
altitudes and with focus on different parameters. The definitions of the MSLP- and @s- indices
are based on fixed spatial boxes in the East and West Pacific. A spatial change in the structure of
the cell (e.g. a decreased zonal extent) would likely require an update of this preset parameter.
Also, as seen in the mean piControl cross-section of vertical velocity over the equatorial Pacific,
there is significant variance in the representation of the Pacific Walker Cell in the GCMs, even in
an unforced climate system. This result leads again to the possible need of adjusting the indices
to each GCM and/or to the choice of indices that are not confined to a limited spatial box, as the
MSLP- and wso- indices are. In perspective, another facet of the circulation change may be
provided by an index describing the mass transport within the cell, which was beyond the scope
of this study. Such an index, like the one based on zonal mass stream function, defined by Yu

and Zwiers [2010], may indicate both intensity and structural changes of the cell.

I ranked the MPI and CMIPS5 ensemble members according to their Walker circulation
response and I investigated the differences between the runs/models that project the strongest
weakening of the Pacific Walker Cell and those that project no change or a strengthening of

the Cell. This revealed that the two groups are not obviously different in their representation
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of the mean Walker circulation in the control climate; the difference only becomes apparent
upon forcing. The forcing also amplifies the intermodel differences caused by the distinct
representations of the interaction between small- and large-scale atmospheric processes. An
analysis of the OLR changes over the tropical Pacific in the two identified groups also revealed
that a strong weakening of the Walker circulation will be associated with a drier Maritime
Continent, increased convection eastward from this region, and a warmer tropical Pacific in

comparison to a strengthened circulation.

A secondary result of investigating the forced dynamical response of the Pacific Walker Cell
is the apparent robustness of its structural response, that is the eastward shift of the ascending
branch of the cell. This spatial response of the circulation may be detected in various indices,
but also in basic climate elements, such as the pattern of OLR and surface temperature change
across the tropical Pacific. This response to the warming climate may also partly explain the
differences detected in the response of the Walker circulation: as two of the investigated indices
are based on fixed boxes in the East and West Pacific, this shift of the ascending branch would

impact the estimation of the MSLP and vertical velocity gradient across the Pacific.

Although the forced response, estimated from the CMIP5 ensemble mean, is a circulation
slowdown, several individual ensemble members show a circulation strengthening even for quite
long time periods. For CO; doubling during 70 years, 3—6 out of 28 CMIP5 ensemble members
(depending on index) show a significant circulation speedup going against the ensemble mean
trend, and for CO, quadrupling during 140 years, still 3—5 out of 28 models show this. This
result is not limited to the CMIPS5 ensemble: even in the MPI ensemble, where spread is driven
exclusively by natural variability, up to 15 out of 68 members show a significant strengthening
of the circulation going against the forced response, for the 70 year time period. And still
2 ensemble members show this for a 140 year time period, though the significance of the
trend is slightly decreased. Thus, the uncertainty introduced in the simulation of the Walker
circulation change by the GCM configuration and the choice of index, as well as the insufficient
understanding of the circulation’s internal variability, affect the confidence in and predictability

of a weaker circulation under increased CO; forcing.

In summary, the answers to the research questions in the first part are:

— What is the most probable response of the Walker circulation to a gradual increase in
CO,? The Walker circulation is more likely to weaken in a warming climate system, with
54-75% of the CMIP5 GCMs supporting this statement.

— How robust is this response? The MPI ensemble members also support the weakening

of the circulation as the most probable Walker circulation response (50-93% ensemble
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members). However, this also shows that the natural variability plays an important role in

the variation of the circulation, reducing the confidence in the robustness of the weakening.

— Does the choice of metric for the Walker circulation intensity matter? Yes. The choice
of metric needs to correspond to the scope of any future studies, as each of the investi-
gated indices for the intensity of the Walker circulation have been shown to describe a
distinct feature in the atmospheric cell, to have distinct time variation and to have distinct

sensitivity to boundary layer processes.

— What are the reasons for the intermodel spread? 1 found that the difference between the
representation of the Walker circulation in the CMIP5S GCMs becomes apparent upon
forcing. In general, the forcing amplifies the intermodel spread within the representation
of the relation between the large scale climate features and the small scale processes.
Also, I found that, as a result of the link between the Walker circulation and ENSO, the
ensemble members projecting the most intense slowdown of the circulation, also project

the highest warming of the equatorial surface Pacific.

— How does the detected change compare to the natural variability of the circulation? By
comparing the results from the MPI and the CMIP5 ensembles, I find evidence that the

natural variability signal affects the assessment of change considerably.

In the second part of this thesis (Chapter 4), I investigated the fast response of the tropical
overturning circulation to CO; forcing. The analysis was performed on an ensemble of 8 GCMs
for the CMIP5 aqua-planet and amip experiments with abrupt CO, quadrupling from control
levels, but with fixed sea surface temperature. I define a new metric for the circulation, the
subsidence mass flow, which characterizes the subsidence strength in the tropics. In addition
to the assessment of the change, this metric allows the quantification of the contribution of
various processes to the total circulation change. By limiting my analysis to the subsidence
regions, I reduce the impact of uncertainties arising from the GCM precipitation and convection

parametrizations on my results.

I have confirmed that the tropical circulation weakens with rising CO, concentration, even
when surface temperature is held fixed, as has been argued by Bony et al. [2013]. In my metric,
the weakening is 3—4% for a quadrupling of the CO, concentration, similar to the results of
He and Soden [2015]. The driver of this change is the CO, radiative effect on the atmospheric
heating rate: the atmosphere cools less (by up to 15%) with larger CO, content, reducing the
radiatively driven subsidence. This change in radiative heating rate dominates the opposing
positive contributions of static stability change (up to 2—4%), subsidence area expansion (up

to 1-2%), and of residual heating rate (up to 5-9%). This result is similar in both the aqua-
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planet and the amip experiments: the direct radiative effect of CO, dominates the circulation
change also for the planets with land surface, and overshadows the land-sea contrast changes.
Nonetheless, the differential land-ocean heating in the amip experiments impacts the vertical
pattern of circulation change. Here I find that the weakening of the tropical circulation is not
limited to the lower troposphere, but extends (gradually decreasing in magnitude) towards the
tropopause. Such a pattern is driven by the surface heating over land and the subsequent change
in radiative fluxes throughout the atmospheric column. I also notice that the results obtained in
the amip experiments over ocean slightly differ from the aqua-planet results. This may relate
to the regional land-sea boundary interactions [Kamae et al., 2014 ] and a stronger dynamical
variability in the Earth-like climate system. The variation patterns found here are similar in most
of the ensemble members, which indicates a likely robustness of my findings, even though the

study was limited to the 8 CMIP5 models that performed the aqua-planet experiments.
To summarize the results of the second part, the answers to the research questions are:

— How does the tropical circulation change as response to the CO, forcing, but with no
surface temperature adjustment? The overturning circulation weakens by 3—4%, most

prominently in the lower troposphere.

— What are the relative contributions of the change in radiative heating rate and in static
stability to the total change in circulation intensity? If surface temperature does not adjust
to the CO, quadrupling, the change in static stability would lead to an enhancement of
the circulation by 2—4%. However, this effect is cancelled by the significant change in

radiative heating rate, which independently leads to a circulation weakening of up to 15%.

— How does the effect of land-sea contrast on the circulation change compare to the CO,
impact? It was found that in the presence of land-sea contrast, the circulation change, as
well as the contributions to the change, are similar to the aqua-planet case. However, the
heating of land affects the vertical extent of the weakening, which is not limited to the

lower troposphere anymore, reaching the tropopause in the amip experiments.

— Is the fast response detectable in the coupled experiments? At time scales smaller than
1 year the fast response of the circulation is still detectable, but is quickly overtaken by the
slow response resulting from the surface temperature rise in response to the greenhouse

effect.
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5.2 Outlook

The current and future variation of the atmospheric circulation belongs now to the most in-
vestigated topics in climate science. The impact these variations have on the climate patterns
at regional scale makes this line of research a priority, as climate change at this scale has the
potential to undergo more dramatic change than on the global scale [[PCC, 2013]. An example
for this is the risk for the Maritime Continent to get drier as the Walker circulation weakens.
Further investigations at a higher resolution and/or with regional climate modelling may shed

light on the space and time scale of the precipitation regime changes.

The atmospheric circulation, in general, and the Walker circulation, in particular, are tightly
linked to the ocean circulation. The progressing ocean circulation representation in the next-
generation GCMs will provide a more accurate simulation of the dynamics in the Earth system,
but it will also raise the need for updating the current knowledge, as well as the metrics used
to quantify the intensity of the circulation. Another aspect of this analysis may consider the
link between the Walker circulation and ENSO. Collins et al. [2010] argue that El Nifio events’
magnitude and frequency is not related to the Walker circulation slowdown. However, the large
spread of the response of the circulation still provides enough arguments for a comparative

investigation of the atmospheric dynamics and various variability modes, such as ENSO.

In Chapter 4, I present a new metric for the intensity of the tropical circulation to investigate
the fast response of the circulation to increased CO; forcing. Additional research on time scales
smaller than 1 year in coupled experiments may give details on the time extent of this fast
response. Idealized experiments with neglected cloud radiative effect, such as the COOKIE
(Clouds On-Off Klimate Intercomparison Experiment) experiments [Stevens et al., 2012], can
also improve our understanding of the adjustment of the cloud systems to the increased forcing

and the subsequent effect on the circulation intensity.

The metric’s application is easily extendable for other purposes, such as the assessment of the
circulation in other climate setups and/or in reanalysis. As the metric is limited to the subsidence
regions, it also is applicable for the investigation of the variability of the dry regions, which stand
out evidently in the subsidence mass flow field. As these regions benefit from less contamination
of the radiative signal because of the reduced amount of clouds and increased atmospheric
stability, they are easily observable with space-borne instruments and offer a less uncertain view
on the radiative fluxes than the cloudy regions [Pincus et al., 2015]. The subsidence mass flow
metric may therefore prove efficient in tracking the circulation changes in present climate by

analysing satellite data records.
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Figure 5.1: ERA-Interim monthly mean SMF, vertically averaged over the troposphere, presented in
(upper series) zonal means and (lower series) meridional means over the equatorial Pacific (7.5°S-
7.5°N, 90°E-60°W).

There is potential for the SMF metric to be applied for the investigation of the Hadley and
Walker circulations’ variation. Fig. 5.1 shows time series of zonal and meridional means of
SMF in the ERA-Interim dataset. The seasonal cycle of the Hadley Cells is evident in the

zonal means, as well as their intensity. The extent of the Pacific Walker Cell may be estimated
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from the meridional means calculated over the tropical Pacific. Note here that the El Nifio
events of 1983-84 and 1997-98 stand out in both time series: in the zonal means (Hadley Cell)
through extended strong subsidence area in the Northern Hemisphere and in the meridional
means (Walker Cell) through very weak subsidence over the equatorial Pacific. The strong La
Nifia events of 1988-89, 1998—2000 and 2007-2008 also stand out over the equatorial Pacific
through the eastward-extended subsidence areas. Supplementary, an orthogonal decomposition
of the SMF field, similar to the decomposition proposed by Tanaka et al. [2004] for the velocity
potential field, may be attempted in order to use this metric to quantify the Hadley and Walker

circulations.
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