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Abstract

In the climate system, processes on intra-daily time scales can influence pro-
cesses on longer and larger scales. The temporal resolution of most global ob-
servations is not high enough to properly describe intra-daily processes; and the
air-sea coupling frequency in more than half of the Coupled Model Intercompar-
ison Project Phase 5 (CMIP5) models is not high enough to resolve intra-daily
processes and the air-sea feedbacks induced by these processes. Thus, our un-
derstanding of the interactions of intra-daily variations with processes on time
scales longer than one day is limited. In this thesis, the effects of intra-daily pro-
cesses on the climate state and on inter-annual variability is investigated using
the CMIP5-version of the Max Planck Institute-Earth System Model (MPI-ESM)
with a coupling frequency between the atmospheric and oceanic components be-
ing once per day and once per hour.

It is found that increasing the coupling frequency to include intra-daily air-
sea interactions reduces some of the known biases of the model, in particular, the
biases of SST, oceanic potential temperature, and zonal winds in the atmosphere.

The parametrizations of air-sea fluxes of momentum, heat and fresh water
are directly related to the coupling frequency. In order to describe the spatial
distribution and the temporal evolution of the intra-daily variability of the air-
sea fluxes, the effects of an increased coupling frequency on the basic statistics
of the air-sea fluxes at grid point level are investigated. Increasing the coupling
frequency reduces the mean of the momentum-flux magnitude by up to 7% in the
tropics and increases it by up to 10% in the Southern Ocean. The variance and
extremes of all the fluxes are increased in most parts of the oceans. Exceptions
are found for the momentum and fresh water fluxes in the tropics. The increases
of the variance are substantial, reaching up to 50% for the momentum flux, 100%
for the fresh water flux, and a factor of 15 for the net heat flux. These diurnal
and intra-diurnal variations account for up to 50% to 90% of the total variances
and exhibit distinct seasonality. An analysis that differentiates the effect of daily
averaging from that of air-sea feedbacks occurring within a day is performed, and
it is found that using hourly coupling without daily averaging leads to increases in
variances and extremes, whereas changes in the mean wind stress in the tropical
and Southern Ocean and the decreases of variance and extremes over the tropical

oceans are due to intra-diurnal air-sea feedbacks.



Besides grid-point changes, increasing the coupling frequency also leads to
changes in terms of large-scale modes. In the Southern Ocean, the dependence
of the SST-wind-stress feedback on the mean state of SST, which is colder in the
hourly coupled experiment, leads to an increase of westerlies. In the Equatorial
Pacific, in the hourly coupled experiment, the Bjerknes feedback reveals a diurnal
cycle during El Nino events, with the feedback being stronger in the nighttime
than in the daytime, but no clear diurnal cycle during La Nina events. This
leads to a decrease of wind stress in the Equatorial Pacific in the hourly coupled
experiment.

Increasing the coupling frequency also affects El Nino-Southern Oscillation
(ENSO). ENSO is not symmetric: El Nifo is stronger than La Nina. However,
CMIP5 models that use daily ocean-atmosphere coupling simulate almost sym-
metric ENSO. Increasing the coupling frequency from daily to hourly, the ENSO
asymmetry can be simulated by MPI-ESM. This can be explained by the ability
of the hourly coupled model to resolve intra-daily air-sea feedbacks which affect
the pattern and strength of the convection over the tropical Pacific, and conse-
quently, the asymmetry of El Nifio and La Nina. This result is further confirmed
by MPI-ESM with different spatial resolutions.

v



Zusammenfassung

Im Klimasystem konnen Prozesse mit intra-tédglichen Zeitskalen ldnger-dauernde
und grofBskalige Prozesse beeinflussen. Die zeitliche Auflésung von den meisten
globalen Beobachtungen ist nicht hoch genug, um intra-tédgliche Prozesse genau
genug zu beschreiben; und die Kopplungsfrequenz zwischen Atmosphére und
Ozean in mehr als der Hélfte der Modelle der Coupled Model Intercomparison
Project Phase 5 (CMIP5) ist nicht hoch genug, um intra-tégliche Prozesse und die
durch diese Prozesse erzeugte Atmosphére-Ozean-Riickkopplungen aufzulosen.
Deswegen ist unser Versténdnis von Interaktionen zwischen intra-tdglichen Va-
riationen und Prozessen mit Zeitskalen von mehr als einem Tag eingeschrinkt.
In dieser Doktorarbeit werden die Auswirkungen von intra-tdglichen Prozessen
auf den Klimazustand und auf zwischenjéhrliche Verdnderungen untersucht un-
ter Benutzung der CMIP5-Version des Max-Planck-Institut Erdsystemsmodels
(MPI-ESM) mit einer Kopplungsfrequenz zwischen atmosphérischen und ozeani-
schen Komponenten von einmal pro Tag sowie einmal pro Stunde.

Es stellt sich heraus, dass eine Erhchung der Kopplungsfrequenz, die intra-
tégliche Atmosphére-Ozean-Schwankungen beriicksichtigt, einige der bekannten
Fehler des Models reduziert, insbesondere die Fehler von SST, potentieller Tem-
peratur des Ozeans sowie des zonalen Windes der Atmosphére.

Die Parametrisierung der Atmosphére-Ozean-Fliisse von Impuls, Warme und
StiBwasser sind direkt abhéngig von der Kopplungsfrequenz. Um die rdumliche
Auflésung und die zeitliche Entwicklung der intra-tdglichen Variabilitéit der At-
mosphére-Ozean-Fliisse zu beschreiben, werden die Auswirkungen einer Erhohung
der Kopplungsfrequenz auf die grundsétzlichen Statistiken der Atmosphére-Ozean-
Fliisse an Gitterpunkten untersucht. Eine Erhohung der Kopplungsfrequenz re-
duziert den Mittelwert des Impulsflusses um bis zu 7% in den Tropen und erhéht
ihn um bis zu 10% im Siidlichen Ozean. Die Varianz und die Extremwerte von
allen Fliissen sind in den meisten Teilen der Ozeane erhoht. Ausnahmen werden
fiir den Impuls- und Siifiwasserfluss in den Tropen gefunden. Die Erhéhung der
Varianz ist substanziell und erreicht bis zu 50% fiir den Impulsfluss, 100% fiir
den Siilwasserfluss und einen Faktor von 15 fiir den totalen Warmefluss. Diese
tdglichen und intra-taglichen Variationen machen zwischen 50 und 90% der tota-
len Varianz aus und sind saisonal unterschiedlich ausgepragt. Eine Analyse, die

zwischen den Auswirkungen des téglichen Mittels und denen der intra-tdglichen



Atmosphére-Ozean-Riickkopplungen unterscheidet, wird durchgefiihrt. Es stellt
sich heraus, dass die Nutzung einer stiindlichen Kopplung ohne tégliches Mit-
tel eine Erhéhung der Varianz und der Extremwerte zur Folge hat, wohingegen
Verdnderungen des mittleren Windstresses in den Tropen und im Siidlichen Ozean
sowie die Abnahme der Varianz und der Extremwerte iiber den tropischen Ozea-
nen auf intra-tégliche Atmosphére-Ozean-Riickkopplung zuriickzufiihren ist.
Neben der Anderung an Gitterpunkten fithrt eine Erhohung der Kopplungs-
frequenz auch zu Verdnderungen von grofiskaligen Ph&nomenen. Im Siidlichen
Ozean fiihrt die Abhéngigkeit der SST-Windstress-Riickkopplung von der mitt-
leren SST, welche kélter im stiindlich gekoppelten Experiment ist, zu einer Zu-
nahme der Westwinde. Im dquatorialen Pazifik zeigt die Bjerknes-Riickkopplung
im stiindlich gekoppelten Experiment einen Tagesgang bei El Nino-Ereignissen,
wobei die Riickkopplung in der Nacht starker ist als am Tag. Es gibt aber kei-
nen klaren Tagesgang bei La Nina-Ereignissen. Dies fithrt zu einer Abnahme des
Windstresses im dquatorialen Pazifik im stiindlich gekoppelten Experiment.
Eine Erhohung der Kopplungsfrequenz wirkt sich auch auf El Nino-Southern
Oscillation (ENSO) aus. ENSO ist nicht symmetrisch: El Nino ist stérker als
La Nina. Trotzdem simulieren CMIP5-Modelle, die tégliche Atmosphére-Ozean-
Kopplungen nutzen, eine fast symmetrische ENSO. Durch eine Erhéhung der
Kopplungsfrequenz von téglich zu stiindlich kann die ENSO-Asymmetrie mit
MPI-ESM simuliert werden. Dies kann damit erklédrt werden, dass das stiindlich
gekoppelte Modell die Fahigkeit hat, intra-tégliche Atmosphére-Ozean-Riickkopp-
lungen aufzulosen, die sich auf die Struktur und die Stérke der Konvektion {iber
dem tropischen Pazifik auswirken und sich daher auch auf die Asymmetrie von
El Nino und La Nina. Dieses Ergebnis wird zusétzlich von MPI-ESM mit unter-

schiedlichen raumlichen Auflésungen bestétigt.
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Chapter 1

Introduction

1.1 Motivation

The atmosphere and the ocean are coupled by air-sea fluxes of momentum, heat
and water across the air-sea interface. Such a coupling process can influence the
oceanic variability, and in turn influence the atmospheric variability. This air-sea
interactions occur over a wide range of spatial and temporal scales. Processes
with short temporal and small spatial scales can influence processes with longer
temporal and larger spatial scales (Meehl et al. 2001). However, the temporal
resolution of most of global observations is not high enough to properly describe
intra-daily processes; and the air-sea coupling frequency in more than half of the
CMIP5 models are not high enough to resolve the intra-daily air-sea interactions.
Thus, our understanding of the interactions between the intra-daily and the longer
temporal scale systems is limited (Danabasoglu et al. 2006; Bernie et al. 2008;
Klingaman et al. 2011; Terray et al. 2012; Guemas et al. 2013; Ham et al. 2010).

The Max Planck Institute-Earth System Models (MPI-ESM) with a coupling
frequency of once per hour enables this work to investigate the influences of intra-
daily processes, such as diurnal cycle and random intra-daily fluctuations, on the

climate state and inter-annual variability of climate system.

1.2 State of research on high-frequency variations

and air-sea coupling

There are many gaps in the knowledge of the effect of intra-daily air-sea inter-
actions on the climate system, even though some previous studies exist on two

important components of the intra-daily air-sea interactions: the diurnal cycle
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(Bernie et al. 2005; Kawai and Wada 2007; Gentemann et al. 2008; Gille 2012;
Guemas et al. 2013) and the random intra-daily fluctuations (Palmer 2001; Beena
and von Storch 2009; Williams 2012). The diurnal cycle of the air-sea interactions
are related to the earth rotation and solar zenith angle. Intra-daily fluctuations
are caused, for example, by convective events, turbulence and instabilities within
the planetary boundary layers. The current state of researches of the effect of
intra-daily air-sea feedback on the climate system is addressed below, divided
into studies dealing with the diurnal cycle and the studies dealing with the fluc-

tuations.

1.2.1 Diurnal cycle

Previous studies show that observed magnitude of the SST diurnal cycle varies
with the latitude. The diurnal range of SST is typically 2°C' — 7°C (Kawai and
Wada 2007; Gentemann et al. 2008; Gille 2012). Since the net heat flux and
fresh water flux are sensitive to the surface temperature, the diurnal cycle of SST
may strongly influence the diurnal variation of the atmosphere and the associated
air-sea interaction, and thus affect the mean climate state.

The diurnal cycle of air-sea feedback modifies the mean climate state through
the following mechanism (Fig.1.1): The dominating solar heating during daytime
stabilizes the ocean by warming the upper ocean. The vertical mixing is reduced
and the mixed-layer depth becomes shallower. The shoaled mixed-layer amplifies
the increase of SST during daytime. In the nighttime, the upward heat flux
leads to a cooling of the SST, the upper ocean is destabilized. The enhanced
turbulence deepens the mixed-layer depth and then releases the surface cooling
to a deeper mixed-layer. Hence, the SST cooling in the nighttime is weakened
in a deeper mixed-layer. Since the daytime warming is amplified and the night
cooling is weakened, the daily-mean SST is increased. This implies that including
the diurnal cycle of air-sea feedback into a coupled climate model, the simulated
daily-mean SST is increased.

This mechanism has been systematically studied by Bernie et al. (2005, 2007,
2008). Based on a Coupled General Circulation Model (CGCM) which can repro-
duce the diurnal cycle of SST and the mixed-layer depth, it is demonstrated that
including the diurnal cycle into the coupled GCM leads to a tropical wide warm-
ing of SST. The strongest warming occurs in the equatorial Pacific. The warming
has a maximum of up to 0.3°C' in the eastern tropical Pacific and reaches 0.2°C
in the central and western Pacific. Ham et al. (2010) suggested that the cold bias
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Fig. 1.1: Mechanism of the effects of diurnal cycle on mean SST as suggested by Bernie
et al. (2005).

of the model over the equatorial western Pacific is reduced when increasing the
coupling frequency. Ham et al. (2010) further show that the tropical warming
initiated by the diurnal cycle can be amplified by the following air-sea feedback:
The SST warming initiated by the diurnal cycle enhances the local atmospheric
convection in the tropical Pacific, and consequently generates low-level wester-
lies in the western tropical Pacific and easterlies in the eastern tropical Pacific.
The westerlies amplify the SST warming by enhancing the Ekman down welling,
whereas the easterlies decrease the SST warming by enhancing the Ekman up
welling.

Most of the studies about the diurnal cycle focus on the tropical and subtropical
regions, because at low-latitudes, the diurnal range of SST is large and the static
stability of the ocean is stable, thus the local effect is strong. However, the
effects of diurnal cycle at the mid- and high-latitudes are not clear. Besides the
local effect, the diurnal cycle in the tropics might be connected with the climate
variability at higher latitudes. These global effects of the diurnal cycle need to
be addressed.
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1.2.2 Intra-daily fluctuations

In addition to the diurnal cycle, random intra-daily fluctuations are also one im-
portant component of intra-daily air-sea interactions. For example, Stochastic
fluctuations in precipitation and solar radiation can be caused by the generation
and development of convective clouds. Fluctuations in evaporation, latent heat
flux and momentum flux can be caused by small-scale turbulence. These fluctu-
ations generally have high frequency and small spatial scales. The importance of
fluctuations for the climate system has been supported by many previous stud-
ies (Palmer 2001; Kuhlbrodt and Monahan 2003; Williams 2012). For example,
by implementing a stochastic physics parametrization to atmospheric part of the
coupled model of the European Centre for Medium-Range Weather Forecasts
(ECMWF), Palmer (2001) has found that the cold tropical sea-surface tempera-
ture bias is reduced by around 0.2°C.

As shown in Fig.1.2, the effects of fluctuations in buoyancy fluxes on oceanic
state depend on the oceanic static stability. In regions where stratification is
mostly stable, such as in the tropical and subtropical ocean, fluctuations in buoy-
ancy fluxes tend to increase the mixed-layer depth. This can be explained through
the following mechanism: In a statically stable water column, the buoyant anoma-
lies, caused by the precipitation and surface heat, cannot significantly shoal the
mixed layer. In contrast, the dense anomaly caused by evaporation and surface
cooling destabilizes the water column. The destabilization initiates convection
and vertical mixing, and thus deepens the mixed-layer. Therefore, in mostly sta-
ble ocean, the mixed-layer depth tends to be increased by normally distributed
fluctuations. However, in mostly unstable regions, the convective mixing is strong,
the dense anomaly cannot further enhance the mixing, the fresh anomaly, how-
ever, increases the static stability and thus decrease the mixing. Therefore, the
mixing tends to be weakened by fluctuations in the unstable ocean.

This mechanism of the stochastic fluctuations has been verified by Beena and
von Storch (2009). By coupling the ocean general circulation model MPIOM
to an empirical model of atmospheric dynamics, they found that the fluctuating
buoyancy anomalies tend to increase convective mixing in mostly stable regions,
such as in the subtropical ocean in the Southern Hemisphere and tend to reduce
the mixing in the Southern Ocean. To capture the air-sea feedbacks in the coupled
system, the climate impact of the stochastic fluctuations in air-sea fluxes has been
further studied by Williams (2012). They apply the stochastic fluctuations to the
air-sea buoyancy fluxes in a 3-hourly coupled climate model (ECHAM4.6-OPA).
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Fig. 1.2: Mechanism of the effects of fluctuation on mean SST as suggested by Beena
and von Storch (2009).

By perturbing the net fresh water flux and net heat flux separately, they found
that the oceanic mixed-layer is deepened systematically, the surface ocean is
cooled, the precipitation is decreased in I'TCZ and is increased in the subtropics,

and the Hadley cell is weakened.

In the experiments of those works, fluctuations are studied by including white
noise into the climate system. For example, Williams (2012) represented fluctu-
ations using white noise drawn from a uniform distribution between 0.5 and 1.5.
Beena and von Storch (2009) also used white noises. The spatial distribution of
the statistics of the fluctuations, such as those of variance and extremes, are not
considered. The temporal evolutions, such as seasonal variations, have not been
studied. Additionally, fluctuations depend on the character of the related surface
flux. For example, the fluctuations of precipitation are different from that of the
wind stress, the fluctuations of the zonal wind stress are different with that of
the meridional wind stress. However, these differences are normally ignored in
the previous works. To reasonably consider the spatial distribution of temporal
evolution of the statistics characters of the air-sea fluxes, it is better to involve the
intra-daily fluctuations in the coupling system by increasing the air-sea coupling

frequency.

The diurnal cycle and the random intra-daily fluctuations affect the climate
system simultaneously through different mechanisms (Fig.1.1and 3.3). For exam-
ple, in the tropical and subtropical ocean, the diurnal cycle tends to shoal the

mixed layer depth and warm the SST, whereas the random fluctuations tend to
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deepen the mixed layer and cool the SST. However, in most of the previous works
the effects of the diurnal cycle and the random fluctuations have been studied

separately, their joint effects are not clear.

1.3 Aims of the thesis

In this thesis, the joint effects of diurnal cycle and intra-daily fluctuations are
produced in MPI-ESM by increasing the air-sea coupling frequency from daily
to hourly. This work aims to give the global distributions and the temporal
evolutions of the basic statistics of intra-daily variabilities of the air-sea fluxes in
the hourly coupled MPI-ESM.

In comparison with daily coupled MPI-ESM, the included intra-daily variabil-
ities in hourly coupled MPI-ESM are partly caused by the different averaging
interval during the coupling processes, and partly caused by the intra-daily air-
sea feedbacks which can only be resolved by hourly coupled MPI-ESM. This work
aims to differentiate the effects of intra-daily air-sea feedbacks from that of the
different averaging interval.

The included intra-daily air-sea interactions can affect the climate state and
the variability of the coupled system. This work aims to study the effects on the
climate states of the air-sea fluxes, including in the Southern ocean, which has
not been mentioned in previous works, and in the tropical Pacific. This work
also aims to address the effects of the intra-daily air-sea interactions on the inter-
annual variability — ENSO and to explain how the intra-daily air-sea interactions

improve the simulation of ENSO asymmetry.

1.4 OQutline of the thesis

This thesis contains three major chapters. Each chapter has its own abstract, in-
troduction and conclusion, and hence can be read independently. Chapter 2 eval-
uates the performance of MPI-ESM with the standard daily coupling in compar-
ison to observations, and analyses the changes to the hourly coupled MPI-ESM.
Chapter 3 quantifies the statistics of the diurnal cycle and random intra-daily
fluctuations of the air-sea fluxes at each grid point and studies the modes of the
air-sea fluxes that lead to large-scale changes. Chapter 4 studies the interactions
between the intra-daily air-sea feedback and the inter-annual variability of ENSO.

A detailed outline of each chapter is given below.



1.4 OUTLINE OF THE THESIS

Chapter 2:

To study the effects of intra-daily air-sea interactions, a coupled GCM which
can simulate the diurnal cycle and random intra-daily fluctuations is an indis-
pensable tool. Though MPI-ESM can be coupled once per hour, some stud-
ies are still needed to understand how the coupling frequency affects the model
parametrizations. Whether the overall performance of the MPI-ESM is improved
by increasing the coupling frequency also needs to be addressed. Besides a gen-
eral overview of the model used in this study, the following questions are also

addressed in this chapter:

e Can parametrizations directly respond to changes in coupling frequency?

e What are the biases in standard daily coupled MPI-ESM? Are they im-
proved in the hourly coupled model?

Chapter 3:

The effect of the intra-daily air-sea feedback is discussed by comparing the
simulated data of an hourly coupled MPI-ESM with those obtained from a daily
coupled MPI-ESM. Since the diurnal cycle and random intra-daily fluctuations
are the most important aspects of the intra-daily air-sea feedback, quantifying
their strength at each grid point is essential to study their joint effect on the
climate state. Further, the diurnal cycle and random fluctuations on each grid
point lead to changes in the large-scale patterns of air-sea fluxes, understanding
these large-scale modes of the air-sea fluxes is another purpose of this chapter.

Hence, the following questions will be addressed in this chapter:

e What are the effects of increasing coupling frequency on the basic statistics

of air-sea surface fluxes at grid point level?

e Which processes are responsible for the changes in basic statistics of air-sea

fuxes?

e How does the intra-daily air-sea feedback affect large-scale patterns of air-

sea fluxes?

Chapter 4: As Chapter 3 demonstrates that the intra-daily air-sea feedback
at grid-point level is related to the large scale mode of the air-sea fluxes, it is
worthwhile to investigate whether the air-sea feedback on intra-daily time scales

can influence phenomena on longer time scales, such as ENSO. In the observation,
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El Nino is stronger than La Nina. However, the simulated ENSO in many CMIP5
models, including the MPI-ESM, is almost symmetric. This chapter aims to

address the following question:

e Can hourly coupling improve the model’s ability in simulating the ENSO

asymmetry, and if yes, why?

This thesis is closed with a discussion of results in Chapter 5.



Chapter 2

Model and model performance

To simulate intra-daily air-sea feedback, the coupling frequency between atmo-
sphere and ocean in MPI-ESM is increased from daily to hourly. To confirm that
the hourly coupling frequency of MPI-ESM leads to more realistic simulation
of the general circulation, this chapter introduces the model parametrizations
which are directly related to the coupling frequency, i.e. the parametrizations of
air-sea fluxes and convection, and evaluates the biases of the simulated general
circulation in the hourly and daily coupled experiments.

Increasing the air-sea coupling frequency from daily to hourly changes the
Probability Density Functions (PDFs) of the momentum, heat and fresh water
fluxes. The diurnal cycle of the net heat flux can be well simulated. The increased
convective precipitation in most part of the equatorial oceans indicates that the
convection scheme in MPI-ESM also responds to the intra-daily air-sea feedback.

Increasing the air-sea coupling frequency improves many aspects of the simula-
tion. For example, the cold biases in the western equatorial Pacific and subtrop-
ical Southern Ocean and the warm biases in the high-latitude Southern Ocean
are all decreased by up to 10%. The biases of the tropospheric westerlies around
60°S decrease by up to 10%. The warm biases of oceanic potential temperature
decrease in most parts of the ocean by up to 20%. Hence, increasing the coupling

frequency from daily to hourly improves the performance of MPI-ESM.



CHAPTER 2 MODEL AND MODEL PERFORMANCE

2.1 Introduction

Coupled General Circulation Models (CGCMs) are important tools to study at-
mospheric and oceanic phenomena. To study the effects of the intra-daily air-sea
interactions on the climate system, it is curial to assess the ability of CGCMs in
realistically simulating the intra-daily air-sea feedback, such as the diurnal cycle

of SST and the random intra-daily fluctuations.

In the atmosphere, fluctuations originate to a considerable extent from the
convection and the related processes. It is difficult to properly parametrize these
fluctuations. In the ocean, modelling sub-grid scale turbulence and mixing via
eddy parametrizations is also one primary error source. In addition, in most
CGCMs, the exchange frequency of the atmospheric and oceanic information is
restricted by the coupling frequency. The air-sea exchanges with frequency higher
than the coupling frequency cannot be resolved by numerical models. As shown
in Table 2.1, the coupling frequency in more than half of the fifth phase of the
coupled model intercomparison project (CMIP5) models is once per day, including
the Max Planck Institute for Meteorology Earth System Model (MPI-ESM). In
these daily coupled models, diurnal cycles and random intra-daily fluctuations

are not resolved.

A high air-sea coupling frequency is not used in most of the CGCMs is prob-
ably because that the coefficients used in calculating the turbulent air-sea fluxes
are determined from measurements averaged over about one hour (Bradley 1968).
The empirical coefficients used in the daily coupled CGCMs may not be appro-
priate for hourly coupled CGCMs. Despite this problem, hourly coupling can
be realized with MPI-ESM. Using the low resolution version (MPI-ESM-LR),
integrating for one year takes 8000s for daily coupling and 27000s for hourly cou-
pling. When using an hourly coupling frequency in MPI-ESM, the applicability
of the empirical coefficients and related parametrizations need to be confirmed.
Additionally, the changes and improvements of the general circulation caused by
increasing coupling frequency from once per day to once per hour need to be

investigated.

The structure of this chapter is as follows: Section 2.2 describes the model
and experiments used in this work. Section 2.3 describes the parametrizations
related to the coupling frequency. Section 2.4 investigates the changes of the
biases of MPI-ESM caused by including intra-daily air-sea feedback. Conclusions

are drawn in Section 2.5.
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Table 2.1: The coupling frequency of CMIP5 models

Interval

Model names

BCC-CSM1.1 BCC-CSM1.1(m) BNU-ESM
CanESM?2 CanCM4 CESM1(BGC)
CESM1(CAM5)  CESMI1(CAMS5.1.FV2) CESMI1(FASTCHEM)
CESM1(WACCM) CMCC-CESM CMCC-CMS
" CNRM-CM5 FGOALS-g2 FGOALS-s2
FIO-ESM v1.0 HadCM3 HadGEM2-A0O
HadGEM2-CC HadGEM2-ES IPSL-CM)HA-LR
IPSL-CM5B-LR IPSL-CM5A-MR MPI-ESM-LR
MPI-ESM-MR  MPI-ESM-P NorESM1-M
NorESM1-ME
a1 ACCESS1.0 ACCESS1.3 EC-Earth
MIROC4h MIROC-ESM MIROC-ESM-CHEM
51 GFDL-CM2.1 GFDL-CM3 GFDL-ESM2G
GFDL-ESM2M INM-CM4 NCEP-CFSv2
1.5 h | CMCC-CM GISS-E2-H
1 h | MIROC5H MRI-CGCM3 MRI-ESM1
0.5 h | GISS-E2-H-CC GISS-E2-R GISS-E2-R-CC

11
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2.2 Model and experiments

2.2.1 The coupled model: ECHAM6/MPIOM

Max Planck Institute for Meteorology Earth System Model (MPI-ESM) is used
in this work. The MPI-ESM consists of ECHAMG6 for the atmosphere (Stevens
et al. 2013) and MPIOM for the ocean (Jungclaus et al. 2006, 2010).

ECHAMBSG is an atmospheric general circulation model used for the CMIP5. In
comparison with ECHAMS5, the most important changes concern the short wave
radiative transfer. Changes in the short wave physics have been combined with
a revised surface albedo scheme and new representation of cloud optics. Over
the ocean, ECHAMS5 treated the surface albedo as constant, whereas ECHAMG6
accounts for zenith angle (Stevens et al. 2013). Here we use the model MPI-ESM
with the low resolution configuration.i.e. MPI-ESM-LR, meaning that ECHAMG6
is run at T63 horizontal resolution (approximately 1.875° on a Gaussian grid) with
47 vertical levels. The atmospheric model time step is 600s.

The oceanic component, MPIOM, is a free-surface ocean general circulation
model including a sea-ice model (Jungclaus et al. 2006). MPIOM is based
on primitive equations for a Boussinesq fluid on a rotating sphere using a z-
coordinate system. The version used in this thesis is formulated on a horizontal
GRI15 grid, which has two grid poles, one over Antarctic and one over southern
Greenland. The horizontal resolution is about 1.5°. The model applies 40 verti-
cal levels with a 12m surface layer and the first 20 layers are distributed over the
upper 700m. The ocean model time step is 3600s.

ECHAMG6 and MPIOM are coupled without flux adjustments using the Ocean-
Atmosphere-Sea-Ice-Soil (OASIS3) coupler (Valcke et al. 2003), in which the air-
sea fluxes of momentum, heat and fresh water are averaged over each coupling
interval. After averaging, the fluxes are exchanged between the atmospheric and
oceanic components. Thus, interactions between the atmosphere and the ocean

can occur only on time scales longer than the coupling interval.

2.2.2 The experiments

Two experiments are performed with MPI-ESM-LR that are identical except for
the coupling frequency. The first one has a coupling frequency of once per day and
is called Daily Coupling (DC') experiment. The other experiment has a coupling

frequency of once per hour and is called Hourly Coupling (HC') experiment.
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Both of the experiments are pre-industrial control simulation with constant
external forcing conditions corresponding to the year 1850, e.g. no anthropogenic
land use, no aerosol climatology, constant pre-industrial ozone climatology, con-
stant pre-industrial solar radiation and constant orbital parameters. Greenhouse
gas concentrations are also constant, e.g. COy = 284.725 ppm, C'H, = 0.79097924
ppm and NoO = 0.2754250 ppm. Dynamic vegetation is activated. Each experi-
ment is run for multi centuries so that the atmosphere and the upper ocean have
reached a quasi-equilibrium. We use daily mean data of the last 100 years of the
two experiments and 50 years of hourly mean data of experiment HC to study

the changes induced by different coupling frequencies.

2.3 Parametrizations affected by coupling frequency

The parametrizations in MPI-ESM, that are important for this work, are intro-

duced as follows.

2.3.1 The air-sea fluxes

If the coupling frequency is once per day, the air-sea fluxes are computed in the
atmosphere model component using SST and ocean surface currents which are
averaged over one day. The computed air-sea fluxes are also averaged over one
day in the coupler OASIS3 and then passed to the ocean component. Using a
coupling frequency of once per hour, the hourly mean SST and ocean surface
currents are used to compute air-sea fluxes, which are also averaged every hour.
Therefore, the air-sea fluxes are directly influenced by the coupling frequency.
Here, the parametrizations of the considered air-sea fluxes and these relations

with coupling interval are addressed.

Wind stress

The wind stress 7 is calculated from the velocity difference between the near

surface wind speed and the ocean surface currents (Pacanowski 1987):
T =pCp|W = V|(W —-V) (2.1)

where p is the density of air and Cp is the drag coefficient. W is the wind vector at

the lowest atmosphere level and V is the ocean velocity vector of the surface level.
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In the model coupling process, V, generated in MPIOM, is averaged over the
coupling interval, i.e. one day in experiment DC and one hour in experiment HC.
In the atmospheric component, the calculated momentum flux is also averaged
over a coupling interval. Because of the difference of V and the coupling interval,
the statistics of the momentum flux are different in experiment HC and DC. As an
example, Fig.2.1 compares the probability density function (PDF) of momentum
flux in experiment HC and DC. The probability of the extreme wind stress, which
is weaker than 0.15 N m~2 or stronger than 0.6 N m™2, is higher in experiment
HC than in experiment DC. The increase of the probability of extremely weak
and strong wind stress may originate from intra-daily fluctuations which can be
captured by experiment HC. The details of the momentum flux will be discussed

in more details in Chapter 3.

b) Mlomentum flux (II-IC - DC)I

a) Mc?mentum flux

5 3 ne B HC-DC

1/ ERLY

oO——T——"1T— T T T 1 e
-0.3 0.0 0.3 0.6 0.9 1.2 -0.3 0.0 0.3 0.6 0.9 1.2

Fig. 2.1: (a) Probability density function (PDF, %) of the momentum flux (N m~2) at
a grid point near 60°S 180°E in experiment HC (black) and DC (blue). (b) Difference
between the two PDFs (HC - DC).

Net heat flux

The net heat flux @), s is defined as the sum of sensible and latent heat flux and

short wave and long wave radiation:
! !
Qsrr = Qup + Qgrp + Qg p + Oy (2.2)

where Q3¢ ;, Q% ;, QL) and Q3 indicate the sensible, latent, long wave and short

wave heat fluxes, respectively.

As suggested by Oberhuber (1993), the sensible and latent heat flux are parametr-
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2.3 PARAMETRIZATIONS AFFECTED BY COUPLING FREQUENCY

ized as:

zif = pa ¢a Cr Viom (Ta - Ts,nf) (23)
st = Pa Lsry CLViom (4o — Gsry) (2.4)

where p,, ¢, and L, are constants denoting the air density, the specific capacity
for air and the latent heat of vaporization or sublimation. Variable coefficients
of sensible heat flux C'y and latent heat flux C} are formulated according to
Large and Pond (1982). Vjg,, indicates the 10m wind speed. T, and ¢, are the
air temperature and specific humidity at the 2m level. T, ; is the ocean model
upper layer temperature or the ice/snow layer skin temperature. g5, s is specific
humidity at the surface.

Long wave and short wave radiation are parametrized as:

e =eoT,(0.39 — 0.05v/e/100(1 — xn®) + 4eo T2 (Tyry — T,) (2.5)
= (1= agp)Qme (2.6)

where n, € and o are fractional cloud cover, surface thermal emissivity and the
Stephan-Boltzmann constant, respectively. e is the saturation vapour pressure
calculated based on the formulae of Buck (1981). x is the cloudiness factor. Q™%
is the incident short wave radiation which is the function of the solar zenith angle

and is provided as part of the forcing data. ag,s is the surface reflectivity.

a) Time series b) PDF
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Fig. 2.2: (a) Time series of hourly net heat flux for observation (blue) and experiment
HC (red), and (b) the respective probability density function (PDF %) (W m~2) at a
grid point near 0° 140°W for observation(blue), experiment HC (red) and experiment
DC (black)The observation is obtained from the TOGAR COARE dataset.

15



CHAPTER 2 MODEL AND MODEL PERFORMANCE

a) Fresh water flux | | b) Fresh water flux (HIC -DQ) |
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Fig. 2.3: (a) Probability density function (PDF %) of the fresh water flux (mm day~!)
at grid point 60°S 180° in experiment HC (black) and DC (blue), and (b) is the
difference between the two PDFs (HC - DC).

In the daytime, the net heat flux is dominated by the short wave radiation which
has a diurnal cycle. In the nighttime, it is dominated by the sum of the long wave
radiation, sensible heat flux and latent heat flux. Fig.2.2a shows the dominant
features of heat fluxes in terms of an example. If the coupling interval is one hour,
the simulated diurnal cycle of the net heat flux (red) agrees well with observations
(blue). However, if a coupling interval of one day is used, the information of the
diurnal cycle is lost by the daily averaging. As shown in Fig.2.2b, the PDF
of net heat flux with a diurnal cycle (red) is very close to observations (blue).
Both have a high probability of negative values and extremely large positive
values (> 300W m~2). Most of the negative values and extreme positive values

disappear if a coupling interval of one day is used (black).

Fresh water flux
The fresh water flux at the sea level )¢ is defined as:

Q=P-E+R+G (2.7)

where P, E, R and G are fluxes of fresh water in units of mmday=' due to
precipitation, evaporation, river run off and glacial melt water, respectively. E is

calculated from the latent heat flux as:

E = Qi?ﬂf/(Lsrfpw) (28)

where p,, the density of sea water, Lg¢ is the latent heat of vaporization or

sublimation as appropriate for water or ice/snow surface.
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The negative fresh water flux is dominated by the evaporation and the pos-
itive flux is dominated by the precipitation. As an example, the PDFs of the
simulated fresh water fluxes at one grid point are shown in Fig.2.3a. For the
hourly coupled experiment, the maximum of the PDF is located at values around

—0.2 mmday~!

and the PDF has a long positive tail. When using a coupling
interval of one day, some of the large negative values (< —0.02 mmday™')
and large positive values (> 3.5 mmday™') are filtered before being sent to
the oceanic component (Fig.2.3b). This implies that, considering intra-daily
fluctuations by increasing the coupling frequency, the extremely strong evapo-
ration events (< —0.02 mmday™'), and extremely strong precipitation events

(> 3.5 mmday™') are captured.

2.3.2 The convection scheme

The temporal and spatial character of convection is affected by the diurnal cycle
of SST. Meanwhile, the convection is able to affect the inter-annual variability of
SST and particularly ENSO (Rédel et al. 2016). This interaction is further stud-
ied in Chapter 5. Here, the convection scheme in MPI-ESM and its relationship
to the coupling interval is addressed.

In ECHAMSG, the shallow and mid-level (elevated moist layer) convection scheme
follows the Tiedtke formulation(Tiedtke 1989), whereas deep (including conges-
tus) convection follows the Nordeng formulation (Nordeng 1994). The shallow
convection is defined as cloud depths smaller than 200 hPa. For deep convection
the mass-flux is determined by assuming that convection removes Convective
Available Potential Energy (CAPE) over a given time scale. The intensity of
shallow convection is based on the budget of the moist static energy, i.e. the con-
vective flux at cloud base equals the contribution of all other physical processes
when integrated over the subcloud layer. Finally, mid-level convection can occur
for elevated moist layers, and its mass flux is set according to the large-scale
vertical velocity.

The trigger condition of the convection depends on the difference of virtual

temperature between the air parcel and the environment:
TP + AT > T (2.9)
where TP is the virtual temperature of the air parcel, 7" is the virtual tem-

perature of the environment. AT is related to the temperature variance in the
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planetary boundary layer. Thus, the trigger condition is determined by the prop-
erties of the air parcel at the lifting level and on the vertical profile of virtual

temperature in the large-scale environment.

Convective precipitation
N b L b by )

60N =
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Fig. 2.4: Differences in the convective precipitation (mm day—') between the hourly
coupled experiment and daily coupled experiment (HC - DC). The dots indicate no-

zero differences at 5% significance level following a t-test.

The average of SST over one coupling interval is sent to the atmospheric com-
ponent to calculate the heat flux, such as the latent and sensible heat flux. The
heat fluxes influence the temperature of air, 77" and 77, and then the convection.
In the hourly coupled experiment, an hourly averaged SST is used to calculate the
air temperature. In the daily coupled experiment, the air temperature is calcu-
lated from daily averaged SST. Since the intra-daily variability of SST is removed
by the daily averaging, the convection cannot be influenced by the diurnal cycle
of SST. Therefore, the different coupling interval can lead to significant difference
in convection. As shown in Fig.2.4, the difference of the convective precipitation
has the maximum in the tropical ocean. Including the diurnal cycle of SST leads
to more precipitation in the eastern tropical Indian Ocean, the equatorial central
Pacific, and tropical Atlantic, and less precipitations in the north western Indian
Ocean, the western equatorial Pacific and the central tropical Pacific along 10°N.

This indicates that the convection is sensitive to the diurnal cycle of SST.

Increasing the coupling frequency from daily to hourly is important for surface

fluxes and convections and therefore might influence the large-scale model biases.
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2.4 Changes in model biases due to increasing

coupling frequency

As the air-sea fluxes interact with the large-scale circulation of atmosphere and
ocean, increasing coupling frequency leads to the change in the atmosphere and

deeper ocean.

In comparison with the observations, the simulated SST in experiment DC is
too warm in the Southern Ocean (south of 45°/N) and too cold in the Pacific and
Indian Ocean (Fig.2.5a). Especially in the equatorial central Pacific the simulated
equatorial cold tongue extends too far west and is too strong, which is a common
bias in many CGCMs (Wittenberg et al. 2006). When increasing the coupling
frequency from once per day to once per hour, the SST is generally increased in
the tropical ocean (Fig.2.5b), with the maximum in the western Pacific warm pool
by 0.1 °C". In the central and eastern equatorial Pacific the SST is decreased with
a maximum of —0.1 °C". In the subtropical oceans of the northern Hemisphere,
an increase of SST is found in the Bay of Bengal and the Atlantic, whereas a
pronounced decrease is found along 20°/N in the Pacific and the Arabian sea. In
the southern Hemisphere, the SST is increased in latitudes (20°S — 50°S). In the
high latitudes, south of 50°S and north of 45°/N, the SST is generally decreased
with maximum values up to —0.5 °C'. Hence, the warm biases in the Southern
Ocean are decreased by up to 10%, whereas The cold biases in the western tropical

Pacific, south Pacific and south Indian Ocean are decreased by around 10%.

The SST warming over the equatorial Pacific warm pool may be associated
with the Madden-Julian Oscillation (MJO) and El Nino-Southern Oscillation
(ENSO). The significant change of the magnitude and gradient of SST in the
Bay of Bengal and Indian Ocean can affect the formation of the onset vortex of
the Asian summer monsoon (Wu et al. 2012). Since the mean of SST is decreased
in the Southern Ocean and increased in the subtropical ocean, the meridional SST

gradient around 60°S is increased and may result in an increase of westerlies.

The potential temperature of the ocean is defined as the temperature that a
parcel of water would have if it were moved adiabatically to a reference pressure of
the ocean surface. The potential temperature in the ocean model is determined
by the parametrizations of eddies, diapycnal mixing, and the simulated large
scale circulation and inter basin exchanges. Changing the coupling frequency
may influence the mixing and circulation and, thus, the potential temperature of

the ocean.
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Fig. 2.5: (a) The bias of SST in experiment DC (DC - OBS) (°C), (b) The difference
of SST between experiment HC and DC (HC-DC) (°C).
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Fig. 2.6: (a) The bias of the zonal mean of the potential temperature (DC-OBS) (°C),
(b) The difference of the zonal mean of the potential temperature (HC-DC) (°C).
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Fig.2.6a compares the zonal mean of the simulated ocean potential temperature
in experiment DC with the data from the Polar Science Centre Hydrographic
Climatology (PHC3) (Levitus et al. 1998; Steele et al. 2001). The ocean of MPI-
ESM is too warm at intermediate levels and in the deeper ocean . The maximum
of the warm biases is located around 1000 m, north of 50°S. At latitudes north
of 50°N, the warm biases are larger than 2°C' throughout all depths.

As shown in Fig.2.6b, when increasing the coupling frequency from once per day
to once per hour, the potential temperature is decreased everywhere except for
a region with warming above 2000m at latitudes of 30°N — 60°N. The warming
might be related to the biases caused by the outflow through Gibraltar from
the Mediterranean Sea. The maximum of the decrease is up to 0.25°C' north
of 60°N. At latitudes south of 30°S, the decrease is amplified with depth with
the maximum around 0.15°C'. The cooling of the potential temperature at high
latitude is consistent with the cooling of SST (Fig.2.5b) and the deepening of
mixed layer depth, indicating more-intensive convection and more heat release to
the atmosphere. Hence, the warm bias north of 50°NV is decreased by up to 10%,
the bias in the Southern Ocean is decreased by up to 20%.

The westerly wind belt in the troposphere is caused by a combination of the
Earth’s rotation and the meridional air temperature gradient with cold air in the
polar region and warmer air towards the equator. In comparison with observa-
tions (Fig.2.7a), the westerly wind at 60°S is underestimated in experiment DC.
The bias has a maximum value of 5 m s~! at 300 hPa. As increasing the coupling
frequency increases the meridional gradient of SST in the Southern Ocean, the
meridional gradient of the atmosphere temperature is increased there. Based on
the thermal wind relation, the westerly wind in the troposphere is also increased.
As shown in Fig.2.7b, the zonal mean westerly wind throughout the troposphere

! Hence, the bias

at 60°S is systematically enhanced with values up to 0.5m s~
is decreased by around 10% when increasing the coupling frequency to once per
hour. The increased westerly wind can in turn influence the SST by increasing
the momentum flux and mixing, enhancing the northward Ekman transport and

causing the ocean to lose more latent and sensible heat flux to the atmosphere.
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Fig. 2.7: (a) The bias of the zonal mean of troposphere zonal wind (DC-OBS) (ms~
(b) The difference of the zonal mean of troposphere zonal wind (HC-DC) (ms~1).
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2.5 Conclusion

This work shows that increasing the coupling frequency from daily to hourly,
enables the model to simulate intra-daily air-sea feedbacks, and thus improves
the simulation of many aspects of the general circulation in both atmosphere and
ocean.

The parametrizations of the air-sea fluxes are appropriate in the hourly coupled
MPI-ESM. The involved random intra-daily fluctuations increase the probability
of momentum fluxes which are extremely weak or extremely strong as well as
the probability of the fresh water fluxes with values around —0.1 mm day~'. The
diurnal cycle of the net heat flux is well simulated when increasing the coupling
frequency to hourly. Furthermore, the convective precipitation in most parts of
the equatorial ocean is enhanced in the hourly coupled model. This indicates that
the convection scheme used in daily coupled MPI-ESM can respond to intra-daily
air-sea feedbacks.

In MPI-ESM, increasing the coupling frequency from once per day to once per
hour overall leads to improvements of the model performance. In the daily cou-
pled MPI-ESM, the simulated SST is too warm in the Southern Ocean and too
cold in the central equatorial Pacific. The simulated oceanic potential temper-
ature is too warm at intermediate levels and in the deeper ocean. The westerly
wind at latitudes around 60°S is underestimated. When increasing the coupling
frequency, the simulated SST is increased in the subtropical and tropical ocean
and decreased in the high latitude ocean. The westerly wind increases around
60°S throughout the troposphere. The potential temperature of the ocean de-
creases globally, especially at high latitudes. Therefore, the cold biases of SST in
the western equatorial Pacific and in subtropical oceans in the Southern Hemi-
sphere are decreased. The warm biases in the Southern Ocean are decreased.
The decreases of the SST biases amount to 10%. The biases of the westerly
wind at 60°S are also decreased by up to 10%. The warm biases of the potential
temperature in the ocean are decreased by up to 20% in the Southern Ocean.

It can be concluded that increasing the coupling frequency improves the per-
formance of MPI-ESM. Processes such as intra-daily air-sea feedbacks, can be
simulated in the hourly coupled experiment but cannot be resolved in the daily
coupled experiment. Studying these processes is necessary to understand interac-
tions in the climate system across different time scales. It may also be important
for future model development. Since the coupling frequency directly influences

air-sea fluxes, which in turn can alter the large-scale general circulation, in this
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thesis, the processes through which intra-daily air-sea feedbacks at grid-point
level influence the large scale modes of the air-sea fluxes are studied in Chapter
3. Further, the processes through which the air-sea feedbacks on intra-daily time
scales impact a phenomenon on inter-annual time scales, ENSO, are investigated
in Chapter 4.
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Chapter 3

Effects of coupling frequency on the
air-sea fluxes

This chapter analyses the changes in the air-sea fluxes of momentum, heat and
fresh water caused by increasing the ocean-atmosphere coupling frequency from
once per day to once per hour in the Max Planck Institute Earth System Model
(MPI-ESM). We diagnose the relative influences of daily averaging and high-
frequency feedbacks on the basic statistics of the air-sea fluxes at grid point level
and quantify the feedback modes responsible for large scale changes in fluxes over
the Southern Ocean and the equatorial Pacific.

Coupling once per hour instead of once per day reduces the mean of the mo-
mentum flux magnitude by up to 7% in the tropics and increases it by up to 10%
in the Southern Ocean. These changes result solely from feedbacks between at-
mosphere and ocean occurring on time scales shorter than one day. The variance
and extremes of all the fluxes are increased in most parts of the ocean. Excep-
tions are found for the momentum and fresh water fluxes in the tropics. These
increases result mainly from the daily averaging, whereas the decreases in the
tropics are caused by the high-frequency feedbacks. The increases in variance are
substantial, reaching up to 50% for the momentum flux, 100% for the fresh water
flux, and a factor of 15 for the net heat flux. These diurnal and intra-diurnal vari-
ations account for up to 50% to 90% of the total variances and exhibit distinct
seasonality:.

The high-frequency coupling can influence the large-scale feedback modes that
lead to large-scale changes in the magnitude of wind stress over the Southern
Ocean and equatorial Pacific. In the Southern Ocean, the dependence of the SST-
wind-stress feedback on the mean state of SST, which is colder in experiment HC,

leads to an increase of westerlies. In the equatorial Pacific, Bjerknes feedback in
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experiment HC reveals a diurnal cycle during El Nino events, with the feedback
being stronger in the nighttime than in the daytime, and no clear diurnal cycle
during La Nina events. This asymmetry might lead to the decrease of wind stress

in the equatorial Pacific in the hourly coupled experiment.
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3.1 Introduction

The atmosphere and ocean are coupled by continuous exchanges of momentum,
heat and fresh water. So far the diurnal cycle and the intra-diurnal fluctuations of
these exchanges, which result mainly from atmospheric turbulence, are generally
not resolved by state-of-the-art coupled climate models that usually use a coupling
frequency of once per day. For example, more than half of the CMIP5 models
that contributed to the fifth assessment report (AR5) of IPCC, including the
Max Planck Institute Earth System Model (MPI-ESM), exchange fluxes between
atmosphere and ocean once per day (see Table 2.1 in Chapter 2). Consequently,
air-sea exchanges on time scales shorter than one day are excluded from most
CMIP5 models. This chapter uses MPI-ESM, a CMIP5 model, to study the
effects induced by increasing the coupling frequency from daily to hourly.

Previous studies show that increasing the coupling frequency can lead to sig-
nificant changes in many aspects of the coupled system, such as those on the
simulation of sea surface temperature (SST), Madden-Julian Oscillation (MJO),
and El Nino- Southern Oscillation (ENSO). By increasing the coupling frequency
from once per day to once per 1- or 3-hour, the mean equatorial SST is warmed by
as much as 1°C', which improves the agreement with observations (Danabasoglu
et al. 2006). The meridional SST gradient in the North Atlantic is decreased
(Guemas et al. 2013). The cold bias in the eastern tropical Pacific is reduced
(Misra et al. 2008). For the variability on intra-seasonal and inter annual scales,
including the diurnal cycle in the SST strongly influences the onset and intensity
of MJO convection (Seo et al. 2014) and leads to a distinct improvement of the
simulated intra-seasonal oscillation signal (Ham et al. 2014). The simulated MJO
is stronger and more coherent (Bernie et al. 2008). The simulation of ENSO is
also improved (Danabasoglu et al. 2006; Terray et al. 2012). Most of the changes
considered in previous studies are the consequences of changed air-sea fluxes due
to an increased coupling frequency. However, few studies have systematically
addressed the direct impact of the coupling frequency on the air-sea fluxes. This
study aims to fill this gap by addressing the influence of high-frequency coupling
on both the basic statistics of air-sea fluxes at grid point level and the feedbacks
leading to large scale air-sea flux changes.

The basic statistics of the air-sea fluxes are known to be important for the
simulated climate. For example, Walin (1982) found that the mean heat flux
at the sea surface directly determines the surface poleward branch of the merid-

ional circulation. Tziperman (1986) revealed that time-mean density and velocity
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fields are forced by the mean wind stress and heat fluxes at the upper surface of
the ocean. Not only the long-term mean but also the fluctuation and associated
variance of the air-sea fluxes play an important role in determining the general
circulation of the climate system. Kuhlbrodt and Monahan (2003) found that
the variability of surface fluxes leads to frequent deep convection and more deep
water formation in the Labrador Sea. It was also found that the fluctuating fluxes
change the intensity and the depth of vertical mixing, SST, Hadley circulation,
and sea surface net upward water flux (Beena and von Storch 2009; Williams
2012). The extremes resulting from atmospheric turbulence or the diurnal cycle
can also influence the simulated climate. Bernie et al. (2007) found that extremes
related to the diurnal cycle of solar insolation affect the mixed layer depth and
increase the sea surface temperature. These previous works, although not directly
addressing changes in fluxes due to enhanced coupling frequency, clearly demon-
strate the importance of the basic statistics of the air-sea fluxes for the climate
system. Below, I first quantify the basic statistics of air-sea fluxes at each grid
point. Then the modes of air-sea feedbacks that can lead to large-scale changes
in the fluxes are studied.

The structure of this chapter is as follows: Section 3.2 quantifies the changes of
mean, variance and extreme values of air-sea fluxes in the high-frequency coupling
experiment, and discusses the causes of the changes, respectively. Section 3.3
identifies large-scale feedbacks between the fluxes and SST. Conclusions are given

in Section 3.4.

3.2 Disentangling two different effects of coupling

frequency at grid point level

3.2.1 The methods

We concentrate on three fluxes that are exchanged between ECHAM6 and MPIOM
(for a detailed model description see chapter 2): the momentum flux, the net heat
flux and the fresh water flux. For the momentum flux, we focus on the magnitude
of wind stress |7|. The net heat flux is the sum of short- and long-wave radiation
and latent and sensible heat flux. The fresh water flux is the sum of the total
precipitation, evaporation and the river run-off. Downward net heat flux and
fresh water flux have positive values.

The total effect induced by increasing the coupling frequency from once per
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day to once per hour is quantified by the ratio of a statistical quantity S derived
from hourly fluxes in experiment HC to the same statistic derived from daily
fluxes in experiment DC, Sj pc/Sapc. Here the subscript d and h indicates
that S is derived form daily and hourly values respectively, and HC' and DC
denote experiments HC and DC, respectively. The statistical quantities (i.e. S)

2 and the extreme values in form of

considered are the mean p, the variance o
the 10th and 90th percentile ¢q19 and ggo.

The effect described by Sy, e/ S4,pe can be decomposed into two factors. First,
to quantify the effect induced by the daily averaging only, we consider the ratio
of a statistic obtained from hourly fluxes in experiment HC, S, gc, to the same
statistic derived from a daily averaging of the fluxes in the same experiment,
Sa,Hc, 1.e. Sy pe/Sanc. By considering hourly and daily fluxes within experiment
HC, any possible changes arising from differences between experiment HC and
DC (i.e. high-frequency feedbacks) are excluded from the analysis, allowing us
to isolate the effect of daily averaging.

Second, changes in statistics can also arise from interactions between the atmo-
sphere and the ocean on diurnal and intra-diurnal time scales. These interactions
are accounted for in experiment HC, but are not resolved in experiment DC. For
instance, consider an hourly wind stress time series containing a few strong wind
bursts occurring within a time period of one day. These wind stresses can pro-
duce a stronger decrease in SST's than the daily averaged wind stresses. Due to
differences in SSTs, the hourly heat fluxes in experiment HC can behave differ-
ently from those in experiment DC. Hereafter, such interactions are referred to as
high-frequency feedbacks. To quantify these feedbacks, we consider the ratio of
the statistic S derived from daily averaged fluxes in experiment HC to the same
statistic derived from the daily fluxes in experiment DC, Sy gc/Sa.pc. Both daily
fluxes have been subjected to the same averaging procedure, so that the effect
of averaging is excluded. However, the daily fluxes from experiment HC contain,
in an averaged sense, the effect of high-frequency feedbacks, which is absent in
experiment DC. The comparison allows us to identify the daily averaged effect
of high-frequency feedbacks. The total effect can be expressed as the product of

the two effects:

Sh,HC/Sd,Dq = \(Sh,HC/Sd,HC)/ X \(Sd,HC/Sd,DC)J (3.1)
t;&;l ave;c:qing fee?igack

In case S represents the mean, p, go equals pg . The total effect results from

high-frequency feedbacks only. In case S represents variance o2 or percentiles ¢,
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Sh,mc is generally different from Sy . Both the effects of averaging and that of
high-frequency feedbacks may be present.

To quantify the strength and the seasonality of intra-diurnal and diurnal fluc-
tuations, we decompose the flux F as F = F 4+ F', where F is the daily mean
and F' is the hourly anomaly. The total variance is decomposed into variances
resulting from variations on intra-diurnal and diurnal scales F' and inter-diurnal
time scales F'. Both variances can be obtained from experiment HC, whereas
only the variance of F' can be obtained from experiment DC. Generally, if the
diurnal cycle dominates turbulent motions, the time series of F' reveals a deter-
ministic oscillation with the period of 24 hours; otherwise the time series of F’
reveals irregular intra-diurnal variations. Both types of variances can vary with
the season. This seasonal dependence is quantified by considering the variances

! . .
of I in different seasons.

3.2.2 Regarding the mean

When decreasing the coupling frequency from once per hour in experiment HC
to once per day in experiment DC, the long-term mean of the momentum-flux
magnitude is systematically changed (Fig.3.1a). The momentum flux ratio be-
tween experiment HC and DC is larger than 1 in the Southern Ocean along
the Antarctic Circumpolar Currents (ACC) and smaller than 1 over the tropical
oceans, in particular over the western equatorial Pacific, and along about 40°S.
A dipole pattern exists over the Southern Ocean: the momentum-flux is increased
in the ACC by up to about 10% and is decreased in the subtropical regions near
35°S5 — 40°S by about 5%. In the equatorial Pacific, the magnitude is decreased
by up to 7%. The changes in the long-term mean of the net heat flux have small
spatial scales and are mostly not significant (Fig.3.1b). Some significant changes
in fresh water fluxes occur in the Southern Ocean, with a tendency for having
reduced fluxes near 40°S — 50°S (Fig.3.1c). Other large changes are patchy, not

well organized, and may not be of relevance.

As averaging cannot affect the mean of the fluxes, the above identified changes
of the mean values have to result from intra-diurnal air-sea interactions that occur

when using hourly coupling. We will come back to this issue later in section 3.3.
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Fig. 3.1: Relative changes of time-mean air-sea fluxes pq gc/pd,pc: @) magnitude of
momentum flux, b) net heat flux, c¢) fresh water flux. The colours indicate no-zero

differences at 5% significance level following a t-test.
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3.2.3 Regarding the variance

Following Section 3.2.1, the total effect on the variance induced by increasing
the coupling frequency from once per day to once per hour is quantified by the
ratios of the variances of hourly fluxes in experiment HC to those of daily fluxes in
experiment DC (Fig.3.2a-c). For the magnitude of the momentum flux (Fig.3.2a),
hourly coupling enhances the variances up to 50% poleward of 30°. The pattern is
characterized by variance ratios that reach maximum values of about 1.5 around
40°N — 50°N and 40°S — 60°S. Hourly coupling decreases the total momentum
variance in some parts of the tropics, in particular in the western tropical Pacific.
There, the variance from experiment HC is about 20 — 30% smaller than that in
experiment DC.

For the net heat flux (Fig.3.2b), hourly coupling drastically increases the vari-
ance. The variance ratios are larger than 1 almost everywhere. They increase
equatorward and in the tropics the heat flux variance is more than 15 times larger
in experiment HC than in experiment DC.

For the fresh water flux (Fig.3.2c¢), the variance ratio is larger than 2 poleward
of 30° with maximum values in the Southern Ocean and in the Northern Pacific
and Atlantic. Over the Indian Ocean-Western Pacific warm pool and the tropical
Atlantic the ratios are also larger than 1. However, in the equatorial Pacific,
the variances in experiment HC are mostly smaller (30 — 70%) than those in

experiment DC.
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The total effect induced by increasing the coupling frequency (top row in
Fig.3.2) can be decomposed into the effect due to daily averaging (middle row in
Fig.3.2) and the effect due to high-frequency feedbacks (bottom row in Fig.3.2).
Generally, the daily averaging used in experiment DC affects all three fluxes by
reducing the variances at almost all grid points (Fig.3.2 d-f), indicated by substan-
tially higher variances in experiment HC. The spatial structures are comparable
to those of the total changes (Fig.3.2 a-c). Nevertheless, important differences
exist in the tropics and subtropics. There the total effect on the variance is re-
duced by high-frequency feedbacks, which cause the variance of the surface fluxes
to reduce in experiment HC compared to experiment DC (Fig.3.2 g-i). This is
particularly pronounced in the western tropical Pacific. Generally, the effect of
daily averaging is clearly stronger than that of high-frequency feedbacks for mo-
mentum and fresh water fluxes in the mid- and high-latitudes and for heat flux
all over the oceans. However, it is comparable to or even weaker than the effect of
high-frequency feedbacks for momentum and fresh water fluxes over the tropical
Pacific.

The daily averaging removes intra-diurnal fluctuations. To illustrate the sig-
nificance of this reduction, the ratios of the variances of diurnal and intra-diurnal
fluctuations to the total variances are examined (Fig.3.3). The variances of diur-

nal and intra-diurnal fluctuations are defined in section 3.2.1.

For the momentum flux, Fig.3.3a shows that intra-diurnal fluctuations amount
to at least 10% of the total variance in most of the regions, and reaching about
40% over the Southern Ocean. For the net heat flux (Fig.3.3b), the intra-diurnal
fluctuations become increasingly strong equatorward and reach 90% of the total
variance in the tropics. At latitudes north of 60°/N and south of 60°S, the ratio is
smaller than 60%, but still accounts for more than half of the total variance. For
the fresh water flux, the ratio has the maximum in the Southern Ocean, which
is larger than 60%. In the area of the Intertropical Convergence Zone (ITCZ)
and in the North Pacific and North Atlantic, the ratio is around 30% or more
(Fig.3.3c).

To understand how these changes come about, I consider a few time series of
fluxes at grid points where large ratios are found (Fig.3.4). Compared to the
momentum and fresh water fluxes, the variance of the net heat flux is partic-
ularly large because of the strong diurnal cycle of solar radiation in the tropics
(Fig.3.4b). During nighttime, the hourly net heat flux is dominated by the sum of

long wave radiation and sensible and latent heat flux, which are always negative

36



3.2 DISENTANGLING TWO DIFFERENT EFFECTS

a) Morqer)tlum flux

QON it PRI U YT TN AR AR R R "

30S

60S

90S

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

o P Netheatflux . 0

60N

30N

30S

60S

908 T T T T T T
30E  60E 90E 120E 150E 180 150W 120W 90W 60W 30W O  30E

90N

60N

30N

30S

60S

508 A——————
30E 60E 90E 120E 150E 180 150W 120W 90W 60W  30W 0 30E

0 01 02 03 04 05 06 07 08 09 1

Fig. 3.3: Ratios of variance of diurnal and intra-diurnal fluctuation to the total vari-
ance of hourly fluxes of a) momentum, b) net heat, c) fresh water. Hourly fluxes of
experiment HC are used. The diurnal and intra-diurnal fluctuations are obtained by

subtracting daily mean from the respective hourly fluxes.
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(upward). During the daytime, the net heat flux is dominated by the downward
solar radiation, which can reach very large (positive) values especially in the trop-
ics at noon. The intra-diurnal fluctuations of momentum and fresh water flux
over the Southern Ocean are mainly due to high frequency turbulent motions that
do not reveal regular diurnal cycles and are characterized by irregularly occurring
events (Fig.3.4 a and c).

The strength of intra-diurnal fluctuations and the diurnal cycle, as described
by the variance of F’, varies with seasons. For the momentum flux (left column
of Fig.3.5), the fluctuations are most pronounced in the winter hemisphere owing
to the enhanced synoptic activities during the winter months.

For the net heat flux, the diurnal cycle dominates intra-diurnal fluctuations.
As the diurnal cycle migrates with the sun, the variances of F’ in the extra-
tropics are much larger in the spring and summer seasons than in the fall and
winter seasons (middle column in Fig.3.5). Along the equator, the diurnal and
intra-diurnal fluctuations have the minimum in JJA and the maximum in SON.

For the fresh water flux, the seasonality is dominated by precipitation, whose
variance is nearly 20 times larger than that of evaporation (not shown). In the
tropics, large fluctuations are found within ITCZ and South Pacific convergence
zone (SPCZ). At mid- and high-latitudes, precipitation varies strongly within the

storm tracks during winter and fall, leading to maximal variance in these seasons.

3.2.4 Regarding the extremes

Since the daily averaging alone cannot induce changes in the mean, the changes
in the time-mean fluxes have to result from high-frequency feedbacks. We expect
these feedbacks to be most intense during extreme events. Following section 3.2.1,
the total effect of hourly coupling on extreme values is examined by comparing the
90" and 10" percentile (hereafter ggp and q10) of hourly fluxes in experiment HC
with those of daily fluxes in experiment DC (qio, go/q104,p05 9900 ¢/ @904.DC)-
For the magnitude of momentum flux, ¢;p and ¢gy indicate the extremely weak
and strong fluxes, respectively. For the net heat flux and fresh water flux, ¢
indicates the extreme large negative (upward) fluxes and qgo indicates the extreme

large positive (downward) fluxes.
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Fig. 3.4: Time series over 10 days for a) the magnitude of momentum flux at grid point
60°5 180° (Pa) , b) net heat flux at grid point 0° 180° (W m~2), c) fresh water flux at
grid point 60°S 180° (mm d~!) in experiment HC. Dashed lines are daily series, solid

lines are hourly series.
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Fig. 3.5: The seasonal means of the variances of diurnal and intra-diurnal fluctuations
for the magnitude of momentum flux (left column, Pa? ), the net heat flux (middle
column (Wrm~2)2 ) and the fresh water flux (right column (mm/day)? ) in MAM, JJA,
SON and DJF. Hourly fluxes in experiment HC are used.
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In most regions outside the tropics, extremely weak momentum fluxes (q0)
become up to 30% weaker in experiment HC than in experiment DC (Fig.3.6a),
and the extremely strong momentum fluxes (90" percentiles) become about 15%
stronger in experiment HC than in experiment DC (Fig.3.7a). These changes
suggest that increasing the coupling frequency makes the extremes occur more
frequent. In the tropics, the opposite is found. Increasing the coupling frequency
makes the extremes less frequent. The extremely weak momentum fluxes become
less weak in the central equatorial Pacific, with the 10** percentiles being up to
30% larger in experiment HC than in experiment DC (Fig.3.6a). The magnitudes
of extremely strong momentum fluxes in the western tropical Pacific become less
strong, with the magnitudes up to 15% smaller in experiment HC than those in
experiment DC (Fig.3.7a).

For the net heat flux (Fig.3.6b,3.7b), the diurnal cycle dominates the intra-
diurnal fluctuations. Including the diurnal cycle increases the extreme downward
(as characterized by gg9) and extreme upward (as characterized by ¢19) net heat
flux cases remarkably. The ratios for both ggy and ¢;¢ are larger than one al-
most everywhere, reaching a factor of 5 for extreme downward fluxes in some
tropical areas. In the equatorial Pacific, ¢1¢ is negative (indicating upward flux)
in experiment HC. However, in experiment DC, averaging out the diurnal cycle
strongly reduces the probability of having upward fluxes so that ¢io is positive
(indicating downward flux) (not shown). As a result, the ratio for ¢io is negative
there (Fig.3.6b).

Fresh water flux results mainly from intermittent precipitation events and con-
tinuous evaporation. Increasing the coupling frequency leads to increases in ¢
in the Southern Ocean and in the North Pacific and North Atlantic as well as
partly in the equatorial Pacific (Fig.3.6¢). This indicates increases in the extremes
of negative (upward) fluxes related to strong evaporation there, with maximum
increase reaching about 50%. The increase in evaporation results likely from
larger wind stress magnitudes in experiment HC than in experiment DC. In-
creasing the coupling frequency increases also gqg in the storm track regions over
the Southern Ocean and in the ITCZ and SPCZ, indicating stronger precipita-
tion in these regions (Fig.3.7c). The maximum increase in precipitation reaches
about 40%. In the North Pacific and North Atlantic, increasing the coupling fre-
quency enhances mostly precipitation in the southern flanks of the storm tracks.
In the central equatorial Pacific, where evaporation dominates precipitation, ¢q

of fresh water flux is negative (not shown), corresponding to weak precipitation
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there. Increasing the coupling frequency increases evaporation, enhancing the
ratio qoonmc/qe0.4pc (Fig.3.7c). A notable decrease in precipitation is found
around 30°S and 30°/N, where precipitation is generally weak.

The effects from daily averaging and high-frequency feedbacks are compared
(Fig.3.6d-f versus Fig.3.6g-i, Fig.3.7d-f versus Fig.3.7g-1). The total effect of in-
creasing the coupling frequency results mainly from the daily averaging (Fig.3.6d-f
and Fig.3.7d-f) as their spatial structures and magnitudes are comparable to those
related to the total changes ( Fig.3.6a-c and Fig.3.7a-c). Exceptions are found for
the wind stress magnitude in the tropics where high-frequency feedbacks act to re-
duce the extremes (Fig.3.6g and Fig.3.7g). High-frequency feedbacks have also an
impact on extremes of daily precipitation events (Fig.3.7i). In particular,the area
of the dry regions in the subtropical North Pacific and subtropical North Atlantic
are reduced when increasing the coupling frequency. Near the northern bound-
aries of these dry regions, qgg, which is mostly negative, has larger magnitudes
in experiment HC than in DC. Consequently, goo.4 mc/qo0qapc are larger than
one. In the central equatorial Pacific, where gq is negative, high-frequency feed-
backs enhance evaporation. As shown in Fig.3.6h and Fig.3.7h, high-frequency
feedbacks have little effect on the net heat flux, which is dominated by a strong

diurnal cycle.

3.2.5 A comparison with observation

The above analysis shows that for the heat flux, daily averaging reduces variances
by a factor of 15 and extremes (in form of ¢19 and ggo) by a factor of 5. To confirm
that the strong variations and the large extremes of the net heat flux in experiment
HC exist in the real world, we consider the hourly net heat flux at 11 moorings
available from the TAO project (Tropical Atmosphere Ocean project). For the
comparison, hourly heat flux located at 11 grid points close to the moorings are
selected from experiments HC.

The comparison of the hourly time series of net heat flux in experiment HC and
observation shows that the hourly coupled MPI-ESM simulates the diurnal cycle
very well, with maximum values close to 800Wm 2 at noon and minimum around
—150Wm~? in the nighttime (not shown). Because of a realistic simulation of the
diurnal cycle of the net heat flux in experiment HC, the biases of the considered
statistics are strongly decreased when increasing the coupling frequency from once
per day to once per hour.

To evaluate the bias of the considered statistics, I define the relative bias in ex-
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periment HC and DC as (|Sp, zc—Sh.08s|/|Sh08s|) and (|Sa.pc—Skoss|/|Sh.ossl)s
respectively. Sy pe, Sapc and Sops indicate the statistical quantities on each
grid point in experiment HC, DC, and the observations. The mean of the relative
biases at the considered 11 grid points are taken as the mean relative bias. In
experiment HC, the mean relative bias of the variance, skewness, ¢ and ggg are
very small, with values of 0.110, 0.093, 0.194 and 0.069, respectively. In exper-
iment DC, however, the mean relative bias are substantially larger, with values
up to 0.963, 1.533, 1.084 and 0.764, respectively.

3.3 Large scale feedbacks related to changes in

surface fluxes

The analysis in Section 3.2 focuses on changes in air-sea fluxes at each grid point.
One important feature is the change in the mean magnitude of the wind stress
(shown in Fig.3.1), which is characterized by a decrease of wind stress magnitude
over the equatorial Pacific and a dipole pattern of wind stress over the Southern
Ocean. These large scale changes may result from interactions between large-scale

feedback modes between SST and wind stresses, which will be analysed below.

3.3.1 The methods

To understand large scale feedbacks in the Southern Ocean and equatorial Pacific,
we consider anomalies of zonal mean SST and zonal mean zonal wind stress
in the Southern Ocean (20°S — 80°S) in the equatorial Pacific (10°S — 10°N,
120°W — 90°W). The dominant SST-modes are identified as the leading EOF
obtained by performing an EOF analysis on SST anomalies of experiment HC.
The anomalies are obtained by subtracting the monthly climatological values
from the respective hourly time series.

To identify modes of wind stress, which emerge when dominant SST-modes
are strong, I project SST anomalies in experiment HC and those in experiment
DC onto the same dominant SST-mode obtained by performing EOF analysis on
SST anomalies in experiment HC to produce the amplitude time series. Using the
resulting time series, we then calculate the composites of wind stress anomalies
in the respective experiments. The wind stress composites related to the positive
phase of SST-modes are obtained when the time series of SST-modes are larger

than one standard deviation; the wind stress composites related to the negative
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phase of the SST-modes are obtained when the time series of the SST-modes are
smaller than minus one standard deviation. The analysis is done for both the

region in the Southern Ocean and the region in the equatorial Pacific

3.3.2 Southern Ocean

The dominant SST mode in the Southern Ocean, as expressed in form of the first
EOF of zonal mean SST in experiment HC (Fig.3.8) shows a dipole with colder
SST at the latitudes between 50°S — 70°S and warmer SST between 50°S —
35°S . The composites of zonal wind stress related to the positive and negative
phase of the SST mode are shown by black solid and dashed lines in Fig.3.9a,
respectively. The structure of the composites suggests that warmer SSTs are
related to weaker wind stress and colder SST's are related to stronger wind stress.
The relation is consistent with the idea that stronger winds lead to larger sensible
and latent heat fluxes and stronger mixing which tend to generate colder SST, a
known feature characteristic for large-scale air-sea interactions. The SST mode
in turn, in particular the SST anomalies over 50°S — 60°S further strengthen
the existing climatological mean temperature gradient there, leading to a further
strengthening of wind stress at these latitudes. This interaction will be referred
to as the SST-wind-stress feedback hereafter.

0.60 — -
0.30 -
0.00

RVA |
WV

-0.60 — 1
60S 40S

Fig. 3.8: EOF1 of zonal mean of SST anomalies (K) in latitudes of 20°S — 80°S.
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To quantify to which extent this feedback exists in experiment DC, composites
of wind stress anomalies in experiment DC that are related to the SST-mode in
Fig.3.8 are derived. The black solid (dashed) line in Fig.3.9b shows the positive
(negative) phase of the composite. The general result that warmer SSTs are
related to weaker wind stresses and colder SSTs are related to stronger wind

stresses is also found in experiment DC.

The main difference between experiment HC and experiment DC lies in the net
effect described by the sum of the positive and negative composites (green lines in
Fig.3.9a,b). The net effects in experiments DC and HC are, by and large, out of
phase. The difference of the two green lines (Fig.3.9¢), which shows the effect of
the coupling frequency on the wind stress related to the SST mode, suggests that
it is the change of the wind stress associated with the SST mode that produces

the dipole structure in the momentum flux in Fig.3.1.

To understand why in the Southern Ocean the wind stress in relation to the
SST mode behaves differently in experiment DC than in experiment HC, we
decompose the composites of zonal wind stress into different seasons. We find
that Figs.3.9a and b result mainly from the composites in MAM and DJF. In SON
and JJA, the wind stress anomalies related to the SST-mode are negligible (not
shown). In experiment HC, the composites related to the positive and negative
phase of the SST-mode are in-phase in MAM (red lines Fig.3.9d). This in-phase
relation leads to a re-enhancement of the net effect. In DJF, the composites
related to the positive and negative phase of the SST-mode are out-of-phase,
leading to a cancellation of the net effect. Because of the re-enhancement in
MAM, the net wind stress related to the SST mode, as characterized by the sum
of the positive and negative composites, reveals a strengthening of wind stress at
latitude 50°S — 70°S and a weakening at latitude north of 50°S. In experiment
DC, because the positive and negative composite patterns are out-of-phase in
both DJF and MAM, the net wind stress related to the SST-mode does not
favour a strengthening of wind stress south of 50°S and a weakening north of

50°S.

The described difference between experiment DC and experiment HC can be
related to the seasonality in SST. The maximal magnitude of the dominant SST-
mode (Fig.3.8) is about 0.6°C. In a cold season when high-latitude SSTs are
close to the freezing point, the dominant SST-mode could be much less efficient
in supporting any SST-wind-stress feedback. The SST in the Southern Ocean is

colder in experiment HC than in experiment DC. In the warmest seasons, namely
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the DJF in both experiments DC and HC and the MAM in experiment DC, the
wind stress related to the SST mode displays a dipole structure with stronger wind
stress being associated with colder SST and weaker wind stress being associated
with warmer SST. The relation is not found for colder seasons. In MAM in
experiment HC, which is colder than MAM in experiment DC, the stronger wind
stress is associated with warmer SST and the weaker wind stress is associated
with colder SST. In the coldest seasons, namely the SON and the JJA in both
experiments HC and DC, no significant wind stress anomalies related to the SST-
mode are found. This dependence on the seasonality of SST might be responsible
for the differences in the SST-wind-stress feedback between experiment HC and
DC', and thus for the increase in the wind stress in the Southern Ocean when the

coupling frequency is increased (Fig.3.9c and Fig.3.1a).
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CHAPTER 3 EFFECTS ON AIR-SEA FLUXES

3.3.3 Equatorial Pacific

The systematic decrease in wind stress magnitude along the equatorial Pacific
(Fig.3.1a), which is mainly caused by the change of the zonal wind stress, might be
related to ENSO. To understand such a feedback, we diagnose the dominant mode
of tropical SSTs and quantify the large-scale structures in zonal wind stress that
occur when the dominant SST-mode is strong in both experiments as outlined
in section 3.2.1. For this purpose, we perform an EOF analysis on the SST
anomaly in the tropical Pacific (10°S —10°N, 120°W —90°W) in experiment HC.
The dominant SST-mode shows an ENSO event (not shown), characterized by
the warmer SSTs in the central and eastern Pacific and the colder SSTs in the

western tropical Pacific.

La Nina Phase
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Fig. 3.10: Composites of zonal wind stress anomalies (Pa) in experiment HC for the
El Nifio phase (a) and La Nina phase (b). Both phases are further decomposed by

composing wind stress anomalies at day (c and d) and night (e and f) time.

The wind stress anomaly related to the El Nino phase is described by the
composite (Fig.3.10a) obtained when the magnitude time series, i.e. PCl, is
larger than one standard deviation, and that related to the La Nina phase is
described by the composite (Fig.3.10b) obtained when PC1 is smaller than minus
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one standard deviation. The composites suggest that a strong El Nino phase is
connected to a stronger westerly anomaly along the equator. This is consistent
with the Bjerknes feedback (Bjerknes 1969) that warmer SST anomalies in the
central and eastern Pacific that lead to a decreased zonal SST gradient, resulting
in weaker easterly wind stresses, which in turn further amplify the warming in
the central and eastern Pacific.

Fig.3.10a-b show that the zonal wind stress anomalies during the El Nino phase
are much larger than those during a La Nina phase. As a result, the net effect
(El Nino phase + La Nina phase) shows a stronger westerly anomaly, i.e. a
decrease in the easterly wind stress along the equatorial Pacific (Fig.3.11a). To
understand why the wind stress does not have the same magnitude during El
Nino and La Nina events in experiment HC, we decompose the composites in
Fig.3.10a and b into daytime and nighttime. Daytime (nighttime) is defined as
the time at which solar radiation is larger (smaller) than 50W/m?. We find that
zonal wind stress anomalies appear to be stronger in the nighttime (Fig.3.10e)
than in the daytime (Fig.3.10c) during an El Nino phase, whereas they present
comparable amplitudes in both daytime and nighttime during a La Nina phase
(Fig.3.10d,f). Therefore, the Bjerknes feedback reveals a diurnal cycle during
El Nifio events, with the feedback being stronger in the nighttime than in the
daytime, and no clear diurnal cycle during La Nina events. This diurnal cycle of
Bjerknes feedbacks during El Nino events leads to the net effect in experiment
HC shown in Fig.3.11a.

In experiment DC, the diurnal cycle of the Bjerknes feedback cannot be re-
produced since fluxes are exchanged on a daily basis, so the composites during
El Nino and La Nina have comparable magnitudes (not shown) making the net
effect in experiment DC weaker than that in experiment HC (Fig.3.11b). The
difference of the net wind stress in the two experiments (Fig.3.11c) shows stronger
westerly anomalies of the zonal wind stress along the equator in experiment HC
than in experiment DC. As the climate state of the zonal wind stress along the
equator is easterly, the westerly anomaly of zonal wind stress indicates a decrease
of the easterly wind stress. Hence, it is the diurnal cycle of the Bjerknes feed-
back during El Nino events that decreases the magnitude of wind stress in the

equatorial Pacific in Fig.3.1a.
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Fig. 3.11: The sum of zonal wind stress (Pa) composites related to the El Nino and La
Nina phase for a) HC, b) DC. ¢) shows the difference HC-DC.
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3.4 Conclusions

Using hourly coupling instead of daily coupling in MPI-ESM leads to changes in
the statistics of air-sea fluxes. The changes can be separated into two different ef-
fects: one results from the daily averaging and the other from the high frequency
feedbacks. With respect to the mean, significant changes are found for the mag-
nitude of momentum flux, with an increase of up to 10% over the Southern Ocean
and a decrease of up to 7% in the equatorial Pacific. These changes have to be
attributed to feedbacks.

Hourly coupling increases the variances by up to 50% for the magnitude of
momentum flux, up to 100% for the fresh water flux and up to 15 times for
the net heat flux. These increases are mainly due to the daily averaging which
removes a considerable amount of the variance that is related to high-frequency
turbulent fluctuations in the momentum flux and the fresh water flux in the mid-
and high-latitude regions and to the diurnal cycle of the net heat flux. Exceptions
are found in the tropics, where feedbacks reduce the variances, most significantly
those of the momentum and fresh water flux. The diurnal and intra-diurnal
variations resolved in experiment HC vary in their strengths with seasons and
amount up to 50% to 90% of the respective total variances.

Extremes are generally reduced by daily coupling, as the daily averaging smooths
out the extremes. The reduction in the 10" and 90** percentiles reaches between
10 and 20% for momentum fluxes, about 40% for fresh water fluxes, and about
a factor of 5 for the net heat flux. Exceptions are found in the tropics, in par-
ticular over the equatorial Pacific, where the weak momentum fluxes over the
central equatorial Pacific are strengthened, the strong momentum fluxes over the
western equatorial Pacific are weakened, and the weak evaporations over central
equatorial Pacific are enhanced. These extremes seem to be related to positive
feedbacks between high-frequency extremes and SST.

By separating the total changes between experiment HC and experiment DC
into those induced only by the daily averaging and those induced by feedbacks,
I find that the daily averaging has a strong effect on variations and extremes, in
particular for the net heat flux globally and for the momentum and fresh water
fluxes in the mid- and high-latitudes. High frequency feedbacks are important for
the mean momentum fluxes both over the equatorial Pacific and over the Southern
Ocean and for the variances and extremes of momentum and fresh water fluxes
in the tropical Pacific.

In the Southern Ocean, the SST-wind-stress feedback, characterized by weak-
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er/stronger wind stress anomalies over warmer/colder SST and the re-enforcement
of anomalies related to changes in temperature gradients, is different in experi-
ment HC and experiment DC. The difference seems to arise from the background
SST, with the SST-wind-stress feedback being only found when the background
SST is sufficiently warm. Because SST is colder in experiment HC, the SST-
wind-stress feedback is modified. This modification results in the increase of the
magnitude of wind stress over the Southern Ocean.

In the equatorial Pacific, the decrease of the magnitude of the wind stress is
related to the diurnal cycle of Bjerknes feedback which cannot be simulated by
experiment DC. In experiment HC, the Bjerknes feedback has a diurnal cycle
during El Nino events with enhanced westerly anomalies in the nighttime but
weaker ones at daytime. In La Nina events, there is no clear diurnal cycle. This
leads to westerly anomalies on average along the equator in experiment HC. As
the climate mean wind stress in the equatorial Pacific is easterly, the magnitude
of the wind stress is weaker in experiment HC than in experiment DC.

Besides the influence on the magnitude of wind stress in the equatorial Pacific,
the diurnal cycle of Bjerknes feedback in the equatorial Pacific might also be
related to the simulation of ENSO in experiment HC, and the change of the
mean SST in the tropical Pacific. To understand why the Bjerknes feedback
exhibits a diurnal cycle and how this diurnal cycle affects the mean SST requires

additional work.
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Chapter 4

Impact of intra-daily air-sea
interactions on ENSO asymmetry

The dominant mode of inter-annual variability in the tropical Pacific is El Nino-
Southern Oscillation (ENSO). ENSO is not symmetric in the sense that El Nino
is stronger than La Nina. However, many CMIP5 models, including MPI-ESM,
produce an almost symmetric ENSO. This chapter shows that, if resolving the
intra-daily air-sea interactions by coupling the atmospheric and oceanic model
components once per hour, the ENSO asymmetry can be reproduced by MPI-
ESM.

It is found that the diurnal cycle of SST in hourly coupled MPI-ESM enhances
the atmospheric convection in the central tropical Pacific during El Nino years
but does not affect it in La Nina years, since the background SST in the central
tropical Pacific are only warm enough to support convection in the nighttime
during El Nifio events. As a result, the anomalies of Walker circulation, which
are directly related to the convection are stronger during El Nino years than
that during La Nina years, making El Nino to be stronger than La Nina. The
results are obtained with the CMIP5 version of MPI-ESM at a low resolution
and are further confirmed by the latest version of MPI-ESM at higher spatial
resolutions, implying that the role of the intra-daily air-sea interactions in the

ENSO asymmetry is independent of model resolutions.
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4.1 Introduction

The amplitude of SST anomalies is generally stronger during El Nino than during
La Nina. This difference is referred to as ENSO asymmetry (Hoerling et al. 1997;
Burgers and Stephenson 1999). Besides the difference of the SST anomalies, the
asymmetry also has a vertical structure in the ocean. In the western Pacific, the
negative anomalies of the upper ocean heat content during a strong El Nino are
much stronger than the corresponding positive anomalies during a strong La Nina
(Tang and Hsieh 2003).

Since CGCMs are usually unable to simulate the ENSO asymmetry (Zhang
et al. 2009), the causes of the ENSO asymmetry have been studied by many pre-
vious works. For example, some studies suggest that stronger El Nino events are
related to a stronger warming tendency due to nonlinear dynamic thermal ad-
vections, which ultimately generates the ENSO asymmetry (Timmermann et al.
2003; An and Jin 2004; An et al. 2005). Other suggest that the ENSO asymme-
try results from the fact that effects of the tropical instability waves are different
during El Nino and La Nina years. It is shown that the tropical instability waves
tend to reduce the cold-tongue intensity. This effects are stronger during La Nina
than during El Nifo (Yu and Liu 2003; Vialard et al. 2001; An et al. 2008).

Though these previous studies show that processes in the ocean are important
for the ENSO asymmetry, it is difficult to separate the effects of atmosphere and
ocean in a coupled air-sea system. Especially in the tropics, air-sea interactions
are of significance because they play an important role for ENSO and ENSO
asymmetry (Guilyardi et al. 2004; Watanabe et al. 2011; Kang and Kug 2002;
Zhang et al. 2009; Hoerling et al. 1997; Zhang and Sun 2014). Kang and Kug
(2002) show that the ENSO asymmetry is related to the westward shift of wind
stress anomalies. The shift of wind stress is a consequence of the deep convection
(Zhang et al. 2009): During El Nino, the convection anomalies are located over
the central and eastern tropical Pacific, whereas, during La Nifna, the convection
anomalies are confined to the western central Pacific. This shift of convection
anomalies is attributed to the dependence of convection on the background SST
(Hoerling et al. 1997). This role of SST-dependent convection in ENSO asymme-
try is further confirmed in a more recent study by Zhang and Sun (2014) using
wind-forced GCM experiments.

Even though the effects of air-sea interactions on ENSO asymmetry have been
considered, but not on an intra-daily time scales. Previous works are generally

based on monthly mean variables of observations or model output, with the role
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of diurnal cycle of SST and the related intra-daily air-sea interactions being not
addressed.

Recently, the diurnal cycle of SST has been extensively studied using both
observations (Gille 2012; Clayson and Bogdanoff 2013; Weller et al. 2014; Yang
et al. 2015) and models (Danabasoglu et al. 2006; Bernie et al. 2008; Terray et al.
2012; Masson et al. 2012; Li et al. 2013; Thushara and Vinayachandran 2014).
It is found that, in the tropics, the annual mean of diurnal range of SST can
be as large as 0.5°C' (Kennedy et al. 2007), with maximum values up to 3°C
(Clayson and Bogdanoff 2013). Meehl et al. (2001) suggest that processes on
shorter time and smaller space scales may influence processes with longer and
larger scales in continuous scale interactions. The intra-daily air-sea interactions
are important high-frequency processes in the coupled air-sea system, which might
affect processes with time scales longer than one day, such as ENSO. For example,
when the intra-daily variability of SST is included, the model’s El Nino has a more
realistic evolution in its developing and decaying phases, a stronger amplitude and
a shift towards lower frequencies (Terray et al. 2012). The ENSO asymmetry is
also influenced by air-sea interactions with time scales shorter than one day.

As shown in Masson et al. (2012), the simulation of ENSO asymmetry is im-
proved if increasing the air-sea coupling frequency from daily to hourly. However,
in their study, 1m-depth surface layer for the ocean model is necessary to simulate
the ENSO asymmetry. Moreover, the processes by which the intra-daily air-sea
interactions affect the ENSO asymmetry were not studied. Therefore, this chap-
ter aims to reveal the responsible mechanisms by which the intra-daily air-sea
interactions affect the simulation of ENSO asymmetry with the low resolution
version of the Max Planck Institute Earth System Model (MPI-ESM). Since it is
not known whether the influence of high coupling frequency on the ENSO asym-
metry depends on the applied model or model resolution, the analyses are further
extended to simulations performed with the latest version of the model at higher
resolutions.

This chapter is organized as follows. In section 4.2, the methods and observa-
tions used in the analysis are introduced. The model performance in reproducing
the intra-daily air-sea interactions is evaluated. Section 4.3 describes the ENSO
asymmetry in observations, and in a daily- and a hourly- coupled experiment. A
mechanism of how the intra-daily air-sea feedback influences the ENSO asymme-

try is proposed. Conclusions are given in section 4.4.
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4.2 Data, methods and simulated diurnal cycles

4.2.1 Data and methods

To quantify the asymmetry of ENSO, this work composes the SST anomaly in the
tropical Pacific (30°S — 30°N, 100°E — 60°W) based on 50-years monthly Nifo-
3 index derived from the Hadley Centre Sea Ice and SST (HadISST) dataset
(Rayner et al. 2003) and from experiment HC and DC (Fig.4.1).

The composite related to the El Nino phase is obtained when the Nino-3 index
is larger than 0.5°C' (dashed lines above zero); the composite related to the La
Nina phase is obtained when the Nifo3 index is smaller than —0.5°C' (dashed lines
below zero). The sum of the composites of El Nino and La Nifia phases is used
to measure the ENSO asymmetry. To understand the air-sea feedback processes
that affect the ENSO asymmetry, this work also composes anomalies of mixed-
layer depth, upper ocean potential temperature, zonal wind stress and outgoing
longwave radiation (OLR) in the same way as for the SST anomalies. The OLR
considered is the full sky OLR minus the clear sky OLR, hence represents only
the effect of convection. Anomalies of mixed-layer depth, upper ocean potential
temperature, zonal wind stress and OLR are obtained by subtracting the monthly
climatological values from the respective Nino3 index in experiment HC and DC.

To study the diurnal cycle of air-sea feedback, 50-years hourly OLR and SST
in experiment HC are used. The composites of OLR and SST anomalies in El
Nino and La Nina phases are decomposed into daytime and nighttime. Here the
daytime is defined as the time when solar radiation is positive and the remaining
time is defined as nighttime.

The simulated climatological SST is compared with that obtained from Hadley
Centre Sea Ice and SST (HadISST) dataset (Rayner et al. 2003). 7 years (2007-
2014) hourly SSTs of TAO/TRITON data of a mooring close to (0°, 140°W)
(http://www.pmel .noaa.gov/tao/) are used to validate the diurnal cycle of the
simulated SST.

4.2.2 Diurnal cycles in hourly coupled MPI-ESM

In reality, the atmosphere is directly influenced by the skin temperature of the
ocean. However, in the ocean component of MPI-ESM, i.e. MPIOM, the SST,
which is the model skin temperature, is the temperature of the first model layer.

As this layer is 12 meters deep in MPIOM and can store much more heat than a
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Fig. 4.1: Red lines are the monthly time series of Nino-3 index in (a) observation, (b)
experiment DC and (c) experiment HC. Black dashed lines denote 0.5°C' and —0.5°C'.
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thinner surface layer, the diurnal cycle of SST in the model is generally weaker
than that in observation. Nevertheless, as shown in Fig.4.2b, MPI-ESM pro-
duce strong diurnal cycles of SST with the mean diurnal range being larger than
0.15°C'—0.2°C along the equator. Strong diurnal cycle are also found in net heat

2

flux with the mean diurnal range being larger than 840 W m™ in the equatorial

Pacific, the north Indian Ocean and the tropical Atlantic (Fig.4.2a).

The interactions between the diurnal cycle of the atmospheric and the oceanic
variables are the intra-daily air-sea interactions. To have an idea about the ability
of MPI-ESM in reproducing the intra-daily air-sea interactions, I compare the
simulated diurnal cycle of net heat flux, SST, and mixed-layer depth at a grid
point near (0°N, 140°WW) with those of observation collected close to the selected
grid point. The observation of a mooring near (0°N, 140°W) (Fig.4.3a) shows
that the net heat flux (black) is positive during the daytime (around 7:00 - 18:00)
and is negative in the nighttime (around 18:00 to 7:00), indicating that the ocean
gains the heat at daytime and loses heat in the nighttime. The diurnal cycle of
the observed SST (red) is highly correlated to the net heat flux. The SST starts
to increase after the net heat flux becomes positive, and starts to decrease when

the net heat flux becomes negative.

In the hourly coupled MPI-ESM, the basic features of the diurnal cycle of the
net heat flux and SST near (0°N, 140°W) are reproduced (black and red lines in
Fig.4.3b). The major defects are an underestimation of the diurnal range of SST
by about 40%. The mixed-layer-depth (blue) has also a clear diurnal cycle, with
the evolution of mixed-layer depth being out of phase with that of SST (red).
This relation is consistent with the idea that the mixed-layer depth is related
to the stability of the surface ocean. When SST is getting warmer, the surface
ocean is more stable, leading to a thinner mixed layer. On the other hand, when
SST is getting colder, the surface ocean tends to be more unstable, leading to
a deeper mixed layer. The diurnal cycle of the mixed-layer depth indicates that

the vertical structure of the ocean responds to the diurnal cycle of SST.

In order to describe the diurnal cycle of convection, the OLR anomalies in
hourly coupled MPI-ESM are decomposed into daytime and nighttime and av-
eraged over all years. The daytime and nighttime are defined by the local solar
radiation larger and smaller than zero W/m?. As shown in Fig.4.4, the convection
over the tropical Pacific has clear diurnal cycle, which is stronger in the nighttime
and weaker in the daytime. The diurnal cycle of convection over the tropical Pa-

cific may because that, in the nighttime, air loses heat rapidly by radiation while
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a) Diurnal range of net heat flux
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Fig. 4.2: The 50-year mean of the diurnal ranges of (a) the net heat flux (W/m~2) and
(b) the SST (K). The diurnal ranges are the differences between maximum value in one
day and the minimum value in one day (daily maximum - daily minimum) obtained

from 50-year hourly data in experiment HC.
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Fig. 4.3: (a) Diurnal cycle of the net heat flux (black solid) and SST (red) obtained
from a mooring near (0°N, 140°W). (b) Diurnal cycle of the net heat flux (black), SST
(red) and the mix-layer depth (blue) at grid point near (0°N, 140°W') by MPI-ESM.

The black dashed line indicates zero of net heat flux.

the SST below decreases more slowly because of the large heat capacity of water.
Therefore, the stability of the atmosphere decreases in the nighttime, leading to
more convection. At daytime, the increases of the SST is slower than that of the
air above, the stability of the atmosphere increases, leading to less convection.
The diurnal cycle of precipitation in ECHAMG6 has been compared with obser-
vation in (Hohenegger and Stevens 2013) and it is found that the diurnal cycle
of precipitation over ocean can be produced by the model, though it peaks too
early.

Since increasing the coupling frequency from daily to hourly allows MPI-ESM
to produce the effects of diurnal cycle of net heat flux on the SST, mixed-layer
depth and atmospheric convection, these intra-daily interactions between the at-
mosphere and the ocean may also be able to affect the simulated ENSO asymme-
try in the hourly coupled MPI-ESM. The effects of intra-daily air-sea interactions
on ENSO asymmetry can be described by the differences between experiment HC
and experiment DC, because the interactions can be produced in the hourly cou-

pled experiment but can not be resolved in the daily coupled experiment.
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Fig. 4.4: (a) mean of OLR anomalies in the daytime. (b) mean of OLR anomalies in
the nighttime. The anomalies are obtained by subtracting the monthly climatological
values from the respective hourly time series of experiment HC. Daytime is defined as

the time when solar radiation is positive and the remaining time is defined as nighttime.
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4.3 Results

4.3.1 The ENSO asymmetry in observations and models

The composites of SST anomalies of El Nino and La Nina based on 50-year
observational data (HadISST, Rayner et al. (2003)) show that the magnitude of
El Nifo (Fig.4.5b) is stronger than that of La Nifia (Fig.4.5a). The sum of El
Nino and La Nina (Fig.4.5¢) is not zero, but exhibits warm anomalies up to 0.4°C
in the eastern equatorial Pacific and cold anomalies up to —0.1°C' in the western
equatorial Pacific.

As many other CMIP5 models, the daily coupled MPI-ESM can not reproduce
the ENSO asymmetry. The simulated El Nifo (Fig.4.6d) has the same magni-
tude as the simulated La Nina (Fig.4.6a), thus the sum of El Nifio and La Nina
is close to zero (Fig.4.6g). However, when increasing the coupling frequency from
daily to hourly, the magnitude of El Nino (Fig.4.6e) becomes larger than that
of La Nina (Fig.4.6b), and thus the sum of El Nino and La Nina reveals warm
anomalies in the central and eastern Pacific, and cold anomalies in the western
Pacific (Fig.4.6h). Therefore, the ENSO asymmetry can be captured by MPI-
ESM when increasing the coupling frequency from daily to hourly. The differ-
ences of the composites between experiment HC and DC (HC-DC) (Fig.4.6¢,f}i)
show that the improvements of the simulation of ENSO asymmetry (Fig.4.6i) are
mainly attributed to the factor that increasing the coupling frequency amplifies
the amplitude of El Nino (Fig.4.6f) but does not change the amplitude of La Nina
(Fig.4.6¢).

This distribution is much closer to observations (Fig.4.5¢). The ENSO asym-
metry can also be indicated by the skewness of the Nino3-index, defined as
ms/(my)3/?, where my, is the kth moment, my, = (Zf\il(Xz - 7)’“) /N, where X
is the 7th sample of Nifio3-index, X is the mean, and N is the number of sample.
In the observation, the skewness of the recent 50 years Ninio3-index is 1.02. Using
50 years of simulation, the skewness of Nino3-index is -0.02 in experiment DC
and is 1.23 in experiment HC. When considering last 200 years of the two exper-
iments and calculating skewness from overlapping 50-year windows, we find that
skewness varies over time with values generally larger than zero in experiment
HC and smaller than zero in experiment DC. Thus, ENSO asymmetry is a robust

feature of experiment HC.
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Fig. 4.5: Composites of SST anomalies in observation for La Nina (a) and El Nino (b)
and the sum of the two phases (c), obtained from 50-year monthly data from HadISST.
The anomalies are obtained by subtracting the monthly climatological values from the
respective monthly time series. The composite of El Nino is obtained when the Nifo-3
index is larger than 0.5°C', the composite of La Nina is obtained when the Nifio-3 index
is smaller than —0.5°C'.
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4.3 RESULTS

4.3.2 Asymmetry of Walker circulation

To understand why increasing the coupling frequency from daily to hourly ampli-
fies El Nino but does not affect La Nina, the anomalies of the Walker circulation
in ENSO years are investigated.

The Walker circulation is a conceptual model of the air flow in the tropical
troposphere (Lau et al. 2002). As shown in Fig.4.7a, the time-mean Walker cir-
culation is a closed circulation in zonal and vertical directions: low-level winds
blow from east to west, accompanied by ascending motion over the western Pa-
cific, returning flow from west to east in the upper troposphere, and descending
motion over the cold water of the central and eastern Pacific. The ascending mo-
tion over the western Pacific with deep convection characterized by OLR greater
than —240W/m? (upper panel in Fig.4.7a) and SST warmer than 28°C' (Bottom
panel in Fig.4.7a).

During El Nino phase, the Walker circulation is weaker than normal, char-
acterized by an anomalous circulation (Fig.4.7b) which opposes the time-mean
Walker circulation (Fig.4.7a). The descending branch of the time-mean Walker
circulation is suppressed by positive convection anomalies in the central and east-
ern Pacific (indicated by the composite of equatorial OLR in the upper panel of
Fig.4.7b), where the SST is warmer than normal (indicated by the composites
of equatorial SST anomalies in the bottom panel of Fig.4.7b). The enhanced
deep convection warms the upper troposphere by releasing latent heat in deep
convective clouds. The warming of the upper troposphere leads to a decrease
of the local sea level pressure and a weakening of the zonal gradient of sea level
pressure and a weakening of the easterlies in the eastern Pacific. On the contrary,
during La Nina phase, Walker circulation is stronger than normal, characterized
by an anomalous circulation which reinforces the time-mean Walker-circulation
(Fig.4.7c). The Walker circulation is amplified by the anomalies of convection
shown by the OLR composites in the upper panel of Fig.4.7c. Because the con-
vection is enhanced in the western Pacific and suppressed in the central and
eastern Pacific, the ascending and descending branches of Walker circulation are
both enhanced.

Apart from the known features of Walker circulation including its modification
due to ENSO, Fig4.7 also suggests a less-known feature, namely the asymmetry
of ENSO-related modifications of Walker circulation. As quantified by the com-
posites of equatorial SST and OLR anomalies, the modification due to El Nino

is stronger than that due to La Nifia events. Since the modifications of Walker
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Fig. 4.7: Schematic diagrams of (a) the time-mean Walker circulation, (b) anomalous
Walker circulation during El Nino Phase, (c) anomalous Walker circulation during
La Nina Phase. Added to the schematic diagrams are time-mean and composites of
the anomalies of equatorial (averaged over latitudes of 5°N — 5°S) OLR (above the
respective schematic diagram) and SST (below the respective schematic diagram). SST
are taken from 50-year HadISST data and OLR from ERA-Interim data.
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Fig. 4.8: Composites of OLR anomalies for La Nina (a) and El Nifio (b) and the sum
of El Nino and La Nina (c) from ERA-Interim data. The anomalies are obtained by
subtracting the monthly climatological values from the respective monthly time series.
The composites of El Nifio are obtained when the Nino-3 index in HadISST is larger
than 0.5°C, the composites of La Nina are obtained when the Nifio-3 index in HadISST
is smaller than —0.5°C.
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circulation are strongly related to convection, we further quantify this asymmetry
by considering the composites of the observed 2-dimensional OLR anomalies ob-
tained according to HadISST Nino3-index (Fig.4.8). In La Nina years (Fig.4.8a),
the positive anomalies of OLR in the western Pacific indicate an enhancement
of the ascending branch of Walker circulation, and the negative anomalies in the
central and eastern tropical Pacific indicate an enhancement of the descending
branch of Walker circulation. In El Nino Years (Fig.4.8b), OLR anomalies are
negative in the western Pacific and positive in the central and eastern Pacific,
indicating the suppression of the ascending and descending branches of Walker

circulation.

The sum of OLR anomalies of El Nifio and La Nina years (Fig.4.8c) is not
zero. It shows positive anomalies in central and eastern Pacific and negative
anomalies in the western Pacific, which resembles the OLR anomalies in El Nino
years (Fig.4.8b). This suggests that the amplitude of the anomalies of Walker
circulation in El Nino years is larger than the anomalies in La Nina years. The
asymmetry of the anomalies of the Walker circulation is not confined to the

equator, but has a meridional extent over 10 — 20 degrees.

As investigated in Section 4.3.1, increasing coupling frequency from daily to
hourly enhances the strength of El Nino but has minor effects on the strength of
La Nina. This result is obtained by considering SST-composites. Do we get the
same result for OLR and Walker circulation in the sense that increasing coupling
frequency leads to stronger modification during El Nino than during La Nina,
whereby enhancing the asymmetry of Walker circulation in experiment HC? To
answer this question, the anomalies related to Walker circulation in experiment
HC are compared with those in experiment DC. The anomalies of Walker circu-
lation are detected from the composites of the anomalies of SST, OLR, surface
zonal wind stress and oceanic potential temperature obtained according to model

Nino3-index.

In La Nina phase, the SST in the central and eastern tropical Pacific is colder
than normal. Corresponding to the SST anomalies (Fig.4.6b), the negative
anomalies of OLR in Fig.4.9a,c indicate that the descending branch of the Walker
circulation east of 120° E is enhanced. Since the Walker circulation is enhanced,
the easterly wind stress along the equator are stronger than normal (Fig.4.10a
and c¢). In the ocean, the enhanced easterlies transport the warm surface water
westward. The upper-layer potential temperature is colder in the eastern Pacific

and warmer in the western Pacific (Fig.4.11a,c). Comparing the variables related
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Fig. 4.9: Composites of OLR anomalies (full sky-clear sky) obtained from 50-year
daily data in experiment DC (a,b), 50-year houly data in experiment HC (c,d) and
the difference between HC and DC (HC-DC) (e,f) for the La Nina (a,c,e) and El Nino
(b,d,f). The anomalies are obtained by subtracting the monthly climatological values
from the respective time series in experiment HC and DC. The composites of El Nifio
are obtained when the respective Nino-3 index in each experiment is larger than 0.5°C),

the composites of La Nina are obtained when the Nino-3 index is smaller than —0.5°C.

to Walker circulation in experiment HC and DC, it is found that the anomalies
of OLR (Fig.4.9e), easterly wind stress (Fig.4.10e) and oceanic potential temper-
ature (Fig.4.11e) are comparable in experiment HC and DC. This indicates that
during the La Nina phase, the effects of the intra-daily air-sea interactions on the

Walker circulation in experiment HC are negligible.

In El Nino years, the anomalies of OLR (Fig.4.9b,d) are enhanced east of
120° E. The descending branch of Walker circulation is suppressed. As shown
in Fig.4.10b,d, the easterly wind stress anomalies are weaker than normal along
the equator. The upper-layer potential temperature in the ocean is warmer than
normal in the eastern Pacific (Fig.4.11b,d). Comparing these anomalies in exper-
iment HC and DC shows that the amplitudes of positive OLR anomalies in the

central tropical Pacific and the negative OLR anomalies in the western tropical
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Fig. 4.10: Composites of anomalies of zonal wind stress in 50-year daily data in experi-
ment DC (a,b), 50-year hourly data in experiment HC (c,d) and the difference between
HC and DC (HC-DC) (e,f) for the La Nina (a,c,e) and El Nino (b,d,f). The anomalies
are obtained by subtracting the monthly climatological values from the respective time
series in experiment HC and DC. The composites of El Nifio are obtained when the
respective Nino-3 index in each experiment is larger than 0.5°C, the composites of La

Nina are obtained when the respective Nino-3 index is smaller than —0.5°C.
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Fig. 4.11: Composites of meridional mean of oceanic potential temperature anomalies
at latitudes of 5° N — 5°S as a function of depth in experiment DC (a,b), experiment
HC (c,d) and the difference between HC and DC (HC-DC) (e,f) for La Nina (a,c,e) and
El Nifo (b,d,f). The anomalies are obtained by subtracting the monthly climatological
values from the respective time series in experiment HC and experiment DC. The
composites of El Nifio are obtained when the respective Nino-3 index in each experiment
is larger than 0.5°C, the composites of La Nifia are obtained when the respective Nifno-3

index is smaller than —0.5°C.
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Pacific are larger in experiment HC than in DC (Fig.4.9f). The amplitudes of the
anomalies of wind stress along the equator (Fig.4.10f) and the oceanic potential
temperature (Fig.4.11f) are also larger in experiment HC than in DC. This indi-
cates that the intra-daily air-sea interactions included in experiment HC produce
larger changes in Walker circulation in El Nino years than in La Nina years.

In summary, the modifications of Walker circulation due to El Ninio and La Nina
events are not the same in the observation. This asymmetry of Walker circulation
is better simulated in experiment HC than in experiment DC. Increasing coupling
frequency has weaker effects on Walker circulation in La Nina years than in El
Nino years. As a result, the amplitudes related to La Nina events are comparable
in the two experiments, whereas those related to El Nino events are stronger in

experiment HC than in experiment DC.

4.3.3 Role of diurnal cycle of convection for the asymmetry

The modification of Walker circulation due to ENSO involves the Bjerknes feed-
back discussed in Section 3.3.3. Since Bjerknes feedback has a diurnal cycle, it is
possible that the different modification of Walker circulation due to El Nino and
La Nina are induced by changes in diurnal cycles. This possibility is investigated
in this subchapter with focus on convection.

On intra-daily timescales, convection can be affected by the diurnal cycle of
SST as discussed in section 4.2.2. The diurnal cycle of SST in experiment HC,
as shown in Fig.4.2b, has the mean maximum along the equator with the values
about 0.15°C', amounts to 20% of the SST anomalies caused by ENSO. It is
assumed that the diurnal cycle of SST affects convection differently during FEl
Nino and La Nina phases. The difference of the effects may be attributed to
the background SST in the central tropical Pacific. During La Nina phase, the
background SST is colder than normal. Convection is suppressed there. The
diurnal cycle of SST has minor influence on the convection. During the El Nifo
phase, however, the background SST is warmer than normal. The additional SST
warming caused by the diurnal cycle could trigger more convection in El Nino
phase.

To investigate this assumption, time series of hourly OLR anomalies obtained
from experiment HC are decomposed into daytime and nighttime and averaged
over all years, over El Nino years and over La Nina years, respectively. The
daytime and nighttime are defined by the local solar radiation larger and smaller

than zero W/m?, respectively. For the long-term mean, the results are shown in

74



4.3 RESULTS

Fig.4.12a,b. The convection over the tropical Pacific is stronger in the nighttime
and weaker at the daytime. The diurnal range of the convection, defined as the
difference between night and day (night-day) (Fig.4.12c) is zonally distributed
with the maximum along 10°N and 10°S and the minimum along the equator.

During the El Nino phase, the convection also has a diurnal cycle. Decomposing
the OLR anomalies into daytime and nighttime (Fig.4.12d,e) shows that the
enhanced convection equatorward of 10° is stronger in the nighttime than in the
daytime. The diurnal range of the convection in El Nino years is different to that
of the long-term mean. As shown in Fig.4.12f, the diurnal range over the western
equatorial Pacific is increased in comparison with that of the long-term mean
(Fig.4.12¢). The increase of diurnal range of the convection is mainly caused by
an enhancement of convection in the central tropical pacific in the nighttime. In
the nighttime, the cooling of the SST, which is warmed at daytime, is slower than
the cooling of the air above, leading to an unstable atmosphere. In addition to
the warm anomalies of the background SST in El Nino years, more convection
are triggered in the nighttime.

For the La Nina phase (Fig.4.12g,h), the convection anomalies in the tropical
Pacific are negative in the region of 10°S — 10°N in both daytime and nighttime
but the negative anomalies along the equator are stronger in the daytime than
in the nighttime. Though the distribution of day and night convection in La
Nina years are different to that of the long-term mean, the diurnal range of the
convection (Fig.4.12i) has the similar distribution as that of the long-term mean
(Fig.4.12c), with the maximum zonal distributed along 10°N and 10°S and the
minimum along the equator. This similarity indicates that the intra-daily air-sea
feedback has minor effects on the anomalies of convection in La Nina years.

In summary, the convection in the central tropical Pacific is more strongly
affected by the diurnal cycle of SST in El Nino years than in La Nina years. In
particular, the nighttime convection is much more enhanced during El Nino years
over the anomaly warmer central equatorial Pacific when the background SST is
increased and the atmosphere becomes more unstable. As shown in Fig.4.12j, this
enhancement of convection, which outweigh the reduction of nighttime convection
during La Nina years, leads to a stronger El Nino and stronger El Nino-related

modification of Walker circulation.
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4.4 CONCLUSIONS

4.4 Conclusions

4.4.1 Summary

ENSO is not symmetric: El Nifo is stronger than La Nina. However, the simu-
lated ENSO in many CMIP5 models, including MPI-ESM, is almost symmetric.
This work finds that ENSO asymmetry can be simulated by MPI-ESM when
increasing the air-sea coupling frequency from daily to hourly. These changes
are caused by the intra-daily air-sea interactions included in the hourly coupled
model.

Comparing the anomalies of Walker circulation in hourly and daily coupled
experiments during El Nino and La Nina years suggests that the anomalies of
Walker circulation in La Nina years are comparable in the two experiments, in-
dicating that the intra-daily air-sea interactions do not notably influence the
strength of La Nina. In El Nino years, the intra-daily air-sea interactions en-
hance the anomalies of the Walker circulation, thus, El Nino is stronger in hourly
coupled experiment than in daily coupled experiment. The fact that the intra-
daily air-sea interactions do not change the strength of La Nina but enhance El
Nino results in a better simulation of ENSO asymmetry in experiment HC.

To understand why the effects of intra-daily air-sea interactions on the anoma-
lies of Walker circulation are different between La Nina and El Nino years, this
work decomposes the OLR anomalies into daytime and nighttime and finds that,
in La Nina years, the intra-daily air-sea interactions have minor effect on the
diurnal cycle of the convection. In El Nino years, however, the diurnal cycle of
SST amplifies the convection in the nighttime in the central equatorial Pacific.
The enhanced convection in the equatorial Pacific amplifies the anomalies of the
Walker circulation through Bjerknes feedback, and amplifies the El Nino events.
Consequently, the simulated El Nino is stronger than La Nina in the hourly cou-

pled experiment.

4.4.2 Discussion

In addition to the CMIP5-version of MPI-ESM-LR (ECHAMG6 T63) that was used
in the above analysis, the daily and hourly coupled MPI-ESM-HR (ECHAMG6
T127) and MPI-ESM-XR (ECHAMG6 T255) based on the latest version of MPI-

ESM are used to test the importance of intra-daily air-sea interactions on the
ENSO asymmetry. Asshown in Fig.4.13, in daily coupled MPI-ESM-HR (Fig.4.13d),
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the ENSO asymmetry is not adequately simulated. However, the ENSO asymme-
try can be simulated when using a coupling frequency of once per hour (Fig.4.13e).
This results are similar to MPI-ESM-LR (Fig.4.13b and c), even though the
spatial structure with large positive anomalies in the eastern tropical Pacific
(Fig.4.13a) is not completely reproduced. With the extremely high resolution
model (MPI-ESM-XR), only a simulation with a coupling frequency of once per
hour is available. The ENSO asymmetry can also be produced here. At this res-
olution, the observed spatial structure is also not completely reproduced. Nev-
ertheless, ENSO asymmetry, as characterised by the non-zero sum of El-Nino-
and La Nina-composites, is only obtained when using coupling frequency of once
per hour and this result seems to be independent of model spatial resolution. To
what extent the less satisfactory simulation of the pattern of the asymmetry is

due to the changes in the new version of MPI-ESM requires further investigation.
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Fig. 4.13: The sum of the composites of El Nino and La Nina in (a) Observation, (b)
and (c) MPI-ESM-LR with daily and hourly coupling, (d) and (e) MPI-ESM-MR with
daily and hourly coupling and (f) MPI-ESM-XR with hourly coupling only.
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Chapter 5

Conclusions and Outlook

5.1 Summary

This thesis aims to better understand the effects of intra-daily air-sea interactions
on the large scale climate system. In order to produce the intra-daily air-sea
interactions, the coupling frequency between the atmospheric and oceanic com-
ponents of MPI-ESM is increased from its standard value of once per day to once
per hour. The intra-daily air-sea interactions are analysed by comparing results
from the hourly coupled MPI-ESM with that from the daily coupled MPI-ESM,
as the daily coupled model cannot reproduce air-sea interactions with time scales
shorter than one day, with focus on both the diurnal cycle and the intra-daily
fluctuations.

The analyses are done in three steps. In the first step, whether and to what
extent coupling frequency from once per day to once per hour is capable of re-
ducing some long-standing biases are examined (Chapter 2). The second step
quantifies the statistics of the diurnal cycle and random intra-daily fluctuations
of the air-sea fluxes at grid point level and studies the air-sea interactions that
lead to large-scale changes (Chapter 3). For this purpose, an effective method is
developed to distinguish effects arising from daily/hourly averaging from those
directly arising from air-sea interactions occurring on diurnal and intra-diurnal
time scales. In the third step, this work investigates whether air-sea interactions
on intra-daily time scales can influence the longer time scale phenomenon, ENSO,
through non-linear interactions. Specifically, it quantifies the role of diurnal cycle
of convection and its dependence on background SST on the ENSO asymmetry
(Chapter 4).

Below, I give conclusions in form of answers to the questions raised in the
introduction of this thesis (Chapter 1).
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5.2 Answers to the research questions

Can parametrizations directly respond to changes in coupling frequency?
The parametrizations of surface fluxes in form of bulk formulas can directly
respond to an increase in coupling frequency. Because of the non-linear nature
of these formulas, random intra-daily fluctuations arising from hourly coupling
increase the probability of extremely weak or extremely strong momentum fluxes.
The fluctuations also increase the probability of having fresh water fluxes with

negative values around —0.1 mm day~*.

The diurnal cycle dominates the intra-
daily variability of the net heat flux. The convective precipitation in most parts of
the equatorial ocean is enhanced in the hourly coupled model. Generally, the bulk
formulas and the convection scheme used in MPI-ESM do respond to increasing

coupling frequency from once per day to once per hour.

What are the biases in the standard daily coupled MPI-ESM? Are they
improved in the hourly coupled model?

To evaluate the performance of the hourly coupled MPI-ESM, I focus on the
known biases of SST, oceanic potential temperature and troposphere westerlies.
In the daily coupled MPI-ESM, the simulated SST is too warm in the Southern
Ocean and too cold in the central equatorial Pacific. The simulated oceanic
potential temperature is too warm at intermediate levels and in the deeper ocean.
The westerly wind around 60°S is underestimated.

In MPI-ESM, increasing coupling frequency from once per day to once per hour
decreases many of these model biases. When increasing the coupling frequency,
the simulated SST is increased in most part of the subtropical and tropical ocean
and decreased in the high latitude ocean. Hence, the cold biases of SST in the
western equatorial Pacific and subtropical ocean in the southern Hemisphere are
decreased. The warm SST biases in the Southern Ocean are also decreased.
The decrease of the SST biases amounts by up to 10%. The westerly wind
increases around 60°S throughout the troposphere, with the bias decreased by
up to 10%. The potential temperature of the ocean decreases at high latitudes
when increasing the coupling frequency. The bias reduction in the Southern

Ocean amounts up to 20%.

What are the effects of increasing coupling frequency on the basic

statistics of air-sea surface fluxes at grid point level?

For the basic statistics, this work considers the time means, the variances and
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the extremes.

1. Regarding the time means: Significant changes of the means are found
for the magnitude of momentum flux, with an increase of up to 10% over the

Southern Ocean and a decrease of up to 7% in the equatorial Pacific.

2. Regarding the variances: Increasing the coupling frequency from daily to
hourly increases the variances by up to 50% for the magnitude of momentum
flux, up to 100% for the fresh water flux and up to 15 times for the net heat flux.
Exceptions are found in the tropics, where high-frequency feedbacks reduce the
variances, most significantly those of the momentum and fresh water flux. The
diurnal and intra-diurnal variations resolved in hourly coupled experiment vary
in their strengths with seasons and amount up to 50% to 90% of the respective

total variances.

3. Regarding the extremes: The extremes are generally reduced by daily cou-
pling, as the daily averaging smooths out the extremes. The reduction in the 10
and 90" percentiles reaches between 10 and 20% for momentum fluxes, about 40%
for fresh water fluxes, and about a factor of 5 for the net heat flux. Exceptions
are found in the tropics, in particular over the equatorial Pacific, where the weak
momentum fluxes over the central equatorial Pacific are strengthened, the strong
momentum fluxes over the western equatorial Pacific are weakened, and the weak

evaporation over the central equatorial Pacific is enhanced.

Which processes are responsible for the changes in basic statistics of

air-sea fluxes?

The intra-daily variabilities in hourly coupled MPI-ESM are partly caused by
the different averaging intervals used before exchanging information between at-
mosphere and ocean, and partly caused by the intra-daily air-sea feedbacks which
can only be resolved by hourly coupled MPI-ESM. This work separates the effect
of daily averaging from that of air-sea feedbacks occurring within a day. I find
that the increases in variances and extremes are mainly due to the daily averag-
ing which removes a considerable amount of the variance and extremes that is
related to high-frequency turbulent fluctuations in the momentum flux and the
fresh water flux in mid- and high-latitudes and to the diurnal cycle of the net
heat flux almost everywhere over the ocean. The intra-diurnal air-sea feedbacks
are responsible for changes of the mean momentum fluxes in the tropical Pacific
and Southern Ocean and decreases of variance and extremes over the tropical

oceans.
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How does the intra-daily air-sea feedback affect large-scale patterns of
air-sea fluxes?

In the Southern Ocean, the SST-wind-stress feedback is characterized by weak-
er/stronger wind stress anomalies over warmer/colder SST and the re-enforcement
of wind stress anomalies due to changes in temperature gradients. This feedback
is different in daily and hourly coupled experiments. The difference of the SST-
wind-stress feedback seems to arise from the dependence of the feedback on the
background SST, with the SST-wind-stress feedback being only found when the
background SST is sufficiently warm. This SST-dependence can be responsible
for the different SST-wind-stress feedbacks, found in daily and hourly coupling
experiment. Because the SST is colder in hourly coupled experiment, the SST-
wind-stress feedback is modified. This modification causes the increase of the
magnitude of wind stress over the Southern Ocean.

In the Equatorial Pacific, the decrease of the magnitude of wind stress is related
to the diurnal cycle of Bjerknes feedback which cannot be simulated in the daily
coupled experiment. In the hourly coupled experiment, the Bjerknes feedback
has a diurnal cycle during the El Nino events with enhanced westerly anomalies
in the nighttime but weaker ones in the daytime. During La Nina events, there
is no clear diurnal cycle of westerly winds. This results in westerly anomalies on
average along the equator in hourly coupled experiment. As the climate mean
wind stress in the equatorial Pacific is easterly, the magnitude of the wind stress

is weaker in hourly coupled experiment than in daily coupled experiment.

Can hourly coupling improve the model’s ability in simulating the
ENSO asymmetry, and if yes, why?

El Nino is stronger than La Nina. However, the simulated ENSO in daily
coupled MPI-ESM is almost symmetric. This error is corrected when simulating
intra-daily air-sea interactions by increasing coupling frequency from daily to
hourly. The intra-daily air-sea interactions do not notably influence the strength
of La Nina, but they strengthen El Nino. This is because that the intra-daily
air-sea interactions has minor effect on the diurnal cycle of convection in La Nina
years. In El Nino years, on the contrary, the diurnal cycle of SST amplifies
the convection in the central equatorial Pacific where the background SST is
anomalously warm, especially in the nighttime when the atmosphere over the
anomalously warm central Pacific is less stable. The enhanced convection in
the equatorial Pacific amplifies the Bjerknes feedback, and thus amplifies the El

Nino. Consequently, the simulated El Nino is stronger than La Nifia in the hourly
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coupled experiment.

5.3 Outlook

The results of this work are based on CMIP5-version of MPI-ESM-LR (ECHAMG6
T63). Intra-daily air-sea interactions will also occur in coupled model at higher
resolutions. Some improvements caused by high spatial resolution could be mod-
ified or amplified by the simulated intra-daily air-sea interactions. For example,
the negative anomalies of ENSO asymmetry at longitude 160°E in Fig.4.13a can
not be produced in hourly coupled MPI-ESM at low resolution LR, (Fig.4.13c),
but are partly reproduced by hourly coupled MPI-ESM at higher resolutions
(Fig.4.13e and f). Similarly, the distribution of positive anomalies of ENSO asym-
metry, which extends too much westward into the western equatorial Pacific in
MPI-ESM-LR (Fig.4.13.c), is better simulated by MPI-ESM-HR and MPI-ESM-
XR (Fig4.13 e and f). Even though the ENSO asymmetry can be robustly simu-
lated by MPI-ESM at high resolutions, the detailed structure of the asymmetry
differs among the different simulations. More work is needed to clarify whether
the differences, including some improvement in higher resolution experiments,
result from the enhanced spatial resolution or from the improved model physics
implemented in the latest version of MPI-ESM.

On intra-daily time scales, physics in the surface layer of the ocean are impor-
tant (Bernie et al. 2008; Klingaman et al. 2011). There might be rectification in
the ocean’s response to high frequency fluxes. However, the first model layer of
the oceanic component of MPI-ESM, MPIOM, is 12 meters in depth, which is
too coarse to resolve details of processes occurring in the surface layer (Fig.4.3).
Further studies based on models with higher vertical resolution are required to

understand the ocean processes related to the intra-daily air-sea interactions.
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