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Abstract

The El Nino Southern Oscillation (ENSO) mode is the most important source of interannual
climate variability. It has its origin in the interactions of the atmosphere and the tropical
Pacific Ocean but the teleconnections of ENSO reach far beyond the tropical Pacific. Al-
though the understanding of ENSO has improved greatly, there are still aspects of ENSO
that are not yet well understood. Some of these aspects are the seasonality of ENSO, i.e.,
the nature of ENSO events to peak in boreal winter, and the asymmetry of ENSO, i.e., the
fact that El Nino events are, in general, stronger than La Nina events. Also, the possible
effects of a changing climate on ENSO, and the influences of the tropical Indian and the
tropical Atlantic Ocean on ENSO are areas of ongoing studies.

For this work, the hybrid coupled model RECHOZ was developed consisting of the ECHAMS5
atmospheric general circulation model, the simple recharge oscillator ocean model in the tro-
pical Pacific and a simple mixed layer ocean model outside the tropical Pacific. Despite the
simplistic and, by construction, linear representation of ocean dynamics in the RECHOZ
model, it is able to simulate the main statistical features of El Nino, including variance,
period, seasonality, skewness, and kurtosis.

This model was used to study the seasonality of ENSO and the nonlinearities in the ENSO
cycle. Analyses of the model show that atmospheric properties are responsible for the sea-
sonality and nonlinearity of ENSO. A nonlinear relationship between the zonal wind stress
and the sea surface temperature (SST) is causing the El Nino-La Nina asymmetry.

With the aid of sensitivity experiments, the effects of changes in the mean state of the tro-

pical Pacific on ENSO due to atmospheric feedbacks were studied and the influences of the



Abstract

tropical Indian and the tropical Atlantic Ocean on ENSO were analysed. Analyses of the
sensitivity experiments show that changes in the mean state of the tropical Pacific have a
strong influence on the amplitude and frequency of ENSO. However, the results strongly
depend on the pattern of the changes. An El Nino-like warming pattern leads to a strong
increase in ENSO variability and shifts the period of ENSO towards longer timescales.

For the tropical Atlantic Ocean no clear influence on ENSO can be detected. In contrast,
the tropical Indian Ocean has a strong damping effect on the SST variability in the tropical

Pacific and reduces the period of the ENSO cycle.
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Zusammenfassung

Der El Nino Southern Oscillation (ENSO) Mode ist die bei weitem wichtigste Ursache zwi-
schenjahrlicher Klimavariabilitat. ENSO hat seinen Ursprung in den Wechselwirkungen der
Atmosphéare und des tropischen Pazifischen Ozeans, aber die Fernwirkungen reichen weit
iiber den tropischen Pazifik hinaus. Obwohl sich das Verstdndnis des ENSO Phéanomens
stark verbessert hat, sind einige Aspekte ENSOs noch immer nicht ausreichend verstanden.
Einige dieser Aspekte sind die Saisonalitat ENSOs, d.h. die Eigenschaft ENSOs im nord-
hemisphéarischen Winter den Héhepunkt zu erreichen, und die Asymmetrie ENSOs, d.h. die
Tatsache, dass El Nino Ereignisse fiir gewohnlich starker ausfallen als La Nina Ereignisse.
Ebenso sind die moglichen Effekte des Klimawandels auf ENSO und die Einfliisse des tro-
pischen Indischen und des tropischen Atlantischen Ozeans auf ENSO Gegenstand aktueller
Forschung.

Im Rahmen dieser Arbeit wurde das hybrid gekoppelte Modell RECHOZ entwickelt, das aus
dem allgemeinen atmosphéarischen Zirkulationsmodell ECHAMS5, dem einfachen Recharge
Oscillator Ozeanmodell im tropischen Pazifik und einem einfachen Turbulenzschicht-Ozean-
modell auflerhalb des tropischen Pazifiks besteht. Trotz der einfachen und per Konstruktion
linearen Darstellung der Ozeandynamik im RECHOZ-Modell ist das Modell in der Lage, die
wesentlichen statistischen Eigenschaften ENSOs, wie die Varianz, die Periode, die Saisona-
litat, die Schiefe und die Kurtosis, zu reproduzieren.

Dieses Modell wurde verwendet, um die Saisonalitat ENSOs und die Nichtlinearitat im
ENSO-Zyklus zu untersuchen. Analysen der Modellergebnisse zeigen, dass atmospharische

Eigenschaften fiir die Saisonalitat und Nichtlinearitat ENSOs verantwortlich sind. Ein nicht-
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linearer Zusammenhang zwischen der zonalen Windschubspannung und der Meeresober-
flachentemperatur (SST) verursacht die El Nino-La Nina Asymmetrie.

Mithilfe von Sensitivitatsexperimenten wurden die Effekte von Veranderungen im mittleren
Zustand des tropischen Pazifiks auf ENSO durch atmosphérische Riickkopplungen und die
Einfliisse des tropischen Indischen und des tropischen Atlantischen Ozeans auf ENSO analy-
siert. Untersuchungen der Sensitivitatsexperimente zeigen, dass Veranderungen im mittleren
Zustand des tropischen Pagzifiks einen starken Einfluss auf die Amplitude und Frequenz von
ENSO haben. Allerdings sind die Auswirkungen stark von dem Muster der Verédnderungen
abhangig. Ein El Nino-artiges Erwarmungsmuster fithrt zu einem starken Anstieg der ENSO
Variabilitat und verschiebt die Periode ENSOs zu langeren Zeitraumen.

Fiir den tropischen Atlantik kann kein deutlicher Einfluss auf ENSO festgestellt werden. Im
Gegensatz dazu hat der tropische Indische Ozean einen stark dampfenden Effekt auf die SST

Variabilitat im tropischen Pazifik und verringert die Periode des ENSO-Zyklus.

vi



1 Introduction

The El Nino Southern Oscillation (ENSO) phenomenon is the most important source of in-
terannual climate variability. It has its origin in the interactions of the tropical atmosphere
and the tropical Pacific Ocean, but the teleconnections of ENSO reach far beyond the tropi-
cal Pacific region. Especially the tropical Indian Ocean, the tropical Atlantic Ocean, and the
adjacent continents are influenced by ENSO (Latif and Barnett, 1995; Enfield and Mayer,
1997, and many others). Therefore, the predictability of ENSO is of particular importance
for global seasonal and long-term climate predictions.

In recent decades the understanding of the ENSO phenomenon has improved greatly. Theo-
retical explanations for ENSO have been developed, and models have become more advanced
and more reliable. Most state-of-the-art coupled general circulation models (GCMs) now
simulate a realistic ENSO mode, and El Nino forecasts are reasonably reliable up to about
six to twelve months ahead (depending on the season) (Latif et al., 1998). However, there
are still aspects of the ENSO phenomenon which are not yet well understood. Although
most state-of-the-art climate models now simulate a realistic ENSO mode, they still have
systematic errors in the simulated background climate and ENSO variability. Most models
have problems simulating the nonlinearities of ENSO correctly (van Oldenborgh et al., 2005)
and the tendency of El Nino and La Nina events to peak in early boreal winter is not cap-
tured by many models as well (Guilyardi et al., 2009b).

Concerning the behaviour of ENSO in a warming climate, the GCMs show a large spread of
results, too. There is no consensus yet in which way the mean state of the tropical Pacific

will change. In the fourth assessment report (AR4) of the Intergovernmental Panel on Cli-
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mate Change (IPCC) it is stated: “In summary, the multi-model mean projects a weak shift
towards conditions which may be described as "El Nino-like’, with sea surface temperatures
(SSTs) in the central and eastern equatorial Pacific warming more than those in the west,
and with an eastward shift in mean precipitation, associated with weaker tropical circula-
tions (Meehl et al., 2007).” This can also be seen in figure 1.1 where the changes in mean
tropical Pacific SST and El Nifio variability were calculated for the 1% yr! CO; increase
climate change experiments of 16 IPCC AR4 models. Out of these 16 models, 13 show an El
Nino-like pattern. In contrast, Collins and CMIP Modeling Groups (2005) again analysed 20
atmosphere-ocean GCMs submitted to the coupled model inter-comparison project (CMIP)
where they linked the realism of the simulation of present day ENSO variability in the mo-
dels to their patterns of future climate change. They found that the most likely scenario is
no trend towards either mean El Nino-like or La Nina-like conditions. More recent studies
suggest that there is an enhanced equatorial warming rather than an El Nino-like response
due to global warming (Liu et al., 2005; Vecchi et al., 2008; DiNezio et al., 2009). It is also
still unclear how the ENSO variability will be influenced by global warming. Although most
of the models analysed for the IPCC report simulate an El Nino-like warming pattern, they
do not agree in the simulated future strength of ENSO (figure 1.1). Half of the models si-
mulating an El Nino-like global warming pattern simulates an increase in ENSO variability.
The other half simulates a decrease.

Several studies stress the important role of atmospheric feedbacks in determining the charac-
teristics of the ENSO mode in GCMs (Schneider, 2002; Guilyardi et al., 2004, 2009a). Also
future changes in the ENSO properties due to global warming depend strongly on atmos-
pheric feedbacks (Collins et al., 2010).

Another important aspect of ENSO which is not yet fully understood is the influence of the
tropical Indian and the tropical Atlantic Ocean on ENSO. These feedbacks are difficult to
study in fully coupled GCMs too, because these are just secondary effects dominated by

the primary effect of ENSO influencing the tropical Indian and the tropical Atlantic Ocean.
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Figure 1.1: Base state change in average tropical Pacific SSTs and change in El Nino vari-
ability simulated by atmosphere-ocean GCMs. The base state change (horizontal axis) is
denoted by the spatial anomaly pattern correlation coefficient between the linear trend of
SST in the 1% yr! CO, increase climate change experiment and the first empirical ortho-
gonal function (EOF) of SST in the control run experiment over the area 10°S to 10°N,
120°FE to 80°W (reproduced from Yamaguchi and Noda (2006)). Positive correlation values
indicate that the mean climate change has an El Nino-like pattern, and negative values are
La Nina-like. The change in El Nino variability (vertical axis) is denoted by the ratio of the
standard deviation of the first EOF of sea level pressure (SLP) between the current climate
and a future climate projection. Error bars indicate the 95% confidence interval. The figure
is obtained from Meehl et al. (2007) (Figure 10.16).

However, recent studies suggest that the tropical Indian and the Atlantic Ocean might have
an important influence on the ENSO cycle (Dommenget et al., 2006; Jansen et al., 2009;
Rodriguez-Fonseca et al., 2009).

One alternative to using complex atmosphere-ocean GCMs is to use an hybrid coupeld model
(HCM) consisting of a full-complexity atmospheric GCM and a simple linear ocean model
to analyse the role of atmospheric feedbacks in the ENSO cycle. Within this work the new
HCM RECHOZ was developed, which consists of an atmospheric GCM, the two-dimensional

linear recharge oscillator ocean model in the tropical Pacific, and a simple mixed layer ocean
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model elsewhere. With this HCM the following key questions will be studied:

e Which atmospheric processes lead to the phase locking of ENSO, with El Nino and La

Nina events typically peaking in early boreal winter?

e What are possible atmospheric causes for the amplitude asymmetry between El Nino

and La Nina events?

e In which way are changes in the mean state of the tropical Pacific affecting ENSO

through atmospheric feedbacks?

e How are the tropical Indian Ocean and the tropical Atlantic Ocean influencing ENSO?

Therefore, in chapter 2, first the climate of the tropical Pacific is described with a particular
focus on the ENSO phenomenon. Also the climatic states of the tropical Indian and the
tropical Atlantic Ocean are briefly illustrated, and the interactions of the tropical oceans
with ENSO are described. Chapter 3 introduces the simple recharge oscillator ocean model
and describes the derivation of the new RECHOZ model. How ENSO is simulated in the
RECHOZ model is described in chapter 4. Especially the amplitude asymmetry between
El Nino and La Nina events and the seasonal phase locking of ENSO are studied with the
help of the RECHOZ model. Different sensitivity experiments of the model are analysed to
gain a better understanding of the influence of changes in the tropical Pacific mean state
on ENSO through atmospheric feedbacks and the interactions of the tropical Indian Ocean
and the tropical Atlantic Ocean with ENSO. Finally, chapter 5 provides conclusions and an

outlook.



2 The tropical oceans and ENSO

2.1 Observational data sets

Different observational data sets were used to describe the climatic conditions in the tropical
oceans and to verify the model results. Observational SST data was taken from the HadISST
data set for the period from 1870 to 2003 (Rayner et al., 2003). This is a gridded data set
based on an EOF reconstruction of observational data. As thermocline depth data the
BMRC data set of the 20° isotherm of Smith (1995) for the period from 1980 to 2002 was
used. This is a gridded data set based on an interpolation using data from the Tropical
Atmosphere Ocean (TAO) array and ship measurements. Because this time series is very
short, also 20° C isotherm depth data obtained from a forced simulation of the Max Planck
Institute Ocean Model (MPI-OM) ocean general circulation model (Marsland et al., 2003)
was used for the period from 1950 to 2001. The model was forced with zonal wind stress
data from the NCEP-NCAR reanalysis (Kalnay and Coauthors, 1996). For the calculation
of heat fluxes, standard bulk formulas were used, and a weak relaxation of surface salinity to
the Levitus et al. (1994) climatology was applied. This data set was also used for previous
studies by Keenlyside and Latif (2007) and Jansen et al. (2009). The results were carefully
checked against various observational and reanalysis data sets for the Pacific and the Atlantic

Ocean.
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2.2 The tropical Pacific Ocean and ENSO

The name 'El Nino’ (spanish for the Christ Child) was first given by Peruvian fishermen
to a warm ocean current which occured regularly near the coast of Peru around Christmas.
Because fish need cool nutrient-rich water, there are much fewer fish during the warm 'El
Nino’. Today the term El Nino describes more generally periods with warmer than normal
SSTs in the central and eastern equatorial Pacific. The tropical Pacific SST is oscillating
on interannual timescales with a positive anomaly during El Nino events and a negative
anomaly during La Nina events (Philander, 1985). The peak of these El Nino and La Nina
events also occurs around Christmas. These fluctuations in SSTs go along with variations
in air pressure difference between the eastern and the western equatorial Pacific regions,
which is known as the Southern Oscillation (SO). The SO was first detected by Walker
(1924). He described it as a seesaw in the surface pressure between the south-east Pacific
high pressure zone and the north Australian-Indonesian low pressure zone that goes along
with variations in rainfall and SSTs. Bjerknes (1969) found that the SO is closely linked
with the interannual variations in SST in the eastern and central tropical Pacific. Together

they form the so-called El Nino Southern Oscillation phenomenon.

2.2.1 The mean state of the tropical Pacific

Although the climate of the tropical Pacific is dominated by the ENSO phenomenon, the
background mean state is an interesting system, too. While the eastern part of the equa-
torial Pacific Ocean is where the coldest SSTs of the whole equatorial area are found, the
western part has the warmest SSTs of the whole equatorial region. This leads to a large
east-west temperature gradient, which is an important factor for the development of an El
Nino event. Thus, for understanding ENSQO, it is first essential to understand the mean state

in the tropical Pacific.



2.2 The tropical Pacific Ocean and ENSO

This mean state arises from the interactions of the atmosphere and the ocean. In the tropical
atmosphere two main circulation systems are found: one meridional circulation, the so-called
Hadley cell, and one zonal circulation, the so-called Walker circulation. Driven by the high
solar altitude warm air rises in a band slightly north of the equator. This band is called
the Intertropical Convergence Zone (ITCZ). It is located north of the equator rather than
on the equator due to the larger land masses in the Northern Hemisphere. The air rising in
the ITCZ is transported poleward, in the subtropics it cools down, and sinks. This produces
a circulation towards the ITCZ near the surface and poleward in the upper troposphere:
the Hadley cell. Due to the rotation of the earth, the Coriolis force acts on the Hadley
cell. Moving air is deflected to the right in the Northern Hemisphere and to the left in the
Southern Hemisphere. This causes winds blowing from the northeast north of the ITCZ and
from the southeast south of the ITCZ which converge at the ITCZ and result in the easterly
trade winds.

These easterly trade winds also influence the ocean surface. Warm water is pushed to the
west while there is upwelling of cold subsurface ocean waters in the east. This causes a
relatively shallow layer of warm water in the eastern Pacific while in the western Pacific
there is a deep layer of warm water. The layer which separates the warm water at the top
from the cold deep ocean waters is called the oceanic thermocline. In literature, and also in
this thesis, the depth of the thermocline is often defined as the depth of the 20° C isotherm.
Usually it is deepest in the west with an upward slope towards the east, where it almost
reaches the surface. This leads to strong differences in SST between the eastern and western
equatorial Pacific. The warmest temperatures are found in the western equatorial Pacific
in the so-called warm pool region while the coldest temperatures are found in the eastern
Pacific in an area called the cold tongue. This temperature pattern also leads to the typical
pattern of tropical Pacific rainfall with the heaviest rainfall observed across Indonesia and
the western tropical Pacific, and the least rainfall found across the eastern tropical Pacific.

The east-west SST gradient leads to the second tropical atmospheric circulation, the Walker
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Normal conditions

30°C

pig kg

28°C

....... 26°C

Equator
24°C

22°C

20°C
-100 m 4

Equatorial thermocling

-200m |~

130°E 90°W

Figure 2.1: Schematic representation of the climatic conditions during the neutral phase of
ENSO in the tropical Pacific. The shaded areas above display the composite of observed
monthly mean SSTs for neutral conditions. The SSTs are averaged from December to May
of the following year for all neutral years (T,,s(December) < |o(Twps)|). The grey arrows are
indicating the zonal wind and the black arrows represent the atmospheric circulation.

circulation (see figure 2.1). Above the warm pool the air is rising and transported eastward
in the upper troposphere. Accordingly, above the cold tongue region this air sinks and causes
an additional westward wind component added to the trade winds at the surface. The rising
air in the western Pacific also causes low air pressure above the warm pool while the descen-
ding air above the cold tongue results in high air pressure. The pressure difference between
Darwin in the west and Tahiti in the east is a common measure for the strength of the SO.
Figure 2.1 schematically displays the climatic conditions of the tropical Pacific during the
neutral phase of ENSO. For the SST patterns here and in the following schematics of the
El Nino and La Nina conditions (figures 2.2 and 2.3), composites of the observed SST in

the tropical Pacific were calculated. Therefore, the averages of the SSTs from December to
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May of the following year for all neutral ENSO years, El Nino years and La Nina years were
calculated. (For a definition of El Nifio and La Nina years see section 2.2.3.)

Although the sun “crosses” the equator twice a year, the seasonal cycle of SSTs and sur-
face winds in the eastern equatorial Pacific is dominated by an annual component (Li and
Philander, 1996). Along the coast of South America the lowest mean monthly SSTs occur
during August and September, and the maximum values of SST are found in March and
April (Rasmusson and Carpenter, 1982). In the warm pool region in the western Pacific,

only a very weak bi-annual seasonal cycle in SSTs and surface winds exists.

2.2.2 EIl Nino and La Nina events
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Figure 2.2: Schematic representation of the climatic conditions during the El Nino phase of
ENSO in the tropical Pacific. The shaded areas above display the composite of observed
monthly mean SSTs for El Ninio conditions. The SSTs are averaged from December to May
of the following year for all El Nifio years (T,ps(December) > o(Tps)). The grey arrows are
indicating the zonal wind and the black arrows represent the atmospheric circulation.
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During an El Nino event the mean state of the tropical Pacific is disturbed. The origin of
this disturbance is still a matter of ongoing discussions. However, to describe the evolution
of an El Nino event one can start with an initial positive SST anomaly in the eastern tropical
Pacific. This positive SST anomaly reduces the SST gradient and thus the strength of the
atmospheric Walker circulation. This results in weaker easterly trade winds at the equator.
Weaker trade winds lead to less upwelling and a deeper thermocline in the eastern equatorial
Pacific which causes higher SSTs. These reduce the SST gradient along the equator even
further. This positive feedback is known as the Bjerknes feedback. In figure 2.2 the conditions

in the tropical Pacific during El Nino events are displayed.
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Figure 2.3: Schematic representation of the climatic conditions during the La Nina phase
of ENSO in the tropical Pacific. The shaded areas above display the composite of observed
monthly mean SSTs for La Nina conditions. The SSTs are averaged from December to May
of the following year for all La Nina years (Tpps(December) < —o(T,ps)). The grey arrows
are indicating the zonal wind and the black arrows represent the atmospheric circulation.
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In contrast to El Nino events, where the strength of the equatorial Walker circulation is
weakened, during La Nina events the strength of the Walker circulation is even enhanced.
Colder than normal SSTs are found in the eastern tropical Pacific which lead to increased
easterly trade winds. These increased easterlies also increase the upwelling in the eastern
Pacific and thus reduce the depth of the thermocline in this area. The conditions in the

tropical Pacific during La Nina events are displayed in figure 2.3.

2.2.3 ENSO variability

Different indices are used to describe the strength of ENSO. One of the most common is
the NINO3 index. It denotes the average SST anomaly in a region in the eastern equatorial
Pacific (5°S —5°N, 90°W — 150°WW). Other common indices are the NINO4 index for an area
further to the west or the NINO3.4 index which includes parts of both areas. The SO index
which measures the difference in surface air pressure between Darwin and Tahiti is a well
known index too, that has been measured for a long time already. In this study the NINO3
index will be used. An El Nino event is defined as an event with a NINO3 index greater than
the standard deviation of the NINO3 index. A La Nina event in turn is defined with a NINO3
index smaller than the negative of its standard deviation. The observed standard deviation
of the NINO3 index for the period from 1870 to 2003 is o(7,p5) = 0.8 K. Figure 2.4 shows
the time series of the observed NINO3 index and NINO3 thermocline depth anomalies from
the forced MPI-OM simulation for the period from 1950 to 2001. Because in the later model
studies only the thermocline depth anomalies averaged over the whole equatorial Pacific
(5°S — 5°N, 130°FE — 150°W) are available, these are shown for comparison in figure 2.5. El
Nino and La Nina events occur every couple of years. Especially the very strong El Ninos
of 1982/83 and 1997/98 are striking. Obviously, there is a strong relationship between the
SST anomalies and the thermocline depth anomalies especially in the NINO3 region. The

NINOS3 thermocline depth anomalies seem to be slightly leading the SST anomalies, while

11
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Time series of observed NINO3 SST anomalies and NINO3 thermocline depth anomalies
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Figure 2.4: Timeseries of observed monthly mean NINO3 SST anomalies and NINO3 ther-
mocline depth anomalies from the forced MPI-OM simulation for the period from 1950 to
2001. The red lines indicate the standard deviation of the SST anomalies.
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Figure 2.5: Timeseries of observed monthly mean NINO3 SST anomalies and equatorial
Pacific thermocline depth anomalies from the forced MPI-OM simulation for the period
from 1950 to 2001. The red lines indicate the standard deviation of the SST anomalies.
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for the equatorial Pacific thermocline depth anomalies and the NINO3 SST anomalies no
clear lag-lead-relationship can be identified from the time series. This lag-lead-relationship
becomes clear if one calculates the cross correlation between the thermocline depth anomalies
and the SST anomalies (figure 2.6). For the NINO3 thermocline depth anomalies, the cross
correlation is maximum when the thermocline depth leads the SST by 1-2 months and stays
positive for about 1 year. Positive correlation at positive lag indicates the thermocline depth
forces the SST and vice versa for negative lags. For the equatorial Pacific thermocline depth
anomalies, one finds the strongest anti-correlation when the SST is leading the thermocline

depth for approximately 9 months.

Cross correlation thermocline depth
anomalies vs. NINO3 S5T anomalies

1+17NINO3 thermocline depth I
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Figure 2.6: Cross correlation between NINO3 thermocline depth anomalies from the forced
MPI-OM run and observed NINO3 SST anomalies (blue) and between equatorial Pacific ther-

mocline depth anomalies from the forced MPI-OM run and observed NINO3 SST anomalies
(red).
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2 The tropical oceans and ENSO

To determine the period of ENSO more precisely one can examine the power spectrum of
NINO3 SST anomalies (figure 2.7). For comparison, the spectrum of a first order autore-
gressive process (AR(1)) fitted to the time series is shown with 90% confidence interval. An
AR(1) process represents a red noise process. The peak of the NINO3 SST spectrum is found

at periods around 3 1/2 years and is clearly outside the range of the red noise process.

Power spectrum of monthly mean NINO3
SST anomalies

R R e

- £ oy I D B

spectral variance [Kz*month]

frequency [month™]

Figure 2.7: Spectrum of observed monthly mean NINO3 SST anomalies (blue). For com-
parison also the spectrum of a fitted AR(1) process with 90% confidence interval is plotted
(red). The vertical black lines indicate periods of 1, 2, 3 and 4 years.

Another characteristic of ENSO is its spatial pattern. One way to describe the pattern of
ENSO is to compute composites like was done for the schematic representations of neutral
ENSO conditions, El Nifio, and La Nina events (figures 2.1, 2.2, and 2.3). Another way is to
calculate the pattern of the first EOF of the tropical Pacific SST anomalies (figure 2.8). This
is the pattern of maximum variability of the multi-year SST field. Since the SST variability
in the tropical Pacific is mostly caused by ENSO, the pattern of the first EOF describes the

ENSO pattern very well.
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2.2 The tropical Pacific Ocean and ENSO

Pattern of the first EOF of tropical Pacific SST
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Figure 2.8: Pattern of the first EOF of tropical Pacific SST anomalies. In units of K.

The probability distribution of the NINO3 SST anomalies is shown in figure 2.9. In the
NINO3 region, in general, positive SST anomalies are stronger than negative anomalies.
This is also underlined by a positive skewness of NINO3 SST anomalies of v (Tps) = 0.7.

Skewness is a measure for the asymmetry of a distribution. The distribution of the NINO3

Observed NINO3 SST anomaly histogram
0.8 - -

std=0.8
skewness=0.7
kurtosis=1.1

06

0.4y

0.27

SST anomaly [K]

Figure 2.9: Histogram of observed monthly mean NINO3 SST anomalies for the period
1870-2003.
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2 The tropical oceans and ENSO

SST anomalies also shows a positive kurtosis of yo(T,ps) = 1.1. A positive kurtosis indicates
that a distribution has a sharper peak than a normal distribution of equal standard devia-
tion, which means extreme events are more likely than for a normal distribution.

Although great improvements have been made in understanding and predicting ENSO, there
are still aspects of the ENSO phenomenon which are not yet understood, like the fact that the
El Nino and La Nina events tend to follow a seasonal evolution or the amplitude asymmetry

between El Nino and La Nina events.

2.3 The tropical Atlantic Ocean and the tropical Indian Ocean

The tropical Atlantic Ocean and the tropical Indian Ocean are the regions most influenced
by ENSO. But to answer the question of whether they also have an influence on ENSO
themselves, it is first necessary to understand the climatic states in the tropical Atlantic and
the tropical Indian Ocean.

Although the Atlantic Ocean has a different basin size and a different distribution of land
masses than the Pacific Ocean and there is no permanent warm pool in the tropical Atlantic,
the two tropical oceans have many similarities in their mean climate. Similar to the tropical
Pacific there are easterly surface winds, an equatorial cold tongue and a thermocline with
an upward slope towards the east in the tropical Atlantic. Also the annual cycles of winds
and SSTs show strong similarities between the two tropical oceans. This suggests that there
also might be a coupled atmosphere-ocean mode similar to ENSO.

Keenlyside and Latif (2007) showed that the three elements of the Bjerknes feedback, surface
winds, heat capacity, and SST, are present in the equatorial Atlantic and show spatial
structure and cross correlation functions similar to the tropical Pacific. However, the strength
of these feedbacks in the Atlantic is weaker and also other mechanisms seem to influence the
SST wvariability. Another difference to the Pacific ENSO is the tendency of these so-called

Atlantic Nino events to peak in boreal summer while ENSO events peak in boreal winter.
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2.4 Interactions of the tropical oceans with ENSO

The tropical Indian Ocean differs from the other oceans in a number of ways (Schott et al.,
2009). First, the Indian Ocean has a very different geometry. It is bounded to the north
by the Asian continent which prevents heat export to the north. Additionally, the Asian
continent drives the strongest monsoon on Earth and the resulting winds produce a large
seasonal variability in the ocean currents. Many currents even show an annual reversal.
Another difference to the other tropical oceans is the absence of steady equatorial easterlies,
which implies that there also is no climatological equatorial upwelling in the eastern ocean.
This is due to the rising branch of the Indian Ocean Walker circulation being located over
the maritime continent. Finally, the Indian Ocean has a low-latitude exchange route with
the Pacific in the form of the Indonesian Throughflow.

Despite these large differences to the other tropical oceans, some studies suggest that there
might be a dynamical climate mode similar to the ENSO mode in the tropical Pacific but
intrinsic to the Indian Ocean, the so-called Indian Ocean dipole (IOD). Fischer et al. (2005)
and Behera et al. (2006) argue that the IOD could be forced by both ocean dynamics in the
Indian Ocean itself and remote forcings from ENSO. On the other hand, Baquero-Bernal
et al. (2002), Dommenget (2007), and Jansen et al. (2009) argue that the IOD index might
just be a statistical index that has little indication to represent something like a coupled

climate mode.

2.4 Interactions of the tropical oceans with ENSO

Although the ENSO mode is mainly a phenomenon of the tropical Pacific Ocean, the tele-
connections of ENSO reach far beyond the tropical Pacific. ENSO has a strong influence on
global interannual climate variability. SST anomalies in the whole Pacific region, the tropical
Indian Ocean and parts of the tropical Atlantic Ocean are correlated with the NINO3 SST
anomalies (see figure 2.10). Precipitation anomalies in large parts of the world, for example

parts of the Australian continent, India, southeast Africa, and parts of the North and South
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2 The tropical oceans and ENSO

Correlation of global SST anomalies with NINO3 SST anomalies
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Figure 2.10: Observed correlation of global SST anomalies with NINO3 SST anomalies. The
black box indicates the NINO3 region.

American continents, are related to ENSO (Ropelewski and Halpert, 1987). The regions
most influenced by ENSO are the tropical Indian Ocean (Latif and Barnett, 1995; Venzke
et al., 2000), the tropical Atlantic Ocean (Hastenrath et al., 1987; Enfield and Mayer, 1997;
Mo and Hékkinen, 2001; Huang, 2004), and the adjacent continents. However, recent stud-
ies also suggest that the other tropical oceans may not only react to the ENSO mode but
are influencing ENSO themselves. A first indication for this hypothesis can be found if one
examines the cross correlation between the NINO3 SST anomalies and the SST anomalies in
the eastern equatorial Atlantic (ATL3) region (3°S — 3°N, 20°W — 0°F) and in the tropical
western Indian Ocean (WIO) region (10°S — 10°N,50° — 70°E) respectively (figure 2.11).

The cross correlation between the NINO3 and the WIO region is strongest when the NINO3
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Cross correlation between NINO3 SST anomalies
and SST anomalies in the ATL3 and WIO regions
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Figure 2.11: Observed cross correlation between the NINO3 SST anomalies and the ATL3
SST anomalies (green) and the NINO3 SST anomalies and the WIO SST anomalies (red).

region is leading by approximately 5 months while the correlation is weak when the WIO
is leading. The cross correlation between the NINO3 and the ATL3 region is always weak.
However, it is interesting to note the relatively strong correlation when the ATL3 region is
leading by approximately 7 - 8 months. This could be a first indication for an influence of

the Atlantic ocean on ENSO.
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3 The RECHOZ model

3.1 The recharge oscillator

A very useful way to study the basic mechanisms responsible for ENSO is with simple con-
ceptual models, which condense the dynamics of ENSO to ordinary or delay differential
equations. The first of these simple conceptual models for ENSO was the delayed action
oscillator by Suarez and Schopf (1988). In this model the oscillation is explained by equato-
rial wave transport processes. An initial westerly wind stress anomaly in the central Pacific
generates a downwelling Kelvin wave propagating to the east and an upwelling Rossby wave
travelling to the west. The Kelvin wave travels quite rapidly to the east and deepens the
thermocline which leads to a warming of the SST. When the slower travelling Rossby wave
reaches the western boundary it is reflected back to the east as an upwelling Kelvin wave
that reverses the earlier warming in the east. Battisti and Hirst (1989) followed a different
derivation and ended up with the same equation. Another approach is the recharge oscillator
model, which was first proposed by Jin (1997). In this model the oscillation is explained
by discharging (recharging) of equatorial heat content during an El Nifo (La Nina) event,
and equatorial wave travel times are not explicitely considered. The model consists of four
equations for the western Pacific thermocline depth anomaly hy,, the eastern Pacific ther-
mocline depth anomaly hg, the central Pacific zonal wind stress anomaly 7, and the NINO3

SST anomaly 7"



3 The RECHOZ model

dh
—d;;V =—rhy —art (3.1)
dT
o= —cT +~vhg (3.2)
T=0bT (3.3)
hE = hW + T (34)

Units are chosen such that the coefficient of 7 in equation 3.4 equals one. The first term
on the right-hand side in equation 3.1 represents the damping of the upper ocean system
through mixing and the equatorial energy loss to the boundary layer currents. The second
term represents the Sverdrup transport across the basin, i.e., the transport of heat content
to or from the equatorial region depending on the wind forcing, leading to a deepening
or flattening of the thermocline. In equation 3.2, the first term on the right-hand side
describes the damping of the SST anomaly due to the mean climatological upwelling and
heat exchange between the atmosphere and the ocean. The second term is the thermocline
upwelling feedback. Equation 3.3 is a simple approximate relation of the wind stress and
SST anomalies. Finally, equation 3.4 states that the tilt of the thermocline reacts quasi-
instantaneously to wind stress. The equations 3.1 to 3.4 can be combined to a system of two

ordinary differential equations:

dh
d—:V:—rhW—abT (3.5)
dr

Figure 3.1 displays a schematical representation of the physics of the recharge oscillator
(equations 3.5 and 3.6). In panel (a) an initial positive SST anomaly induces a westerly
wind anomaly over the central to western Pacific. This promptly leads to an anomalous

slope of the thermocline. In the east the thermocline deepens which leads to a further
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3.1 The recharge oscillator

T~ 0 SST ~ 0

T~ 0 L SST ~0 T SST (-)

AR _ u\\h

Figure 3.1: Schematic panels of the four phases of the recharge oscillator: (a) the warm
phase, (b) the warm to cold transition phase, (c¢) the cold phase, and (d) the cold to warm
transition phase. The rectangular box represents the equatorial Pacific basin, the elliptical
circle represents the SST anomaly, the thin and filled arrows represent wind stress anomaly
associated with the SST anomaly, and the thick unfilled arrows represent the recharge/dis-
charge of equatorial heat content. Each panel also shows the distribution of the thermocline
depth anomaly (h) along the equator. The figure is obtained from Jin (1997).

amplification of the initial SST anomaly and the oscillation reaches a mature phase. In the
west the wind stress anomaly gradually reduces the depth of the thermocline and leads to
a negative zonal mean thermocline depth anomaly across the Pacific. This deepening of the
mean thermocline can also be considered as the discharge of zonal mean equatorial heat
content. This discharge of heat content also gradually flattens the thermocline in the east
and the oscillation evolves from the warm phase to a transition phase (see figure 3.1 panel
(b)). Now the SST anomaly cools to zero and the zonal wind stress anomaly disappears.
Together with the wind stress, the anomalous slope of the thermocline diminishes but the

entire equatorial thermocline depth stays anomalously shallow due to the discharge of the
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3 The RECHOZ model

heat content during the warm phase. Due to this anomalously shallow thermocline there is
an upwelling of cold water in the east, which causes the SST anomaly to become negative.
This leads to an easterly wind stress anomaly, which causes a deepening of the thermocline
in the west and a further flattening of the thermocline in the east accompanied by a further
cooling of the SST. The oscillation reaches its mature cold phase (figure 3.1 panel (c)).
Now the enhanced easterlies induce a deepening of the zonal mean thermocline depth or a
recharging of the equatorial heat content. The oscillation reaches another transition phase
(figure 3.1 panel (d)). The SST anomaly warms to zero again and the anomalously deep
zonal mean thermocline leads to a development of a warm phase again.

One way to excite the recharge oscillator is to include a stochastic forcing. Thus the linear

conceptual model can be extended as follows:

dh—W:—rhW—abT—a& (3.7)
dt

drT

E:Wb—C)T+7hw+7§1+f2 (3.8)

where &; represents a random wind stress forcing added to 7 in equations 3.1 and 3.4 and &
is a random heating added into equation 3.2.

Burgers et al. (2005) derived a more general form of the recharge oscillator by making the as-
sumption h ~ 0.5 (hy +hg) where h is the zonally averaged central Pacific thermocline depth

anomaly. So the general recharge oscillator excited by stochastic forcing can be expressed

as follows:
drT
—_— = 6L11T + (llgh + S1 (39)
dt
dh
E = ang + a22h + S9 (310)

with s; and sy representing the combined stochastic forcings.
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3.2 Model development

3.2 Model development

The simple conceptual ENSO models by Suarez and Schopf (1988) and Jin (1997) accounted
for big improvements in the understanding of the ENSO phenomenon. Since the time these
models were developed, there has been a steady progress in the simulation and prediction
of ENSO using coupled GCMs (Latif and Coauthors, 2001; Guilyardi et al., 2009b). Many
state-of-the-art coupled GCMs now simulate an ENSO mode that is qualitatively similar
to the real-world behaviour. However, recent multimodel analyses show that the models
still produce systematic errors in the simulated background climate and in the simulated
variability (van Oldenborgh et al., 2005; Capotondi et al., 2006; Guilyardi et al., 2009b).
For example van Oldenborgh et al. (2005) studied the ENSO-like model variability in the
tropical Pacific in 19 climate models of the IPCC AR4 report. The models show a wide
range of behaviour. Two models do not show ENSO-like variability at all. Other models
show too regular oscillations or a shorter period than observed. Also the modeled amplitude
of ENSO events ranges from less than half to more than double of the observed amplitude.
Many models are also not able to capture the the observed seasonality of ENSO. They show
only little seasonal modulation or a phase locking to the wrong part of the annual cycle.
Most models also cannot reproduce the observed positive skewness of ENSO. They simulate
no skewness or even a negative skewness. This indicates that some aspects of ENSO are not
yet fully understood and thus it is difficult to make any reliable predictions of how ENSO
will behave in future warmer climate.

Several studies point out the important role of atmospheric feedbacks in determining ENSO
characteristics in GCMs (Schneider, 2002; Guilyardi et al., 2004, 2009a). To improve the
understanding of the influences of atmospheric feedbacks on ENSO properties like the skew-
ness and the nonlinearity, a new HCM RECHOZ was developed which consists of a complex
atmospheric GCM coupled to a simple conceptual linear two-dimensional ocean model in

the tropical Pacific. This model can also be used to study the effects of changes in the mean
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3 The RECHOZ model

state of the tropical Pacific on ENSO through atmospheric feedbacks and the influences of
the tropical Indian and the tropical Atlantic Ocean on ENSO.

The new RECHOZ model is based on the simplified global climate model ECHAM5-OZ
(Dommenget and Latif, 2008). As the atmospheric component the GCM ECHAMS5 is used,
which is described in Roeckner et al. (2003). The mean climatology of the model is described
in Roeckner et al. (2004). The model has a horizontal spectral resolution of T31, appro-
ximately equivalent to 3.75° by 3.75°, with 19 vertical levels up to 10 hPa and a temporal
resolution of 40 minutes. The oceanic component of the model is the simple mixed layer
ocean model OZ, which is similar to the model of Alexander and Penland (1996). In this
model the ocean consists of 19 vertical layers that are connected through vertical diffusion
only. That means that ocean grid points do not communicate with neighbouring points.
The density depends on temperature and salinity, but the density variations are only driven
by the temperature. At the surface the ocean is forced by heat flux and mechanical wind
mixing (Niiler and Kraus, 1977). The temperature of the lowest layer, at a depth of 500 m,
is restored to the observed climatology. Effects of the time-mean ocean currents are included
by a so-called Q-flux scheme, that ensures a realistic mean state. However, changes in ocean
currents are not taken into account. The model realistically simulates monthly mean SST
standard deviations and seasonal differences. It also has a realistic SST spectrum in the
mid- and higher latitudes (Dommenget and Latif, 2008). Because ocean dynamics are not
considered in the model, the SST variability in the tropics is much weaker than observed
and has unrealistic spatial structures.

Therefore, in the tropical Pacific (20°S — 20°N, 130° E-Pacific eastern boundary) the ocean
grid is replaced with the low-order two-dimensional recharge oscillator model based on
Burgers et al. (2005) (equations 3.9 and 3.10). The values of the parameters ai;, a9,
ag1 and ags were chosen in accordance to the observational estimate of Burgers et al.
(2005) (see table 3.1). The stochastic forcings can be assumed to be the central Pacific

(6°S —6°N, 160°E — 140°TV) zonal wind stress anomaly 7 and the NINO3 heat flux anomaly
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3.2 Model development

RECHOZ
model region

Figure 3.2: Schematic representation of the model variables.

f. A schematic representation of the model variables can be seen in figure 3.2.
It further has to be considered that the couplings to T' (ay; and as;) are partly caused by

oceanic and atmospheric processes:

a1 = a110 + G114 (3.11)

(91 = Q910 + Q214 (3.12)

It is assumed that the atmospheric coupling to 7' (a114T and ag147T) is actually a coupling

to 7 and f:

A11A = CrATTr + CFATTSf (3.13)
214 = CrO0 T + CfO TS (3.14)

The linear regressions of 7 on 7', rp,, and f on T, rr¢, were estimated from a reference
run in which in the tropical Pacific the ocean model was replaced by a harmonic oscillating
SST anomaly with the pattern of the first EOF of the tropical Pacific SST anomalies (see
figure 2.8), a period of 4 years and an amplitude of v/2 K. Thus 7 and f both have a part
proportional to 7" and an independent part representing the stochastic forcings & and &.

The parameters c;4, ¢fa, ¢;o and cgo need to be constrained further. Following Jin (1997)
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3 The RECHOZ model

no heat flux forcing for h is assumed, thus c;o = 0. Furthermore, it is assumed that
the atmospheric heat flux is integrated by the heat capacity of the mixed layer, mc, with
an estimated depth of 80 m, which defines cf4. The parameters ¢4 and c,;o are not well
constrained by neither Jin (1997) nor Burgers et al. (2005). To estimate these parameters for
the ECHAMS5 atmosphere model the RECHOZ model was tested with a range of parameter

values for c;4, c,0, and mec. For the values in table 3.1 the statistics of 1" and h in the

RECHOZ model are closest to those observed.

Param. Value Param. Value

a1 0.076 1 ano —0.488 —.
ai14 0.412 —

a2 0.021 —£—

a1 —1.400 2 a210 —1.322 "
214 —0.078 -

22 —0.008 ——

rrr 7.32- 101 mmo’;%

rTf 1.51-10% moni%ﬁz(

me | 1025:% - 3994 14 - 80m

Cra 5.63 - 10712 Kmmonth

Cro 1.07-1071 "127;1—;"”1

Table 3.1: Parameter values for the RECHOZ model.
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3.2 Model development

So the resulting RECHOZ model equations are:

dT 1
— =anoT +aph+cat+ —f (3.15)
dt mc

dh
E = agloT + (lggh + CrOoT (316)

Note that here the tendencies of h are depending on 7', while following Jin (1997) one
could replace the T-term with a term proportional to 7 because physically the depth of the
thermocline is only influenced by the wind stress and not directly by the SST. In this case
equation 3.16 would look like:

dh 1

i axh + E(Zzﬁ (3.17)

I tested such a model coupled to ECHAMYS5, but could not find a parameter space in which
realistic amplitude and oscillation of T' variability would occur. With a parameter as; in
the range of the observational estimates of Burgers et al. (2005) the ENSO variability in the
model was strongly reduced.

The resulting model temperature anomaly 7" in equation 3.15 is just one value for the whole
tropical Pacific. To get from this one-dimensional model temperature anomaly to basinwide
temperature anomalies, the resulting temperature anomaly is multiplied with the pattern of
the first EOF of the observed SST anomalies over the tropical Pacific domain (for the EOF
pattern see again figure 2.8). The atmosphere model, however, needs absolute temperature
values and not temperature anomalies. Therefore, observed tropical Pacific seasonal mean
SST values are added when coupled to the ECHAMS5 atmosphere model. This means also
that the mean state of the tropical Pacific in the model could only change if the mean of the
SST anomalies was not equal zero, what is not the case in the RECHOZ model.

In summary, the RECHOZ model is a HCM with a full complexity atmospheric GCM coup-
led to a ocean model in the tropical Pacific which has by construction linear and seasonally

non-varying ocean dynamics. Thus, this model can be used to study the influences of atmos-
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3 The RECHOZ model

pheric feedbacks on the seasonality and nonlinearity of ENSO. By changing the prescribed
SST climatology in the tropical Pacific, it can be analysed, how changes in the mean state
influence the properties of ENSO through atmospheric feedbacks. It is also easily possible
to replace the mixed layer ocean model in different regions by prescribed climatologies to

study the influence of climate variability in this regions on the ENSO mode.

3.3 The REOSC-MC model

For comparisons also a simple Monte Carlo reference model (REOSC-MC) is constructed
in which the recharge oscillator ocean model in equations 3.15 and 3.16 is taken and the
atmospheric GCM forcings 7 and f are expressed in terms of T and some white noise
forcings:

T = TTTT + 51 (318)
f = TTfT"‘fQ (319)

with r7- and rry the regression coefficients mentioned above. The standard deviations of
the noise terms &; and & were chosen to be identical to the standard deviations of the resi-
duals of the linear regression between 17" and 7 and 7" and f. The REOSC-MC model was

integrated for 10000 years with a timestep of 40 minutes.
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4 ENSO in the RECHOZ model

4.1 Main ENSO statistics

First it is analysed how the main properties of ENSO are simulated in the 500-year-long
CTRL experiment of the RECHOZ model. The mean values of tropical Pacific SST and zonal
wind stress are simulated realistically in the model (figure 4.1 (a) and (b)). The recharge
oscillator ocean model only calculates the SST anomaly averaged over the NINO3 region.
The SST anomaly is then multiplied with the pattern of the first EOF of the observed tropical
Pacific SSTs and added to a monthly varying climatology obtained from observations. Thus,
the pattern of the SSTs is fixed and the mean state could only change if the mean of the
SST anomalies is not zero, what is not the case for the RECHOZ model. In contrast to
many current GCMs which simulate a mean zonal equatorial wind stress that is too strong
(Guilyardi et al., 2009b), the RECHOZ model simulates a very realistic zonal wind stress
in the tropical Pacific (see for comparison Wittenberg (2004)). The mean zonal wind stress
is easterly except for the far western and eastern equatorial Pacific and is strongest in the
central Pacific around 15° north of the equator. The mean net heat flux is too strong
in the far western Pacific and too weak in the equatorial eastern Pacific (figure 4.1 (c)).
In the far eastern Pacific south of the equator is also an area of too strong net heat flux
(see for comparison Large and Yeager (2008)). For a more detailed view the single heat flux
components are displayed in figure 4.2. The net flux is mainly determined through the latent
heat flux (figure 4.2 (b)) and the surface solar radiation (figure 4.2 (c)). The sensible heat

flux (figure 4.2 (a)) and the surface thermal radiation (figure 4.2 (d)) are of less importance.
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a) RECHOZ CTRL mean SST
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c) RECHOZ CTRL mean net heat flux

Figure 4.1: Mean values of a) SST [°C]|, b) zonal wind stress [Pa], and c) net heat flux
[W/m?] for the RECHOZ CTRL run.

The latent heat flux is too strong in the equatorial eastern Pacific which is a common bias
in many atmospheric GCMs due to excessive sensitivity of surface air humidity to SST (Lin,
2007). The surface solar radiation is too strong in the eastern Pacific south of the equator

and too weak in the equatorial Pacific which are also common atmospheric GCM biases.
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a) RECHOZ CTRL mean sensible heat flux
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¢) RECHOZ CTRL mean surface solar radiation
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Figure 4.2: Mean values of a) sensible heat flux, b) latent heat flux, c¢) surface solar radiation,
and d) surface thermal radiation for the RECHOZ CTRL run. Units are in W/m?
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a) RECHOZ CTRL annual cycle of SST
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Figure 4.3: Annual cycle of a) SST [°C], b) zonal wind stress [Pa], and c) net heat flux
[W/m?| along the equator (averaged between 5° N and 5° S) for the RECHOZ CTRL run.
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The seasonal cycle of SST and zonal wind stress is also simulated realistically in the RE-
CHOZ model (figure 4.3 (a) and (b)). The zonal wind stress is strongest in the Northern
Hemisphere summer and autumn and is associated with strong upwelling of cold SST in
the eastern Pacific. In the Northern Hemisphere spring the trade winds are weak and the
SST in the east Pacific is warm. The SST in the western Pacific shows almost no seasonal
evolution. The net heat flux is strongest in Northern Hemisphere spring and autumn and
weak in Northern Hemisphere summer (figure 4.3 (c)).

In the following, only the anomalies of the NINO3 SST and the equatorial Pacific thermocline
depth are examined as the recharge oscillator ocean model only computes these anomalies.
Accordingly, only the central Pacific zonal wind stress anomalies and the NINO3 heat flux
anomalies are considered as they are used to force the recharge oscillator ocean model. For
comparison, the results of the 10000-year-long REOSC-MC simulation are shown. One has
to keep in mind that for the thermocline depth anomalies, comparisons with observations
are difficult because the observational time series of thermocline depth data are very short
and thus of limited significance.

A first indication of the simulated ENSO behaviour is given by the time series of NINO3
SST anomalies (figure 4.4). The time series of the SST anomalies is comparable with ob-
servations and also the standard deviation of the RECHOZ model’s NINO3 SST anomalies
o(T) = 0.8 K is in good agreement with observations (o(7,5s) = 0.8 K). For a more detailed
view the time series of NINO3 SST anomalies and equatorial Pacific thermocline depth
anomalies are shown only for the last 50 years of the RECHOZ CTRL simulation in figure
4.5. The time series of the thermocline depth anomalies seems to be more regular than
observed, and of smaller amplitude (see for comparison figure 2.5). The standard deviation
of the model’s thermocline depth anomalies o(h) = 5.4m is smaller than in observations

(0(heps) = 7.5m) as is indicated by the time series.
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4 ENSO in the RECHOZ model

RECHOZ CTRL time series of NINO3 SST anomalies and central Pacific thermocline depth anomalies
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Figure 4.4: Time series of NINO3 SST anomalies (blue) for the period 2000-2500 of the
RECHOZ CTRL run. The red lines indicate the standard deviation of the SST anomalies.

RECHOZ CTRL time series of NINO3 SST anomalies and central Pacific thermocline depth anomalies
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Figure 4.5: Time series of NINO3 SST anomalies (blue) and equatorial Pacific thermocline
depth anomalies (green) for the last 50 years of the RECHOZ CTRL run (2450-2500). The
red lines indicate the standard deviation of the SST anomalies.
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4.1 Main ENSO statistics

More detailed information of the simulated ENSO in the RECHOZ model can be gained
from the power spectrum of NINO3 SST anomalies (figure 4.6). The oscillation in the model
is more regular than observed, which may be due to the simple character of the model,
and has a peak between periods of about 1.5 and 4 years, which is slightly shorter than
in observations but in good agreement with other coupled GCMs (Guilyardi et al., 2009b).

The REOSC-MC model has an even more regular oscillation and a peak at slightly longer
periods than the RECHOZ model.

Power spectra of monthly mean NINO3
55T anomalies

| —RECHOZ

spectral variance [Kz*yr]
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10 [ —REOSC-MC |~
-1 0
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frequency [yr']

Figure 4.6: Spectra of monthly mean NINO3 SST anomalies for the RECHOZ model (blue)
compared to observations (green) and the REOSC-MC model (cyan). The violet shading
indicates the 80% confidence level of the RECHOZ model spectrum.

Many state-of-the-art GCMs have problems simulating the seasonal variations in the ENSO
cycle. They either show little seasonality or a phase locking to the wrong part of the annual
cycle (Guilyardi et al., 2009b). The RECHOZ model simulates a seasonal cycle of NINO3
SST anonalies comparable with observations (figure 4.7). Especially in winter and spring

the monthly standard deviations of the NINO3 SST anomalies are very close to observa-
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4 ENSO in the RECHOZ model

tions, while in summer the variability in the model is too strong. The peak in the seasonal
variability is already in autumn, not in early winter like in observations. By definition the

REOSC-MC model shows no seasonality.

NINO3 SST anomaly monthly standard deviation
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Figure 4.7: Standard deviation of monthly mean NINO3 SST anomalies for each calendar
month for the RECHOZ model (blue) compared to observations (green) and the REOSC-MC
model (cyan).

Another feature of ENSO which many current GCMs do not capture is its nonlinearity.
GCMs often simulate no skewness of NINO3 SST anomalies or even a negative skewness
(van Oldenborgh et al., 2005). The histogram of monthly mean NINO3 SST anomalies (fi-
gure 4.8 (a)) for the RECHOZ model clearly shows that it is able to simulate a distribution
of the SST anomalies comparable with observations (figure 4.8 (b)). The model’s skewness
7 (T) = 0.6 is in good agreement with the observed (71 (Zpps) = 0.7) while the model’s kur-
tosis 12(T") = 1.9 is slightly larger than observed (72(Tps) = 1.1). The REOSC-MC model
is not able to simulate skewness or kurtosis (figure 4.8 (c)).

The 99% confidence level of the Kolmogorov-Smirnov test (Massey (1951)) for a normal dis-
tribution is clearly passed (by a factor of two) for the RECHOZ SST anomaly distribution,

quantifying the non-normality of the model. In contrast, the REOSC-MC model statistic is
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there exists still a positive skewness.

Figure 4.8: Histograms of monthly mean NINO3 SST anomalies for (a) the RECHOZ model,
(b) observations and (c¢) the REOSC-MC model.

well within the Kolmogorov-Smirnov test distribution for a normal distribution, highlight-
ing that the positive skewness and kurtosis in the RECHOZ model have to be caused by
the atmospheric forcings. This result holds also if the analysis is repeated for each season
individually, to avoid effects of seasonality (see figure 4.9). The skewness of the NINO3 SST
anomalies follows a strong seasonal cycle too, with the skewness being strongest in autumn

when also the variability is strongest. However, even when the variability is weakest in spring

The skewness of the model’s thermocline depth anomalies v, (h) = —1.2 is comparable with

observations, too (7y1(hes) = —0.7), but the kurtosis 72(h) = 2.9 is much larger than in ob-
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4 ENSO in the RECHOZ model

a) NINO3 SST anomaly histegram DJF b) NINO3 SST anomaly histegram MAM
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Figure 4.9: Seasonal histograms of monthly mean NINO3 SST anomalies for the RECHOZ
model for (a) December - February (DJF), (b) March - May (MAM), (¢) June - August
(JJA), and (d) September - November (SON).

servations (72(heps) = 0.6) (figure 4.10). However, one still has to keep in mind the limited
significance of observed thermocline depth data.

Analyses of the cross correlations between the NINO3 SST anomalies, the central Pacific
zonal wind stress anomalies and the equatorial Pacific thermocline depth anomalies show
that the RECHOZ model produces realistic relationships between the different elements of
the Bjerknes feedback. The cross correlation between the NINO3 SST anomalies and the
equatorial Pacific thermocline depth anomalies is in good agreement with observations (fi-
gure 4.11). However, the correlations are stronger and the SST is leading by only about 7

months in the RECHOZ model, compared to 9 months in the observations. The model’s
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Figure 4.10: Histograms of monthly mean equatorial Pacific thermocline depth anomalies
for (a) the RECHOZ model and (b) observations.
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Figure 4.11: Cross correlation between the equatorial Pacific thermocline depth anomalies
and NINO3 SST anomalies for the RECHOZ model (blue) and observations (green). Instead
of observational thermocline depth data the thermocline depth data obtained from the forced
MPI-OM experiment was used.
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4 ENSO in the RECHOZ model

correlation curve is also more symmetric than in observations, with a strong correlation for
the thermocline leading the SST at 6 months, too.

The seasonal cross correlation between the NINO3 SST anomalies and the central Pacific
thermocline depth anomalies (figure 4.12) is comparable with the observations. Again the
correlations are stronger in the model and the seasonal cycle is less pronounced. Also the

seasonal cycle seems to be shifted by approximately 2 months between the model and the

observations.
a) RECHOZ seasonal cross correlation equatorial Pacific b) Observed seasonal cross correlation equatorial Pacific
thermocline depth anomalies vs. NINO3 SST anomalies thermocline depth anomalies vs. NINO3 SST ancmalies
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Figure 4.12: Seasonally resolved cross correlation between NINO3 SST anomalies and equa-
torial Pacific thermocline depth anomalies for (a) the RECHOZ model and (b) observations.
Instead of observational thermocline depth data the thermocline depth data obtained from
the forced MPI-OM experiment was used.

If one has a look at the relationship between the central Pacific zonal wind stress anomalies
and the NINO3 SST anomalies, one can see that both are very strongly correlated (figure
4.13). The wind stress anomalies are slightly leading the SST anomalies by approximately
one month.

For the central Pacific zonal wind stress anomalies and the equatorial thermocline depth
anomalies one finds that both are strongly anticorrelated (figure 4.14). The cross correlation
is strongest when the wind is leading the thermocline by approximately 7 months. That

means a positive wind stress anomaly, i.e., weaker easterlies, leads to a negative thermocline
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Figure 4.13: Cross correlation between the central Pacific zonal wind stress anomalies and

the NINO3 SST anomalies for the RECHOZ CTRL run.
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Figure 4.14: Cross correlation between the central Pacific zonal wind stress anomalies and
the equatorial Pacific thermocline depth anomalies for the RECHOZ CTRL run.

depth anomaly, i.e., a flatter thermocline, and vice versa.
Interesting is also a look at the cross correlations between the SST anomalies in the NINO3
region in the tropical Pacific and the ATL3 region in the tropical Atlantic and the WIO

region in the tropical Indian Ocean (figure 4.15). Between the NINO3 and the ATL3 SST
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4 ENSO in the RECHOZ model

anomalies there is very little correlation as in the observations (figure 2.11) but also a com-
parably strong correlation when the thermocline is leading by approximately 7 - 8 months.

For the WIO region the correlations are smaller than in the observations.

Cross correlation between NINO3 SST anomalies
and SST anomalies in the ATL3 and WIO regions
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Figure 4.15: RECHOZ CTRL cross correlation between the NINO3 SST anomalies and the
ATL3 SST anomalies (green) and the NINO3 SST anomalies and the WIO SST anomalies
(red).

One of the advantages of using the simple recharge oscillator ocean model is the possibility
to directly analyse the role of the different parameters of the model regarding the ENSO
mechanisms and the influences of different feedbacks on this parameters. Therefore, first
the resulting model parameters have to be estimated. This can be done by using a linear
regression method to fit the parameters of the recharge oscillator model (equations 3.9 and
3.10) to the RECHOZ model output. The parameters resulting from this fit and the stan-
dard deviation of the residuals corresponding to the noise terms in the equations can be seen
in table 4.1. The resulting parameters differ sligthly from the initial parameters (see table
3.1) but are still within the range of the observational parameter estimates by Burgers et al.
(2005).

In conclusion, one can say that despite the very simplistic representaion of ENSO in the

model, the RECHOZ model is able to simulate ENSO with very realistic statistical proper-
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4.2 Seasonality

parameter value
an —0.065 £ 0.009 m;nh
a12 0.025 £ 0.001 —£—
a91 —1.126 £ 0.006 77—
a9 —0.023 £ 0.001 mglmh
o(s1) 0.272 L.
o(sq) 0.207 o

Table 4.1: Resulting model parameters from the RECHOZ CTRL run with 95% confident
intervals.

ties. The standard deviation, skewness, and kurtosis of the model’s NINO3 SST anomalies
agree very well with observations. Also the seasonality of the model’s NINO3 SST anomalies
can be reproduced by the model. The statistics of the equatorial Pacific thermocline depth
anomalies differ slightly from observations, but one has to keep in mind the limited statis-
tical significance of observed thermocline depth data due to the short time series. Thus, in
summary, the RECHOZ model proved to be a very useful tool to analyse different aspects
of ENSO.

4.2 Seasonality

The tendency of El Nino and La Nina events to peak at the end of the calendar year is
one of the main features of ENSO (Rasmusson and Carpenter, 1982). Seasonal factors that
could cause this phase locking of El Nino are, for example, atmospheric heating (Philander,
1983), zonal gradients of mean SST, shallow thermocline, strong zonal winds, high SST

(Hirst, 1986), and strong upwelling (Battisti, 1988). But the exact physical mechanism
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4 ENSO in the RECHOZ model

which causes ENSO events to peak at the end of the year is still a point of discussion.
Tziperman et al. (1998) suggested that a seasonal amplification of Kelvin and Rossby waves
by wind stress anomalies in the central Pacific basin could explain this seasonal evolution of
El Nino and La Nina events. In the previous section it was shown that the RECHOZ model
is able to reproduce the seasonal cycle of NINO3 SST anomalies. However, not only the SST
anomalies follow a seasonal cycle but also the thermocline depth, wind stress, and heat flux

anomalies (figure 4.16).

Monthly standard deviations
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Figure 4.16: Standard deviation of monthly mean NINO3 SST anomalies (black), equatorial
Pacific thermocline depth anomalies (blue), central Pacific zonal wind stress anomalies (red),
and NINO3 heat flux anomalies (green) for each calendar month for the RECHOZ model.
The monthly values are divided by the total standard deviation.

The equatorial Pacific thermocline depth anomalies have an opposite evolution compared to
the NINO3 SST anomalies with strongest variability in spring when the SST variability is
weak, and weak variability in summer and autumn when the SST variability is strong. The
central Pacific zonal wind stress anomalies follow an evolution similar to the NINO3 SST
anomalies, with weak variability in spring and strong variability in summer and autumn. In

contrast, the NINO3 heat flux anomalies show a different evolution, with two peaks in the
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4.2 Seasonality

seasonal cycle, one around March and a second around September.

To better understand the seasonality of the RECHOZ model, the seasonal parameter values
as they result from the model statistics can be analysed. Thus, for each calendar month a
separate parameter fit to the RECHOZ simulation output was performed by using a 3 month

moving data block. In figure 4.17 the results of this seasonal parameter fits are displayed.

a) Monthly damping parameters b) Monthly coupling parameters
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Figure 4.17: (a) Seasonality of the fitted damping parameters a;; and ass of the RECHOZ
model with 95% confident intervals. (b) Seasonality of the fitted coupling parameters a;s
and as; of the RECHOZ model with 95% confident intervals.

It can be seen that while the damping of the temperature a;; shows a strong seasonality,
the damping of the thermocline ass shows almost no seasonal cycle. Also the coupling
parameter ag; shows only little seasonality while the coupling parameter a,, shows a stronger
seasonal cycle. Figure 4.18 shows the standard deviations of the residuals resulting from the
parameter fits, which correspond to the noise terms s; and s, in equations [3.9 and 3.10]. In
summary, the most significant seasonality is found in the damping of the temperature aq;.
This seasonality in the RECHOZ model can only be caused by the atmospheric forcings 7
and f.

47



4 ENSO in the RECHOZ model
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Figure 4.18: Standard deviations of the residuals resulting from the seasonal parameter fits
o(s1) (blue) and o(s3) (green).
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Figure 4.19: Regression of central Pacific zonal wind stress anomalies and NINO3 SST
anomalies (blue) and of NINO3 heat flux anomalies and NINO3 SST anomalies (green).

The monthly regressions of the forcings to the NINO3 SST anomalies (figure 4.19) show that
the coupling of the zonal wind stress is strongest from April to July when the damping aq;
is weakest, and the damping a;; is strongest from November to March when the coupling to

the zonal wind stress is relatively weak. The strong coupling to the heat flux anomalies in
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March and April has little influence on the damping of the SST. This is in agreement with
Galanti and Tziperman (2000), who calculated the ocean-atmosphere coupling strength in
a delayed-oscillator model.

The seasonal varying parameters were included in the REOSC-MC model and the model was
again integrated for 10000 years. In figure 4.20 again the seasonal dependence of NINO3
SST anomalies is displayed. With the seasonal varying parameters included the REOSC-MC
model is able to produce seasonality similar to the RECHOZ model. A large part of this

seasonal cycle can be explained by the seasonality of the damping parameter a;; only.
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Figure 4.20: Standard deviation of monthly mean NINO3 SST anomalies for each calendar
month for observations (green), the REOSC-MC model with seasonal varying parameters
(cyan) and the REOSC-MC model with only ay; varying (purple).

So, a seasonal variation in the sensitivity of the atmosphere to the SST anomalies is the
origin of the seasonal cycle in the strength of the ENSO amplitudes. While in spring and
summer there is a reduced damping of the SST due to a stronger coupling of the zonal wind
stress to the SST, there is increased damping of the SST in winter and early spring due to

a weaker coupling of zonal wind stress.
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4 ENSO in the RECHOZ model

4.3 Atmospheric nonlinearity

Another interesting feature of ENSO is the fact that the amplitude of El Nifo events is
significantly larger than the amplitude of La Nina events (Burgers and Stephenson, 1999).
What is causing this asymmetric aspect of ENSO is still an open question, but most studies
addressing this aspect were focusing on nonlinear oceanic processes (Jin et al., 2003; An and
Jin, 2004; Su et al., 2010). Jin et al. (2003) found that during the development phase of
El Nino, easterlies in the eastern Pacific intensify the vertical advection of anomalous warm
water, which leads to an acceleration of surface warming, while during the transition to La
Nina, westerlies in the eastern Pacific reduce the upwelling, which leads to a slowdown of
the surface cooling.

Another alternative is that nonlinear processes of the tropical atmosphere could cause the
ENSO amplitude asymmetry (Hoerling et al., 1997; Kang and Kug, 2002). Kang and Kug
(2002) found indications from observations that the weaker SST anomalies during La Nina
events compared to El Nifio events may be caused by a westward shift of wind stress anoma-
lies by 10° to 15° which is related to a westward shift of convection anomalies. Philip and van
Oldenborgh (2009) used an initially linear intermediate complexity model of the equatorial
Pacific in which they introduced extra terms in the atmospheric component. Thereby they
showed that the nonlinear response of mean wind stress to SST in the ENSO region has a
dominant influence on the nonlinearities in SST in the ENSO cycle.

Although in the RECHOZ model the ocean dynamics are only parameterized and by con-
struction linear, it is able to simulate the skewness and the kurtosis of the NINO3 SST
anomalies. So the origin of the nonlinearity of the ENSO cycle in the RECHOZ model has
to lie in the atmospheric components. In the model the tropical Pacific Ocean is coupled to
the atmosphere via the NINO3 net heat flux anomalies and the central Pacific zonal wind
stress anomalies. Figure 4.21 shows the composites of the net heat flux anomalies for El

Nino and La Nina events.
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Figure 4.21: (a) Model composite mean values of net heat flux anomalies for all El Nino
years (T'(December) > o(T')) averaged from December to April of the following year. The
black box indicates the NINO3 area over which the heat flux anomalies are averaged. (b)
The same as (a) but for all La Nifia years (T'(December) < —o(T')) multiplied by -1. Units
are in W/m?.

Especially in the NINO3 region over which the heat flux anomalies are averaged the pattern
of the heat flux anomalies look very similar for El Nino and La Nina years. So, the heat flux
anomalies cannot be responsible for the nonlinearity of the ENSO amplitudes. Figure 4.22
shows the composites of the zonal wind stress anomalies for El Nino and La Nina events.

During the El Nino events, as well as during the La Nina events, strong wind stress anoma-
lies are found in the central Pacific, the area over which the zonal wind stress anomalies are
averaged. However, while during El Nino events the area of maximum wind stress spans
from 170°FE to 165°W, the area of maximum wind stress during La Nina events spans over

a much smaller area and is centered more to the west. This is in good agreement with the
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Figure 4.22: (a) Model composite mean values of zonal wind stress anomalies for all El Nino
years (T'(december) > o(T)) averaged from December to April of the following year. The
black box indicates the area over which the zonal wind stress anomalies are averaged. (b)
The same as (a) but for all La Nina years (T'(december) < —o (7)) multiplied by —1. Units
are in Pa.

results of Kang and Kug (2002), who showed that the relatively weak SST anomalies during
La Nina events compared to those of El Nino events are related to a westward shift of the
zonal wind stress anomalies. This shift in the wind stress pattern leads to smaller values of
the area averaged zonal wind stress anomalies during La Nina events. The shift cannot be
due to a shift in the SST pattern because the pattern of the first EOF of tropical Pacific
SST anomalies is used as a fixed pattern in the model. So, the shift in the zonal wind stress
pattern has to be caused by different convection patterns for warm and cold SST anomalies.
The different relationships between NINO3 heat flux anomalies and NINO3 SST anomalies

and between central Pacific zonal wind stress anomalies and NINO3 SST anomalies can also
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Figure 4.23: (a) Scatter plot of NINO3 heat flux anomalies and NINO3 SST anomalies with
linear regression line. The contour interval is 0.005 K/(W/m?). (b) Scatter plot of central
Pacific zonal wind stress anomalies and NINO3 SST anomalies with linear regression line
(solid) and the quadratic regression curve (dashed). The contour interval is 5.0 K/ Pa.

be seen if one has a look at the distribution of heat flux and wind stress anomalies over
SST anomalies (figure 4.23). For the heat flux anomalies a linear regression fits very well to
the data, pointing out the linear relationship between the NINO3 heat flux anomalies and
the NINO3 SST anomalies (figure 4.23 (a)). For the zonal wind stress anomalies a linear
regression does not fit to the data especially for large SST anomalies (figure 4.23 (b)). For
comparison also the regression curve resulting from a quadratic fit (dashed line) is shown
here. Especially for the large SST anomalies the quadratic fit is more suitable.

To test whether this quadratic relationship between the central Pacific zonal wind stress
anomalies and the NINO3 SST anomalies could cause the nonlinearities in the RECHOZ
model, this quadratic relationship was included in the REOSC-MC model (replacing the
linear relationship) and the model was integrated for 1000 years. Figure 4.24 shows the
histogram of monthly mean NINO3 SST anomalies resulting from this simulation. With re-
placing the linear with a nonlinear relationship between the central Pacific zonal wind stress
anomalies and the NINO3 SST anomalies, the REOSC-MC model is able to simulate the

skewness and kurtosis of ENSO.

53



4 ENSO in the RECHOZ model
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Figure 4.24: Histogram of monthly mean NINO3 SST anomalies for the REOSC-MC model
with the quadratic relationship included.

The results of this section show that atmospheric nonlinearities have an important influence
on the nonlinearity of ENSO. A nonlinear response of the zonal wind stress to equal-strength
but opposite sign SST anomalies can explain the asymmetry between eastern Pacific SST

anomalies during El Ninio and La Nina events.

4.4 Influence of the tropical Pacific mean state on ENSO

Because of its large socio-economic impacts, the behaviour of ENSO in a changing climate is
also of great interest. To analyse the influence of increasing greenhouse gases on the ENSO
properties one depends strongly on global coupled atmosphere-ocean GCMs. Most state-
of-the-art climate models are able to simulate ENSO-like oscillations in the tropical Pacific.
For the current climate the properties of the modeled time series are comparable with ob-
servations. However, many of these models still show biases in the simulated background
climate and in the ENSO variability.

Recently, many studies analysed long-term simulations of coupled ocean-atmosphere GCMs
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4.4 Influence of the tropical Pacific mean state on ENSO

using different climate change scenarios to determine the response of the tropical Pacific to
global warming. Most of the early studies found an El Nino-like response of the tropical
Pacific (Knutson and Manabe, 1995, 1998; Meehl and Washington, 1996; Yu and Boer, 2002;
Vavrus and Liu, 2002; Boer and Yu, 2003). Also in the IPCC AR4 report a weak shift
towards 'El Nino-like’ conditions was found for the multi-model mean (Meehl et al., 2007)
(see also figure 1.1).

In contrast, already Cane et al. (1997) pointed out that the El Nifio-like behaviour simu-
lated by most GCMs is not in agreement with the observed development of the 20th century,
where an increase in the zonal gradient across the equatorial Pacific can be found. Collins
and CMIP Modeling Groups (2005) again analysed 20 atmosphere-ocean GCMs submitted
to the coupled model inter-comparison project (CMIP). In contrast to the previous model
studies they linked the realism of the simulation of present day ENSO variability in the
models to their patterns of future climate change. They found that the most likely scenario
(p=0.59) in a model-skill-weighted histogram of the CMIP models is no trend towards either
mean El Nino-like or La Nina-like conditions. However, there is also a small probability
(p=0.16) for a change to El Nino-like conditions in the 1% per year CO, increase scenario.
More recent studies suggest that there is an enhanced equatorial warming rather than an
El Nino-like response due to global warming (Liu et al., 2005; Vecchi et al., 2008; DiNezio
et al., 2009). Different mechanisms have been suggested which determine the response of the
tropical Pacific to global warming. For example Clement et al. (1996) showed that changes in
ocean vertical heat transport could lead to an increase in the zonal SST gradient. Changes
in evaporation and cloud feedbacks could lead to a reduction of the zonal SST gradient
(Knutson and Manabe, 1995). Recently, Vecchi and Soden (2007) found a weakening of the
tropical atmospheric circulation due to global warming as a robust feature in 22 state-of-the-
art climate models. Global thermodynamic constraints on the response of the hydrological
cycle to global warming lead to a slowing down of the Walker circulation (Held and Soden,

2006). However, there is still large uncertainty in which way the mean state of the tropical
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4 ENSO in the RECHOZ model

Pacific will change under global warming.

Although there is no consensus yet in which way the mean state of the tropical Pacific will
change under global warming, it is clear that changes in the mean state will have an in-
fluence on the properties of ENSO. This would also lead to a reduction of the zonal SST
gradient. However, it is not clear in which way changes in the mean state alter the ENSO
cycle. Although most of the models analysed for the IPCC report simulate an El Nino-like
warming pattern, they do not agree in the simulated future strength of ENSO (figure 1.1).
Half of the models simulating an El Nino-like global warming pattern simulate an increase
in ENSO variability.

Different studies have focused on the relationship between the mean state of the tropical
Pacific and the properties of ENSO. Fedorov and Philander (2001) proposed, in a theoretical
study, that El Nino frequency and growth rate are related to the mean wind and mean ther-
mocline depth in the tropical Pacific. They distinguished between two modes of oscillation.
One is the so-called SST-mode resulting from local SST-wind interactions in the central-east
Pacific with a surface east to west propagation of SST anomalies and low amplitude events
with a period of 2 - 3 years. The second is the so-called thermocline mode which results from
remote wind-thermocline interactions involving the west Pacific with a subsurface west to
east propagation and large amplitude events with a period of 4 - 5 years. The thermocline
mode requires weaker trade winds and a deeper thermocline compared to the SST mode. The
SST mode was observed for the period before the 1976 climate shift while the thermocline
mode was evidenced in observations for the post-1976 period with the extreme El Ninio events
in 1982/83 and 1997/98. Wang and An (2001) attributed the changes in ENSO properties
after the mid-1970s to changes in the mean wind. More recently, Guilyardi (2006) analysed
the relationship between the mean state and ENSO in 23 coupled ocean-atmosphere models
including the IPCC AR4 models under the aspect of global warming, and found no clear
relationship between mean NINO3 SST and El Nino characteristics. Thus, at the current

state of understanding, no clear statement can be made on how global warming will influence
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4.4 Influence of the tropical Pacific mean state on ENSO

the tropical Pacific climate system and ENSO. Thus, further investigation is necessary.

To study the influence of changes in the mean state on ENSO through atmospheric feed-
backs different sensitivity experiments were performed. In two experiments the mean SST
in the tropical Pacific was cooled by 1K (TP-1K) and warmed by 1K (TP+1K) respectively.
This was done by subtracting or adding 1K to the prescribed background climatology in
the tropical Pacific. Thus, these changes in the mean SST only influence the atmospheric
quantities. The ocean can only be influenced via atmospheric feedbacks. Because a uniform
cooling or warming of the tropical Pacific is no likely scenario, an additional experiment
was performed in which an El Nino-like warming pattern was added to the mean SST in the
tropical Pacific (ENPAT). Therefore, the pattern of the first EOF of observed tropical Pacific
SST (see figure 2.8) was added to the presribed SST climatology. Again, these changes in
the mean SST are only visible for the atmospheric GCM and not for the ocean model. An
overview of the sensitivity experiments performed to study the influence of different mean
states on the atmospheric feedbacks in the ENSO cycle can be seen in table 4.2.

In the following first the sensitivity experiments with a uniform cooling (TP-1K) or a uni-

form warming (TP+1K) of the tropical Pacific are analysed. In figure 4.25 the changes in

Exp. ID | Years | Modifications with respect to the CTRL experiment

CTRL 500 Control run of the RECHOZ model

TP-1K 500 | Experiment with the mean SST in the tropical Pacific cooled by
1K

TP+1K 500 | Experiment with the mean SST in the tropical Pacific warmed by
1K

ENPAT 500 | Experiment with an El Nino-like warming pattern in the tropical
Pacific.

Table 4.2: RECHOZ model sensitivity experiments used to study the influences of the trop-
ical Pacific mean state on ENSO through atmospheric feedbacks.
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Figure 4.25: Differences in a) mean zonal wind stress [Pa] and b) mean net heat flux [W/m?]

between the TP-1K experiment and the CTRL run.

mean zonal wind stress and mean net heat flux in the TP-1K experiment compared to the

CTRL run are displayed. The easterly zonal wind stress in strongly increased in the western

and central tropical Pacific. This could be due to a stronger atmospheric circulation, but

especially the large increase in the far western Pacific could be an artificial effect because

the SST is only reduced in the tropical Pacific. The net heat fluxes in the western Pacific

and around 15 ° N and 15 ° S is strongly increased which could be partly due to changes in

the cloud feedbacks and partly again an artificial effect.

In figure 4.26 the differences in mean zonal wind stress and mean net heat flux between the
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Figure 4.26: Differences in a) mean zonal wind stress [Pa] and b) mean net heat flux [W/m?]
between the TP+1K experiment and the CTRL run.

TP+1K and the CTRL experiment are shown. In the western and central Pacific the easter-
ly zonal wind stress is strongly reduced. Again this could be due to a reduced atmospheric
circulation and especially in the far western Pacific also artificial. For the net heat flux in
the western Pacific and around 15 ° N and 15 ° S the mean net heat flux is reduced. Again
this might be due to changes in the cloud feedbacks in agreement with (DiNezio et al., 2009)
and partly artificial. In both exepriments no changes of the mean net heat flux are found in
the NINO3 region.

In the following again only the anomalies of the SST, thermocline depth, zonal wind stress
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4 ENSO in the RECHOZ model

RECHOZ time series of NINO3 SST ancmalies
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Figure 4.27: Time series of monthly mean NINO3 SST anomalies for the RECHOZ TP-1K
(green) and TP+1K (red) experiments compared to observations (blue).

and net heat flux will be analysed. Figure 4.27 shows the time series of NINO3 SST anoma-
lies and equatorial Pacific thermocline depth anomalies for the last 50 years of the TP+1K
experiment. The warming of the tropical Pacific mean SST leads to an increase in ENSO
variability. Accordingly the variability is reduced when the mean SST is cooled. The stan-
dard deviation of NINO3 SST anomalies changes from o(Tergr) = 0.8 K in the control run
to o(Trp_1x) = 0.5 K in the run with the colder mean state and o(Trpi1x) = 1.1 K in the
run with a warmer mean state, which corresponds to a decrease of 38% and an increase of
38%. For the TP-1K experiment changes in the thermocline depth variability are of similar
magnitude (o(hrp_1x) = 3.6 m compared to o(hcrrr) = 5.4m, -33%), but for the TP4+1K
run there is a much larger increase in thermocline depth variability (o(hrpiix) = 9.4m,
+74%).

The changes in NINO3 SST variability can also be seen in the spectrum of monthly mean
NINO3 SST anomalies (figure 4.28). Additional to the changes in the variability of the

NINO3 SST anomalies, the peak of spectrum is shifted towards shorter periods in the TP-1K
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Figure 4.28: Spectra of monthly mean NINO3 SST anomalies for the CTRL run (blue),
the TP-1K run (green), and the TP+1K run (red). The violet shading indicates the 80%
confidence level of the CTRL run spectrum.
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Figure 4.29: Standard deviation of monthly mean NINO3 SST anomalies for each calendar
month for the TP-1K experiment (green) and the TP+1K experiment (red) compared to
the CTRL experiment (blue). The monthly standard deviations are devided by the total
standard deviation of each experiments NINO3 SST anomalies.
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4 ENSO in the RECHOZ model

Experiment and towards longer periods in the TP+1K experiment.

Also the seasonality of ENSO is influenced by changes in the mean SST (figure 4.29). A
colder mean SST leads to a strong reduction of the seasonal cycle, but also in the experiment
with warmer mean SST the seasonal cycle is slightly reduced and shifted by approximately
one month compared to the control run.

Although there are large changes in the SST variability, the skewness of NINO3 SST anoma-
lies does not change when the mean state changes (figure 4.30). Only the kurtosis of NINO3
SST anomalies is reduced from Yo (Terrr) = 1.9 in the control run to vo(Trpi1x) = 1.5 in
the experiment with the warmer mean SST and to vo(Trp_1x) = 1.0 in the experiment with

the colder mean SST.

a) RECHOZ TP-1K NINO3 SST anomaly histogram b) RECHOZ TP+1K NINO3 SST anomaly histogram
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Figure 4.30: Histograms of monthly mean NINO3 SST anomaliess for (a) the TP-1K run
and (b) the TP+1K run.

The cross correlation between the equatorial Pacific thermocline depth anomalies and the
NINO3 SST anomalies shows only little changes when the mean SST changes (figure 4.31).
The values of the maximum correlation are slightly reduced in both mean state experiments.
In the TP-1K experiment, the maximum correlations are found one month earlier than in
the control experiment, and in the TP+1K experiment, one month later in accordance with

the changed periods of ENSO.
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Figure 4.31: Cross correlation between the equatorial Pacific thermocline depth anomalies
and the NINO3 SST anomalies for the TP-1K experiment (green) and the TP+1K (red)
experiment compared to the control run (blue).

The origin of the changes in SST and thermocline depth variability, ENSO frequency and
seasonality, and the relationships between SST and thermocline depth anomalies has to lie
in the atmospheric feedbacks. Changes in the mean SST can only influence the NINO3 SST
anomalies and the equatorial Pacific thermocline depth anomalies via the NINO3 heat flux
anomalies and the central Pacific zonal wind stress anomalies. Computing the regression
coefficients between the central Pacific zonal wind stress and the NINO3 SST anomalies
and between the NINO3 net heat flux anomalies and the NINO3 SST anomalies shows that
the annual mean coupling between the atmosphere and the ocean does not change. The
regression between the zonal wind stress and the SST anomalies 77, does not change in
both experiments compared to the control run and also the regression between the heat flux
and the SST anomalies 7, changes only very little. Thus, changes in the variability or the
response of NINO3 heat flux anomalies and central Pacific zonal wind stress anomalies to
NINO3 SST anomalies have to be responsible for the changes in the ENSO variability. In

figure 4.32 the composites of NINO3 heat flux anomalies are displayed for all ENSO extreme
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Figure 4.32: Model composite mean values of the net heat flux anomalies for all ENSO
extreme years (|T'(December)| > o(T)) averaged from December to April of the following
year for a) the CTRL run, b) the TP-1K run, and ¢) the TP+1K run. For La Nifia events
the net heat flux anomalies are considered with reversed sign in the composites mean. Units
are in W/m?. The black box indicates the NINO3 region over which the heat flux anomalies
are averaged.

years for both experiments with changed mean SST compared to the control experiment.
It can be seen that the already small heat flux anomalies in the control experiment almost
vanish when the mean SST of the tropical Pacific is cooled. In contrast they are strongly
increased when the mean SST is warmed. Also the variability of the NINO3 heat flux

anomalies is reduced (increased) for the TP-1K (TP+1K) experiment. The standard devia-
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tion of the NINO3 heat flux anomalies is reduced from o (forrz) = 8.4 W/m? in the control
run to o(frp_1x) = 6.7W/m? in the TP-1K run. The standard deviation is increased to
o(frpiir) = 11.2W/m? in the TP+1K run.

The same is true for the zonal wind stress anomalies. The composites of zonal wind stress
anomalies for all ENSO extreme years show only very weak wind stress anomalies when
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(c) Tropical Pacific mean state warmed by 1K
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Figure 4.33: Model composite mean values of the zonal wind stress anomalies for all ENSO
extreme years (|T'(December)| > o(T)) averaged from December to April of the following
year for a) the CTRL run, b) the TP-1K run, and ¢) the TP+1K run. For La Nifa events
the net heat flux anomalies are considered with reversed sign in the composites mean. Units
are in Pa. The black box indicates the region over which the wind stress anomalies are
averaged.
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the mean SST is cooled (figure 4.33 (b)). Again much stronger anomalies are found when
the mean state is warmed (figure 4.33 (c)). Also the variability of the central Pacific zonal
wind stress anomalies is reduced (increased) for the TP-1K (TP+1K) experiment. The
standard deviation of zonal wind stress anomalies is reduced due to a colder mean SST
from o(7errr) = 0.015 Pa in the control run to o(mrp_1x) = 0.012 Pa. Again the stan-
dard deviation increases with a warmer mean state (o(7rpy1x) = 0.019 Pa). However, the
decrease (increase) in the standard deviations of NINO3 heat flux anomalies (-20%/+33%)
and central Pacific zonal wind stress anomalies (-20%/+27%) is smaller than for the NINO3
SST anomalies (-38%/+438%) and for the equatorial Pacific thermocline depth anomalies
(-33%/+74%).

However, the changes in wind stress and heat flux variability cannot explain the change in
the period of ENSO. To understand this change one has to take a look at the persistence
of the zonal wind stress anomalies. Figure 4.34 shows the autocorrelations of the central
Pacific wind stress anomalies. For the TP-1K experiment the autocorrelation curve of the

zonal wind stress anomalies shows a more narrow peak compared to the control run and
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Figure 4.34: Autocorrelation of central Pacific zonal wind stress anomalies for the TP-1K
experiment (green) and the TP+1K experiment (red) compared to the CTRI run (blue).
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only stays positive for up to 6 months. This means that the wind stress anomalies persist
for a shorter time than in the control experiment. For the TP+1K experiment the peak of
the autocorrelation curve is wider and the autocorrelation stays positive for up to 8 months,
implying a longer persistence.

The changes of the persistence of the wind stress anomalies influence the cross correlation
between the central Pacific zonal wind stress anomalies and the NINO3 SST anomalies (fi-
gure 4.35). The correlations are slightly increased in the TP+1K experiment and slightly
reduced in the TP-1K experiment. In all experiments the maximum correlation is still found

when the wind stress is leading by 1 month.
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Figure 4.35: Cross correlation between the central Pacific zonal wind stress anomalies and
the NINO3 SST anomalies for the TP-1K experiment (green) and the TP+1K experiment
(red) compared to the control run (blue).

Also the cross correlation between the central Pacific zonal wind stress anomalies and the
equatorial Pacific thermocline depth anomalies is influenced by the longer persistence of the
wind stress anomalies (figure 4.36). In the TP-1K experiment the correlations are overall
reduced. In the TP+1K experiment the correlations are reduced when the thermocline is

leading but increased when the wind stress is leading.
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Cross correlation central Pacific zonal wind stress anomalies
vs equatorial Pacific thermocline depth anomalies
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Figure 4.36: Cross correlation between the central Pacific zonal wind stress anomalies and
the equatorial Pacific thermocline depth anomalies for the TP-1K experiment (green) and
the TP+1K experiment (red) compared to the cotrol run (blue).

Next one can analyse how changes in the mean SST in the tropical Pacific influence the
parameters of the recharge oscillator model. Therefore, the parameters of equations 3.9 and
3.10 are fitted to the data resulting from the mean state experiments. The resulting para-
meter values can be found in table 4.3 at the end of this section. In the experiment with the
colder mean SST there are almost no changes found for the damping of the thermocline ass
and the two coupling paramters a;o and as;. Only the damping of the temperature ai; is
strongly increased by 69%. Small reductions of 12% and 11% respectively are also found in
the standard deviations of the residuals of the parameter fit which correspond to the noise
terms s; and s,.

A warmer mean SST in the tropical Pacific influences almost all parameters. Only the coup-
ling of the thermocline to the SST ay; shows just a small increase of 1%. The damping of
the temperature ai; is reduced by 34% compared to the control run. Also the coupling of
the temperature to the thermocline ay, is reduced by 40% and the damping of the thermo-

cline depth anomalies ass is reduced by 35%. The increase in the standard deviations of the
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residuals is of the same size as the reduction in the colder mean SST experiment.

Thus, in the cold mean SST experiment one finds reduced SST variability due to an increased
damping of the SST. The increase in damping is caused by weaker wind stress and heat flux
variability. The fact that the variability of the thermocline depth is reduced although the
damping of the thermocline does not change is due to the strong coupling of the thermocline
to the SST. In the warm mean state experiment one finds increased SST variability due to
a reduced damping of the SST. The reduction of the damping is caused by increased wind
stress and heat flux variability. The stronger increase in thermocline depth variability is
due to the strong coupling of the thermocline to the SST and a reduced damping of the
thermocline.

To understand the changes in the seasonal cycle one has to take a look at the seasonality
of the parameters. Therefore, again a separate parameter fit for each calendar month was
performed with a 3-month moving data block. The results are displayed in figure 4.37. The
strongest changes are found in the damping of the SST a;;. In the cold mean state experi-
ment the damping is strongly increased in summer compared to the CTRL experiment. In
the warm mean state experiment the damping even changes into a growing in summer. The
changes in the coupling of the thermocline as; seem to be stongly related to the changes in
a11. The damping of the thermocline asy is overall reduced in the warm mean state expe-
riment but the seasonal cycle does not change. For the cold mean state experiment ayy is
increased in summer and autumn. The coupling of the SST to the thermocline a5 changes
similar to ags.

Also the variability of the heat flux and wind stress anomalies show a seasonal cycle. Changes
in the mean state have only little influence on the seasonal cycle of the heat flux anomalies
(figure 4.38 (a)). In contrast the seasonal cycle of the wind stress variability is strongly
reduced in the cold mean state experiment (figure4.38 (b)). In the warmer mean state expe-
riment the seasonal cycle also seems to be slightly shifted. In both experiments the changes

in the seasonality of the wind stress are in accordance with the changes in the SST variabi-
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lity.

The seasonality of the regression between the NINO3 heat flux anomalies and the NINO3
SST anomalies is not influenced by changes in the mean state (figure 4.39 (a)). Also the an-
nual mean regression between the central Pacific zonal wind stress anomalies and the NINO3
SST anomaliesdoes not change the seasonal cycle of the regression is altered when the mean
state of the SST changes (figure 4.39 (b)).
stress to the SST is increased in winter. In the warmer mean state this coupling is reduced

in spring and early summer and in the cold mean state experiment it is reduced in summer.
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Figure 4.38: Seasonality of a) the the NINO3 heat flux anomalies and b) the central Pacific
zonal wind stress anomaliess for the TP-1K experiment (green) and the TP+1K experiment
(red) compared to the control run (blue).
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Figure 4.39: Seasonality of the regression between a) the NINO3 heat flux anomalies and
the NINO3 SST anomalies and b) the central Pacific zonal wind stress anomalies and the
NINO3 SST anomalies for the TP-1K run (green) and the TP+1K run (red) compared to
the control run (blue).
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4 ENSO in the RECHOZ model

The previous analyses showed that changes in the mean state of the tropical Pacific clearly
have an influence on the amplitude and frequency of ENSO. However, a uniform cooling or
warming of the tropical Pacific is no likely scenario. Therefore, another experiment ENPAT
was performed, in which an El Nino-like warming pattern was added to the mean SST of
the tropical Pacific. Figure 4.40 shows the changes in the mean SST, zonal wind stress and

net heat flux compared to the control run.
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Figure 4.40: Differences in a) mean SST [°C], b) mean zonal wind stress [Pa], and c¢) mean
net heat flux [W/m?| between the ENPAT experiment and the CTRL run.

The mean SST changes according to the prescribed pattern. The SST is warmed in the
central and eastern tropical Pacific and warming is strongest at the equator. Although the

amplitude of the warming is smaller than in the TP+1K experiment, the mean wind stress
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4.4 Influence of the tropical Pacific mean state on ENSO

in the central Pacific shows a stronger reduction than in the TP+1K experiment. In contrast
to the TP+1K experiment also the net heat flux in the NINO3 region is slightly reduced.

Figure 4.41 shows the power spectra of NINO3 SST anomalies of the ENPAT simulation com-
pared to the CTRL and TP+1K simulations. Although the average warming of the tropical
Pacific mean SST is smaller in the ENPAT experiment compared to the TP+1K experiment,
a larger increase in NINO3 SST variability is found in the ENPAT experiment. The standard
deviation of NINO3 SST anomalies in the ENPAT experiment is o(Tgypar) = 1.5 K, which
is an increase of 88% compared to the control experiment. For the standard deviation of the
equatorial Pacific thermocline depth anomalies (o(hgypar) = 11.0m) even an increase of
110% is found. The peak of the ENPAT NINO3 SST anomaly spectrum is shifted to longer

periods compared to the spectrum of the CTRL run like in the TP+1K experiment.
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Figure 4.41: Spectra of monthly mean NINO3 SST anomalies for the ENPAT experiment
(black) compared to the CTRL run (blue) and the TP+1K experiment (red). The violet
shading indicates the 80% confidence level of the CTRL run spectrum.

Also the seasonality of ENSO is influenced by an El Nino-like warming pattern. A stronger
seasonal cycle in NINO3 SST anomalies is found compared to both the CTRL and the

TP+1K experiments (figure 4.42).
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Figure 4.42: Standard deviation of monthly mean NINO3 SST anomalies for each calendar
month for the ENPAT experiment (black) compared to the TP+1K experiment (red) and
the CTRL experiment (blue). The monthly standard deviations are devided by the total
standard deviation of each experiments NINO3 SST anomalies.

An El Nino-like warming also influences the skewness and kurtosis of the NINO3 SST anoma-
lies (figure 4.43). The skewness of the ENPAT NINO3 SST anomalies v;(Tgnpar) = 0.4 is
smaller than in the control run (v;(Terrr) = 0.6) and also the kurtosis vo(Tenpar) = 0.5 is
highly reduced compared to the control run (vy2(Tenpar) = 1.9).

The cross correlation between the equatorial Pacific thermocline depth anomalies and the
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Figure 4.43: Histogram of monthly mean NINO3 SST anomalies for the ENPAT run.

74



4.4 Influence of the tropical Pacific mean state on ENSO

NINO3 SST anomalies shows only small changes compared to the control experiment (figure

4.44). Larger changes are found for the TP+1K experiment.
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Figure 4.44: Cross correlation of equatorial Pacific thermocline depth anomalies and NINO3
SST anomalies for the ENPAT experiment (black) compared to the CTRL experiment (blue)
and the TP+1K experiment (red).

Again atmospheric feedbacks have to be responsible for the changes in the ENSO variability.
Like in the TP-1K and TP+1K experiments the regression coefficient between the central
Pacific zonal wind stress anomalies and the NINO3 heat flux anomalies r, does not change
compared to the CTRL run and the regression coefficient between the NINO3 heat flux
anomalies and the NINO3 SST anomalies 77y changes only very little. Thus, again changes
in the variability or the response of central Pacific wind stress anomalies and NINO3 heat
flux anomalies to NINO3 SST anomalies have to be the origin of the changes in the ENSO
variability. The composite of monthly mean heat flux anomalies for all ENSO extreme years
for the ENPAT experiment (figure 4.45) shows no change in the pattern but a large increase
in the size of the anomalies compared to the control run (figure 4.32 (a)). Also the variability

of the NINO3 heat flux anomalies is strongly increased in the ENPAT experiment. The stan-
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4 ENSO in the RECHOZ model

dard deviation of the NINO3 heat flux anomalies is o( feypar) = 13.9W/m?2. The increase
in standard deviation of NINO3 heat flux anomalies in the ENPAT experiment compared to
the CTRL run (+65%) is twice as large as for the TP+1K experiment (+33%) although the

amplitude of the warming is smaller in the ENPAt experiment.
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Figure 4.45: Model composite mean values of the net heat flux anomalies for all ENSO ex-
treme years (|7'(December)| > o(T)) averaged from December to April of the following year
for the ENPAT experiment. For La Nina events the net heat flux anomalies are considered
with reversed sign in the composites mean. Units are in W/m?. The black box indicates the
NINOS3 region over which the heat flux anomalies are averaged.

Also the composites of monthly mean zonal wind stress anomalies for all ENSO extreme years
for the ENPAT experiment (figure 4.46) show no change in the pattern of the anomalies but
a strong increase in the size of the anomalies compared to the control run (figure 4.33). Also
the standard deviation of the central Pacific zonal wind stress anomalies is increased com-
pared to the control run ((o(7gnpar) = 0.025 Pa). Again the increase in standard deviation
of the central Pacific zonal wind stress anomalies compared to the CTRL run (+66%) is
twice as large as for the TP+1K experiment (+26%).

This indicates that the response of the ENSO variability to global warming strongly depends
on the pattern of the warming. The changes in the SST gradient along the equator lead to
a strong reduction of the trade winds in the central Pacific. Also the net heat flux in the
NINOS3 region is reduced. This leads to an enhanced variability of central Pacific zonal wind

stress anomalies and NINO3 heat flux anomalies and these in turn enhance the ENSO vari-
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Figure 4.46: Model composite mean values of the zonal wind stress anomalies for all ENSO
extreme years (|T'(December)| > o(T)) averaged from December to April of the following
year for the ENPAT experiment. For La Nina events the net heat flux anomalies are consi-
dered with reversed sign in the composites mean. Units are in Pa. The black box indicates
the region over which the wind stress anomalies are averaged.

ability.

To understand the changes in the period of ENSO again the autocorrelation of central Pacific
zonal wind stress anomalies is displayed in figure 4.47. The correlation curve of the ENPAT
experiment shows a wider peak compared to the CTRL and TP+1K experiments, but only
stays positive for 8 months like in the TP+1K experiment.

The influence of an El Nino-like warming pattern on the parameters of the recharge oscillator
was analysed by fitting the parameters to the resulting data from the ENPAT experiment.
The resulting parameters can be seen in table 4.3. Again only small changes are found for
the coupling of the thermocline to the SST ag;. The changes in the damping of the ther-
mocline a9 and in the coupling of the SST to the thermocline a5 are with -17% and -24%
much smaller than in the TP+1K experiment. However, the change in the damping of the
SST aqy is with -52% much larger than for the TP+1K experiment. Also the increase in
the standard deviations of the noise terms (+25% and +26%) is larger than in the TP+1K
experiment.

To understand the strong increase of the seasonal cycle of the NINO3 SST anomalies again

the seasonal values are the model parameters are displayed in figure 4.48. For all parameters
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Figure 4.47: Autocorrelation of central Pacific zonal wind stress anomalies for the ENPAT
experiment (black) compared to the CTRL experiment (blue) and the TP+1K experiment
(red).

a stronger seasonal cycle is found compared to the CTRL and TP+1K experiments.

This goes along with a strong increase in the seasonal cycle of the central Pacific zonal wind
stress anomalies (figure 4.49 (b)). Also the seasonal cycle of the regression between the
central Pacific zonal wind stress anomalies and the NINO3 SST anomalies is stronger than
in the TP+1K experiment (figure 4.50 (b)).

The results of this section indicate that changes in the mean state of the tropical Pacific
clearly influence the ENSO variability. A warmer mean state leads to an increase in ENSO
variability and a shift of the ENSO period towards longer time scales. A colder mean state
leads to a reduction of ENSO variability and also a shorter period of ENSO. The results of
the ENPAT experiment show that not only the amplitude of the mean changes is impor-
tant but also the pattern. Although the amplitude of the change in the mean SST in the
ENPAT experiment is smaller than in the TP+1K experiment it shows a larger increase in
ENSO variability. However, in this model only changes in the atmospheric feedbacks are
considered. Of course also oceanic processes could play a role and maybe also balance the

changes. GCM projections indicate for example a shoaling of the equatorial thermocline due
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Figure 4.48: Seasonality of the fitted parameters with 95% confident intervals for the ENPAT
experiment (black) compared to the control run (blue) and the TP+1K experiment (red).

to reduced equatorial winds and the tendency of surface waters to warm at a faster rate than
the deep ocean (Vecchi and Soden, 2007). On the other hand the slope of the thermocline
depth is reduced in global warming scenarios of many GCMs which reduces the depth of the
thermocline in the east (Collins et al., 2010). Thus, changes in the atmospheric feedbacks
due to global warming have an important influence on the properties of ENSO, but to make
any satisfying predictions on the future behaviour of ENSO both atmpospheric and oceanic
processes have to be considered. Also the simulation of the mean state of the tropical Pacific

has to be improved to predict the changes in the ENSO properties.
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Figure 4.49: Seasonality of a) the the NINO3 heat flux anomalies and b) the central Pacific
zonal wind stress anomaliess for the ENPAT experiment (black) compared to the TP+1K
experiment (red) and the control run (blue).
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Figure 4.50: Seasonality of the regression between a) the NINO3 heat flux anomalies and
the NINO3 SST anomalies and b) the central Pacific zonal wind stress anomalies and the
NINO3 SST anomalies for the ENPAT run (black) compared to the TP+1K run (red) and
the control run (blue).
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4 ENSO in the RECHOZ model

4.5 Interactions of the tropical oceans with ENSO

Recent studies suggest that tropical Indian Ocean and the tropical Atlantic Ocean may not
only react to the ENSO mode but are influencing ENSO themselves. Most studies focus on a
possible feedback of the tropical Indian Ocean on the ENSO dynamics (Liu, 2002; Yu et al.,
2002; Wu and Kirtman, 2004; Annamalai et al., 2005; Kug and Kang, 2006; Dommenget
et al., 2006; Jansen et al., 2009). Liu (2002) showed in model studies that ENSO variability
can be supressed if it is influenced by an external (outside the tropical Pacific) periodical
forcing. Following this study a possible source of this forcing could be the tropical Indian
Ocean. Yu et al. (2002), Wu and Kirtman (2004), and Dommenget et al. (2006) analysed
coupled ocean atmosphere GCMs in which the influence of the Indian Ocean was supressed.
In the studies of Yu et al. (2002) and Wu and Kirtman (2004) the ENSO variability was
enhanced if the SST variability of the Indian Ocean was active. However, they find contra-
dictory results regarding the periodicity of ENSO. Both studies are based on relatively short
time series which do not allow statistically reliable statements on the changes of the period
of ENSO. Dommenget et al. (2006) analysed 500-year-long coupled GCM simulations and
found an increase in ENSO variability, and a shift of ENSO period towards longer periods,
if the SST variability in the tropical Indian Ocean was supressed. This is also in agreement
with a conceptual model study of Jansen et al. (2009) where they found an ENSO period
shift from 4 to about 5 years, and an increase in NINO3 SST variability of about 40%, if the
feedback of the Indian Ocean is switched off.

In the opinion of Wu and Kirtman (2004) and Kug and Kang (2006), the observations suggest
an influence of the SST anomalies in the tropical Indian Ocean on the ENSO dynamics, too.
Kug and Kang (2006) found a shortening of the ENSO period because the Indian Ocean SST
anomalies induce easterlies in the western Pacific which lead to faster reversal of the ENSO
cycle. However, these studies are only of limited significance primarily due to the short time

series of observed SSTs. Another problem is the difficulty in quantifying the influence of the
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Indian Ocean on ENSO because the Indian Ocean is primarily influenced by ENSO, and the
feedback of the Indian Ocean on ENSO is only a secondary effect. In principle, it could be
possible to explain the observations without a feedback of the Indian Ocean on ENSO.
The Indian Ocean also seems to develop global teleconnections independent of ENSO (Deser
et al. (2004) and Bader and Latif (2005)). Deser et al. (2004) found that atmospheric fluc-
tuations over the North Pacific are driven by the SST anomalies in the Indian Ocean. Bader
and Latif (2005) showed that the North Atlantic Oscillation (NAO) is driven by the SST
trend in the tropical Indian Ocean.

Some studies also propose an influence of the Atlantic Ocean on ENSO. An early study by
Wright (1986) gives some indirect hints on the possible influence of SST anomalies in the
tropical Atlantic on ENSO. A study by Dong et al. (2006) shows that multidecadal fluctu-
ations of the tropical Atlantic SST anomalies influence the strength of ENSO. Dommenget
et al. (2006) found, in a coupled GCM study, a shift in ENSO period towards longer periods
and an increase in ENSO variability if the SST variability in the tropical Atlantic Ocean is
supressed. Very recently, Jansen et al. (2009) found that an inclusion of the Atlantic Ocean
can improve the ENSO forecast skill of their conceptual model, and the study of Rodriguez-
Fonseca et al. (2009) gives some indications from observations that the summer Atlantic
Ninos (Ninas) alter the tropical circulation which favors the development of a Pacific La
Nina (El Nifio) in the following winter.

Thus, many studies indicate possible influences of the tropical Indian and Atlantic Oceans
on ENSO, but the exact mechanisms of these teleconnections are not yet fully understood
and need further investigation.

To study the interactions of the tropical Indian Ocean and the tropical Atlantic Ocean with
ENSO three sensitivity experiments were performed in which the SST in a specific region is
prescribed by monthly varying climatologies obtained from the control run. First the SST
in the tropical Atlantic (30°S — 30°N) is prescribed (NOAT), then the SST in the tropical
Indian Ocean (30°S-northern boundary)(NOIND) and finally the SST in both the tropical
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Figure 4.51: Different RECHOZ model regions. Red indicates the region in which the
recharge oscillator ocean model is used. The black box inside shows the NINO3 region. Blue
represents the region in which the SST is prescribed in the NOIND experiment. Yellow
highlights the region where the SST is presribed in the NOAT experiment. In the NOAI
experiment the SST is prescribed in both the blue and the yellow regions.

Atlantic and the tropical Indian Ocean is prescribed (NOAI). The different regions in which
the SST is prescribed can be seen in figure 4.51. An overview of the different sensitivity
experiments performed is given in table 4.4.

First it is analysed how the mean SST, zonal wind stress and net heat flux in the tropical
Pacific are influenced by decoupling one or both of the other tropical oceans. In all 3 sen-
sitivity experiments the mean SST in the tropical Pacific does not change compared to the
CTRL run (not shown). The changes in the mean zonal wind stress and mean net heat flux
for the NOIND experiment are shown in figure 4.52. The strongest changes in zonal wind
stress are found in the far western Pacific where the zonal wind stress is reduced. Also in

the central equatorial Pacific and from 10 to 20° N the zonal wind stress is slightly reduced.
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4.5 Interactions of the tropical oceans with ENSO

Exp. ID | Years | Modifications with respect to the CTRL experiment
CTRL 500 | Control run of the RECHOZ model
NOAT 500 | Experiment with the SST in the tropical Atlantic Ocean prescribed
NOIND 500 | Experiment with the SST in the tropical Indian Ocean prescribed
NOAI 500 | Experiment with the SST in the tropical Atlantic and the tropical
Indian Ocean prescribed

Table 4.4: RECHOZ model sensitivity experiments used to study the interactions of the
tropical oceans with ENSO.
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Figure 4.52: Differences in a) mean zonal wind stress [Pa] and b) mean net heat flux [W/m?]
between the NOIND experiment and the CTRL run.
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Figure 4.53: Differences in a) mean zonal wind stress [Pa] and b) mean net heat flux [W/m?]
between the NOAT experiment and the CTRL run.

For the net heat flux also a reduction is found in the western Pacific.

The changes in mean zonal wind stress and net heat flux for the NOAT experiment are
shown in figure 4.53. The zonal wind stress is increased compared to the CTRL run in
eastern Pacific along the coast of Central America. In the western and the central Pacific
small areas of reduced zonal wind stress are found. For the net heat flux again the largest
change is found in the western Pacific. In the following again only the anomalies of the SST,
thermocline depth, zonal wind stress and net heat flux will be analysed.

In figure 4.54, as an example, the SST anomaly time series of the NOIND run is shown com-
pared to the CTRL run. It can be seen that decoupling the tropical Indian Ocean leads to a

strong increase in variability of NINO3 SST anomalies. Also decoupling the tropical Atlantic
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RECHOZ time series of NINO3 SST anomaliess
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Figure 4.54: Time series of monthly mean NINO3 SST anomalies for the NOIND run for
the period from 2000 to 2500 (red) compared to the CTRL run (blue).

Ocean leads to a small increase in SST variability. The standard deviation of NINO3 SST
anomalies increases from o(Torrr) = 0.8 K in the control run to o(Tyoar) = 1.0 K in the
run with the tropical Atlantic Ocean decoupled to o(Tnornp) = 0(Tnoar) = 1.3 K in the
runs with the tropical Indian Ocean and both tropical oceans decoupled. This is an increase
of 25% for the NOAT experiment and of 63% for the NOIND and NOAIT experiments. The
increase in thermocline depth variability is even stronger. The standard deviation of equa-
torial Pacific thermocline depth anomalies increases from o(hcrgr) = 5.4m in the control
run to o(hyoar) = 6.9m in the experiment with the tropical Atlantic Ocean decoupled
to o(hyornvp) = 10.4m for the experiment with the tropical Indian Ocean decoupled and
o(hyoar) = 10.5m in the experiment with both tropical oceans decoupled, which corre-
sponds to an increase of 28%, 93%, and 94% respectively.

The increase in NINO3 SST variability can also be seen in the power spectra of NINO3 SST
anomalies for the three sensitivity experiments compared to the control run (figure 4.55).
When the tropical Indian Ocean or both tropical oceans are decoupled also the peak of the

NINO3 SST anomaly spectrum is shifted towards longer periods. This effect is stronger when
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Figure 4.55: Spectra of monthly mean NINO3 SST anomalies for the CTRL run (blue), the
NOIND experiment (red), the NOAT experiment (green), and the NOAI experiment (black).
The violet shading indicates the 80% confidence level of the CTRL run spectrum.

both tropical oceans are decoupled than for the tropical Indian Ocean decoupled. These re-
sults are in good agreement with the studies of Dommenget et al. (2006) and Jansen et al.
(2009). Only the increase in the NINO3 SST variability is much stronger than in the previ-
ous studies.

Despite the large increase in SST variability in the sensitivity experiments the skewness and
kurtosis of the NINO3 SST anomalies in the sensitivity experiments (figure 4.56) do not
change significantly compared to the control run (figure 4.8 (a)).

If one takes a look at the cross correlation between the NINO3 SST anomalies and the equa-
torial Pacific thermocline depth anomalies (figure 4.57) one finds almost no change in the
NOAT experiment, where the tropical Atlantic ocean is decoupled, but for the NOIND and
the NOAI experiments, where the tropical Indian and both tropical oceans are decoupled,
one finds sligthly larger correlations and a shift of the maximum correlations from lead times

around 6 - 7 months to lead times of about 9 months.
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Figure 4.56: Histograms of monthly mean NINO3 SST anomaliess for (a) the NOIND run,
(b) the NOAT run, and (c) the NOAI run.

Cross correlation equateorial Pacific thermocline depth
anomalies vs NINO3 S5T anomalies

1 L
08— CTRL
0.6r{—NOIND

0.41 NOAT
|~ NOAI

correlation
[}

'0.6 ............ e ...................... -
0.8 . SSTI e | ‘ e T e i
y ST leading thermacline leading
-18 -12 -6 0 6 12 18

lags [months]

Figure 4.57: Cross correlation between the equatorial Pacific thermocline depth anomalies
and the NINO3 SST anomalies for the NOIND experiment (red), the NOAT experiment
(green), and the NOAI experiment (black) compared to the control run (blue).
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The changes in the variability and seasonality of ENSO and in the relationships between
the SST and thermocline depth anomalies can again only be caused by the atmospheric
properties. Therefore, first the changes in the patterns of the heat flux anomalies are
analysed. Figure 4.58 shows the composites of the heat flux anomalies for all ENSO ex-
treme years. It can be seen that the pattern of the heat flux anomalies does not change
in all three sensitivity experiments. Only the strength of the heat fluxes increases. This
is also supported by the increase of the standard deviations of NINO3 heat flux anoma-
lies. The standard deviation increases from o(forrr) = 8.4W/m? in the control run to
o(fyoar) = 9.0W/m? in the NOAT experiment, o(fxornp) = 11.3W/m? in the NOIND
experiment, and o(fyoar) = 11.1W/m?, what corresponds to an increase of 7%, 35%, and
32% respectively. However, the increase in NINO3 heat flux anomalies is smaller than the
increase in NINO3 SST anomalies.

Figure 4.59 shows the composites of the zonal wind stress anomalies for all ENSO extreme
years. Again the pattern does not change for all three sensitivity experiments and only the
strength is increased. The standard deviation of central Pacific zonal wind stress anoma-
lies increases from o(7eorgr) = 0.015 Pa in the control run to o(7yoar) = 0.018 Pa in the
NOAT run and o(7noar) = 0(Tnoar) = 0.023 Pa in the NOIND and NOAT runs. This is
an increase of 20% in the NOAT run and 53% in the NOIND and NOAI runs.

Again the increase in standard deviation of the zonal wind stress anomalies is smaller than
for the NINO3 SST anomalies or the equatorial Pacific thermocline depth anomalies. So,
this does still not explain the large increases in standard deviation of NINO3 SST anomalies
and especially in standard deviation of equatorial Pacific thermocline depth anomalies. Also
it is still unclear, what is causing the shift in the peak of the NINO3 SST anomaly spectrum
towards longer periods.

To understand the shift of the period one has again to take a look at the persistence of
the central Pacific zonal wind stress anomalies. Therefore, again the autocorrelations of the

central Pacific zonal wind stress anomalies are plotted in figure 4.60.
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Figure 4.58: Model composite mean values of the net heat flux anomalies for all ENSO
extreme years (|T'(December)| > o(T)) averaged from December to April of the following
year for a) the CTRL run, b) the NOIND run, c¢) the NOAT run, and d) the NOAI run.
For La Nina events the net heat flux anomalies are considered with reversed sign in the
composites mean. Units are in W/m?. The black box indicates the NINO3 region over
which the heat flux anomalies are averaged.
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Figure 4.60: Autocorrelation of central Pacific zonal wind stress anomalies for the NOIND
experiment (red), the NOAT experiment (green), and the NOAI experiment (black) com-
pared to the CTRI run (blue).

While for the NOAT experiment again almost no changes are found, the NOIND and the
NOAI experiments show a wider peak of the autocorrelation curve and stay positive for
longer times compared to the control run. This means that the zonal wind stress anomalies
persist longer. So, this can explain the shift in the NINO3 SST anomaly spectrum towards
longer periods especially when the tropical Indian Ocean is decoupled. This is in good agree-
ment with the results of Dommenget et al. (2006).

The cross correlation between the central Pacific zonal wind stress anomalies and the NINO3
SST anomalies does not change in the NOAT experiment (figure 4.61). In the NOIND and
the NOAI experiments the maximum correlation is still found when the wind stress is leading
the SST for about 1 month, but the time the correlation stays positive increases and the
correlations for lead times longer than one year increase, too.

The cross correlation between the central Pacific zonal wind stress anomalies and the equa-
torial Pacific thermocline depth anomalies again do not change significantly in the NOAT ex-

periment (figure 4.62). For the NOIND and the NOAI experiments the correlations increase
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Figure 4.61: Cross correlation between the central Pacific zonal wind stress anomalies and
the NINO3 SST anomalies for the NOIND experiment (red), the NOAT experiment (green),
and the NOAI experiment (black) compared to the control run (blue).
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Figure 4.62: Cross correlation between the central Pacific zonal wind stress anomalies and
the equatorial Pacific thermocline depth anomalies for the NOIND experiment (red), the
NOAT experiment (green), and the NOAI experiment (black) compared to the cotrol run
(blue).
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for lead times larger than 6 months.

The next thing one can do is to analyse how the parameters of the recharge oscillator model
(equations 3.9 and 3.10) change if there is no SST variability in the other tropical oceans.
Therefore, again a linear regression was performed to fit the parameters to the resulting
data of the sensitivity experiments. Table 4.5 at the end of this section shows the values
resulting from these parameter fits. No significant changes are found for the NOAT experi-
ment. The changes for the NOIND and NOAI experiments are of similar magnitude. Thus,
in the following, only the changes in the NOIND experiment will be analysed. The strongest
change is found in the damping of the SST a;; which is reduced by 52%. Also the coupling
of the SST to the thermocline a5 is reduced by 24%. The damping of the thermocline is
reduced by 22%, but the coupling of the thermocline to the SST is only slightly increased
by 2%. The standard deviations of the residuals which correspond to the noise terms s; and
S9 are increased by 13% each. What these changes in the parameters imply can be analysed
if one includes these parameters in the REOSC-MC model. Different experiments with the
REOSC-MC model were performed in which the resulting parameters of the CTRL and the
NOIND experiment and combinations of these parameters were used. Figure 4.63 shows
the spectra of monthly mean NINO3 SST anomalies resulting from this experiments. It can
be seen that the changes in the coupling of the thermocline depth anomalies to the SST
anomalies a9; and in the damping of the thermocline depth anomalies as, have no influence
on the frequency and amplitude of ENSO. The changes in the standard deviation of the noise
terms lead to enhanced variability on all time scales. The change of the damping of the SST
anomalies ay; leads to enhanced variability on ENSO time scales. Only the change in the
coupling of the SST anomalies to the thermocline depth anomalies a5 leads to a decrease of
variability on time scales up to 4 years and shifts the peak of the spectrum towards longer
periods.

In summary, one can say that a clear influence of the tropical Indian Ocean on the SST vari-

ability in tropical Pacific is found while it is difficult to detect an influence of the tropical
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Figure 4.63: Spectra of monthly mean NINO3 SST anomalies for the REOSC-MC experi-
ments with the parameters obtained from the CTRL run (blue), the NOIND run (red) and
all parameters from the CTRL run despite a;; from the NOIND run (green), a;o from the
NOIND run (cyan), ag; from the NOIND run (yellow), ags from the NOIND run (magenta),
and the standard deviations of the noise terms from the NOIND run (black).

Atlantic ocean. Decoupling the tropical Atlantic ocean leads to a small increase in NINO3
SST and equatorial Pacific thermocline depth variability due to stronger zonal wind stress
and heat flux variability. However, the parameters of the recharge oscillator are not signifi-
cantly changed compared to the control experiment. Only a small increase in the standard
deviation of the noise terms is found. Decoupling the tropical Indian Ocean leads to a large
increase in NINO3 SST and equatorial Pacific thermocline depth variability. Also the peak
of the NINO3 SST anomaly spectrum is shifted towards longer periods. The increase in
SST variability is due to a reduced damping of the SST and a stronger noise forcing. The
larger changes in thermocline depth variability are also due to a reduced damping of the
thermocline and an increased noise forcing and also the strong coupling to the SST. The

decrease of the damping terms and the increase of the noise terms are due to an increased
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variability of zonal wind stress and net heat flux anomalies. The longer persistence of the
zonal wind stress anomalies reduces the coupling of the SST to the thermocline and with
it shifts the peak of the SST spectrum towards longer periods. Decoupling both tropical

oceans has no additional influence on ENSO.
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an [romr) W2 () | 21 [y 92 [rom) | 0(51) o) | 9(52) (o]
CTRL —0.065 £ 0.009 | 0.0254+0.001 | —1.126 +0.006 | —0.023 4 0.001 0.272 0.207
NOIND || —0.031 £0.006 | 0.019 £ 0.001 | —1.145 £+ 0.005 | —0.018 £ 0.001 0.308 0.234
NOAT | —0.059 £0.008 | 0.024 £ 0.001 | —1.132 & 0.006 | —0.022 £ 0.001 0.297 0.227
NOAI —0.035£0.006 | 0.018 £0.001 | —1.139 £0.005 | —0.018 & 0.001 0.330 0.256

Table 4.5: Resulting model parameters from the NOIND, NOAT, and NOAI experiments compared to the CTRL run with

95% confident intervals.
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5.1 Results and Discussion

For seasonal and long-term global climate predictions a detailed understanding of the ENSO
phenomenon is necessary. Although there have been large improvements in the understan-
ding of the ENSO mode and the ability to predict ENSO in the recent decades, there are still
aspects of ENSO which are not yet fully understood and which are not simulated correctly
by most models. Thus, the aim of this thesis was to enhance the understanding of different
aspects of ENSO. For this purpose the new HCM RECHOZ was developed which couples
a complex atmospheric GCM to the simple two-dimensional linear recharge oscillator ocean
model in the tropical Pacific. Then it was analysed how ENSO is simulated in this model
and different key questions were adressed with the help of this model. The results will be

summarised in the following.

e ENSO in the RECHOZ model

In section 4.1 it was examined how the ENSO phenomenon is simulated in the RECHOZ
model. Many state-of-the-art GCMs have problems simulating the seasonality and nonline-
arity of ENSO correctly (Guilyardi et al., 2009b; van Oldenborgh et al., 2005). It was shown
that although the RECHOZ model has only a minimum complex representation of ENSO
it produces a very good simulation of it. The model is able to simulate the main statistical

properties of ENSO like its variance, period, seasonality, skewness, and kurtosis. Thus, the
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model is very suitable to analyse the origins of the seasonality and nonlinearity of ENSO

and to study the influences of remote forcings onto ENSO.

e Which atmospheric processes lead to the phase locking of ENSO, with El Nino and La

Nina events typically peaking in early boreal winter?

The seasonal cycle in the strength of the ENSO amplitudes can be attributed to the seasonal
varying sensitivity of the atmosphere to SST anomalies. In section 4.2 it was pointed out
that a stronger coupling of zonal wind stress to SST in spring and summer reduces the
damping of SST. The weaker coupling of zonal wind stress increases the damping of the

ENSO events in winter and early spring.

e What are possible atmospheric causes for the amplitude asymmetry between El Nino

and La Nina events?

Many studies see the origin of the ENSO nonlinearity in the ocean dynamics (Jin et al.,
2003; An and Jin, 2004; Su et al., 2010). The origin of the nonlinearities in the ENSO
cycle in the RECHOZ model has to lie in the atmospheric forcings because the model by
construction only allows linear feedbacks in the ocean processes. In section 4.3 it was shown
that a nonlinear zonal wind response to equal-strength but opposite SSTAs can explain the
asymmetry between eastern Pacific SSTAs during El Nino and La Nina events, which is in
agreement with the results of Kang and Kug (2002). So the fact that this simple model
with only parameterized ocean dynamics can reproduce the ENSO amplitude asymmetry
shows that atmospheric nonlinearities have an important influence on the SST skewness in

the eastern tropical Pacific.

e In which way are changes in the mean state of the tropical Pacific affecting ENSO

through atmospheric feedbacks?

The possible changes of ENSO due to global warming are currently very strongly discussed.

For the changes in the mean state of the tropical Pacific studies range from no change at all
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(Collins and CMIP Modeling Groups, 2005) over an El Nino-like warming pattern (Meehl
et al., 2007) to an enhanced equatorial warming (Liu et al., 2005). Also the future strength
of ENSO simulated by state-of-the-art GCMs shows a large spread of results (Meehl et al.,
2007). In section 4.4 different sensitivity experiments were analysed to improve the under-
standing of possible influences of changes in the mean state on ENSO through atmospheric
feedbacks. It was found that changes in the mean state of the tropical Pacific have a large
influence on ENSO. An overall cooling of the mean SST leads to reduced ENSO variability
and a shorter ENSO period due to reduced variability of the NINO3 heat flux anomalies and
the central Pacific zonal wind stress anomalies and a shorter persistence of the zonal wind
stress anomalies. In contrast an overall warming leads increased variability of NINO3 heat
flux anomalies and central Pacific zonal wind stress anomalies and thus increases the ENSO
variability. A longer persistence of the zonal wind stress anomalies leads to a longer ENSO
period. However, the results strongly depend on the pattern of the mean state change. An
El Nino-like warming pattern with a smaller amplitude of tropical Pacific warming leads to a
stronger increase in NINO3 heat flux anomaly and central Pacific zonal wind stress anomaly
variability and thus also a larger increase in ENSO variability than a uniform warming pat-
tern. However, also ocean dynamics have to be considered to be able to predict the future

behaviour of ENSO.

e How are the tropical Indian Ocean and the tropical Atlantic Ocean influencing ENSO?

Many recent studies suggest that the tropical Indian and the tropical Atlantic Ocean are not
only influenced by ENSO but also have a feedback on ENSO themselves (see for example
Dommenget et al. (2006); Jansen et al. (2009); Rodriguez-Fonseca et al. (2009). The results
of section 4.5 show that decoupling the tropical Atlantic Ocean has little influence on the
SST variability in the tropical Pacific, while decoupling the tropical Indian Ocean has a large
effect. Increased variability of zonal wind stress anomalies and heat flux anomalies reduces

the damping of the SST and the thermocline depth and so increases the variability of SST
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and thermocline depth anomalies. A longer persistence of the zonal wind stress anomalies
reduces the coupling of the SST anomalies to the thermocline depth anomalies and with it
leads to a shift of the peak of the NINO3 SST anomaly spectrum towards longer periods.
The results are in good agreement with Dommenget et al. (2006).

The results of this thesis show that in order to improve the simulation of ENSO in climate
models one has to improve the representation of the atmospheric feedbacks. However, ocean
processes are also an important factor for ENSO. To improve the predictions of ENSO it
could be helpful to include the tropical Indian Ocean, though one still has to consider that
the tropical Indian Ocean primary is influenced by ENSO itself. On the other hand, although
only little influence of the Atlantic ocean on ENSO was found, this could be more important
for ENSO predictions because the tropical Atlantic Ocean is less influenced by ENSO. At the
current point in time it is not possible to say how ENSO will be altered by global warming.
As long as the models do not agree in which way the mean state of the tropical Pacific will
change, one cannot make faithful predictions on how ENSO will change. However, the model
results indicate that a warmer mean state of the tropical Pacific will lead to increased ENSO

variability.

5.2 Outlook

The RECHOZ model proved to be a very useful tool to analyse the mechanisms and in-
teractions of ENSO. It helped to gain a better understanding of some aspects of ENSO.
However, there are still other aspects of ENSO which are matter of ongoing research where
the RECHOZ model could help to improve the understanding. Two recent areas of ENSO
research are the predictability of ENSO and possible changes of ENSO under global war-

ming.
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5.2.1 ENSO predictions

The prediction of El Nino and La Nina events is of great importance because of their large
socio-economic impacts. One way to improve ENSO forecasts could be to include effects
of the Indian and the Atlantic Ocean in the forecasts. The good representation of the
ENSO statistics in the RECHOZ model and the possibility to easily control SST variations
in different regions of the oceans without essentially disturbing the system form a good
background for ENSO predictability studies. In chapter 4.5 it was illustrated that especially
the tropical Indian Ocean has an influence on the ENSO variability and period. Therefore,

the RECHOZ model is also very appropiate to analyse the influences of these regions on

ENSO predictability.

5.2.2 Changes in ENSO variability due to global warming

Another area of ongoing research is how global warming will influence ENSO. In section 4.4
it was shown that the RECHOZ model can be used to study the influence of changes in the
mean state of the tropical Pacific on ENSO. Thus, the model could be used to perform sen-
sitivity studies with different mean SST climatologies obtained from different future climate
projections from the database of the IPCC. Then the influence of these different mean states
on the recharge oscillator model parameters can be analysed. Also the influences of changes

in the mean state in other regions on ENSO can be studied.
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