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Abstract
The sensitivity of the El Niño/Southern Oscillation phenomenon (ENSO)
with respect to different wind stress formulations is simulated by a hybrid
coupled general circulation model (HCM). The HCM consists of a version
of the MPI-OM general circulation model (GCM) coupled to a statistical
atmosphere model. The design of the HCM allows mean wind stress and
the anomalous sea surface temperature (SST) to wind stress coupling to be
prescribed.

Two main aspects are addressed: First, ENSO variability and equatorial
Pacific ocean thermal structure are investigated with respect to variations in
the mean background climatology, and second, improved parameterizations
of the momentum flux at the ocean to atmosphere boundary in GCMs of
the tropical Pacific are analyzed.

To address the first aspect, the climatology of the tropical Pacific is
varied via the strength of the mean wind stress and the ocean-to-atmosphere
coupling. The results of the coupled model simulations show that the ENSO
period decreases as the mean wind stress is increased. Furthermore, the
zonal SST gradient along the equator as well as the mean thermocline depth
increase with increasing mean wind stress, while the thermocline intensity is
reduced. The ENSO amplitude is more sensitive to the anomalous ocean to
atmosphere coupling, where a stronger coupling leads to higher amplitudes.
The results are compared to recent studies with intermediate complexity
models (ICMs) and to results from intercomparison studies with coupled
atmosphere ocean GCMs (AOGCMs). At first view, the prediction of ENSO
period from the ICM contradicts the HCM results. This is explained by
the setup of the ICM, where the thermocline intensity is prescribed by
a parameter, while in the HCM the thermal intensity is modelled. The
AOGCMs do not exhibit relationships similar to the results of the HCM.

To address the second aspect, the common bulk formula for wind stress
is corrected for a moving ocean surface and improved parameterizations of
the drag coefficient Cd. Sensitivity studies are carried out for various param-
eterizations in coupled and uncoupled mode, to give an overview of possible
changes. The results of the uncoupled simulations suggest that the correc-
tion for a moving surface and the improved parameterization generally lead
to reduced mean wind stress and reduced ENSO variability. The correc-
tion partly improves the equatorial east Pacific SST and thermal structure.
Accounting for surface motion also reduces the variability in coupled sim-
ulations. In some experiments the system moves from a self sustained to
a damped ENSO mode. The results partly sustain findings in recent sen-
sitivity studies with the ECHAM5/MPI-OM AOGCM, which account for
surface motions. The results emphasize the need for an accurate parame-
terization of the momentum flux also for very low wind speeds.
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1. INTRODUCTION

The El Niño/Southern Oscillation (ENSO) phenomenon is known to be the
largest climatic fluctuation on interannual time scales. It appears as an
anomaly of the sea surface temperature (SST) of the whole equatorial Pa-
cific, but most notable in the eastern equatorial Pacific. El Niño appears
irregularly every 2 to 7 years and is now understood as an internal mode
of the tropical Pacific ocean-atmosphere system (Neelin et al. (1998)). Un-
der normal conditions the equatorial easterly trade winds transport vast
amounts of warm water to the tropical western Pacific, a region thereby
known as the western Pacific warm pool (Yan et al. (1992)). Due to its
persistent sea surface temperatures (SSTs) higher than 28◦C the warm pool
is a region of intense deep atmospheric convection and rainfall (McPhaden
et al. (1998)). Further to the east the SST is decreasing, until in vicinity of
the Galápagos islands and the coasts of Peru a tongue of cold water with a
mean SST of 23◦C predominates (Dijkstra and Burgers (2002)). Associated
with the SST gradient is a sea level pressure (SLP) gradient with low SLP
over the warm pool and high SLP over the eastern equatorial Pacific.

During El Niño the equatorial warm-pool-cold-tongue temperature gra-
dient is weakening and anomalously warm waters are observed in the central
to eastern Pacific. This is accompanied by a weakening of the surface pres-
sure gradient and thereby a slackening of the trade winds, which further
enhances the warming in the eastern equatorial Pacific through reduced up-
welling of cold water and a less shallow thermocline. The variable SLP field
was first discovered by Sir Gilbert Walker (Walker (1924)) who named it
Southern Oscillation. The pioneering works of Bjerknes (Bjerknes (1969))
and Wyrtki (Wyrtki (1975)) finally revealed the connection between El Niño
and the Southern Oscillation.

These anomalous tropical conditions have profound influence on the
global weather variability. The fields of deep atmospheric convection and
precipitation over the warm pool are shifting eastward and thus dry condi-
tions occur over the tropical western Pacific regions, while wet conditions
occur over the central and eastern Pacific and the western South American
coasts. However, the ENSO anomaly also affects the general atmospheric
circulation and thus the signal is communicated via atmospheric bridges
to the whole extra tropics (Trenberth et al. (1998)). Walker already rec-
ognized the relation to Indian monsoon rainfall, however, the significant



1. Introduction 8

teleconnections are detected in North and South America, South Africa,
East China, Japan and Europe (Trenberth et al. (1998); Diaz et al. (2001);
Merkel (2003)). Since ENSO globally affects weather patterns and climate
conditions its influence on society, economy and environment are numer-
ous (e.g. Glantz (2000)). Recently, the worldwide economic losses from
the record El Niño in 1997/98 have been estimated to 36 billion US-Dollar
(Office of Global Programs (1999)). However, for instance the US economy
actually benefited from El Niño, mainly due to the El Niño-induced re-
duction of Atlantic hurricane activity and reduced heating costs (Chagnon
(1999); Goddard and Dilley (2005)). Chagnon (1999) pointed out, that the
net benefit was especially a result of the predictions of ENSO, which are now
regularly carried out (Latif et al. (1998); Landsea and Knaff (2000); Cane
(2005)). Advances in the understanding and predicting of ENSO in recent
time was a result of the large observational efforts and the many human
and technical resources around the world that where activated in the recent
decades. However, despite the efforts, elementary questions have yet not
been solved. Some of these questions regard the onset and termination of
individual ENSO events as well as the general amplitudes and periods. Fur-
thermore, it is unclear how ENSOs behavior might change due to a variable
mean background state. It is known, that the climatic background changes
on decadal and longer time scales. Also, it is now generally accepted that
the anthropogenically emitted greenhouse gases will generally warm the at-
mosphere by 1.5 to 4.5◦C within the next century (Houghton et al. (2001)).
Attempts to quantify the effect on the tropical Pacific system have not yet
come to a settled conclusion. Recent multi-model ensemble studies (Collins
and The CMIP Modeling Groups (2005); van Oldenborgh et al. (2005)) in-
dicate a slightly more El Niño-like mean state and slightly higher ENSO
frequency, but the issue is far from being settled.

In this thesis, two main aspects are addressed: First, the behavior of El
Niño under an altered mean climatic background state is investigated.

The second aspect addresses some problems of El Niño simulations in
state-of-the-art atmosphere ocean general circulation models (AOGCMs).
Recent intercomparison studies (Latif et al. (2001); AchutaRao and Sper-
ber (2002); Davey et al. (2002)) showed that there are still a number of
problems in simulating a correct ENSO signal with respect to spatial lo-
cation and extension of the anomalies, their amplitudes and periods. One
important factor may be the bulk parameterization of surface wind stress in
AOGCMs, which, in the past, generally neglected surface current motions.
Here, alternative bulk formulas are investigated, which take surface currents
and improved drag parameterizations into account.

To investigate these aspects, a hybrid coupled model (HCM) of the trop-
ical Pacific basin is developed, which combines the advantages of a fully
developed ocean model with a simple but reasonable atmosphere model. In
its complexity, the HCM bridges the gap between coupled models of inter-
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mediate complexity and the fully coupled AOGCMs. A number of model
runs with the HCM is carried out, to give an overview of possible changes
due to the formulation of the wind stress. The simulations are investigated
with respect to the amplitude and period of El Niño and the mean ocean
thermal structure.

The thesis is organized as follows: In Chapter 2 the hybrid coupled model
is introduced and the performances in coupled and uncoupled mode are
discussed. In Chapter 3 the behavior of the tropical Pacific mean state and
the El Niño variability are investigated under altered mean and anomalous
wind stress products. The results are compared to ICM studies as well as to
results from recent AOGCM intercomparison studies. Chapter 4 addresses
the question of improved wind stress parameterizations. Surface motions are
taken into account and the drag coefficient in the wind stress bulk formula is
altered with respect to recent studies of drag functions. Again, the influence
on the general mean thermal structure and on ENSO variability are shown.
Chapter 5 gives a summary and outlook.
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2. THE HYBRID COUPLED
MODEL

2.1 Introduction

The aim of this chapter is to introduce the hybrid coupled ocean-atmosphere
model used in this study. The term hybrid coupled model (HCM) was cre-
ated by Neelin (1990) and generally refers to a type of model where the
ocean component is of much higher complexity than the atmospheric com-
ponent. Thereby, the physical and numerical complexity of a HCM lies
between the models with reduced physics, such as intermediate complexity
models (ICMs, e.g. Zebiak and Cane (1987); Jin and Neelin (1993); Fe-
dorov and Philander (2001)) and fully coupled atmosphere-ocean general
circulation models (AOGCMs, e.g. Stockdale et al. (1998); Delecluse et al.
(1998)). HCMs of the tropical Pacific combine the advantages of a fully de-
veloped ocean GCM with the conceptual ideas of the El Niño mechanism:
On monthly or longer time scales the atmosphere is considered as a system
in quasi-equilibrium, which is strongly forced by the ocean sea surface tem-
perature (SST) (Bjerknes (1969), Wyrtki (1975), Philander (1990)). HCMs
are now regularly used, both for ENSO studies as well as for ENSO predic-
tions (e.g. Latif et al. (1998); Syu et al. (1995); Eckert and Latif (1997);
Blanke et al. (1997); Tang et al. (2001); Harrison et al. (2002)). The follow-
ing section gives a description of the ocean and atmosphere components of
the model. The coupling procedure and the general experimental setup are
explained, followed by a description of the model performance in uncoupled
and coupled mode.

2.2 The ocean model

The ocean model used in this study is based on the Max-Planck-Institute
ocean model (MPI-OM) as described in Marsland et al. (2003). The MPI-
OM is a z-coordinate global general circulation model based on the primitive
equations for a Boussinesq-fluid on a rotating sphere. It includes parame-
terizations of sub grid-scale mixing processes, like isopycnal diffusion of the
thermohaline fields, eddy-induced tracer transport, and a bottom boundary
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Fig. 2.1: The curvilinear orthogonal grid of the MPI-OM used in this
study. The equatorial resolution is 0.5◦in latitude between 10◦N-
10◦S. The longitudinal resolution is 2.8◦.

layer slope convection scheme. The model contains a free surface and a
state-of-the-art sea ice model with viscous-plastic rheology and snow.

For the purpose of this study, the MPI-OM was restricted to the trop-
ical Pacific basin between 105◦E to 77◦W, 40◦N to 40◦S. A sponge layer
is applied at the meridional boundaries. The zonal grid resolution is 2.8◦.
In latitude the grid spacing is 0.5◦between 10◦S to 10◦N, and then non-
linearly increases to 7.1◦at 40◦N and 40◦S. The grid is sketched in Figure
2.1. The model has 23 vertical layers, with layer thickness increasing with
depth; 10 layers are located in the first 300 meter. As described in Mars-
land et al. (2003) the ocean model is driven by the fluxes of latent and
sensible heat, momentum and freshwater at the ocean-atmosphere bound-
ary. In this study the climatological surface fluxes from the ocean model
intercomparison project (OMIP, Röske (2001, 2006)) are used. The OMIP
fluxes are based on the ECMWF reanalysis project (Gibson et al. (1997);
Uppala (2001)).
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2.3 The wind stress model

The wind stress model is an anomaly model and statistical in nature. Ear-
lier works by Latif and Villwock (1990) and Latif and Fluegel (1991) showed
that tropical wind stress anomalies can, to a good approximation, be mod-
eled as a linear response to SST anomalies. To relate wind stress to SST
anomalies, Barnett et al. (1993) used empirical orthogonal function (EOF,
see e.g. Preisendorfer (1988); Peixoto and Oort (1992); von Storch and
Zwiers (1999)) decompositions to build a statistical model. First, anoma-
lies of wind stress, τ and SST, T , are decomposed into their EOFs and
principal components (PCs):

T (x, t) =
∑

m

αm(t) em(x) (2.1)

τ(x, t) =
∑

n

βn(t) fn(x) (2.2)

where αm(t) and βn(t) denote the n-th and m-th temporal principal
components. The spatial EOFs em(x) and fn(x) are the eigenvectors of the
corresponding covariance matrices for the anomalous SST and wind stress
vectors. From this, a matrix of regression coefficients can be estimated as:

Cn,m =
< αmβn >

< α2
m >

(2.3)

where < . . . > denotes the time average. Note that in Chapter 3 and
4 the regression coefficient of the first principal components of wind stress
and SST, C1,1, will be calculated and used as a measure of the ocean-to-

atmosphere coupling. Thus, with a given SST anomaly T̂ (x, t) a linear
wind stress anomaly τ̂(x, t) can be obtained via the following sequence of
equations:

α̂m(t) =
∑

x

T̂ (x, t) em(x), (2.4)

β̂n(t) =
∑

m

Cn,m α̂m(t), (2.5)

τ̂ (x, t) =
∑

n

β̂n(t) fn(x). (2.6)

Since the spatial distribution of geophysical data on a sphere is usually
not uniform it is necessary to weight the data with respect to the spatial
area they represent (Cohen and Jones (1969); Buell (1971)). For this, the
equations 2.1 to 2.6 need to be extended as described in Appendix 6.
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Principal components of SST and zonal wind stress anomalies
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In this study, the pseudo wind stress product of the Florida State Uni-
versity (FSU) is used (Stricherz et al. (1997)). The FSU pseudo wind stress
consists of 41 years of monthly mean data from January 1961 to December
2001. To obtain wind stress, the pseudo wind stress is multiplied with a
drag coefficient of Cd = 0.0013 and an air density ρ = 1.026kg/m3. The
SST data is taken from an ocean model run forced by climatological fluxes
plus the FSU wind stress. To obtain the anomalies for the regression, the
two data sets are smoothed with a 5-month running mean, detrended and
the seasonal cycle is removed. Following Barnett et al. (1993) the first 5
EOFs of SST and wind stress are used for the construction of the model. As
an example, the first EOF of wind stress and their respective SST anomalies
and their PCs are shown in Fig. 2.2. It can be seen that the maximum in
the zonal wind stress EOF is located in the western equatorial Pacific, while
the maximum in the SST EOF is located in the eastern equatorial Pacific.
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2.4 Coupling considerations

The ocean-atmosphere coupling is accomplished as follows: the SST anomaly
is calculated from the model SST, with respect to a prescribed climatolog-
ical SST. Subsequently, the wind stress anomalies are calculated via the
equations 2.3. The anomalies are added to the OMIP climatological wind
stress forcing and this is fed back to the ocean model. There are two consid-
erations which have to be taken into account: First, due to the missing noise
variance in the neglected EOFs the wind stress model systematically under-
estimates the total variance. Two common procedures to scale the variance
up, are to add a noise term to the modelled wind stress, or to multiply
the wind stress by a constant factor, usually termed coupling coefficient.
In this study no noise term is applied, instead the modelled wind stress is
multiplied with a coupling constant, generally in the range between 0.7 and
1.2, but 1.4 in some experiments. The motivation for this is to study the
eigenmodes of the coupled system. The addition of noise may mask their
characteristics.

The second point concerns the calculated SST anomalies. The anomalies
are calculated with respect to a reference background state, which itself is
the climatological SST calculated a priori from an uncoupled run. However,
in coupled mode the models internal background state may differ from the
uncoupled state. It is known that the annual cycle of SST is the complex
nonlinear response of the climate system to the annual solar forcing (Pezzulli
et al. (2005)). There is no a priori reason, why the SST cycle should stay the
same from year to year. It is especially known that seasonal and interannual
mode interfere, most prominently visible in the general peak of El Niño dur-
ing the boreal winter time. (Rasmussen and Carpenter (1982); Philander
(1990); Xie (1995); Tziperman et al. (1997)). It is noted that this interfer-
ence may explain aspects of El Niño’s irregular behavior through nonlinear
interactions which lead to chaotic behavior (Tziperman et al. (1994); Jin
et al. (1994); Neelin et al. (1998)). A difference between a prescribed refer-
ence background state and the mean state of the model would result in a
biased SST anomaly with non-zero mean. It is therefore desirable to have
a reference background state that adapts to the mean state of the coupled
model. In this study the accumulated mean (ACME) adaption scheme de-
scribed by Maćias et al. (1999) and Maćias (2000) is applied. Suppose Tn is
the SST of the current model year and T̃n−1 the reference state SST of the
previous year, then the next year’s reference state is calculated as

T̃n = αnT̃n−1 + (1 − αn)Tn (2.7)

where
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αn =
n + m

n + m + 1
. (2.8)

Here n denotes the current model year and m is a constant. Following
Maćias et al. (1999) m = 2 is taken. As pointed out by Maćias et al. (1999)
the adaptable reference state is converging to the long term mean of the
model and thus, the anomalies are unbiased.

In coupled mode, the model is first spun up with five years of climatolog-
ical forcing to get an approximation of the reference state, followed by five
years of FSU forcing to give the system an initial perturbation. Generally,
the length of a model simulation without the initial phase is 480 month,
but is extended where reasonable.

2.5 Model validation

The aim of this section is to validate the model results in coupled and un-
coupled mode. Key components of the Pacific ocean atmosphere system
are the climatological states of SST, wind stress and thermocline structure.
Thus, the validation is mainly focused on these variables, which are com-
pared to observations. First, a brief description of conceptual models for
ENSO is given. The theoretical results of the conceptual models will be
used as a reference in the discussion of the coupled simulations.

2.5.1 ENSO theory

During the recent decades a number of conceptual models have been devel-
oped, which explain the main features of the oscillatory behavior of the equa-
torial tropical Pacific climate. These conceptual models include the delayed-
action oscillator (Schopf and Suarez (1988); Battisti and Hirst (1989)), the
recharge-discharge oscillator (Jin (1997)), the advective-reflective oscillator
(Picaut et al. (1997)) and various more (e.g. Dijkstra and Neelin (1999);
Wang (2001)). To compare the HCM performance with conceptual frame-
works, the model by Jin (1997) is briefly introduced, which can also be seen
as a generalization of the delayed-action oscillator model (Kessler (2002)).
The Jin model is an extension of the ideas by Bjerknes (1969) and Wyrtki
(1975). Bjerknes (1969) stated that an initial SST anomaly in the equato-
rial Pacific induces an anomaly in the prevailing trade winds, which further
enhances the SST anomaly. Furthermore, Wyrtki (1975) noted that prior
to an El Niño a buildup of warm water in the western Pacific warm pool
occurred, which is released during El Niño. Variations in the warm wa-
ter volume (WWV) set the interannual timescale between cool and warm
states and thus serve as a memory. Jin (1997) extended the idea of a
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recharge-discharge mechanism, where ENSO dynamics can be viewed as a
cyclic accumulation and release of warm water, with release during El Niño
and accumulation during La Niña events1. The oscillatory behavior of the
recharge-discharge mechanism stems from the disequilibrium between equa-
torial trade winds, associated with the SST anomalies, and the zonal mean
thermocline depth (on ENSO time scales). The anomaly model of the SST
and thermocline depth according to Jin (1997) is:

dhW

dt
= −r (hW + α τ) (2.9)

dTE

dt
= −ǫ (TE − γh hE) (2.10)

τ = b TE (2.11)

hE = hW + τ (2.12)

Here, hW , hE are the anomalous depth of the thermocline in the western
and eastern Pacific, respectively. TE is the eastern Pacific temperature
anomaly, τ is the anomalous wind stress, and the coefficients r, α, b and ǫ
denote coupling parameters, estimated from observed or modelled data (see
e.g. Jin (1997); Mechoso et al. (2003); Burgers et al. (2006)).

The recharge-discharge oscillator has four phases, which are illustrated
in Figure 2.3. During the El Niño phase (Fig. 2.3 a), the thermocline is
tilted and the WWV is released poleward. The sketch of the thermocline
depth below the boxed images denotes the anomalous thermocline depth
(thick black line). Thus, as a result of the released poleward heat, the
equatorial heat content is reduced and the thermocline is shallow (Fig. 2.3
b). The transition to the La Niña phase (Fig. 2.3 c) due to increased
entrainment of cold water from the depth and the subsequent recharge of
the WWV (Fig. 2.3 d) with a deeper than usual thermocline, completes the
cycle.

The recharge-discharge oscillator model has two advantages: First, the
model is reasonably well sustained by observations (e.g. Meinen and McPhaden
(2000); Meinen et al. (2001); Kessler (2002)). Second, it can be used to test
results from more complex models (Mechoso et al. (2003); Burgers et al.
(2006); Jin et al. (2006)).

1 During La Niña, the eastern equatorial SST is cooler than normal and the trade
winds are enhanced. La Niña is seen as the opposite phase of El Niño in the ENSO
oscillation (Trenberth (1997)).
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Fig. 2.3: Schematic of the four phases of the recharge-discharge model by
Jin (1997). The shown quantities are anomalies relative to the
climatological mean. The values in the four boxed images (a-d)
are sketches of the Pacific ocean surface. τ represents the wind
stress, SST is the positive (+) or negative (-) surface temper-
ature. The upgoing and downgoing arrows denote poleward or
equatorward transport of heat. The associated anomalous ther-
mocline depth, h, is sketched below the four boxes. Note that the
thermocline (thick black line) is anomalously shallow in panel b)
and anomalously deep in d). The eastern Pacific thermocline is
anomalously deep in a) and anomalously shallow in c).
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2.5.2 Uncoupled model performance

In uncoupled mode, the ocean is forced with the OMIP climatological flux
product, plus the FSU wind stress anomalies for the years 1961-2001. The
terms uncoupled and forced will be used synonymously. Since wind stress
is prescribed, this section focuses on SST and thermocline structure. The
mean SST and the bias with respect to observed Levitus observations (Lev-
itus and Boyer (1994)) are shown in Fig. 2.4. While the Pacific warm-pool-
cold-tongue features are very well represented, temperatures are about 1-
2◦C cooler than observed in the eastern Pacific regions. The western Pacific,
SST shows a warm bias by 1-1.5◦C.

The equatorial temperature sections, zonally along the equator and
meridionally at 110◦W, reveal a cooler than observed subsurface and a too
weak thermocline intensity when compared to Levitus observations (Fig.
2.5). This cold bias and the too weak thermocline intensity are robust
features of coupled atmosphere-ocean models (Latif et al. (2001); Stockdale
et al. (1998); Wilson (2000)). The equatorial subsurface at 110◦W is warmer
than observed (Fig. 2.5 c,d), while the subsurface at 10◦N and 10◦S is too
cool. Attempts to mitigate the cold bias have recently focused on the pos-
sibility of missing physics (Jungclaus et al. (2006); Luo et al. (2005)); these
are discussed further in Chapter 4. It is unclear what causes the warm SST
bias in the eastern equatorial Pacific. Wilson (2000) concluded that zonally
restricted models may suffer from a geostrophic imbalance, which results in
an equatorward reflow of warm water to the tropics.

The structure and amplitude of the seasonal cycle of SST are well rep-
resented (Fig. 2.6), but too weak by 0.5◦C in the east.
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Fig. 2.4: Annual mean SST (left panel) of the uncoupled model and dif-
ference to observations (right panel). Observed values are taken
from Levitus and Boyer (1994)).
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Lower left panel: the temperature at the meridional section at
110◦W. Lower right panel: Difference of the meridional section to
observations. Observed values are taken from Levitus and Boyer
(1994)).

As a measure of the tropical Pacific SST variability the standard devi-
ation of the monthly SST anomalies is calculated for every grid point. In
general, the variability is well represented, but a little too strong and slightly
too extended to the west, compared to observations (Fig. 2.7). Further-
more, the modelled variability is more meridionally confined to the equator
than in observations. The too strong anomalies result from an apparent
deficiency of the model to simulate the skewness of the ENSO variability
correct. The uncoupled model has a marginal positive to neutral skewness
in the eastern Pacific, in contrast to the observed positive skewness (Burgers
and Stephenson (1999); Trenberth (1997)). This deficiency carries over to
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Fig. 2.6: Hovmoeller diagrams of the seasonal cycle of SST at the equator
of the uncoupled model (right panel) and the Levitus and Boyer
(1994) observed values (left panel). Shown are the anomalies with
respect to the annual mean.

the coupled system, which results in generally negative skewness. The inter-
annual variability can be seen from the Nino-3 time series of SST anomalies,
which is an average for the area between 5◦N-5◦S and 90◦W-150◦W (Fig.
2.8), and in a Hovmoeller diagram (Fig. 2.9). As can be seen, Nino-3 vari-
ability is reasonably well represented. The model has slightly too cool La
Niñas in comparison to observations, which results in a too high amplitude
of 0.95◦C for the standard deviation. This is slightly above observed values
between 0.7-0.9◦C (e.g. Trenberth (1997); Burgers and Stephenson (1999);
Latif et al. (2001)). The spectrum of the uncoupled model is also reasonable
in comparison to observations (Fig. 2.13).

The Hovmoeller diagrams illustrate that the strong El Niño events in
1982-83 and 1997-98 as well as the extended warm phase in the 1990s are
well represented in the model. While observations show both very weak
eastward or westward propagating modes (Neelin et al. (1998)), the HCM
shows eastward propagation during the strong warm events and generally
westward propagation during modest warm and cold events. The propa-
gation characteristics are not uncommon for models, since the transitions
between east- and westward propagation can result already from modest
changes of the model parameters (Neelin et al. (1998)), p.14277).
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Fig. 2.7: Right panel: Interannual SST variability of the uncoupled model.
Shown are the standard deviations for every spatial grid point.
Left panel: observed variability (HadISST, Rayner et al. (2003)).
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Fig. 2.8: Nino-3 time series of SST from the uncoupled model and from ob-
servations. The observed Nino-3 is calculated from the HadISST
(Rayner et al. (2003)).

In Chapter 4 the speed of the surface currents will be taken into account
for the calculation of the ocean-to-atmosphere momentum flux. The zonal
currents from the model represent the main features of the Reverdin et al.
(1994) observations (Fig. 2.10). The model has a weaker than observed
north equatorial counter current and the southern current is too strong in
the eastern Pacific.
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Fig. 2.10: Zonal surface currents from the model (right panel) and
Reverdin et al. (1994)) observations (left panel).
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2.5.3 Coupled model performance

As mentioned before, the model starts with 5 years of climatological forcing
to calculate an a priori background state, followed by 5 years with observed
wind stress anomalies to give the system an initial kick. This section is
focused on the modelled interannual variability. A further analysis of the
seasonal cycle is neglected, however, it is noted that the coupled model runs
of Chapter 3 indicate a sensitivity of the seasonal cycle to the prescribed
mean state. It was beyond the scope of this thesis to further investigate
this sensitivity, but it is noted that potential interactions between mean
state and seasonal cycle were also found by Timmermann et al. (2004) in
AOGCM greenhouse gas experiments.

A typical Nino-3 time series from the coupled model is shown in Fig.
2.11. Although the model has no noise component, the model exhibits an
irregular ENSO mode, which stays irregular if the run is extended to 100
years. The time series shows a realistic amplitude, with a standard deviation
of 1.01◦C, which is slightly above observed values between 0.7-0.9◦C (e.g.
Trenberth (1997); Burgers and Stephenson (1999); Latif et al. (2001)). The
spectrum of the coupled model (Fig. 2.13) shows a peak between 3 and 5
years, a typical timescale for ENSO.

The Hovmoeller diagrams for wind stress, SST and thermocline anoma-
lies illustrate that some of the anomalies are too strong in comparison to
observations (Fig. 2.12). In particular, the SST anomalies are too cool, with
temperatures below -4◦C. The SST shows a standing or slightly westward
propagating mode. In some events, (year 1-2 and 15-17) the thermocline
exhibits an eastward propagation. In comparison to the observed variability
(Fig. 2.8 and 2.9) the model shows a reasonable positive anomaly but over-
estimates the negative events. Thus, the skewness is negative, in contrast
to the observed positive skewness mentioned previously.
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Fig. 2.11: Nino-3 time series as simulated by the coupled model.
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Fig. 2.12: Hovmoeller diagrams of zonal wind stress (left panel), SST
(middle panel) and z20 anomalies (right right panel) in coupled
mode for model years 0-20. Time is going upward.

Theoretical studies of ENSO underpin the important relationship be-
tween the subsurface structure and the surface variability. The theoreti-
cal investigation of the Jin model described in Section 2.5.1 emphasizes a
recharge of heat and a deepening of the thermocline in the western Pacific
prior to El Niño and a discharge and shallowing of the thermocline after the
event. Latif et al. (2001) computed the correlation of the upper ocean heat
content with the Nino-3 SST anomalies for the models and observations, to
compare the modelled and observed subsurface structure. For the HCM,
the equatorial 20◦C isotherm depth averaged between 5◦N-5◦S is used as a
measure for the heat content. As can be seen (Fig. 2.14), the modelled and
observed correlations agree well in the eastern equatorial Pacific at zero lag.
The model overestimates the correlation in the western and eastern Pacific
about 10-20 month prior to the SST event. Meinen and McPhaden (2000)
tested the theoretical framework of the Jin (1997) model (described in Sec-
tion 2.5.1). They used the 20◦C isotherm depth (z20) anomaly as a measure
for the anomalous slope of the main thermocline. They identified the first
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Fig. 2.13: The period of the uncoupled, coupled and observed Nino-3 SST
variability. The normalized spectra are estimated via multi taper
spectral estimation.

EOF as the east-west tilting mode depicted in Figure 2.3 a) and c), while
the second EOF can be identified as the discharged or recharged system in
Figure 2.3 b) and d). Thus, the first EOF of Meinen and McPhaden (2000)
(their Figure 3, not shown) shows an east-west dipole structure, with an
axis around 155◦W, and the second EOF shows a uniform basinwide equa-
torial structure. Both EOFs in Meinen and McPhaden (2000) account for
28% and 21%, respectively. In Figure 2.15 the EOFs and principal compo-
nents for the coupled HCM model are shown. While the first EOF of the
coupled HCM also shows the east-west tilting structure, the second differs
from the observed one. The modelled EOF shows a basinwide structure
slightly south of the equator together with an opposite patch at 120◦W.
Further, the first and second model EOF account for 46% and 23% of the
variance, respectively. The principal components in the lower panel of Fig.
2.15 show that PC 1 is leading PC 2 by 4-9 months (correlation > 0.6),
which is roughly in agreement with the findings by Meinen and McPhaden
(2000) (9 month lead with a peak correlation of 0.77).
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2.6 Summary

In this chapter, the hybrid coupled model of the tropical Pacific basin was
introduced. The model consists of a version of the MPI-OM general cir-
culation model, which is confined to the equatorial Pacific region. The
MPI-OM is coupled to a statistical atmospheric model, based on EOF de-
composition of observed and modelled anomalies. Model simulations in
uncoupled and coupled mode were presented, and the mean climatological
values in terms of sea surface temperature, thermal ocean structure, mean
wind stress and ocean surface currents were validated against observations.
Further, the variability of the coupled model were compared with results
from the conceptual recharge-discharge oscillator and observed values. The
analysis showed that the mean climatologies are reasonably well represented.
However, the model suffers from a cold bias in the eastern equatorial Pacific,
which is a common bias in coupled ocean models. Attempts to mitigate this
bias are presented in Chapter 4. Furthermore, in coupled mode the model
exhibits a reasonable amplitude and period in comparison to observations.
A caveat of the model is the wrong skewness of the model, with too strong
cold events and slightly to weak warm events. As a consequence, the model
shows slightly too high variability. Features of the recharge-discharge model
by Jin (1997) and the observational results by Meinen and McPhaden (2000)
could be reproduced by the model, but with slight differences of the EOF
structure of the anomalous thermocline depth, which serves as a measure
of the warm water volume and thus of the recharge-discharge mechanism.
It is concluded that the model is reasonably well suited to reproduce the
important characteristics of the tropical Pacific system.



3. ENSO SENSITIVITY TO WIND
STRESS VARIATIONS

Abstract

The El Niño/Southern Oscillation (ENSO) phenomenon is the most in-
fluential climatic fluctuation on interannual time scales. ENSO character-
istics, like frequency and amplitude, depend on the mean climate state of
the tropical Pacific, which itself is maintained by various internal and ex-
ternal processes. The question how modifications of the mean state, e.g.
due to anthropogenic greenhouse warming or tropical-extratropical interac-
tions, affect ENSO variability is investigated with the hybrid coupled model
(HCM). The setup of the HCM allows the prescription of both climatic vari-
ations, through changes of the mean wind stress field, and the strength of
the anomalous ocean-to-atmosphere coupling. In this chapter the impact of
both of these on ENSO variability and mean sea surface temperature (SST)
and upper ocean thermal structure are studied in coupled simulations. Var-
ious coupled runs are carried out to give an overview of possible ENSO
changes in terms of amplitude and frequency as well as changes in the mean
SST and ocean thermal structure. The results suggest that ENSO frequency
increases with increasing mean wind stress, while ENSO amplitude is more
sensitive to the strength of the anomalous coupling. Furthermore, enhanced
mean wind stress increases the zonal SST gradient along the equator and
deepens the mean thermocline depth, while the thermocline intensity is
reduced.

3.1 Introduction

ENSO is known to be the most influential climatic fluctuation on interannual
timescales. Its occurrence has profound influence on global atmospheric cir-
culation and precipitation patterns (e.g. Philander (1990); McPhaden et al.
(1998); Cane (2005)). The climatic variations have influence on the sea-
sonal weather patterns around the world, affecting society and economy in
both positive and negative ways (McPhaden (2004); Goddard and Dilley
(2005)). Although El Niño has been the subject of numerous studies, some
basic questions remain unanswered. For instance, the potential change of
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interannual variability induced through changes in the mean climatic back-
ground state is a matter of debate. Theoretical studies reveal that El Niño is
sensitive to the background climatic state upon which it evolves (e.g. Zebiak
and Cane (1987); Philander (1990); Dijkstra and Neelin (1995)). Justifica-
tions for these results come from observations of the tropical Pacific system
in the past. Here, a brief overview of these results is given.

ENSO observations with monthly resolution, which are available for the
last 150 years, indicate an apparent tropical climate shift in the 1970s:
ENSO frequency decreased, from a period of 2-4 years to 4-6 years (An
and Wang (2000)), and the El Niños became generally stronger. Further-
more, the most intense and prolonged ENSO events have been observed
in the recent decades (Fedorov and Philander (2000); Trenberth (1997);
Cane (2005)). It is now assumed that this change is part of a decadal
climatic variation involving the tropical east-west SST gradient and trade
wind structure. In the mid-1970s the tropical central and southeast Pacific
warmed by 0.5◦C, while the structure of the easterly trade winds changed
regionally (An and Wang (2000); Wang and An (2001)). The mechanisms
underlying tropical Pacific decadal variability are still under investigation
(e.g. Rodgers et al. (2004); Yeh and Kirtman (2005, 2006); Lohmann and
Latif (2005); Matei (2007)).

On longer time scales, the ENSO variability has to be estimated from
proxy observations, such as tree rings, geochemical data from corals, ice
cores and various others (see e.g. Mann and Jones (2003) for a review).
Temperature reconstructions of the last millennium reveal climate variabil-
ity on multi-centennial timescales. For instance, a northern hemisphere
warming that lasted from AD 800-1400 was strong enough to be termed
Medieval Warm Period (MWP), while a later cooling between the 16th and
19th century is now generally referred to as Little Ice Age (LIA). These
climatic changes are mainly recognized in the northern hemisphere, but the
signal can also be identified in the tropics and the southern hemisphere
(Houghton et al. (2001) and references therein; Jones and Mann (2004)). A
proxy reconstruction from fossil-coral data by Cobb et al. (2003) reveals a
less strong mean equatorial zonal SST gradient during the LIA, while dur-
ing the MWP the mean zonal SST gradient was enhanced. Furthermore,
the reconstructions indicate a generally weaker variability of ENSO during
MWP, while frequencies were higher and amplitudes were stronger during
LIA. A model study by Mann et al. (2005) reveals that variations in solar
insolation due to reduced/enhanced volcanic aerosols is forcing the tropical
Pacific zonal SST structure and the El Niño variability.

During the Holocene (12.000 years BP until present) a general increase in
ENSO activity until 1.200 years BP is noted (Rodbell et al. (1999); Adams
et al. (2003)). The mid-Holocene, i.e. 6.000 BP, seems to have stronger
zonal SST gradients and weaker ENSOs than today (Clement et al. (2000)).
The variability in the mean background state on these time scales is mainly
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correlated with the periods of orbital solar radiation changes (Clement et al.
(1999); Moy et al. (2002); Rodó and Rodriguez-Arias (2003)). Further in the
past, the reconstruction of both past climatic states and ENSO variability
are difficult to obtain and more difficult to interpret. The ENSO signal
can be traced back for the past 130000 years (Tudhope et al. (2001)). A
relationship to the boreal summer perihelion is found, however, it is unclear
how to interpret this in the context of potential future climatic changes.

From a theoretical point of view, the SST variability results from an in-
terplay of zonal and meridional temperature advection processes, exchange
with deeper layers and with the atmosphere. In a simplified version which
neglects the relatively small meridional advection and parameterizes all dis-
sipative processes with a first order damping term, the temperature equation
is:

dT ′

dt
+ ū

dT ′

dx
+ u′

dT̄

dx
+ w̄

dT ′

dz
+ w′

dT̄

dz
= −αT ′ (3.1)

In this equation the overbar denotes climatological mean values and the
prime deviations therefrom. dT

dx
and dT

dz
denote zonal and vertical temper-

ature gradients and u and w are the zonal and vertical surface velocities.
Thus, the temperature change on ENSO timescales is affected by the mean
fluxes of anomalous temperature gradients (term 2 and 4 on the left) and
on anomalous fluxes of mean temperature gradients (terms 3 and 5, on the
left). It is easy to see that a change in the climatological values feed back
onto the anomalous temperature. However, a purely theoretical examina-
tion is hardly feasible because the fully coupled dynamics of the tropical
ocean-atmosphere system reveal a plethora of connections and interactions,
which affects all terms in the temperature equation. It is therefore neces-
sary to use numerical ocean-atmosphere models, which solve the dynamical
equations of the climate system.

Recent work by Fedorov and Philander (2000, 2001) with an intermedi-
ate coupled model (ICM) gives an overview of possible ENSO period changes
due to changes in mean SST, wind stress and thermocline structure. Their
results suggest that ENSO is currently close to the point of neutral stability,
between a self-sustained mode and a damped mode forced by weather noise.
A comparison of the observed ENSO variability in the 1980s and 1990s with
results from the ICM suggest that a deepening of the mean thermocline and
a weakening of the trade winds caused an increase of the period from 3 to
5 years. However, in the ICM the values of thermocline depth and inten-
sity and the trade winds are prescribed as independent parameters, while
in reality they interact as they themselves change the mean state. Coupled
GCM studies provide a more realistic picture, but they are computationally
expensive and partly suffer from problems in simulating a realistic tropical
Pacific climatology and variability (Latif et al. (2001); AchutaRao and Sper-
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ber (2002)). The few studies with coupled GCMs that have been performed
yet to simulate future climatic conditions in the tropical Pacific climate and
ENSO variability show an unclear picture (see Houghton et al. (2001) for a
review). Some indicate a more El Niño-like mean state, with a warmer mean
SST in the east, and stronger and more frequent ENSO activity (Timmer-
mann et al. (1999); Collins and The CMIP Modeling Groups (2005); van
Oldenborgh et al. (2005)), while other models show a more La Niña like
situation.

In this chapter two questions are addressed: How do frequencies and
amplitudes of ENSO vary as a function of the mean background state,
and how do the thermal structure and SST vary as functions of the mean
wind stress? For this purpose the HCM described in Chapter 2 is used.
The setup of the HCM allows to vary the climatological background state
through changes in the mean wind stress forcing and to perform extensive
experiments, so that an overview of potential changes and sensitivities can
be given.

3.2 Method

HCM model runs with various climatological mean wind stresses and cou-
pling coefficients are carried out. Mean wind stress is prescribed from the
OMIP climatology (Röske (2001, 2006)). For the different experiments the
OMIP mean wind stress is multiplied by a factor between 0.6 and 1.6.
Furthermore, the experiments are carried out for different values of the
coupling coefficient, for Cp=0.7, 0.8, 1.0, 1.2. For Cp=0.7 the simulations
with a mean wind stress of 0.6, 0.8 and 1.6 times OMIP did not lead to
reasonable oscillatory behavior and are therefore neglected. Table 3.1 gives
an overview of the parameterizations for the experiments.

Exp. Cp = 0.7 Cp = 0.8 Cp = 1.0 Cp = 1.2

τ=0.6 – x x x
τ=0.8 – x x x
τ=1.0 x x x x
τ=1.2 x x x x
τ=1.4 x x x x
τ=1.6 – x x x

Tab. 3.1: Parameterizations of the performed coupled HCM experiments.
Cp is the coupling coefficient and τ denotes the factor by which
the original OMIP wind stress is multiplied. The coupled exper-
iments denoted with ’x’ are analyzed. Experiments denoted with
’-’ did not exhibit ENSO variability and were therefore neglected.

The ENSO periods and amplitudes are estimated from the Nino-3 SST
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anomaly time series (temperature averaged for the area between 5◦N-5◦S
and 90◦W-150◦W). The period is calculated as the delay of the second
positive maximum of the autocorrelation function and the amplitude is
measured as the standard deviation of the Nino-3 SST anomaly (Nino-3
SSTA). The resulting periods and amplitudes of the Nino-3 SST anoma-
lies are shown as functions of mean wind stress, mean 20◦C thermocline
depth (z20), thermocline intensity and zonal SST gradient along the equa-
tor. Following Meehl et al. (2001) the mean thermocline depth is calculated
as the annual mean 20◦C isotherm depth, spatially averaged between 2◦S-
2◦N, 120◦E-85◦W. The thermocline intensity is calculated as the difference
in meters between the 16◦C and 22◦C isotherm depths, where the isotherm
depths are calculated in the same manner as for the 20◦C isotherm depth.
The zonal SST gradient is calculated as the equatorial surface temperature
difference between 170◦E and 120◦W.

To give an overview of the relationships, the computed values are plotted
and least squares linear regression coefficients are calculated. These results
are compared to other model studies and to observations.

Observed quantities are calculated in the same manner as for the coupled
model experiments, or are taken from the literature. The observed mean
wind stresses are calculated from the NCEP (Kalnay et al. (1996)) and
FSU (Stricherz et al. (1997)) wind stress products. The observed mean
thermocline depth is calculated from the SODA dataset (Carton and Giese
(2007)). The observed zonal SST gradient is estimated from the HadISST
dataset (Rayner et al. (2003)). For these values, upper and lower bounds
were calculated. (See Appendix 6.2.2 for details on the calculations of the
upper and lower bounds.) The observed thermocline intensity is calculated
from Levitus and Boyer (1994). The upper and lower bounds for the Nino-3
amplitudes are taken from Burgers and Stephenson (1999) and Latif et al.
(2001). Published values for observed ENSO periods are between 2-7 years
with a peak between 3-5 years (Trenberth (1997)). Here, the observed ENSO
period is calculated from the HadISST dataset (Rayner et al. (2003)).

The calculated numbers for the coupled model experiments of this chap-
ter are summarized in the Tables 6.1 and 6.2, in Appendix 6.2.

3.3 Results

Figure 3.1 gives an overview of the ENSO periods for the different model
simulations as functions of mean wind stress and mean thermocline depth.
A value of 1.0 corresponds to the original OMIP forcing. Thus, a value of
1.2 means a 20 percent stronger mean wind stress. As can be seen in the
upper panel of Fig. 3.1, the period decreases with increasing mean wind
stress. For example, the simulations with a coupling coefficient of 0.8, show
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Fig. 3.1: Upper panel: Nino-3 period for the coupled model experiments as
a function of the mean wind stress. Lower panel: period as a
function of the mean thermocline depth. The model simulations
with the same coupling coefficient are connected by lines. Ranges
for observations are calculated as described in Section 3.2.

a period of 4.0 years for a mean wind stress of 0.6 times OMIP and decreases
to around 2.6 years for a mean wind stress of 1.6 times OMIP.

Using the Nino-3 periods of all experiments as dependent variable and
their associated mean wind stresses as independent variable, a least squares
linear regression is calculated. On average a mean wind stress increase
(decrease) by 10 percent leads to a period decrease (increase) by 1.4 month,
with an absolute correlation of 0.82. (The least squares linear estimates of
this chapter are listed in Table 3.2 (Sec. 3.5). The associated correlations
can be found in Table 6.3, in Appendix 6.2). This result is generally in
agreement with the period change in the mid-1970s, where a reduction of
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the trade winds in the western equatorial Pacific was accompanied by an
increase in ENSO period (An and Wang (2000)).

The coupling coefficient has only weak influence on the period, with a
tendency to lower periods for weaker coupling. In the lower panel of Fig.
3.1, the same is shown as a function of the thermocline depth. As a function
of the thermocline, the curves show generally the same behavior as for mean
wind stress, where a deeper thermocline leads to shorter periods. A linear
approximation for all points of the curves is 3.1 month per 10 meter depth
variation (Table 6.3).

The period is also found to be linearly related to the east-west SST
gradient (Fig. 3.2, upper panel), where the period is decreasing with in-
creasing zonal SST gradient. The simulated zonal SST gradient, however,
is generally too strong compared to the observations. This is a result of
the cold bias mentioned in the model validation Chapter 2. Least squares
linear regression indicates that the period is decreased by 0.48 years per
1.0◦C increase in the zonal gradient. A stronger coupling generally leads to
a reduced zonal SST gradient.

A linear relationship also exists between the period and the thermocline
intensity (Fig. 3.2, lower panel), where periods are decreasing with weak-
ening thermocline intensity. A stronger coupling increases the distance be-
tween the 16-22◦C isotherm depths, however, the thermocline intensity is
generally too low compared to the Levitus and Boyer (1994) observations.
As mentioned in the model Chapter 2, capturing the correct thermocline
intensity is a common problem of GCMs.

In the following the ENSO amplitudes of the different experimental se-
tups are discussed. The Nino-3 amplitudes of the coupled experiments are
generally slightly too strong compared to observations. Relatively low am-
plitudes (0.99-1.2◦C) are found for low couplings of Cp=0.7 and Cp=0.8
and mean wind stresses of 0.6, 0.8 and 1.6 times OMIP. Generally, as a
function of the mean wind stress, the amplitude increases between 0.6 and
1.2 (Fig. 3.3, upper panel). Between 1.2 and 1.6 times OMIP the ampli-
tude is decreasing. Furthermore, the amplitude is increasing with increasing
coupling coefficient, where a coupling of 1.2 generally leads to a standard
deviation above 1.7◦C. The amplitude as a function of the mean thermocline
depth shows similar structures, where an amplitude increase for increasing
mean thermocline depth is noted (Fig. 3.3, lower panel). The amplitude
is decreasing if the zonally averaged thermocline depth is deeper than 120
meters.

The relationship between the simulated zonal SST gradient and the
Nino-3 amplitude is non-linear, where an increase of the zonal SST gra-
dient may generally lead to increasing amplitudes (Fig. 3.4, upper panel).
The simulated zonal SST gradient is generally too strong compared to ob-
servations. An increasing coupling leads to weaker zonal SST gradients.
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Fig. 3.2: Upper panel: Nino-3 period for the coupled model experiments as
a function of the zonal SST gradient along the equator. Lower
panel: period as a function of thermocline intensity. The model
simulations with the same coupling coefficient are connected by
lines. The upper and lower bounds for observations are calculated
as described in Section 3.2.

A weaker thermocline intensity is associated with a stronger amplitude
(Fig. 3.4, lower panel). A least squares linear regression calculates a 0.016◦C
amplitude increase, if the 16-22◦C isotherm distance is increased by 1 meter,
with a correlation of 0.83.
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Fig. 3.3: Upper panel: Nino-3 standard deviation for the coupled model
experiments as function of the mean wind stress. Lower panel:
Nino-3 standard deviation as a function of the mean thermocline
depth. The coupled model simulations with the same coupling
coefficient are connected by lines. Ranges for observations are
estimated as described in Section 3.2.
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Fig. 3.5: Relationships between the mean quantities for the coupled exper-
iments. Upper left: zonal SST gradient versus mean wind stress.
Upper right: mean thermocline depth versus mean wind stress.
Lower left: thermocline intensity versus mean wind stress. The
model simulations with the same coupling coefficient are con-
nected by lines.

Figure 3.5 summarizes the relationships among the mean background
quantities. It can be seen that the mean thermocline depth is nearly a
linear function of the mean wind stress, and depends only weakly on cou-
pling coefficient Cp (Fig. 3.5, upper right). The least squares linear trend
estimate is a 3.9 meter deepening of the mean thermocline per 10 percent
wind stress increase, with a correlation of 0.96. The zonal SST gradient
increases if the mean wind stress is increased (Fig. 3.5, upper left). On
average the gradient increases by 0.2◦C if the mean wind stress is increased
by 10 percent, with a correlation of 0.82. The thermocline intensity gets
weaker when the mean wind stress is increased (Fig. 3.5, lower).

Figure 3.6 presents the results of the HCM experiments as a function of
the coupling coefficient Cp. Model simulations with the same mean wind
stress are connected. The period shows a non-linear behavior as function
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of the coupling (Fig. 3.6 a). On average, the Nino-3 standard deviation
is increasing if the coupling coefficient Cp is increased (Fig. 3.6 b). Fur-
thermore, the thermocline intensity (z20 intensity) is linearly related to the
coupling coefficient, where an increase of the coupling Cp by 10 percent
leads to an increase of the 16-22◦C isotherm distance of 5.2 meters on av-
erage, with a correlation of 0.74 (Fig. 3.6 d). A weak linear correlation of
0.19 is found between the thermocline depth (z20 depth) and the coupling
(Fig. 3.6 c). The zonal SST gradient is decreasing at a rate of 0.26◦C per
10 percent increase of coupling, with a correlation of 0.58 (Fig. 3.6 e). The
least squares linear regression coefficients are also summarized in Table 6.1.

In the HCM, the ocean-to-atmosphere coupling is prescribed by the cou-
pling coefficient Cp. It is difficult to compare the ocean-to-atmosphere cou-
pling and the associated coupling coefficient to other modelling studies and
to observations. A method to make the coupling more accessible is to calcu-
late the first EOF of the anomalous SST and wind stress, and the regression
coefficient of the first principal components for every experiment. (The cal-
culation is similar to the calculation of C1,1 in Section 2.3 of Chapter 2).
Thus, the EOF regression coefficient C1,1 is used as a measure of the ocean-
to-atmosphere coupling, which allows to compare the results of the HCM
experiments to other model experiments and to observations. A scatter plot
of the coupling coefficients and the EOF regression coefficients C1,1, calcu-
lated for the coupled model experiments, is shown in Fig. 3.7 (upper left).
A linear behavior can be seen, where an increase of Cp leads to an increase
of C1,1. The correlation of the linear fit is 0.83, where an increase of Cp by
10 percent leads to an increase of C1,1 by 0.003 Pa/◦C. Furthermore, the
values of period and amplitude of the Nino-3 time series are plotted versus
C1,1. Consistent with previous results the period is rather poorly related
to C1,1 (Fig. 3.7, upper right), where a higher C1,1 leads to higher periods.
A good linear relation exists between amplitude and C1,1 (Fig. 3.7, upper
lower), where a higher C1,1 leads to higher amplitudes.
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Fig. 3.6: Results of the coupled model experiments as function of the cou-
pling coefficient Cp. The model simulations with identical mean
wind stress forcing are connected by lines. Displayed in the pan-
els a)-e) are: period of the Nino-3 SSTA versus Cp (a), Nino-3
SSTA standard deviation vs. Cp (b), mean thermocline depth
(z20) vs. Cp (c), thermocline intensity vs. Cp (d) and zonal SST
gradient vs. Cp (e).
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3.4 Comparison with other model results

In this section, the results of the HCM runs are compared to model stud-
ies using intermediate complexity models (ICMs) and to studies with fully
coupled GCMs. Although all models vary profoundly in their physical and
numerical setup, all models are generally designed to simulate a realistic
ENSO variability. It should be noted however, that the ICM models used
in this section were actually designed for the purpose of simulating ENSO
with a changed climatic background state, while the purpose of the AOGCM
studies was different.

3.4.1 Comparison to ICM studies

Fedorov and Philander (2000, 2001) used an ICM based on a shallow water
model with an embedded mixed layer. The model is similar to the models by
Zebiak and Cane (1987) and Jin and Neelin (1993). Their ICM allowed to
simulate ENSO with prescribed mean wind stress, mean thermocline depth
and thermocline intensity. Thus, they were able to survey a large volume
of the parameter space. Their results for the dependence of period on mean
wind stress and mean thermocline depth is shown in Fig. 3.8 (upper left
panel). The plot corresponds to Figure 4 shown in the study by Fedorov
and Philander (2001)1. Here, the colours denote the period of the Nino-
3 anomalies, where blue colours denote relatively low periods (2-4 years),
while yellow to red denotes relatively high periods (4-8 years).

It is now possible to compare the results of this study by adapting the
parameters appropriately. Fig. 3.8 (upper right panel) shows the values of
thermocline depth and mean wind stress for the HCM runs. The synthesis
of the two upper panels is shown in Fig. 3.8 (middle panel). From this,
periods can be estimated, according to the ICM. For instance, with a mean
wind stress of 1.0 times OMIP and coupling coefficient Cp=1.0 the HCM
has a mean thermocline depth of 114.9 meters (see Table 6.3, in Appendix
6.2). With these values of mean wind stress and mean thermocline depth,
the associated ENSO period of 3.5 years is estimated from Fig. 3.8 (middle
panel).

It is noted, that in the ICM, the equatorial mean stress is idealized as
an analytical function, defined for the area between 130◦E-85◦W and 5◦N-
5◦S. Furthermore, in the standard case the mean stress used in the ICM,
averaged for the defined area, is -0.0294 Pa. The OMIP mean wind stress
averaged for the defined area is -0.0257 Pa. Therefore, the standard mean
wind stress in the ICM is 1.14 times stronger than in the HCM.

1 Permission by the American Meteorological Society to use the figures is kindly ac-
knowleged.
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Fig. 3.8: Comparison of the HCM and ICM results. Upper left: ENSO
period as function of the parameters mean wind stress and zon-
ally averaged thermocline depth from the ICM study by Fedorov
and Philander (2001). The colours represent the periods of the
Nino-3 time series (in years). Upper right: the mean wind stress
versus thermocline depth from the HCM experiments. Middle
panel: synthesis of the upper panels. Lower panels: The esti-
mated periods from the ICM are inserted in the panels of Figure
3.1
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As an example, the coupled HCM experiments with Cp=1.0 are taken
and the periods for the mean wind stress of 0.8-1.6 times OMIP are esti-
mated from the middle panel of Fig. 3.8. The upper panel of Fig. 3.1 is
redrawn in Fig. 3.8 (lower left panel) together with the ICM estimates. As
can be seen, the period estimates from the ICM show a non-linear behav-
ior, different to the curves of the HCM experiments. In the same manner,
the lower panel of Figure 3.1 is redrawn in Fig. 3.8 (lower right panel)
together with the ICM estimates, but as function of the mean thermocline
depth. The non-linear behavior of the ICM estimates disagree with the
HCM results.

In further experiments, Fedorov and Philander (2001) analyzed the re-
lationships between ENSO period, the mean wind stress and the thermo-
cline intensity. In their ICM, the thermocline intensity is prescribed as the
temperature difference in ◦C over a 50 meter depth variation across the
thermocline. The behavior of the Nino-3 period with respect to the mean
wind stress and the thermocline intensity according to Fedorov and Phi-
lander (2001) is displayed in Fig. 3.9 (upper panel). The colours denote
the modelled ENSO period. As can be seen, variations in the thermocline
intensity have a large impact on the ENSO period. For the coupled HCM
experiments the thermocline intensities are recalculated in similar manner
to the ICM values, and the mean wind stress and thermocline relationship
are shown in Fig. 3.9 (middle panel). The HCM results are inserted and
displayed in 3.9 (lower panel). It can be seen, that the HCM estimates are
mostly located outside of the abscissa. Nonetheless, it can be seen that the
variations of the thermocline intensities in the HCM experiments lead to
large variations of the estimated ENSO periods.

It is concluded that the parameterization of the thermocline intensities is
responsible for the disagreement of the modelled ENSO periods as simulated
among the models. In the ICM the thermocline intensity is a prescribed
parameter, while in the HCM the thermocline structure is a modelled phys-
ical value. Thus, the differences in the simulated ENSO periods are partly
explained by the different complexity of the models. The differences in the
simulated ENSO variability highlight the difficulties of comparisons among
simple models, fully developed GCMs and observations.
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Nino 3 SSTA, period as function of wind stress and thermocline intensity
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Fig. 3.9: Comparison of ICM with HCM results. Upper panel: the period
as function of the mean wind stress and the thermocline inten-
sity, measured as the average temperature variation across 50
meters of the thermocline (after Fedorov and Philander (2001)).
The colours represent the periods of the Nino-3 time series (in
years). Middle panel: The mean wind stress and thermocline in-
tensities from the HCM experiments. The thermocline intensities
are calculated similar to the ICM values. Lower panel: synthesis
of the upper and middle panel.
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3.4.2 Comparison to AOGCM studies

In this section, data from the El Niño simulation intercomparison study
(ENSIP) by Latif et al. (2001) are used to compare the results of the previous
section to AOGCM results. Intercomparison studies of coupled atmosphere
and ocean general circulation models provide assessment of whether these
models are able to capture the principal structures of ocean-atmosphere dy-
namics. The ENSIP study assessed the performance of 24 state-of-the-art
AOGCMs, with respect to the simulation of the tropical Pacific climatology
and interannual variability. For this study 11 of the original 24 AOGCM
simulations were chosen which fulfilled criteria on the simulated ENSO pe-
riod (2-7 years period) and amplitude (0.45-2.0◦C standard deviation), of
the Nino-3 SSTA time series. The chosen models are listed in Figures 3.10
and 3.11 (see Latif et al. (2001) for further details on the models). For these
models, the mean wind stress and zonal SST gradients were calculated as
described in Section 3.2. The calculated values can be found in Table 6.4
in Appendix 6.2.

The simulated Nino-3 amplitudes and mean wind stresses for the AOGCM
experiments are shown in Fig. 3.10 (upper panel), together with coupled
HCM experiments. The AOGCM results show a large spread among the
experiments, but generally the Nino-3 amplitude is weaker in the AOGCM
simulations than in the HCM experiments. As a function of the zonal SST
gradient, the estimated values from the AOGCMs show a weaker gradient
in comparison to the HCM results ( Fig. 3.10, lower panel). The AOGCM
amplitude-to-zonal-SST-gradient relationship is non-linear.

In Fig. 3.11 (lower panel) the AOGCM results for the ENSO period are
illustrated as function of the mean wind stress, together with the results of
the HCM simulations. A large spread of the period among the AOGCM
experiments is visible, where some models show a relatively low period near
or below 2.5 years. The apparent linear relationships found in the HCM
experiments could not be reproduced for the AOGCM results. As a function
of the zonal SST gradient, the ENSO period for the AOGCM simulations
is distributed non-linearly.

In summary, the AOGCM results do not indicate relationships similar
to the HCM results. Reasons for this absence may lie in the different setups
and parameters used for the various models. A reasonable comparison of
the variability in terms of the mean climatologies is only to a very limited
extent feasible. Furthermore, as noted by Latif et al. (2001), at the time
of the study many model still had difficulties in simulating a reasonable
climatic background state and tropical Pacific variability.
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Fig. 3.10: Comparison to AOGCM studies taken from the ENSIP study
by Latif et al. (2001). Upper panel: standard deviations of
the Nino-3 anomalies of the models from ENSIP together with
the HCM results drawn as a function of the mean wind stress.
Lower panel: standard deviations as a function of the zonal SST
gradient.
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Fig. 3.11: Comparison to AOGCM studies taken from the ENSIP study by
Latif et al. (2001). Upper panel: periods of the Nino-3 anoma-
lies of the models from ENSIP together with the HCM results
drawn as a function of the mean wind stress. Lower panel: pe-
riods as a function of the zonal SST gradient.
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3.5 Summary and Conclusions

Several simulations with a hybrid coupled model were performed to get an
overview of possible changes in the variability and mean state of the tropi-
cal Pacific ocean-atmosphere system due to changes in the mean wind field.
Two parameters, the strength of the ocean-to-atmosphere coupling and the
magnitude of the zonal mean wind stress, are varied within realistic bound-
aries. The ENSO amplitude, period and the oceans thermal structure were
investigated. Results showed that ENSO amplitude is mainly a function
of the ocean-to-atmosphere coupling and increases linearly with increasing
coupling strength. Furthermore, increased coupling leads to weaker ther-
mocline intensities and to higher EOF regression coefficients, which is cal-
culated as a measure of the anomalous ocean-to-atmosphere coupling. The
ENSO period is mainly affected by the increase in mean wind stress and the
associated increase in zonal SST gradient and thermocline depth. The least
squares linear regression coefficients for the different quantities are listed in
Table 3.2.

SST-∆ Z20 Z20 int. Cp-EOF Period Stdv.

τ 2.12 39.17 23.92 -0.0027 -14.1 0.1641
Cp -2.63 13.92 52.37 0.0295 12.03 1.264

SST-∆ 1 10.26 1.17 -0.0045 -5.80 -0.079
Z20 0.041 1 0.76 0.000060 -0.31 0.008

Z20 int. 0.0049 0.79 1 0.000299 -0.11 0.016
Cp-EOF -73.98 248.01 1177.92 1 232.91 27.91

Tab. 3.2: Linear regression coefficients for the coupled experiments. The
left column depicts the independent variables and the upper row
depicts the dependent variables. τ denotes the mean wind stress
(times OMIP) and Cp is the dimensionless coupling coefficient.
SST-∆ denotes the zonal SST gradient (in ◦C), Z20 is the mean
thermocline depth (in meters), Z20 int. is the thermocline in-
tensity (in meters), Cp-EOF is the EOF regression coefficient
(in Pa/◦C), period is the Nino-3 SSTA period (in month), Stdv.
is the Nino-3 SSTA standard deviation (in ◦C). Values with ab-
solute correlations higher than 0.7 are depicted bold. The asso-
ciated correlations can be found in Appendix 6.2 (Table 6.3).

On average, a 10% increase of the mean wind stress leads to an increase
of the zonal SST gradient by 0.212◦C, deepens the mean thermocline by
3.9 meters and decreases the ENSO period by 1.4 month. Furthermore,
10% increase of the coupling strength increases the 16-22◦C isotherm dis-
tance by 5.2 meters and increases the Nino-3 standard deviation by 0.13◦C.
The sensitivity of the amplitude to the coupling strength is in agreement
with theoretical studies, which favor an increase in amplitude when the cou-
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pling is increased (e.g. Zebiak and Cane (1987); Jin and Neelin (1993); Jin
(1997)).

The connection between the mean wind stress and period of ENSO is
less clear. The increased trade winds may lead to a faster build-up of
heat in the eastern tropical Pacific and thus to increased ENSO frequency
(period decrease), according to the recharge-discharge paradigm (described
in Section 2.5.1). Furthermore, the thermocline in the east is lifted and
thus, the system is more sensitive, which leads to faster transition and
lower ENSO periods. Thus, the period should decrease with increasing
EOF regression coefficient C1,1, which serves as a measure of the ocean-to-
atmosphere sensitivity. However, a scatter plot shows an increase of period
with increasing EOF regression coefficient, C1,1, which is a caveat on the
given explanation.

A comparison to recent studies with ICMs and AOGCMs draws a some-
what elusive picture. An ICM study by Fedorov and Philander (2001),
which investigates the period of ENSO as a function of the mean background
state, at first view contradicts the findings of this study. In their model,
an increase in wind stress and thermocline intensity leads to a non-linear
change in period, which differs significant from the HCM results. However,
in their model the thermocline intensity is a prescribed parameter. In fur-
ther studies, Fedorov and Philander (2001) also showed how dramatic the
vertical temperature structure affects the ENSO frequency. In the HCM the
thermocline intensity is a modelled quantity and thus the different behavior
in frequency may be explained. It might be assumed that the HCM results
might explain better the AOGCM results and observations. However, the
comparison to AOGCM results from the ENSIP study (Latif et al. (2001))
does not exhibit relationships similar to the HCM results. Reasons for this
may lie in the very different physics among the AOGCMs. As pointed out
by the authors, at the time of the ENSIP study many AOGCMs had dif-
ficulties in simulating a reasonable tropical Pacific mean state and ENSO
variability.
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4. ENSO SENSITIVITY TO WIND
STRESS CORRECTED FOR

SURFACE MOTIONS

Abstract

The common bulk formula for the calculation of wind stress over the
open oceans usually does not take the sea surface motions into account.
This is a reasonable approximation over most of the oceans, since surface
current velocities are usually relatively slow compared to surface winds.
Thereby, these wind stress products can reasonably be applied to force
ocean general circulation models (GCMs). However, in the tropical Pacific,
where wind speeds are relatively low, while current velocities can exceed
1.0 m/s, this approximation may lead to biased results in the simulation
of the long term climatology and the interannual variability. Using a hy-
brid coupled GCM (HCM) the impact of wind stress corrected for surface
currents on tropical dynamics is examined. Furthermore, different param-
eterizations of the drag, Cd, which is modelled as a function of the wind
speed, are tested. The results show that a different formulation can lead
to an improved representation of the mean sea surface temperature (SST).
Furthermore, simulations of the El Niño/Southern Oscillation (ENSO) phe-
nomenon show weaker variability and changes in the periods. In some cases
the ENSO mode changes from an unstable sustained to a stable damped
mode. The results indicate that moderate variations in the parameteriza-
tions can affect ENSO simulations strongly. In coupled GCM studies of
the tropics, a careful consideration of correcting the wind stress for surface
motions should be taken into account.

4.1 Introduction

Coupled atmosphere-ocean general circulation models (AOGCMs) of the
tropical system have undergone a continuous development in the recent
decades. Despite these advances, problems in simulating ENSO variability
have stayed remarkably rigid. Intercomparison studies (Latif et al. (2001);
AchutaRao and Sperber (2002); Davey et al. (2002)) with a number of state-
of-the-art AOGCMs came to the conclusion that many models still have
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problems in simulating a correct background climatology, especially in the
sensitive equatorial Pacific, and only a few models simulate the interannual
variability reasonably well. The studies concluded that substantial model
improvements are needed, especially with respect to the simulated ENSO
variability and the mean ocean thermal structure.

In this chapter the impact of the representation of the momentum flux
at the ocean to atmosphere boundary on the simulations of tropical Pacific
climate is investigated. A common practice for the parameterization of
wind stress at the ocean-to-atmosphere boundary is the following empirical
formula (Gill (1983); Peixoto and Oort (1992)):

~τ = Cd ρ |~u| ~u (4.1)

In this equation ~τ is the wind stress vector, Cd is a dimensionless drag
coefficient, ρ is the air density at sea level, and ~u is the vector of zonal and
meridional wind speed at a given reference level. The wind speed is usually
given with respect to a fixed reference surface under neutral conditions
(Stewart (2002)). This is a reasonable approximation for the open ocean,
where surface current speeds are usually 1 to 2 magnitudes lower than the
wind speeds. Close to the Pacific equator this assumption is not valid
anymore. Here, the prevailing trade wind speeds are low, around 5-9 m/s
on average, while surface current speeds can exceed 1.0 m/s (Halpern (1988);
Kelly et al. (2001)).

A first order correction would be to correct the wind speed for the ocean
current speed i.e.

~τ ∗ = Cd ρ |~u∗| ~u∗ (4.2)

with

~u∗ = ~u − ~uc (4.3)

where ~uc denotes the vector of surface current motions. In the follow-
ing, this parameterization is referred to as shear correction. An early model
study of the equatorial Atlantic by Pacanowski (1987) showed that this
leads to an improved representation of the equatorial Atlantic SST, which
increased by 1◦C due to reduced easterly wind stress. To the best of the
author’s knowledge, these first studies were largely ignored and the use
of these corrections was not widespread. A reason for this might be the
relatively poor quality of equatorial wind stress products before the 1990s
(Stockdale et al. (1998)). McPhaden et al. (1998) noted that a robust esti-
mate of monthly mean wind speeds with an accuracy of 0.5-1.0 m/s requires
daily measurements of wind speeds, which where not regularly sampled prior



4. ENSO sensitivity to wind stress corrected for surface motions 55

0 2 4 6 8 10 12
0.5

1

1.3

1.5

2

2.5

3

Wind speed [m/s]

D
ra

g 
C

d 
(*

10
00

)

Drag parameterization for low wind speeds

 

 

Dupuis et al., 1997
Yelland & Taylor ,1996
Wu, 1994
Trenberth, 1989
Smith, 1988
Linear fit
Cd≡0.0013
Large & Yeager, 2004

Fig. 4.1: Drag parameterization for low wind speeds according to various
studies. Solid lines indicate the linear parameterizations used in
this study.

to and during the early stages of the Tropical Oceans-Global Atmosphere
(TOGA) program.

Recently, shear corrections of surface motions have been used in AOGCM
studies (e.g. Luo et al. (2005); Jungclaus et al. (2006)). They showed im-
provements of the equatorial SST structure and ENSO variability. Some
of the results by Jungclaus et al. (2006) will be used for comparison in the
later sections.

Another critical point in determining wind stress is the value of the
drag coefficient Cd. It was a common practice for forced OGCMs to set the
drag coefficient to a constant value, usually about 0.0013. However, mea-
surements of the drag coefficient over open oceans suggest that Cd should
be formulated as a function of the wind speed. An approximation of the
measurements is the following parameterization by Smith (1980, 1988):

1000Cd =

{

∼ 1.0 if u ≤ 6.0m/s
0.07u + 0.5 if u > 6.0m/s

(4.4)

where u = |~u| denotes the absolute wind speed. The drag is nearly
constant for a wind speed below 6.0 m/s and increases linearly above 6.0
m/s. The graph of the function is sketched as a solid red line in Fig. 4.1.
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Other studies (e.g. Trenberth et al. (1989); Wu (1994); Yelland and
Taylor (1996); Yelland et al. (1998); Dupuis et al. (1997); Large and Pond
(2004)) show a different behavior for low wind speeds (Fig. 4.1). The
studies show similar increase for wind speeds higher than 6.0 m/s. For
simplicity, the parameterization for wind speeds higher than 6.0 m/s is
approximated by the linear function 1000Cd = 0.07u + 0.5, adopted from
Yelland et al. (1998). In contrast to the observations by Smith, however,
the parameterizations show an increase for wind speeds below 6.0 m/s. It
can be seen, that there are large uncertainties in how strongly wind stress
increases with wind speeds below 6 m/s. This results from the general
difficulties in measuring momentum fluxes at low wind.

For the purpose of this study, a linear approximation of the increasing
curves (sketched in Fig. 4.1) for values below 6.0 m/s is estimated by the
following formula:

1000Cd =

{

−0.261u + 2.552 if u ≤ 6.0m/s
0.07u + 0.5 if u > 6.0m/s

(4.5)

The linear approximation is sketched as a solid black line in Fig. 4.1.

In this study the effect of different parameterizations for wind stress
shall be investigated. For this purpose a number of HCM sensitivity runs
in uncoupled and coupled mode are performed, with and without shear cor-
rection (equations 4.2 and 4.3) and with parameterizations after equations
4.4 and 4.5.

The analysis focuses on the climatological SST, the mean wind stress
and the ocean thermal structure. These factors are of main importance for
ENSO and are also relatively easy to access. Furthermore, the El Niño sim-
ulations are investigated with respect to the ENSO amplitudes and periods,
as well as the spatial structure of the tropical variability.

4.2 Uncoupled simulations

4.2.1 Experimental setup

In the uncoupled case the model is forced with the OMIP climatological
fluxes as described in Chapter 2. The wind stress anomalies from the FSU
pseudo wind stress product (Stricherz et al. (1997)) are added to the clima-
tological forcing, where a drag of Cd = 0.0013 and ρ = 1.026kg/m3 is used
to calculate the wind stress. To obtain the wind speed, which is necessary
for the calculation of the shear correction and the drag functions, the vector
of wind speed is first derived from equation 4.1, that is:
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~u =

√

|~τ |

Cd ρ
~τe (4.6)

where ~τe is the unit vector ~τ/|~τ |. With ~u surface corrections and drag
can be calculated according to the experimental setting.

ENSO is simulated with six different surface stress parameterizations
given in Table 4.1.

Experim. Drag param. Shear Comment

CTRL Cd = 0.0013 no standard run
SHEAR Cd = 0.0013 yes shear correction only
DRAG Definition 4.5 no drag correction only
BOTH Definition 4.5 yes both corrections

DRAG S Definition 4.4 no drag corr. only (Smith (1988))
BOTH S Definition 4.4 yes both corr. (Smith (1988))

Tab. 4.1: Parameterizations for the different experiments in uncoupled
mode.

In the standard run (CTRL) no surface correction is applied, and the
drag coefficient is set to a constant value of Cd = 0.0013. In the SHEAR
experiment the surface currents are used to correct the wind speed by apply-
ing equation 4.2. In the drag adaption case (DRAG), the only modification
with respect to the control simulation is to calculate the drag coefficient
according to equation 4.5. In another experiment (BOTH) the surface wind
speed is corrected toward the surface motion, and the drag coefficient is
calculated as a function of the corrected wind speed. Furthermore, in the
DRAG S and BOTH S experiments, the drag is calculated as in DRAG and
BOTH, respectively, but the drag coefficient is calculated via equation 4.4.
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4.2.2 Results

The changes in mean SST due to the different parameterizations are shown
in Fig. 4.2. The SST biases are shown with respect to Levitus and Boyer
(1994) observations. In panel (a) the mean wind stress vectors of the CTRL
experiment are superimposed. In panels (b-f) the difference vectors of the
modelled wind stress with respect to the CTRL experiment are superim-
posed. In the standard run (CTRL) the modelled SSTs show a temperature
bias of 2◦C in the eastern equatorial region (Fig. 4.2 a). The SST bias is
slightly reduced in the SHEAR experiment (Fig. 4.2 b). With respect to
the CTRL experiment, a slight weakening of the equatorial trade winds is
noted. In the DRAG experiment the SST bias is further reduced, with a
cold bias of 1.0◦C (Fig. 4.2 c). A reduction of the off-equatorial mean
wind stress, in the western Pacific near 12◦N and in the eastern Pacific near
12◦S is noted. A further reduction of the SST bias occurs in the BOTH
experiment, together with decreasing trade winds (Fig. 4.2 d). The eastern
equatorial SST further improves in the DRAG S experiment (Fig. 4.2 e),
however, in the far eastern Pacific, a warm bias appears. Furthermore, a
reduction of the trade winds for the whole equatorial Pacific is noted. Trade
wind reduction is strongest in the BOTH S experiment (Fig. 4.2 f). The
cold bias is reduced to a patch near 140◦W. Warmer than observed SST
occurs in the western and the far eastern equatorial Pacific.

To further illustrate the climatological changes among the experiments,
equatorial (2◦N-2◦S) averages of wind stress, SST, thermocline depth and
thermocline intensity are calculated. The mean thermocline depth is calcu-
lated as the annual mean 20◦C isotherm depth. The thermocline intensity is
calculated as the difference in meters between the 16◦C and 22◦C isotherm
depths.
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Fig. 4.2: Mean SST bias of the uncoupled experiments. The SST bias is
calculated with respect to Levitus and Boyer (1994) observations
(shaded, in ◦C). Shown experiments: CTRL (a), SHEAR (b),
DRAG (c), BOTH (d), DRAG S (e) and BOTH S (f). In panel
(a) the wind stress vectors of the CTRL experiment are superim-
posed. In (b-f) the difference vectors of the modelled mean wind
stresses with respect to the CTRL experiment are superimposed.
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Fig. 4.3: Equatorial (2◦N-2◦S) averages of the uncoupled experiments: (a)
SST (◦C), (b) wind stress (Pa), (c) thermocline depth (m) and
(d) thermocline intensity (m). In (a), (c) and (d) observed values
from Levitus and Boyer (1994) are depicted as solid black line.
In (b) the OMIP mean wind stress from the CTRL experiment is
used as reference observation (solid red line)

The simulated equatorial averages for SST exhibit a 1-2◦C higher tem-
perature, west of the dateline, compared to Levitus and Boyer (1994) ob-
servations (Fig. 4.3 a). The warm bias is already noted in Chapter 2 and
changes only slightly among the experiments. In the eastern equatorial Pa-
cific, the SST bias is reduced. In the DRAG S and BOTH S experiments
the SST improves between the dateline and 120◦W, however, further to the
east the cold bias switches to a warm bias. In the DRAG and BOTH ex-
periments an improved simulation of SST is visible between 170◦W-100◦W.

The equatorial averages of mean wind stress show a general weakening
for all experiments. The maximum decrease is simulated in the BOTH S
experiment, where the absolute mean wind stress near 140◦W reduces by
0.01-0.02 Pa (Fig. 4.3 b). Overall, the simulated mean thermocline depths
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are shallower in the western Pacific, while east of 140◦W a deepening occurs
(Fig. 4.3 c). In the eastern Pacific the model has difficulties to simulate
the observed thermocline intensities (Fig. 4.3 d). In the experiments the
thermocline intensities are partly improving, with best values for DRAG and
BOTH parameterization. East of 100◦W the thermocline intensity degrades
in the DRAG S and BOTH S experiments.

The simulated SST variability, as given by the standard deviations for
each spatial grid point, is shown in Figure 4.4. The panels on the left (Fig.
4.4 a,c,e) denote the experiments without shear correction (CTRL, DRAG,
DRAG S), while the panels in the right column (Fig. 4.4 b,d,f) denote
the experiments with shear correction (SHEAR, BOTH, BOTH S). The
variability shows the typical structure, with a maximum in the equatorial
eastern Pacific. Overall, the variability is decreasing from left to right and
from top to bottom panels. Very weak variabilities are found in the BOTH
and BOTH S experiments (Fig. 4.4 d and e).
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Fig. 4.4: Standard deviation of SST variability for the uncoupled simula-
tions (shaded, in ◦C) . Shown are the standard deviations for (a)
CTRL, (b) SHEAR, (c) DRAG, (d) BOTH, (e) DRAG S and
(f) BOTH S experiments.
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Fig. 4.5: Equatorial (2◦N-2◦S) averages of the SST variability (in ◦C) for
the uncoupled experiments.

Equatorial (2◦N-2◦S) averages of the SST variability are shown in Figure
4.5. The general decrease in the experiments is further highlighted. In the
CTRL experiment (red line) the variability declines east of 130◦W. The
relative decline is also noted in the other experiments, but is absent in the
DRAG (green line) and BOTH (yellow line) experiments.

The simulated zonal wind stress variability, calculated as standard de-
viations for each spatial grid point is illustrated in Figure 4.6. The zonal
wind stress variability shows two pronounced local maxima, both at the
equator near the dateline and between 120◦W and 140◦W (Fig. 4.6 a). As
for the SST variability, the wind stress variability is decreasing from left
to right and from top to bottom panels. Some qualitative differences can
be seen in the structure of the zonal wind stress anomalies. In the DRAG
and BOTH experiments (Fig. 4.7 c,d) the anomalies are markedly reduced
between 120◦W and 140◦W. Furthermore, the local maximum near the date-
line is shifted westward to 170◦E. The equatorial (2◦N-2◦S) averages of the
zonal wind stress variability further illustrates the decreasing trend (Fig.
4.7), and the relative spatial reduction and shift in the DRAG and BOTH
experiments.

Estimates of the Nino-3 index (averages for 5◦N-5◦S and 90◦W-150◦W) of
the SST anomalies as well as Nino-4 index (averages for 5◦N-5◦S and 160◦E-
150◦W) for zonal wind stress anomalies were calculated and their respective
standard deviations are summarized in Table 4.2. The application of shear
correction reduces the variability of the Nino-3 (Nino-4) time series by 9-13
(8-14) percent. The impact of the DRAG S parameterization on variability
is about 10 percent stronger than the impact of the DRAG parameterization.

As mentioned in Chapter 2 the relationship between the eastern equa-
torial SST anomalies and the western equatorial wind stress anomalies is
an important parameter for the ENSO dynamics. Here, the regression co-
efficient between Nino-3 SST and Nino-4 zonal wind stress time series are
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Fig. 4.6: Standard deviation of zonal wind stress anomalies for the uncou-
pled simulations (in Pa). Shown are the standard deviations for
(a) CTRL, (b) SHEAR, (c) DRAG, (d) BOTH, (e) DRAG S
and (f) BOTH S experiments.
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Fig. 4.7: Equatorial (2◦N-2◦S) of the zonal wind stress anomalies (Pa) for
the uncoupled experiments.

calculated and summarized in Table 4.2. The coefficients and correlations
vary only slightly in the different experiments.

Experiment Nino-3 [◦C] Nino-4 [Pa] Regression [Pa/◦C]

CTRL 0.93 0.0142 0.0106 (0.70)
SHEAR 0.81 (-13%) 0.0122 (-14%) 0.0106 (0.71)
DRAG 0.77 (-17%) 0.0121 (-15%) 0.0109 (0.70)
BOTH 0.67 (-28%) 0.0110 (-23%) 0.0116 (0.71)

DRAG S 0.68 (-27%) 0.0106 (-25%) 0.0113 (0.73)
BOTH S 0.059 (-36%) 0.0091 (-36%) 0.0111 (0.72)

Tab. 4.2: Standard deviations for Nino-3 SST anomalies and Nino-4 wind
stress anomalies in uncoupled mode, and the estimated regression
coefficients for Nino-3 SST versus Nino-4 wind stress. For Nino-
3 and Nino-4 the values in parentheses denote the increase or
reduction in comparison to the CTRL run. For the regression
coefficient, the value in parentheses denotes the correlation.

In summary, the various formulations have a large impact on the simu-
lated climatological state of SST, wind stress and thermal structure. The
simulated cold SST bias is reduced with respect to observations. In some
experiments the cold bias turns into a warm bias in the western and far
eastern equatorial Pacific. Overall the mean wind stresses are reduced due
to the parameterizations, especially in the DRAG S and BOTH S experi-
ments. Mean thermocline depth and thermocline intensity improve in the
eastern equatorial Pacific. Overall, the simulated SST and wind stress vari-
abilities decrease due to the parameterizations. The application of the shear
correction (equation 4.2) reduces the Nino-3 variability by 9-13 percent.

In the following section, similar analyses will be performed using the
HCM in coupled mode.
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4.3 Coupled simulations

4.3.1 Experimental setup

In coupled mode, HCM simulations where carried out for all parameteriza-
tions as in the uncoupled mode. Coupled mode experiments with a coupling
coefficient set to Cp=1.0, 1.25 and 1.4 are performed. For a coupling of 1.4
the CTRL and SHEAR experiments showed unrealistically high amplitude
and where therefore neglected. The different experiments are summarized
in Table 4.3.

Experiment Cp Drag param. Shear Comment

CTRL 1.0 Cd = 0.0013 no standard experiment
SHEAR 1.0 Cd = 0.0013 yes shear corr. only
DRAG 1.0 Eq. 4.5 no drag corr. only
BOTH 1.0 Eq. 4.5 yes shear + drag

DRAG S 1.0 Eq. 4.4 no drag (Smith, 1988)

BOTH S 1.0 Eq. 4.4 yes shear + drag (Smith, 1988)

CTRL(1.25) 1.25 Cd = 0.0013 no Control run
SHEAR(1.25) 1.25 Cd = 0.0013 yes shear only
DRAG(1.25) 1.25 Eq. 4.5 no drag only
BOTH(1.25) 1.25 Eq. 4.5 yes shear + drag

DRAG S(1.25) 1.25 Eq. 4.4 no drag (Smith, 1988)

BOTH S(1.25) 1.25 Eq. 4.4 yes shear + drag (Smith, 1988)

DRAG(1.4) 1.40 Eq. 4.5 no drag corr. only
BOTH(1.4) 1.40 Eq. 4.5 yes shear + drag

DRAG S(1.4) 1.40 Eq. 4.4 no drag (Smith, 1988)

BOTH S(1.4) 1.40 Eq. 4.4 yes shear + drag (Smith, 1988)

Tab. 4.3: Table of parameterizations for the coupled experiments.

The different experiments are analyzed with respect to the simulated
interannual variability. For this purpose, the Nino-3 time series for SST
anomalies and the Nino-4 time series for wind stress anomalies are calcu-
lated. Furthermore, the first EOFs of SST and wind stress anomalies and
their associated principal components are calculated for the experiments,
as described in Chapter 2, Section 2.3. From this, the associated EOF
regression coefficients C1,1 as defined in Section 2.3 are calculated.

The results will be compared to a sensitivity study by Jungclaus et al.
(2006), where experiments with the ECHAM 5/MPI-OM coupled AOGCM
in control and shear-like setup where performed. The simulations are called
AOGCM CTRL and AOGCM SHEAR.
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4.3.2 Results

Table 4.4 summarizes the results of the coupled model experiments. The
ENSO amplitude is calculated as the standard deviation of the Nino-3 time
series. The period is calculated as the second maximum of the autocorrela-
tion function of the Nino-3 index. A couple of experiments show a damped
ENSO mode, which makes it difficult to calculate meaningful amplitudes
and periods. For simplicity, the values for amplitude and period are calcu-
lated as for the self-sustained modes, except for the strongly damped cases,
where the mode collapses within a few month after the initialization.

Experiment Stdv. Period Regression Skew- Oscillatory
[◦C] [month] [0.1Pa/◦C] ness mode

CTRL 1.01 39 0.105/0.128 -2.03 self sustained
SHEAR 0.33 60 0.080/0.173 0.14 weakly damped
DRAG 0.49 37 0.141/0.128 -0.68 self sustained
BOTH 0.27 38 0.165/0.136 -0.13 weak self sustained

DRAG S 0.12 – – – strongly damped
BOTH S 0.10 – – – strongly damped

CTRL(1.25) 1.77 44 0.140/0.232 -1.26 self sustained
SHEAR(1.25) 1.55 38 0.127/0.219 -1.15 self sustained
DRAG(1.25) 0.47 38 0.063/0.208 -1.61 self sustained
BOTH(1.25) 0.31 48 0.140/0.178 -0.72 weak self sustained

DRAG S(1.25) 0.25 53 0.142/0.208 0.09 damped
BOTH S(1.25) 0.14 – – – strongly damped

DRAG(1.4) 1.13 43 0.055/0.020 -1.91 self sustained
BOTH(1.4) 0.35 49 0.044/0.208 -0.56 weak self sustained

DRAG S(1.4) 1.17 50 0.286/0.314 -2.20 self sustained
BOTH S(1.4) 0.21 – – – strongly damped

AOGCM CTRL 1.76 37 0.040/0.074 0.032 –
AOGCM SHEAR 1.34 44 0.048/0.014 0.010 –

Observed 0.8 36-72 0.090/– 0.86 –

Tab. 4.4: Indices for the coupled experiments. Stdv. denotes the stan-
dard deviation of the simulated Nino-3 SST time series. Period
denotes the period of the Nino-3 time series. Regression coeffi-
cients are calculated for the Nino-3 SST anomalies and Nino-4
wind stress anomalies (left values) and for the EOF regression
coefficient C1,1 (right values). Furthermore, the skewness of the
Nino-3 SST time series is calculated. In the DRAG S, BOTH S,
BOTH S(1.25) and BOTH S(1.40) the system was overdamped
and thus meaningful values for regression, period and skewness
could not be calculated. For the AOGCM and observations the
oscillatory mode cannot be determined.
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There is a large spread of the periods, amplitudes and regression co-
efficients among the experiments. Overall, the variability decreases if the
shear correction (equation 4.2) is applied. With the coupling parameter set
to 1.0 the amplitude decreases from a standard deviation of 1.01◦C to values
below 0.5◦C in the experiments. In the SHEAR experiment the oscillation
is slightly damped. The DRAG and BOTH parameterization exhibit self
sustained modes with weak amplitudes. The period of the oscillations is
around 38 month, except for the SHEAR experiment, where the cycle is
60 month. Except for the SHEAR experiment, the skewness is negative
in the experiments, but improves in comparison to the CTRL experiment.
In the DRAG S and BOTH S case the mode immediately collapses, so a
meaningful calculation of skewness and period was not feasible.

The regression coefficient of Nino-3 SST anomalies to Nino-4 wind stress
anomalies is close to the observed values (taken from Latif et al. (2001)) in
the CTRL and SHEAR experiment, but is higher in the DRAG and BOTH
experiments. From the uncoupled experiments it is clear that the spatial
patterns of variability may differ considerably between the experiments.
Thus, the regression coefficients between Nino-3 SST anomalies and Nino-
4 wind stress anomalies may not take the important spatial pattern into
account. Therefore, the first EOF regression coefficient C1,1 is calculated,
which takes the spatial patterns into account.

With a coupling of 1.25 the amplitude increases in the CTRL(1.25) and
SHEAR(1.25) experiments. The overall characteristics of the SHEAR(1.25)
experiment changes in comparison to the SHEAR, with higher amplitudes,
lower periods, a negative skewness and a self sustained ENSO mode. The
DRAG(1.25) and BOTH(1.25) experiments show weak self sustained modes.
A general notion is the reduction of the amplitude due to the shear param-
eterization (equation 4.2).

The DRAG S(1.25) and BOTH S(1.25) experiments show nearly no
variance. Further experiments with a coupling of 1.4 lead to self sus-
tained modes with amplitude above 1.0 in the DRAG(1.4) and BOTH(1.4)
case but only to a very weak mode in the DRAG S(1.4) case. Even with
this relatively high coupling, no reasonable variability was achieved in the
BOTH S(1.4) case.

In addition to the HCM experiments two results from a study with the
ECHAM-5/MPI-OM AOGCM from the study by Jungclaus et al. (2006)
are added to the table, where CTRL and SHEAR like sensitivity exper-
iments were performed. The AOGCM experiment underlines the general
notion that the application of the shear correction (equation 4.2) leads to a
reduced Nino-3 amplitude. However, there are no simple trends visible in
the relationships between amplitude, period and regression coefficients. The
comparison to the AOGCM results show a decrease when shear correction
is applied, but the period increases in the AOGCM SHEAR. This is con-
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Fig. 4.8: Nino-3 Indices of the coupled experiments. Upper left panel:
period versus standard deviation. Upper right panel: EOF re-
gression coefficient C1,1 versus standard deviation. Lower panel:
EOF regression coefficients C1,1 versus period.

sistent with the CTRL and SHEAR experiments but inconsistent with the
CTRL(1.25) and SHEAR(1.25) experiments, where the period decreases.

There is a large spread of the periods, amplitudes and regression coeffi-
cients among the experiments. To make the results more accessible, scatter
plots of the standard deviation, period and EOF regression C1,1 are shown
in Figure 4.8. The experiments do not exhibit a linear relationship be-
tween period and amplitude (Fig. 4.8, upper left panel). Also, no clear
relationship is visible between C1,1 and amplitude (Fig. 4.8, right panel).
The period versus EOF regression coefficient C1,1 indicates a trend, where
a higher C1,1 is associated with a higher period (Fig. 4.8, lower panel).

In Chapter 3 it was shown that the period of the simulated Nino-3 is
decreasing as a function of the mean wind stress. According to Chapter 3 the
amplitude can be estimated as a linear function of the ocean to atmosphere
coupling, where the EOF regression coefficient C1,1 was used as a measure
of the coupling. For comparison, the simulated mean wind stress for the
experiments is calculated for the area between 130◦E-85◦W and 5◦N-5◦S.
Scatter plots of period versus EOF regression coefficients, period versus
mean wind stress and amplitude versus EOF regressions coefficients are
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corr. = 0.3 (0.27)
slope = 300 (233)

corr. = 0.17 (0.69)
slope = 12.5 (28.0)

corr. = 0.31 (0.82)
slope = 898 (548)

Fig. 4.9: Comparison of the Nino-3 indices of the coupled experiments with
results of Chapter 3. Upper left panel: scatter plot of the Nino-
3 period versus the EOF regression coefficient C1,1. Upper right
panel: Nino-3 SST amplitude versus C1,1. Lower panel: Nino-
3 period versus mean wind stress. The linear regression curves
(solid black) are plotted together with the regression curves esti-
mated in Chapter 3 (dashed red curve). The numbers in brackets
depict the associated slopes and correlations from Chapter 3, Ta-
bles 3.2.

shown (Fig. 4.9). Furthermore, the least squares linear regression estimates
(black solid lines) and the regression curves (red dashed lines) calculated in
Chapter 3 (Table 3.2) are drawn. The results suggest that the relationship
between period and EOF regression coefficients is weak (correlation of 0.3)
(Fig. 4.9, upper left panel). However, in comparison to the results from
Chapter 3, the linear regression estimates are comparable. The relationships
between period and mean wind stress, which were a prominent feature of
the results in Chapter 3, are much lower in the sensitivity experiments of
this chapter (Fig. 4.9, lower panel). The relationship of amplitude and
ocean-to-atmosphere coupling (Fig. 4.9, right panel) was not reproduced.
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Fig. 4.10: Spatial regression of the Nino-3 SST time series versus SST
and wind stress anomalies. Upper panels: regressions for the
CTRL(1.25) and SHEAR(1.25) experiments. Lower panels: re-
gressions for the AOGCM experiments from Jungclaus et al.
(2006).

The spatial regression of Nino-3 SST anomalies versus SST and wind
stress anomalies for the CTRL(1.25) and SHEAR(1.2) experiment (upper
panels) and the AOGCM experiments from Jungclaus et al. (2006) (lower)
are shown in Fig. 4.10. The AOGCM SHEAR experiment shows a wider
latitudinal extension and is more confined to the eastern basin in comparison
to the AOGCM CTRL experiment. The SHEAR(1.25) also shows a con-
centration in the eastern basin but no latitudinal extension in comparison
to the CTRL(1.25) experiment. The AOGCM results differ in strength and
extension to the HCM experiments, but are more realistic in comparison to
observations (see Jungclaus et al. (2006)).
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4.4 Summary and conclusions

In this chapter a hybrid coupled model is used to investigate the sensitivity
of ENSO to various wind stress parameterizations. Starting from the com-
mon empirical bulk formula 4.1 first the ocean surface currents are taken
into account. Specifically, the wind speed u is corrected for the surface
motion with the formula u∗ = u − uo, where uo denotes the ocean surface
speed. In further tests, the constant drag Cd is replaced by a function of the
wind speed Cd = Cd(u

∗). Two drag parameterizations were analyzed: First,
a parameterization (following Smith (1980, 1988)) with a nearly constant
value for wind speeds below 6.0 m/s, and second, a parameterization with
a linearly increasing drag for decreasing wind speed below 6.0 m/s, which is
an estimate of recent ocean measurements (e.g. Trenberth et al. (1989); Wu
(1994); Yelland and Taylor (1996); Yelland et al. (1998); Large and Pond
(2004)). Sensitivity studies in coupled and uncoupled are carried out to give
an overview of possible changes due to the different parameterizations.

In uncoupled mode the easterly trade winds generally decrease in all
experiments. A general feature is the decrease in wind stress and SST
variability, when the shear adaption u∗ = u − uo, is taken into account,
however, the formulations of the drag Cd = Cd(u

∗) generally have a stronger
impact on the wind speed reduction than the shear correction alone. The
reduction of easterly wind stress leads to a reduced eastern Pacific cold bias,
which improves by 1-1.5◦C in some experiments, but is also accompanied by
a warm bias in the far eastern equatorial Pacific. In uncoupled mode, the
variability of wind stress and SST generally decreases, but spatial differences
in the decrease are seen, particularly in the eastern versus western Pacific
variability.

The reduction in variability carries over to the coupled simulations,
where the variability immediately decreases when the extended bulk for-
mula is applied. In coupled mode a large spread in ENSO characteristics
among the different experiments is apparent. Generally, the shear param-
eterization (u∗ = u − uo) alone leads to reduced variability in comparison
to the standard run. In some experiments, the ENSO mode changes from
self sustained to damped mode. Especially, the first drag parameteriza-
tion (after Smith (1980, 1988)) generally leads to a strongly damped mode,
while the second parameterization leads to reduced but relatively robust
self sustained variability.

In comparison with the results of Chapter 3 the behavior of ENSO pe-
riod versus mean wind stress and ENSO amplitude versus coupling, which
were prominent in Chapter 3, could not be reproduced. The relationship
between EOF regression coefficient C1,1, which serves as a measure of the
anomalous ocean-to-atmosphere coupling, and the ENSO period are posi-
tively correlated. This is confirmed by the results of Chapter 3, where the
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least squares linear regressions exhibits correlations and slopes of similar
magnitude.

In comparison to the AOGCM study by Jungclaus et al. (2006), where a
shear-like sensitivity experiment was performed with the coupled ECHAM5/
MPI-OM, the ENSO amplitude shows a similar behavior for the experi-
ments, i.e. the amplitude is decreasing when shear correction (u∗ = u− uo)
is applied. However, in the shear experiment with stronger coupling the
ENSO period is decreasing, while in the ECHAM5/MPI-OM the period is
increasing.

Generally, the coupled experiments show the large sensitivity of the cou-
pled system to small changes in the parameterizations. The formulations
of the drag as function of the wind speed, Cd = Cd(u

∗), differs only for
wind speeds below 6.0 m/s, however, some experiments showed nearly no
variability and some experiments showed robust ENSO amplitudes and pe-
riods. The experiments emphase the need for correct ocean-atmosphere
parameterizations also for low wind speeds and seemingly low momentum
fluxes. Since the parameterizations generally lead to reduced tropical Pa-
cific variability, especially those models, where the variability is too high,
an improved momentum flux might lead to better results.
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5. CONCLUSIONS AND
OUTLOOK

In this thesis the El Niño-Southern Oscillation (ENSO) phenomenon was
investigated with a hybrid coupled general circulation model of the tropi-
cal Pacific ocean-atmosphere system. Two main questions were addressed:
First, the interactions between the climatological mean state and the ENSO
variability were investigated. The motivation to address this question stems
from the relatively sparse knowledge regarding future climatic conditions
and its impacts on ENSO dynamics. The second question addressed the
potential improvement of the momentum flux at the ocean-to-atmosphere
boundary in coupled atmosphere-ocean general circulation models (AOGCMs).
Here, it was investigated how the standard bulk formula for wind stress
(equation 4.1) could be improved with respect to a moving ocean surface
and a parameterization of the drag, Cd, as a function of wind speed.

For these purposes a hybrid coupled model (HCM) of the tropical Pacific
basin was constructed and used. The advantages of the HCM, with respect
to intermediate complexity models (ICMs) and fully coupled AOGCMs, are
threefold: First, in contrast to ICMs, the HCM takes nonlinear interactions
between the ocean interannual variability and processes with lower peri-
ods into account. Second, the setup of the HCM allows to prescribe the
climatological background state via the mean wind stress forcing and the
anomalous ocean-to-atmosphere coupling, and third, the lower complexity,
i.e. computational cheapness in comparison to fully developed AOGCMs,
allows a large volume in parameter space to be surveyed.

To address the question of the interactions between the mean state and
El Niño variability, a set of experiments was carried out, where the mean
wind stress strength was varied between 60 percent and 160 percent of the
OMIP climatological wind stress. Furthermore, the anomalous ocean to
atmosphere coupling was varied between 0.7 and 1.2, a range where self-
sustained ENSO activity with realistic periods and amplitudes occurred.
Results showed that the mean zonal thermocline depth deepens, and the
mean zonal SST gradient increases with increasing mean wind stress, while
the intensity of the thermocline decreases. Furthermore, increased wind
stress decreases the period of ENSO. The ENSO amplitude is strongly af-
fected by the coupling coefficient and less affected by the mean wind stress.
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The stronger amplitude due to higher coupling reduces the thermocline in-
tensity and the surface temperature gradient. Various regression coefficients
and associated correlations were calculated and summarized in Table 3.2 and
Table 6.3. Results of ICM studies by Fedorov and Philander (2001), who
investigate the ENSO period as a function of the mean background state,
at first view disagree with the results of this study. A further analysis in-
dicates that this is due to the prescribed thermocline intensity in the ICM,
which, when varied, has a large effect on the period. The comparison high-
lights the difficulties to compare results from models with reduced physics,
such as ICMs, to complex general circulation models. On the other hand,
a comparison of AOGCM simulations from the ENSIP study (Latif et al.
(2001)) showed no relationships comparable to the HCM results. Reasons
for this absence may lie in the known problems of AOGCMs to simulate
both realistic climatologies as well as tropical Pacific variabilities (e.g. Latif
et al. (2001); Davey et al. (2002); AchutaRao and Sperber (2002); Stockdale
et al. (1998)).

To address the question of the atmosphere-to-ocean momentum flux, the
common bulk formula (equation 4.1) was reformulated to include the mo-
tion of surface currents. Furthermore, the drag constant was extended to
a function of the wind speed. Two drag parameterizations were analyzed:
A parameterization (following Smith (1980, 1988)) with a nearly constant
value for wind speeds below 6.0 meters per second, and a parameterization
with a linearly increasing drag for decreasing wind speed below 6.0 meters
per second, which is an estimate of recent ocean measurements (e.g. Tren-
berth et al. (1989); Wu (1994); Yelland and Taylor (1996); Yelland et al.
(1998); Large and Pond (2004)). In uncoupled mode the parameterizations
lead to a mean reduction of wind stress and consequently to a reduction in
the mean equatorial zonal SST gradient and the eastern Pacific SST bias.
The SST bias could spatially be reduced by 1◦C. Furthermore, in uncou-
pled mode, El Niño amplitude reduces as a consequence of reduced wind
stress anomalies. In some experiments, local maximum wind stress anoma-
lies were reduced and zonally shifted. In the coupled mode, the improved
parameterization generally leads to reduced El Niño amplitudes. Further-
more, according to the parameterization, the system can change from self
sustained to damped mode. A weak relationship between anomalous cou-
pling, measured as the EOF regression coefficient C1,1, and the period is
noted, and sustained by the results of Chapter 3. However, the relation-
ships between mean wind stress and period, and anomalous coupling and
amplitude which where apparent in Chapter 3 could not be reproduced.
Further, it can be seen that the model studies roughly agree with results
from a study by Jungclaus et al. (2006), where the sensitivity to surface
corrections was investigated in the coupled ECHAM5/MPI-OM AOGCM.
Taken together, relatively small changes lead to large spread of amplitude,
period and overall ENSO characteristics among the experiments, which em-
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phasize the need for realistic wind stress parameterization.

The aim of this thesis was to give an overview of possible changes of
the mean and anomalous wind stress formulation on ENSO variability. The
investigations focused on the ocean mean thermal structure, SST and the
ocean to atmosphere coupling. These values are relatively easy to obtain
from other model studies and from observations, therefore, relatively quick
comparisons among the models are feasible. In future studies, the HCM
results should be used to obtain a clearer view of the relationships between
the mean background state and ENSO characteristics. The AOGCM results
in Chapter 3 did not reveal a consistent picture, however, the continuous
efforts to improve AOGCMs may lead to more settled results.

The existing body of theory for ENSO dynamics explains the relation-
ship between amplitude and anomalous ocean to atmosphere coupling. Fu-
ture theoretical studies should give a more detailed explanation for both
the relationship of ENSO period and mean background state, and the weak
relationship between anomalous coupling and ENSO period, as simulated
by the HCM.

In the experimental setups the effect of weather or short term climatic
noise is rigorously neglected. The neglection of the noise component reduces
potential masking effects and thus allows to study the eigenmodes of the
oscillation. However, a self sustained ENSO mode without noise forcing
requires a relatively high coupling, which leads to ENSO amplitudes higher
than observed and may also cause the unrealistic negative skewness of the
modelled ENSO. Further, it is generally believed that the observed ENSO
dynamics is near the bifurcation between a self sustained mode and damped
mode sustained by noise forcing (Kessler (2002); Philander (2003)). There-
fore, future HCM studies should include a noise component to investigate
ENSO characteristics near the bifurcation point.
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6. APPENDIX

6.1 Linear regression on a sphere

The spatial distribution of geophysical data on a sphere is usually not uni-
form. To do a meaningful linear regression, it is thus necessary to weight
the data with respect to the associated spatial area (e.g. Cohen and Jones
(1969); Buell (1971)). The linear regression scheme described in Chapter
3 for the statistical atmosphere model changes as follows: Given a dis-
crete data set of temperatures Ti,j = T (xi, tj) and wind stress anomalies
τi,j = τ(xi, tj). For simplicity it is assumed that both data sets are of equal
size, i = 1, . . .N, j = 1, . . .M and sampling rate is a constant. With a
weighting function ωi = ω(xi), where

∑

i ωi = 1, one needs to calculate:

T ω
i,j = Ti,j (ωi)

1

2 (F.1.1)

τω
i,j = τi,j (ωi)

1

2 (F.1.2)

The corresponding principal component decomposition is

T ω
i,j =

∑

m

αω
m,i e

ω
m,i (F.1.3)

τω
i,j =

∑

n

βω
n,j fω

n,i (F.1.4)

where eω
m(x) and fω

n (x) are the Eigenvectors of the associated covariance
matrices Rω = Cov(Tω) and Sω = Cov(τω).

The matrix of regression coefficients can be estimated as:

Cω
n,m =

< αω
mβω

n >

< (αω
m)2 >

(F.1.5)

where < . . . > denotes time average. Thus, with a given SST anomaly
T̂ (xi, tj) a linear wind stress anomaly τ̂ (xi, tj) can be obtained via

T̂ω(xi, tj) = T̂ (xi, tj) (ωi)
1

2 (F.1.6)
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α̂ω
m(tj) =

∑

i

T̂ω(xi, tj) eω
m(xi) (F.1.7)

β̂ω
n (tj) =

∑

m

Cn,m α̂m(tj), (F.1.8)

τ̂ω(xi, tj) =
∑

n

β̂n(tj) fω
n (xi) (F.1.9)

τ̂(xi, tj) = τ̂ω(xi, tj)/(ωi)
1

2 (F.1.10)
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6.2 Addendum to Chapter 3

6.2.1 Tables

Exp. Cp = 0.7 Cp = 0.8 Cp = 1.0 Cp = 1.2

τ=0.6 –/–/– 5.0/92.8/57.7 4.8/103.8/74.1 4.0/105.0/78.1
τ=0.8 –/–/– 5.9/102.5/59.2 5.1/110.3/72.5 4.8/110.5/88.6
τ=1.0 5.2/113.2/62.7 6.3 /113.3/65.3 5.9/114.9/75.7 5.2/120.7/90.8
τ=1.2 5.8/121.5/69.0 6.7/121.9/72.9 6.2/124.5/83.0 5.8/128.7/98.3
τ=1.4 6.8/127.1/76.2 6.9 /128.4/79.1 6.8/132.2/91.0 5.9/135.3/98.4
τ=1.6 –/–/– 7.1/135.7/85.6 6.7/138.7/92.9 6.1/145.3/104.4

Tab. 6.1: Indices for the coupled model experiments of Chapter 3. The up-
per row denotes the coupling coefficient and the left column de-
notes the fraction of the OMIP mean wind stress, as described in
Chapter 3. The listed values are the mean climatological values:
SST gradient [◦C]/mean thermocline depth [meter]/thermocline
intensity [meter].

Exp. Cp = 0.7 Cp = 0.8 Cp = 1.0 Cp = 1.2

τ=0.6 –/–/– 48/0.99/0.0011 42/1.27/0.0181 54/1.56/0.0210
τ=0.8 –/–/– 43/1.07/0.0013 40/1.25/0.0181 45/1.75/0.0213
τ=1.0 37/1.1/0.0076 42 /1.18/0.0085 43/1.48/0.0140 44/1.77/0.0205
τ=1.2 34/1.2/0.0079 36/1.42/0.0031 39/1.66/0.0131 36/1.78/0.0193
τ=1.4 31/1.1/0.0083 33 /1.26/0.0099 38/1.61/0.0045 37/1.76/0.0174
τ=1.6 –/–/– 31/1.13/0.0066 36/1.44/0.0132 36/1.71/0.0176

Tab. 6.2: Indices for the coupled model experiments of Chapter 3. The
values are: Period of the Nino-3 time series/amplitude of the
Nino-3 time series/EOF-1 regression coefficient. The units are
[month], [◦C] and [Pa/◦C]. Note that the regression coefficients
are absolute values.

SST-∆ Z20 Z20 int. Cp-EOF Period Std.

τ 0.82 0.96 0.60 -0.13 -0.82 0.20
Cp -0.58 0.19 0.74 0.83 0.4 0.89

SST-∆ 1 0.65 0.08 -0.58 -0.88 -0.25
Z20 0.65 1 0.78 0.12 -0.73 0.43

Z20 int. 0.08 0.78 1 0.59 -0.27 0.83
Cp-EOF -0.58 0.12 0.59 1 0.27 0.69

Tab. 6.3: Correlation coefficients for the regressions in Table 3.2. Values
with absolute correlations higher than 0.7 are printed bold.
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Model Std. dev. Period SST τ
[◦C] [month] [◦C] [x OMIP]

CERFACS 1.04 47 3.85 0.14
COLA 0.71 41 2.38 0.52

DKRZ-OPYC 0.79 25 4.36 1.04
HAWAII 0.94 27 2.48 0.25

LAMONT 1.35 51 2.86 1.43
MPI 0.76 24 5.00 1.05

NCAR-CSM 0.48 29 2.34 1.17
NCAR-WM 0.50 37 3.51 0.46

NCEP 0.42 31 3.70 0.07
UCLA 0.57 50 3.71 0.75
UKMO 1.13 50 3.20 1.01

Tab. 6.4: ENSIP values used in Section 3.4.2. The values are calculated
as described in Chapter 3.

6.2.2 Calculation of observed bounds

Observed mean wind stresses are calculated from the NCEP (Kalnay et al.
(1996)) and FSU (Kalnay et al. (1996); Stricherz et al. (1997)) wind stress
products. The used upper and lower bounds are calculated as the clima-
tological means from FSU (upper bound) and NCEP (lower bound) wind
stress. The observed mean thermocline depth is calculated from the SODA
dataset (Carton and Giese (2007)). The SODA dataset consists of monthly
values from Jan 1958-Dec 2001. To obtain upper and lower bounds, monthly
averages for the thermocline depth are calculated as described in Chapter
3. From this time series, the upper and lower bounds are calculated as the
maximum and minimum values of a 30-years running mean. In the same
manner, the upper and lower bound of the zonal SST gradient is calculated
from the HadISST dataset (Rayner et al. (2003)).
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