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Abstract 3

Abstract

Previous studies suggest that the global meridional overturning circu-
lation is driven or strongly affected by small-scale diapycnal mixing, large-
scale wind-driven upwelling and mean surface bouyancy fluxes. This thesis
studies the role of a fourth factor, namely the daily flux anomalies of momen-
tum, heat and freshwater at the sea surface, in determining the overturning

circulation.

The effect of daily flux anomalies is studied using an empirical flux
model. The model produces fluctuating fluxes resulting from the oceanic
feedbacks on the fluxes and from the atmospheric turbulence. The model is
able to respond to sea surface conditions such as Polynya and El-Nino. It
captures different air-sea interaction processes suggested by cross-correlation
functions. The magnitude and spatial characteristics of the flux anomalies
are comparable to those produced by an atmospheric general circulation

model (GCM) of a coupled atmosphere-ocean GCM.

Various experiments are carried out by driving an ocean general circu-
lation model with different terms in the empirical model. It is found that
daily flux anomalies significantly alter the meridional overturning circula-
tion (MOC) and the Antarctic circumpolar current (ACC). Flux anomalies
lead to an increase in the MOC of about 4 Sv and a decrease in the ACC of
about 65 Sv. These changes are approximately 30% of the MOC and ACC
obtained without daily flux anomalies. They are caused partly by setting
a realistic 3-dimensional density distribution via the SST-feedback inherent
in the daily fluxes, and partly by providing additional vertical mixing via

fluctuating flux forcing.

The latter effect is novel. Due to the non-linear nature of convection,
fluctuating buoyancy anomalies tend to increase convective mixing in mostly

stable regions and to decrease convective mixing in mostly unstable regions.
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As a result, global-scale changes in the mixing structure in the ocean are
found. To conclude, the results of the experiments suggest that both the
oceanic feedback and atmospheric fluctuating part of the daily flux anoma-
lies play an essential role in determining the time-mean circulation in the

ocean.



1. INTRODUCTION

The global meridional overturning circulation (MOC) of the ocean plays
a crucial role in the earth’s climate. Hence, it is a matter of concern
for the society, ecosystem and economy of our world. Any change in the
MOC, regardless of natural or anthropogenic origin, can considerably affect
global climate through the world-wide ocean conveyor belt and complex
ocean-atmosphere interactions. Understanding how our climate varies over
decades or how it changes over the next century is difficult without a deep

understanding of the mechanisms determining the present-day MOC.

The issue of what determines the strength of the MOC has hence drawn
the attention of many researchers. By and large, there exist two directions
concerning the factors which control the MOC. One focuses on the mean
buoyancy forcing at the sea surface. The surface buoyancy forcing affects
the surface density and from that the site and intensity of the deep water
formation, i.e. the conversion of surface water masses to deep waters by
raising their density through cooling and/or increasing salinity. The deep
water formation constitutes the downward branch of the Atlantic MOC.
The controlling role in determining the deep water formation makes the
surface buoyancy forcing crucial for the stability of the MOC (Rahmstorf,
1995).

The second direction originates from the physical modeling study by
Sandstrom (1908). It focuses on the mechanisms which are able to bring

the densy deep water to the surface and deals therefore mainly with the
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upward branch of the MOC. Sandstrom conducted a series of physical ex-
periments by placing sources of heating and cooling at opposite sides of a
water tank and changed their relative depths alternatively to higher, equal
or lower. He found that when heating and cooling occur at the surface, or
when cooling occurs at a lower depth than that of heating, there was no
significant overturning circulation. In other words, a steady, deep overturn-
ing circulation is only possible when heating occurs at a lower depth than
cooling, which is known as the Sandstrom’s theorem. This theorem implies
that surface buoyancy fluxes alone cannot drive the overturning circulation
in the ocean and points to other sources of energy within the ocean to bring

dense deep water up.

Subsequent research found that turbulent mixing in the ocean interior is
a source of energy to bring dense deep water up across the stratification in
the ocean. Munk and Wunsch (1998) confirmed the role of turbulent mizing
of heat as the energy source that lightens water masses in the deep ocean
and causes them to rise. They suggested that the diapycnal mixing i.e.
mixing across density layers, is caused by the breaking of internal waves in
the interior of the ocean due to winds and tides in interaction with bottom
topography. Based on the available measurements of mixing in the ocean,

they estimated the energy required to sustain the overturning circulation.

The studies initiated by Toggweiler and Samuels (1995) led to a con-
trasting view of the role of Southern Ocean winds on the MOC. Toggweiler
and Samuels (1993) detected North Atlantic deep water in near-surface
Southern Ocean waters. Following this observational evidence, Toggweiler
and Samuels (1995) showed numerically that the westerly winds over the
Southern Ocean caused northward Ekman transport, which increased the
southward return flow of the MOC via the northern North Atlantic. The
latitude band of the Drake Passage has no longitudinal topographic bor-

ders down to a depth of about 2500m so that no zonal pressure gradient



and hence no meridional geostrophic flow can be built up at these depths
and latitudes leading to the so-called “Drake Passage Effect”. Toggweiler
and Samuels (1995) argued that the return flow of the MOC is maintained
gestrophically by zonal pressure gradients at the depth of two under-sea
topographic features. According to them, stronger wind stress over the
Southern Ocean caused stronger MOC and stronger wind-driven upwelling
of deep water in the Antarctic circumpolar current (ACC) region. The im-
portance of wind-driven upwelling in the Southern Ocean is also emphasized

in the energy estimate by Webb and Suginohara (2001).

Recently, Kuhlbrodt et al. (2006) analysed the different sources of en-
ergy for driving the MOC from the knowledge obtained from existing mod-
eling as well as measurement studies. They concluded that even though the
surface buoyancy forcing is not considered as a driver of the MOC capable
of providing energy supply, it is nevertheless necessary for setting up the

flow by controlling the rate and site of deep water formation.

In summary, the previous studies considered three candidates capable of
driving and/or affecting the MOC : the diapycnal mixing, the wind-driven
upwelling and the mean buoyancy forcing at the sea surface. A fourth
candidate, namely the day-to-day anomalies of air-sea fluxes, is studied in
this thesis through a modeling approach. The focus is on the identification
and understanding of the effects of the flux anomalies. The primary research

question is :

Whether and how do daily flux anomalies affect the strength
of the MOC ?

There are reasons to believe that the fluctuating daily fluxes can, at
least in principle, play a role in determining the strength of the global
MOC. Firstly, fluctuations in winds can generate turbulent motions, thereby

inducing additional mixing. Secondly, fluctuations in the buoyancy forcing
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can alter the stability and trigger or hamper convective events, leading to
changes in the mixing structure not only near the surface but also in the
deep ocean. More importantly, the effect of fluctuating fluxes can highly be
non-linear. For instance, while a positive buoyancy flux anomaly does not
produce additional convective events in a mostly stable region, a negative
one can reduce the stability and lead to changes in the convective mixing.
Due to such non-linearity, fluctuating fluxes, though not contributing to
the total flux forcing on the time average, are capable of modifying the
turbulent mixing on global scales and from that the global MOC. It will
be shown in this thesis that the flux anomalies have an impact on global
time-mean circulation and affect not only the Atlantic MOC, but also the

ACC by changing the vertical mixing in the model ocean.

The processes related to diapycnal mixing cannot explicitly be resolved
by a coarse resolution ocean GCM (O-GCM). Measurements of vertical
mixing in the real ocean suggest that the mixing is vertically and spatially
non-uniform. Smaller values of the order of 1075 m2s~! are measured away
from topography (Ledwell et al., 1993) and close to the equator (Gregg et
al., 2003). Higher values of up to 1073 m?s~! are observed along continen-
tal slopes (Moum et al., 2002) and rough topography (Polzin et al., 1997;
Ledwell et al., 2000). Mixing values ranging from 107 to 1073 m?s~! over
under-sea topographic features in the southern subtropical Atlantic, Indian
and Pacific sectors of the Southern ocean are estimated by Sloyan (2005).
The mixing reported by these authors results presumably from the breaking
of internal waves within the ocean. The present study employs another type

of vertical mixing which results from daily surface fluxes and can also vary

both geographically and vertically, depending on the surface fluxes.

The effects of air-sea flux anomalies can hardly be separated from the ef-
fect of the climatological mean flux within a fully coupled atmosphere-ocean

GCM (AO-GCM). For this reason, an empirical model of flux anomalies is



used. Numerical experiments performed by an O-GCM driven by climato-
logical mean air-sea fluxes plus various types of flux anomalies are carried
out. The experiments are designed such that they allow an identification

and quantification of the effects of the flux anomalies.

The thesis is structured as follows: The simple atmospheric model used
for this study is introduced in chapter 2. The coupled model and the numer-
ical experiments are described in chapter 3. The results of the experiments
and discussion of the separate roles of the feedback and fluctuation parts of
the daily flux anomalies are presented in chapter 4. Conclusions are given

in the final chapter 5.






2. AN ANOMALY MODEL FOR AIR-SEA
FLUXES : EMAD

In this chapter, the simple atmospheric model, that is used in this study is
introduced. Since the model is empirical and captures the linear dynamics
of air-sea interaction, it will be referred to as EMAD (Empirical Model of
Atmospheric Dynamics) (von Storch et al., 2005). The first section gives an
overview of some examples of previous simple models of surface fluxes. A
detailed description of EMAD and the estimation procedure of the model
parameters are given in sections 2.3 and 2.4, respectively. To analyze the
performance of EMAD, the response of EMAD to different anomalous sea
surface conditions is studied in section 2.4.1. Since EMAD is designed to
describe the statistics, rather than to predict individual fluxes for a given
sea surface condition, section 2.4.2 concentrates on the ability of EMAD
to produce realistic flux statistics, namely, a) the total variances and b)
the cross-correlation functions between fluxes and the SST, which represent
different types of air-sea interactions. For this purpose, uncoupled EMAD
integrations and an integration of EMAD coupled to the HOPE-G ocean
GCM are considered. It will be shown that the important types of air-sea
interactions identified in the coupled AO-GCM are, by and large, captured
by the EMAD model. This chapter is concluded in section 2.5.
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2.1 Different simple flux models

An O-GCM is driven by fluxes of momentum, heat and freshwater at the
sea surface. An advanced approach is to represent the fluxes with the aid
of parameterisations implemented in an atmospheric GCM (A-GCM). A
simpler approach is to prescribe the fluxes in the form of simple atmospheric
models. Generally, a simple approach is often based on certain assumptions
and is designed to represent part of the fluxes which are needed for studying
a particular phenomenon (e.g., the thermohaline circulation (THC), El-Nifo
and southern oscillation (ENSO)). The following gives an introduction to
different simple models of flux anomalies. Hereafter, the fluxes of heat,
freshwater and momentum are denoted by H, F' and M respectively. They
can be decomposed into climatological mean annual cycles, H., F. and M.,

and deviations from the climatological annual cycles, H', F' and M .

a) Traditional mixed boundary condition for studying the ther-

mohaline circulation

The traditional mixed boundary condition (Haney, 1971) focuses on the
formulation of heat and freshwater fluxes. It is used to study the thermo-

haline circulation of the ocean. It can be written as
H =oT*-T)=H.—oI,, F,=F, M=0. (2.1)

The heat flux H; is obtained by restoring SST T}, to a prescribed tem-
perature T with a restoring coefficient «. 1/« gives the restoring time.
When decomposing 7T; into its climatological mean annual cycle T, and the
deviation from T,, T, H, can be decomposed into a climatological flux
H.= oT* —T,) plus a flux anomaly H = —aT}. The latter assumes that

any deviation of oceanic temperature from the climatological mean value
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will lead to a heat flux which acts to damp out the deviation. The damping
occurs as soon as there is a deviation, implying that the atmosphere adjusts
to changes in the ocean quickly as if it is in a quasi-equilibrium state with
the ocean. The restoring time scale, 1/« is often of the order of a month,
so that the ocean temperature anomalies can only freely evolve within the

time scales of about a month.

The freshwater flux can also be described in a form similar to that of H;,
i.e. F; = F. — aS;, where S, is the salinity anomaly. However, in contrary
to SST anomalies which can be damped out by the heat flux anomalies, the
freshwater flux anomalies are not directly related to the salinity anomalies at
the sea surface. Thus, salinity anomalies stay in the ocean for much longer
time than SST anomalies. One can assume the limit of infinite restoring
time, i.e. « can be taken as zero. The freshwater flux can then be repre-

sented by a constant flux F..

The traditional mixed boundary condition considers the variations in
heat flux originating only from the ocean and prescribes the freshwater

flux.

b) Improved mixed boundary condition

The above traditional mixed boundary condition oversimplifies the in-
teraction between SST and heat flux. It implies that temperature anomalies
on all scales will be damped out at the same rate, which is determined by «.
By using a single, constant restoration time, both large-scale and small-scale
temperature anomalies that have developed anywhere in the ocean will be
damped in the same way. In a more realistic case, large-scale SST anomalies
are damped out more slowly than small-scale anomalies. In order to take
this into account, a scale-dependent restoration was suggested by Wille-

brand (1993) and Rahmstorf and Willebrand (1995). They introduced an
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improved mixed boundary condition by considering a scale-dependent rep-
resentation of the heat flux, derived from a simplified, atmospheric energy

balance model (EBM).

The different components of the total heat flux, namely, sensible and
latent heat, net shortwave and longwave radiations, and horizontal heat
transport of the atmosphere are linearised in terms of air/sea temperatures.
As a result, the heat flux at the sea surface is described by two processes of
the EBM. One represents the temperature relaxation due to the emission of
excess heat from the top of the atmosphere to the outer space to compensate
the increased heat flux from the ocean. This contribution to H; is given
by v(T* — T;). The other process is the lateral diffusion of heat due to
atmospheric eddy transport, given as uV?(T*—T;). The relaxation constant

v is generally smaller than p. The improved formulation takes the form

H =AT"=T) = pVXT*=T), F=F, M=0,  (22)

where T™ is the temperature towards which the ocean is forced. The oper-
ator V? is strongly scale-selective. For small-scale temperature anomalies,
the magnitude of the diffusive term is large and for large-scale temperature
anomalies, the magnitude of the diffusive term is small. Hence, small-scale
anomalies are damped quickly and large-scale anomalies are allowed to ex-
ist over a long time. The freshwater flux forcing F; is independent of the

oceanic changes. Its formulation is unchanged.

This improved mixed boundary condition was successfully tested in stud-
ies of large-scale changes in the THC using an ocean-only model (Rahmstorf
and Willebrand, 1995). They suggest to estimate the relaxation coefficients,
~v and p either from observations or from model data. The present study

further generalises the representation of heat flux by using data from a

coupled AO-GCM (see section 2.3).
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c) Empirical model for ENSO study

Another example of a simple flux model focuses on momentum fluxes
and is used to study the oceanic aspects of the ENSO mechanisms (Latif

and Villwock, 1990). This empirical model reads
H =0, F=0 M=M+vT,, (2.3)

where v is a set of regression coefficients estimated from the SST data of an
ocean model forced by observed winds. The expression M; = M, + v T} in
Eq.(2.3) relies on the assumption that the wind stress, after being perturbed
by an SST anomaly, can quickly reach a quasi-stationary state with this SST
anomaly. Hence, the fluxes can be considered as quasi-stationary responses
to the SST anomaly. In Eq.(2.1), where « is always negative, SST anomalies
are always damped by heat flux anomalies. Whereas in Eq.(2.3), v can be
positive too i.e. positive SST anomalies can lead to westerly wind anomalies
in the tropical Pacific during the warm event of ENSO. Despite its simple
form of linear and local SST-wind stress interaction, this model is able
to simulate a significant part of the interannual variability of the tropical

Pacific ocean.

d) Purely stochastic forcing for studying low-frequency variability

A further formulation focuses on the freshwater flux (Mikolajewicz and
Maier-Reimer, 1990). Since P — E (precipitation—evaporation) is not a
function of SST, the freshwater flux is considered as a purely stochastic
forcing of the atmosphere. This simple model is used to study the oceanic

variability on time scales of a few centuries. It takes the form,

H=aoT -T)=H,—aT,, F,=F,+F, M=DM, (2.4)
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where F| is a spatially correlated white-noise freshwater flux. This stochas-
tic forcing in freshwater flux excited low-frequency internal oceanic vari-
ability. The results obtained with this formulation show that random at-

mospheric fluxes can excite long-term variability in the ocean.

e) Shortcomings of previously used simple flux models

e In general, each of the simple models captures only a specific type
of air-sea processes and is used to study a specific aspect of the cou-
pled system. The traditional and improved mixed boundary condition
(Eq.(2.1) and Eq.(2.2)) concentrate on the bouyancy forcing and are
used to study the thermohaline circulation. The empirical wind stress
model (Eq.(2.3)) assumes a linear relation between anomalies of the
wind stress and SST and is used to study ENSO in the tropical Pacific
ocean. The purely stochastic freshwater forcing (Eq.(2.4)) considered
the atmosphere as a noise generator for the ocean to study oceanic
low-frequency variability. None of the models are designed to take all

possible air-sea interactions into account.

e Apart from the stochastic freshwater forcing in Eq.(2.4), the variations
in heat fluxes produced by Eq.(2.1) and Eq.(2.2) and those in momen-
tum fluxes produced by Eq.(2.3) originate solely from the ocean. In
reality, both heat flux and freshwater flux vary strongly due to atmo-
spheric turbulence. A realistic flux model should take such variations

into account.

e None of the previous models considered regions where sea-ice can be
formed. Consequently, they cannot be used to drive a global ocean

model including sea-ice.
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2.2 A measure of different types of air-sea

processes

For the present study, a flux model which is able to reproduce all air-sea
processes present in a fully coupled AO-GCM is needed. To ensure that
EMAD is able to do the job, a simple measure of different air-sea processes
is desirable. Previous studies (Frankignoul 1985, 1990; von Storch, 2000)
demonstrated that the cross-correlation functions can be used as such a

measure.

Consider the cross-covariance function, R, (7) between an atmospheric
flux = at a certain grid point and an oceanic variable y (e.g. SST) at the
same grid point

Roy(7) = T (2.5)

Here ~indicates the time average, 7 indicates the time lag and z' and v’
denote deviations from the corresponding climatological mean annual cycles.
R,, is generally not symmetric about 7 = 0. This feature can be used to
distinguish the situation when atmosphere x leads (i.e. 7 > 0) from the
situation when ocean y leads (i.e. 7 < 0). Different air-sea interactions are
characterized by different shapes of the cross-covariance functions. Figure

2.1 shows covariance functions related to three types of air-sea interactions.

The cross-covariance function indicated by the thin solid line in Figure
2.1 is obtained when " responds to 3 occurring at an earlier time ¢t — A such
that 2, = const x y,_,. Multiplying this relation by v, .- and applying the
average operator —on the result, one finds R,,(7) = const x Ry, (T + A)
where Ry, is the auto-covariance function of the oceanic variable. R, peaks
at time lag —A when y leads and is symmetric about —A. When A = 0
is assumed, as for H in Eq.(2.1) and for M in Eq.(2.3), R,,(7) would be

symmetric about 7 = 0. If the heat flux and momentum flux can indeed be
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Fig. 2.1: Cross covariance functions characterizing three idealized types of air-
sea interactions. Positive (negative) time lags in months correspond
to the situation when atmosphere leads (ocean leads).

described as a quasi-stationary response to SST as in Eq.(2.1) and Eq.(2.3),
the cross-correlation functions between H and SST and between M and
SST would be similar to the thin solid line. As will be shown in section

2.4.2b, this is not true in general.

The thick gray line in Figure 2.1, on the other hand, describes the sit-
uation when y  is generated by z', and after being generated, y does not
feedback to z'. In this case, R,, peaks when z leads and is zero when g’
leads. The detailed shape of R,, for 7 > 0 depends on the memory of z
and y'. This type of cross-covariance function describes the relation between
the freshwater flux and the SST in Eq.(2.4). If the atmospheric flux is a
stochastic forcing of the ocean, one would obtain a cross-covariance function
between the flux and SST which is of the type indicated by the gray line.
As will be shown later, such cross-covariance functions are found for wind

stress and SST in the mid- and high-latitude regions in a coupled GCM.

Finally, the dashed line in Figure 2.1 describes the situation when v’ is

first generated and then damped by 2, which leads to an anti-symmetric
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R,, (Frankignoul, 1985). If the mixed boundary condition (section 2.la
and b) is appropriate, one would not obtain this anti-symmetric shape. But
section 2.4.2b shows the opposite. The relation between heat flux and SST
are described by an anti-symmetric cross-covariance function in most extra-
tropical regions. Such relations are found in observations (Frankignoul et
al., 1998) and in an integration with the coupled ECHAM3/LSG AO-GCM
(von Storch, 2000).

Cross-correlation functions will be used later to validate the air-sea pro-

cesses produced by EMAD in section 2.4.2b.

2.3 Description of EMAD

The following section introduces a new simple atmospheric model, EMAD),
which is able to capture different types of air-sea interactions. The main
difference between EMAD and the previous simple models is that the model
is not built on one particular assumption, but is described by a general form
which allows different types of interactions, depending on the model param-
eters. The model is empirical, since the model parameters are obtained by
fitting the model to an integration with a coupled AO-GCM. It consists
of a deterministic part and a noise part. The former describes the linear
dynamics of the fluxes and the linear responses of fluxes to sea surface con-
ditions. The model aims to reproduce the variances found in an A-GCM
and furthermore, when coupled to an O-GCM, to reproduce the same types
of cross-covariance functions as found in the coupled AO-GCM. It can be
considered as statistically equivalent to an A-GCM with respect to second

moments of the time-varying surface fluxes.

EMAD is formulated for deviations from the climatological mean annual

cycle. It is assumed that the deviations are small. The smallness ensures
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the validity of the linear equation,

X;H = Ax, + By, + Cny4;. (2.6)

(Hereafter, bold letters indicate vectors and bold capital italics indicate
matrices). x_ consists of all fluxes required to drive an O-GCM. y’ represents
the oceanic variables at the sea surface that can affect x', such as the SST
and the sea-ice cover. The matrix A depicts the linear behavior of the fluxes,
B the linear responses of the fluxes to oceanic anomalies at the sea surface,
and C the covariance structure of the part of x* that is not captured by A
and B. n is a multivariate white noise with zero mean and unit variance.

The stochastic forcing Cn is white in time, but not in space.

Equation (2.6) suggests that EMAD is able to describe different types
of air-sea interactions. If the second term on the right hand side of Eq.(2.6)
dominates, EMAD would only produce linear responses of x to y’, just as
Eq.(2.1) and Eq.(2.3). On the other hand, if the second term is negligible,
the variations in the fluxes would be generated by the atmosphere. These
fluxes would appear as stochastic forcing and can generate variations in
y'. Once being generated, y would not feedback to x . Cross-covariance
functions resembling the gray line in Figure 2.1 would be observed. Finally,
if the three terms on the right hand side of Eq.(2.6) are of comparable
strength, y' would be generated via both the stochastic forcing and the
feedback from the ocean. The cross-covariance function related to this type
of air-sea interactions would be described by the dashed line in Figure 2.1.
Generally, the relative importance of the three terms varies geographically

and depends on which flux is considered.

Since B in the second term is derived from a coupled model integration
which is essentially statistically stationary, the interaction described by By’

acts to keep the ocean in the given mean state . This means that if the ocean
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is moved away from the mean state, there would be non-zero anomalies of
. . / .
oceanic variables and from that a non-zero y , which generates anomalous

fluxes By that drive the ocean back to the given mean state.

It will be shown in chapter 4 that the above discussed oceanic feed-
back involves essentially the interaction between the heat flux and the SST
anomalies . It functions in a way as if the heat flux was described by the
restoring condition in section 2.1a. However, different from the traditional
restoring formulation, which uses a constant restoration time, B implies a
scale-dependent restoration time. By being formulated in EOF-space, B
captures the restoring time scales for modes with different spatial scales
in the integration of the AO-GCM ECHO-G (see Appendix). In particu-
lar, large-scale SST anomalies are allowed to exist over longer time periods,
while small-scale SST anomalies will be damped out quickly as suggested by
Rahmstorf and Willebrand (1995). The present formulation can be consid-
ered as an empirical approach that captures the scale-dependent feedback

between SST and heat flux by fitting Eq.(2.6) into the ECHO-G integration.

By collecting all fluxes into vector x and all relevant sea surface variables
into vector y, the model equation (2.6) ensures that the fluxes and oceanic
variables are physically coherent. When coupling EMAD to an O-GCM,
the fluxes of heat, freshwater and momentum cannot act independently to

given anomalous sea-surface conditions.

Eq.(2.6) represents only the general form of EMAD. In practice, the
model has a much more complicated structure. It operates in two spaces

and has two modules.

2.3.1 Two spaces of EMAD

The number of grid points in the ECHO-G model is 3056. Hence, the

. . / . . / .
dimensions of each flux of x and each oceanic variable of y are easily of
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the order of 10%. In order to avoid overfitting and furthermore to simplify
the estimation procedure, the data are first compressed. This leads to the
usage of a reduced EOF-space and the full grid-point space. A and B
are estimated in the reduced space spanned by the leading EOFs. The
fluxes produced by the deterministic part of EMAD, Ax, + By,, are then
transformed back to the grid-point space, where the stochastic forcing Cn
is added. C, which represents the covariance structure of the errors which
are not described by A and B, has much smaller spatial scales than fluxes
produced by the deterministic part of EMAD. This matrix is obtained in the
grid-point space and separately for each flux. The final outputs of EMAD

are fluxes at all grid points.

Note that the general EMAD ansatz (2.6) allows for non-local relation-
ships between fluxes and oceanic variables at different grid points. The
noise term acts to excite the EOF-modes described by the deterministic
part of EMAD (i.e. by A- and B-terms). The matrix C also ensures that
the distributions of the total variances of the fluxes match those obtained

from the coupled ECHO-G into which EMAD is fitted.

The EOFs are calculated for the daily time series for each flux in x and
for each variable in y'. For the EMAD version used here, the number of
EOFs chosen for each flux in x* and for each oceanic variable in y’ is 100
in the water module and 50 in the ice module. The modules are defined
below. Each included EOF explains at least 0.25% of the total variance of
the respective variable. The cumulative variance explained by these EOF's
ranges from 50 to 80%, depending on the flux considered. Note that since
daily data are used, the leading EOFs for fluxes represent synoptic-scale
variations and explain only a few percentages of the respective total vari-

alces.
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0 60E 120 180 1200 60W 0

Fig. 2.2: The domains of the two modules of EMAD model in T30 resolution.
The region of the water-module is shaded in indigo and the region of
ice-module is shaded in red.

2.3.2 Two modules of EMAD

The air-sea coupling in ice-free regions differs from that in regions where
sea-ice can be formed. As a consequence, the surface fluxes as well as the
oceanic conditions that affect the fluxes are different in the two regions.
To describe these different coupling processes, two modules are used. The
water-module is defined in regions where sea-ice cannot be found all year
round and the ice-module is defined in regions where the formation of sea-
ice is permitted. The boundary is derived from the ECHO-G-integration
and fixed afterwards. The domains of the two modules are shown in Figure

2.2. For each of the two modules, a set of matrices A, B and C is derived.

The main difference between the two modules is that the ice-module
contains much more fluxes than the water module. First of all, one has
to consider the residual and conductive heat flux required to describe the

formation or melting of the ice. In addition to that, since a grid cell in the
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domain of the ice-module contains an ice-covered and an ice-free part where
different dynamics take place, fluxes over ice-covered and ice-free part of a
grid cell have to be treated separately. In general, x in a grid cell in the
domain of the ice module consists of x/7¢ and x%. The former enters the
ocean beneath the ice-free part of the cell, whereas the latter interacts with

the sea-ice. The net flux in a grid cell is
Xy = A+ (1 — Ay)x]™, (2.7)

where A; is the fractional sea-ice cover produced by the ocean model which

contains a sea-ice model.

2.3.3 Estimation of matrices A, B and C

200 years of daily data obtained from an ECHO-G integration (see Ap-
pendix) are used for the derivation of the model parameters. Such a long
integration is necessary to obtain reliable estimates of A, B and C. Since
EMAD is an anomaly model, only deviations from the climatological mean
annual cycle with the period of 360 days are used. Being derived from daily
data, the time step of EMAD is one day.

The matrices A and B are derived in the EOF-space. For this purpose,
each flux in x and each sea surface variable in y are projected into their
corresponding EOF-space. p,: and p,; compose the principle components
of all fluxes contained in x and all sea-surface variables contained in y at
t, respectively. The one-time-step prediction by EMAD in the EOF-space

reads

Pot+1 = APay + BDyyt-

where p indicates the principle components predicted by the deterministic

part of the EMAD. The matrices A and B are obtained by minimizing the
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mean squared differences between p,, and the true principle components

Pz, as obtained from the integration with the ECHO-G,

< (px,t — 151715)2 >= min.

As the solution of the minimization, one obtains

./4 - (ElT - ClTH71C0)(EOT - COTH71C0>71,

B= (" - Ac,H o !

where 7 denotes transpose and ~! denotes inverse. ¥ is the lag-1 covariance
matrix, Yo the lag-0 covariance matrix of p, and II is the lag-0 covariance
matrix of p,. As principal components are used for the minimization, >
and II are diagonal. Cy denotes the lag-0 cross-covariance matrix between

p. and py, C; the cross-covariance matrix at lag one day.

Having obtained A and B, Ap,; + Bpy: can be transformed into the
grid point space for each t. The resulting time series for a flux is denoted
by X;. The residual of this flux which is not described by the deterministic
part of the EMAD is

Xy — Xy :Ct-

The matrix C is determined such that Cn describes the covariances of the
residual time series (;, with n = (ny,---,n,,)"" being a zero-mean multi-

variate white noise. This is the case when

C = (el, €9, ...em),

where e; with ¢ = 1,---,m are EOFs of (;, and the variance of the i-th
component of n equals the eigenvalue \; that corresponds to eigenvector e;.

In this case, the covariance matrix of Cn equals the covariance matrix of (.
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Fig. 2.3: Daily snapshots of wind stress and heat flux anomalies from a) EMAD
model and b) NCEP/NCAR Reanalysis. The units are in Pascal and
W/m? respectively.



2.4. Validation of EMAD 27

2.4 Validation of EMAD

To give the reader an idea of fluxes generated by EMAD, Figure 2.3 shows
anomalies of wind stress (arrows) and heat flux (colour shading) as obtained
by forcing EMAD with the anomalous sea-surface conditions derived from
the coupled ECHAMS5/MPI-OM AO-GCM (see Appendix). Also shown in
Figure 2.3 is a snapshot of the anomalies of the same fluxes from the NCEP
reanalysis for an arbitrary day. Similar to the fluxes of the reanalysis, the
EMAD-fluxes have maxima at the mid- and high-latitudes. The amplitudes
of EMAD-anomalies are slightly larger than those of the reanalysis. The
structure of the EMAD-anomalies is somewhat smoother than that of the
NCEP-fluxes, reflecting the fact that EMAD describes the leading EOF-

modes excited by a white noise forcing.

2.4.1 Stationary responses to different oceanic

conditions

To test how EMAD reacts to different oceanic forcing, stationary responses
to two idealized oceanic conditions are considered. The response patterns
are given by

x=(Z—-A" By (2.8)

where y represents the oceanic condition and Z is the identity matrix.
Eq.(2.8) is obtained using the stationarity condition: x;.; = x;. One can
also derive the response numerically by integrating EMAD for a given con-
stant y. In this case, the solution will approach Eq.(2.8) after some inte-
gration time. The response patterns discussed below are derived for a given

y according to Eq.(2.8).

a) Stationary responses to El-Nino-related SST anomalies
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Fig. 2.4: Stationary responses of EMAD to a) El Nino SST anomalies (° C) in
terms of b) net heat flux (W/m?) and c) net freshwater flux (m/s).
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Fig. 2.5: Stationary responses of EMAD to El Nino SST anomalies in terms of
momentum flux anomalies (Pa).

The first oceanic condition considered here is the first EOF of the Pacific
SST in the ECHO-G integration which describes typical ENSO-related SST-
anomalies in the tropical Pacific produced by the ECHO-G model. The
maximum SST anomaly reaches 1.8°C in the eastern equatorial Pacific near

120°W (Figure 2.4a).

Figure 2.4b and ¢ show EMAD’s responses in the net heat and fresh
water flux to the El-Nino SST anomalies. The heat flux anomalies are
negative (upward) and characterized by two maxima located in the central
and eastern tropical Pacific (near 165°W and 120°W) respectively. The
structure of the heat flux anomalies in the eastern Pacific suggests that
these anomalies represent upward sensible heat fluxes induced by warmer
than normal SST in that region. The maximum in the central Pacific on
the other hand results not only from changes in sensible heat flux, but also
from changes in short wave radiation (not shown). As indicated by Figure

2.4c, EMAD produces stronger than normal precipitation in response to the
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SST anomalies. These precipitation anomalies lead to a reduction in the
downward short wave radiation, reflecting an increase in cloudiness which

contributes to the negative maxima of the net heat flux in the central Pacific.

The wind stress response pattern (Figure 2.5) reveals westerly wind-
stress anomalies throughout the equatorial Pacific. Large wind stress anoma-
lies in the North Pacific are consistent with the pattern of Pacific North
America (PNA) circulation, which is observed to be related to the SST

anomalies in the tropical Pacific.

The stationary responses are comparable with anomalies observed dur-
ing an El Nino event. For instance, Figure 2.4b strongly resembles the
distribution of heat flux anomalies found during the 1986-87 El Nifio (Sun
2003). Figure 2.4c is consistent with strong negative values of outgoing long
wave radiation observed during 1982-83 El Nino (Philander,1990), which in-
dicate enhanced precipitation and thus positive freshwater flux anomalies

over the central tropical Pacific.

The example of EMAD’s response to El Nino-related SST anomalies
demonstrates that EMAD is able to produce responses to SST-changes with
respect to all fluxes needed by an ocean model, rather than to just one
particular flux. This marks one of the major differences between EMAD

and the other simple models of fluxes that were described in section 2.1.

b) Stationary responses to a polynya

The second anomalous oceanic condition is a big “polynya” in the Arctic.
The size of the polynya is about 25° longitude by 8° latitude, indicated by
the box in Figure 2.6b. It is placed just to the northern border that separates
the domains of the water and ice modules. Within the polynya, SST is set

to 0°C and the sea-ice cover A to zero.

EMAD responds to the polynya condition by producing an anomalous
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Fig. 2.6: Stationary responses of EMAD in the region (20E-80E, 60N-84N) to
a polynya in terms of a)net heat flux (W/m?) and wind stress (Pa)
and b)freshwater flux. The polynya is marked by the box in b) and
the land surface is shaded in white.
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upward (negative) net heat flux of up to 100 W/m? (shading in Figure 2.6a).
This heat source leads to an anomalous cyclonic circulation associated with
anti-clockwise wind stress anomalies (arrows in Figure 2.6a). Furthermore,
it also causes stronger than normal evaporation and from that an anomalous
upward (negative) fresh water flux (Figure 2.6b). The cyclonic anomalies
and net heat loss shown in Figure 2.6 are consistent with the Arctic Polynya
observations of Barber et al. (2001). However, it should be noted that since
weather conditions last seldom longer than a day in the polar region, it is
difficult to directly compare Figure 2.6 with observations. For instance, the
measurements of Britmmer and Schroder (2002) show that net heat flux can

also be downward when the polynya is small.

The example of EMAD’s response to the polynya condition reveals an-
other difference between EMAD and previously used simple models, namely
EMAD generates not only fluxes over the ice-free part of the ocean, but also

fluxes over regions where sea-ice can be formed.

2.4.2 Second moment statistics

Section 2.4.1 considers only the stationary responses of EMAD. It does not
indicate whether or not EMAD is able to realistically represent the second
moment statistics of the time-varying part of the fluxes. This is studied in

this section.

a) Variance distribution

The global distribution of the total variances produced by EMAD is con-
sidered first. For this purpose, EMAD is integrated in time using sea-surface
conditions obtained from a 10-year integration with the ECHAM5/MPI-OM
coupled model. The variances calculated from such an EMAD-integration

are compared with those found in the same ECHAM5/MPI-OM integra-
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tion (Figure 2.7). Also shown is the variance obtained from ECHO-G AO-
GCM. EMAD reproduces the overall distribution, characterized by large
wind stress variances at the mid-latitudes in both hemispheres. Notable
differences from the coupled GCM-integrations are found with respect to
the maxima. The maxima in EMAD are larger than those in the two cou-
pled AO-GCM integrations. This is partly due to the fact that the ECHO-G
model which is used to fit the EMAD-matrices produces somewhat larger

variances than the ECHAM5/MPI-OM model.

However this fact alone does not completely explain the differences in
maxima. There are two other possibilities which need to be considered.
First, the SST data used to drive the EMAD may contain particular vari-
ations in the time-period of the integration chosen to drive EMAD, which
could produce the larger maximum values. To clarify this, an additional
EMAD integration is carried out, in which the B-term is switched off. The
variance of zonal wind stress produced by this EMAD integration is essen-
tially identical to Figure 2.7a. This result rules out the possible effect of
SST on the wind stress. The shape of the cross-correlation function between
SST and wind stress, which will be shown next, also suggests that the SST
does not contribute to wind stress in mid-latitudes. Secondly, the detailed
implementation of the noise-term may also alter the magnitude of the vari-
ance. Let m be the number of EOFs of the residual part (i.e. the part
which is not described by the A and B terms, see section 2.3.3). Ideally, the
noise should be added for each flux in x using all m EOF's of the residual.
In this case, one has Cn = 7", e;n; with n; being a zero-mean white noise
whose variance equals the i-th eigenvalue of the covariance matrix of the
residual. Since m is very large, the noise-term is implemented not using all
the EOF's, but only the first 10. The variance explained by the remaining
m — 10 EOFs are added together and represented by a single multivariate

white noise. Such a representation, though easier to implement, does not



34 2. An Anomaly Model for air-sea fluxes - EMAD

180 1200 60W 0 665 120E 180

Fig. 2.7: Variances of the zonal wind stress (Pa?) calculated from a) a 10-year
integration of EMAD driven by the sea surface conditions obtained
from a 10-year ECHAM5/MPI-OM integration, b) the same 10-year
integration with the ECHAM5/MPI-OM model and c¢) a 10-year in-
tegration with the ECHO-G model.
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ensure that the noise term has exactly the same covariance as the residual
fluxes. The difference concerning the maximum values could be produced

by such a noise implementation.

For the heat flux, the overall structure with the maximum over the
Southern Ocean and western North Pacific and North Atlantic is repro-
duced by EMAD as well (Figure 2.8). Relative to ECHAMS5/MPI-OM, the
variance is larger in the EMAD run over most of the Southern Oceans, but
smaller in the western North Pacific and western North Atlantic. Since the
B-term is important for the heat flux as is shown next (b), the differences in
North Atlantic, North Pacific and Southern Ocean suggest that SST varia-
tions in MPI-OM are stronger in the North Atlantic and North Pacific and
weaker in the Southern Ocean than those in HOPE-G. To test the role of
the SST, an EMAD integration without the oceanic feedback term is car-
ried out. A marked difference between fluxes from the EMAD integration
with (Figure 2.8a) and without the B-term (Figure 2.8¢c) underlines further
the relevance of interaction between heat flux and SST. The mid- and high-
latitudes over both hemispheres show less variance in EMAD fluxes when
the B-term is switched off. Due to the dominant role of SST in generating
the variance of heat flux, the error induced by the noise implementation is

less severe for heat flux than for wind stress.

Overall, despite some differences in the details, the general structures of
the variances are reproduced by EMAD. The amplitudes are by and large
comparable to those obtained from the ECHAM5/MPI-OM run.

b) Cross-correlation functions between SST and fluxes

In the EMAD run driven by the sea surface conditions from ECHAMS5/MPI-
OM, the SST anomalies are allowed to affect the fluxes, but the fluxes are

unable to change the SST. To further check the interactions between the
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Fig. 2.8: Variances of the net heat flux (W?/m?*) calculated from a) a 10-year
integration of EMAD driven by the sea surface conditions obtained
from a 10-year ECHAM5/MPI-OM integration, b) the same 10-year
integration with the ECHAM5/MPI-OM model and c¢) a 10-year in-
tegration of EMAD without B-term. Data more than 80000 W?2/m?*
over the western North Pacific is not plotted in b).
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Fig. 2.9: Cross-correlation functions between SST and the net heat flux (top)

and between SST and zonal wind stress (bottom) at three grid points
which are located in the North Atlantic, North Pacific and South Pa-
cific respectively. The correlation functions are derived from a 10-year
EMAD/HOPE-G integration (right) and a 50-year ECHO-G integra-

tion (left).

fluxes and the sea surface conditions, EMAD is coupled to the HOPE-G O-
GCM via OASIS (Valcke et al., 2000). Cross-correlations between SST and

fluxes are calculated from a 10-year EMAD /HOPE-G integration and com-

pared with those obtained from a 50-year-long time slice of the ECHO-G

integration, that was not used to derive the EMAD.

Figure 2.9 shows the cross-correlation functions between SST and heat

flux (top panel) and SST and zonal wind stress (bottom panel) at three

extratropical grid points in the ECHO-G run (left) and at the same grid

points in the EMAD/HOPE-G run (right).
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The anti-symmetric shape of the cross-correlations between SST and the
heat flux is characteristic over most part of the model ocean. It suggests
that the heat flux acts to generate SST anomalies and these anomalies, once
being generated, are damped by the heat flux. This type of interaction
which cannot be described by a restoring condition as given in Eq.(2.1) is

reproduced by the EMAD.

In the extratropical region, the interaction between SST and the zonal
wind stress is characterized by the vanishing correlation between SST and
wind stress when SST leads. This suggests that the feedbacks of SST anoma-
lies to the wind stress are negligible. In other words, wind stress acts as
a stochastic forcing for SST. This type of interaction, which cannot be de-

scribed by Eq.(2.3), is reproduced by the EMAD.

2.5 Conclusions

This chapter introduces an empirical model which optimally represents the
time-varying part of the fluxes at the sea surface. The model is based on
the general structure given in Eq.(2.6) that allows different types of air-sea
interactions, depending on the relative dominance of the model parame-
ters. The parameters are fitted to a long time integration with the coupled
ECHO-G model which parameterize the fluxes in a realistic (rather than
ad hoc) manner. The such-derived model reacts to different sea surface
conditions, produces variance distributions comparable to those obtained
from a coupled AO-GCM, and reproduces characteristic air-sea interactions
as suggested by the cross-correlation functions. The proposed empirical
model can be updated when long and complete observational records or
integrations with improved coupled AO-GCM are available. It can also be
improved by taking the anomalies of other variables and forcing factors such

as snow-depth and river run-off into consideration.
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The present model differs from the previous simple models in various
respects. It deals with all fluxes required to drive an O-GCM, rather than
concentrating on one particular flux as in Eq.(2.1), Eq.(2.2), Eq.(2.3) and
Eq.(2.4) outlined in section 2.1. It includes the time-varying part of fluxes
which originate from both ocean and atmosphere. Furthermore, in contrast
to the previous simple models which cannot deal with the sea-ice, the present
model operates in regions where sea-ice can be formed and produces fluxes
required to update the formation and melting of sea-ice. Finally, the present
model allows different types of interactions to occur for different fluxes in
different geographical regions, thereby allowing the reproduction of the air-

sea interaction processes in a coupled AO-GCM.

This simple model, which is also computationally efficient, can be used
in place of an A-GCM to drive an O-GCM. The validation of the model
suggests that EMAD is capable of producing the basic features of the day-
to-day flux anomalies. Using this linear anomaly model, one is able to assess
the gross effect of the daily flux anomalies on the global circulation in the

ocean.

Last but not the least, EMAD allows the separation of the effects of
different air-sea interactions on the oceanic circulation. Such a separation
is not possible with an A-GCM. This advantage of EMAD will be extensively

used in this study.



40 2. An Anomaly Model for air-sea fluxes - EMAD




3. COUPLED MODEL AND
EXPERIMENTAL DESIGN

The atmospheric component of the coupled model used for this study is the
empirical flux model, EMAD, which was described in the previous chapter.
The ocean—sea-ice component and the numerical experiments conducted
with the coupled model will be the theme of this chapter. A more complete

description of the ocean model can be found in Marsland et al. (2003).

3.1 The ocean general circulation model:

MPI-OM

The O-GCM used in the coupled system is the Max Planck Institute-Ocean
Model (MPI-OM). It is a global model based on primitive equations for
a Boussinesq fluid on a rotating sphere using a z-coordinate system. It is
formulated on the horizontal Arakawa C-grid with the north pole located
at northern Greenland and the south pole on the Antarctic continent. This
grid configuration allows finer resolution over the Arctic ocean and high-
latitude deep water formation sites as shown in Figure 3.1. The horizontal

resolution varies from 20 km in the Arctic to about 350 km in the tropics.

For the present study, the model configuration with 40 vertical levels is
used (Haak et al., 2003). 20 of these levels are in the upper 600m. The ver-

tical resolution decreases with depth. The ocean topography is represented
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Fig. 3.1: Curvilinear orthogonal grid of the coarse resolution global version of
MPI-OM used. The yellow circles over Greenland and Antarctica
show the location of the shifted poles.

by the ETOPO-5 dataset interpolated to the model grid. The model con-
tains partial bottom cells which helps to resolve the discretised topography
more accurately. It allows a free ocean surface and treats sea-surface height

as a prognostic variable. The horizontal velocity components are prognosed
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by the horizontal momentum equations. Vertical velocity is calculated by
assuming incompressibility on the continuity equation. The tracers in this
study are potential temperature and salinity. The tracer equation obeys an

advection-diffusion balance and is given as

D =V (kV10), (3.1
where © is potential temperature or salinity and V,, is the horizontal gradi-
ent operator. The tensor I describes the isoneutral and dianeutral diffusion
and will be discussed in the next subsection. Density and pressure are diag-
nostic variables. Density is calculated from in-situ temperature, salinity and

pressure using the UNESCO equation of state (UNESCO, 1983). Pressure

is calculated diagnostically from the hydrostatic equation.

MPI-OM includes a sea-ice model with viscous-plastic rheology and
snow. Sea-ice cover is fractional within grid cells and is related to sea-
ice thickness. Sea-ice thickness changes in balance with different surface
heat fluxes on the ice and with advection. For details of the dynamics and

thermodynamics of the sea-ice model, see Marsland et al. (2003).

3.1.1 Subgridscale parameterisations

The processes which cannot be resolved within the grid-scale of the coarse
resolution GCMs are represented in terms of known quantities or parame-
ters. In the MPI-OM, subgridscale parameterisations describe the bottom
boundary layer transport, convective events, mixing processes relevant for

the thermohaline fields and friction associated with eddies.

A bottom boundary layer slope convection scheme is used in MPI-OM
to represent the flow of statically unstable dense water over the sills and off

continental slopes. Convection is parameterised as greatly enhanced verti-
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cal diffusion in the presence of static instability (Marotzke, 1991). Tracer
diffusion is isoneutral and dianeutral and is described by the diffusion ten-
sor K (Redi, 1982), which is a function of the neutral density gradient and
horizontal and vertical diffusion coefficients Ky and Ky. The scheme is
implemented numerically following Griffies (1998). The effect of horizon-
tal tracer mixing by advection due to the unresolved mesoscale eddies is
parameterized after Gent et al. (1995). The horizontal eddy viscosity is pa-
rameterized using a scale-dependent biharmonic formulation. The vertical
eddy viscosity follows Pacanowski and Philander (1981). It utilizes an eddy
coefficient which is represented in the same way as the vertical eddy diffu-
sivity coefficient Ky in Eq.(3.2) below, except that the Richardson-number
dependent part is proportional to (14+CxrpR;) ™2, rather than (1+CrpR;) >
as in Eq.(3.3) below. The vertical diffusion coefficient Ky, plays an impor-

tant role in the present study and deserves a more detailed discussion.

The vertical diffusion coefficient Ky, is a function of convective mix-
ing, Richardson-number (Ri) dependent mixing, wind-induced mixing and
background diffusivity (Marsland et al., 2003). It is given by

Keonw if statically unstable

Ky = (3.2)
Kpri + Kying + Kpaer  if statically stable.

The Richardson-number dependent part equals

Kri = Dyo(1 + CrpR;) 73, (3.3)

where Dyp = 2x 1073 m?s~! and Crp = 5 are model constants. According
to Eq.(3.3), the maximum value of Kg; is 2 x 1072 m?s~! for Ri = 0. The
diffusion related to convection Koy, is set to 1 x 107! m?s~!. Thus, static
instability is removed by switching on an extremely strong mixing. In the

surface layer, the wind-induced mixing K,;,q over ice free regions is given
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by
Kwind - WT‘/l%a (34)

where Vi is the local 10m wind speed and Wy is 5 x 107* m~'s2. Below the
surface layer, K;,q depends on the stability of the water column and decays
exponentially with an e-folding depth of 40 m. The diffusion related to other
unresolved processes, such as internal waves, is described by Kpeer = 107°
m?/s. This set of the parameters is used in the integration of MPI-OM
coupled to the ECHAMS5 A-GCM that produces a realistic oceanic state
(Jungclaus et al., 2005) .

The vertical diffusion coefficient Ky can vary spatially and temporally,
depending on the static stability and wind forcing. Generally, largest values
of up to 1072 m2s~! are found in the upper ocean above 900 m, while values
decrease with depth to the order of 107* m2s~! below 2500 m. Like in many
coarse resolution OGCMs, these values are probably too large compared to

observations.

The net Ky is stored without separating the various contributions. This
makes the identification of the various contributions to Ky difficult. Since
Kpaer, 18 unchanged in the experiments performed and since K;,q is confined
to the first 40 meters of the ocean (depending on the stability), the changes
in Ky below 40 meters are mainly related to the changes in Kg; and / or

KCO'I’LU .

Stochastically varying fluxes can change K., in a non-linear way by
changing the stratification, thereby triggering or hampering convective mix-
ing. The direction of the change depends on the background static stability.
In the regions where the stratification is mostly stable and K, is mostly
turned off, a positive buoyancy forcing makes the ocean more stable and
will hence leave K,,,, switched off. A negative buoyancy forcing, on the

contrary, can reduce the static stability, causing K ., to be switched on
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more often. The net effect is an increase in the convective mixing. FEx-
amples of mostly stable oceans are the tropical and subtropical oceans and
the Pacific in the MPI-OM model. On the other hand, in regions where
the stratification is mostly unstable and K., is mostly switched on, a
negative buoyancy forcing will not affect the convective mixing too much,
since the convective mixing is already switched on. A positive buoyancy
anomaly on the contrary can increase the static stability, causing K., to
be switched on less often. The net effect is a decrease in Ky. Examples
of mostly unstable oceans are the GIN (Greenland-Iceland-Norwegian) Sea
and the high-latitude Southern Ocean in the MPI-OM model. Given the
mean stratification in the MPI-OM model, changes in convective mixing due
to fluctuations are expected to be characterized in the Southern Ocean by
a latitudinal dipole structure with enhanced mixing in the subtropics and
mid-latitudes and reduced mixing in the high-latitudes. In the North At-
lantic, the changes in convective mixing due to fluctuations are expected to
be characterised by enhanced mixing in the subtropics and reduced mixing

in the GIN sea.

Fluctuating fluxes can also change the Ri-dependent mixing, since anoma-
lous buoyancy forcing at the sea surface can affect the stratification of the
water column and anomalous wind stress can alter the shear of the current.
The change in the Ri-dependent mixing is expected to be more pronounced
in the tropics. In these regions, the static stability of the ocean is so high
that static instability rarely occurs and, when it occurs, it is confined to a

shallow surface layer.

Apart from the stochastic fluctuating fluxes, the SST-feedback can also
change the Ri-dependent mixing and the convective mixing by modifying
the stratification. It will be shown in the following chapter that the SST-
feedback leads to a reduction in SST in the GIN Sea and in the high-latitude

Southern Ocean. This makes the ocean less stable there, hence allowing an
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increase in both Kg; and K.one.

3.2 The coupled model: EMAD/MPI-OM

An A-GCM in a coupled AO-GCM produces both the climatological and
the time-varying components of the fluxes at the cost of heavy computa-
tions. EMAD produces time-varying components at almost no additional
computational costs. Also, no coupler is needed to exchange the variables
describing the coupling because direct coupling is used to couple EMAD
with MPI-OM. The procedures and data fields required for the coupling are
shortly described below.

a) Variables used for the coupling

The MPI-OM ocean model requires momentum, freshwater and heat
fluxes over open water and momentum, freshwater and conductive and
residual heat fluxes over sea-ice. Apart from that, it also requires 10m
wind speed and solar radiation. The 10m wind speed is needed for the near
surface wind mixing. The solar radiation is needed for its downward pen-
etration into the ocean. All fluxes and solar radiation are included in x’
of Equation (2.6). The 10m windspeed is derived from the momentum flux
using the bulk formula. EMAD, on the other hand, requires SST, sea-ice

cover and sea-ice thickness.
b) Grid transformation needed for the coupling

A bilinear interpolation is used to transform the scalar and vector data
from T30 atmospheric grid to the curvilinear ocean grid and vice-versa.
For vector variables, an additional rotation is needed. In the curvilinear
grid, the zonal and meridional components of vector data do not lie along

the true east-west and north-south directions, respectively. For this reason,
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Fig. 3.2: Schematics of the coupling of EMAD to MPI-OM.

before passing to the ocean, the zonal and meridional components of the
momentum flux vectors are rotated in order to place them on the orthogonal

meridians and parallels of the ocean grid.
c¢) Climatological mean fields needed for the coupling

When coupling EMAD to the MPI-OM, one also needs a set of fields
of climatological mean fluxes, mean 10m wind speed, mean solar radiation
and a set of fields of climatological mean sea surface conditions. These
climatological mean data are derived from the last 50 years of a 600-year
integration with the ECHAM5/MPI-OM coupled AO-GCM (Jungclaus et
al., 2005). The climatology contains the annual cycle with a one-day reso-

lution.

d) The coupling
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The coupling is described in Figure 3.2. Given an oceanic state y at
time ¢, the anomalous sea surface condition y’ is derived by subtracting the
actual oceanic state from the given climatological mean state. With this y’
and the anomalous flux forcing x” at t — 1, EMAD produces the anomalous
flux forcing at . Adding this to the climatological mean forcing X gives the
net flux forcing x at time ¢ which is used to produce y  at time ¢ + 1. The

coupling takes place once a day.

e) Procedure needed to keep the coupled system in the desired

mean state

Apart from the feedbacks described by B in Equation (2.6), there is no
relaxation of salinity or temperature in the ocean. The only procedure used
to prevent the ocean drifting away from the given climatological mean state
is to restore the sea-ice cover and sea-ice thickness to that found in the
integration with the ECHAM5/MPI-OM. The restoring time constant is 39

days.

3.3 Numerical experiments

Various numerical experiments were performed to study the effect of differ-
ent types of air-sea fluxes on the oceanic circulation. To isolate the effect
of the daily flux anomalies from the climatological mean fluxes, two ex-
periments are necessary. In the first one, referred to as experiment CLIM,
MPI-OM was forced with the climatological mean fluxes obtained from the
ECHAMS5/MPI-OM integration. In the second one, referred to as exper-
iment ABC which includes all the three terms in Eq.(2.6), the MPI-OM
was forced with the same climatological mean fluxes plus anomalous fluxes
produced by EMAD. The difference between the two experiments describes

the total effect of day-to-day flux anomalies.
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To further understand the effect identified by the difference between ex-
periments CLIM and ABC, three additional experiments were performed.
A pronounced difference between experiments ABC and CLIM is that the
tropical SST in CLIM is unrealistically warm, while the SST in ABC is com-
parable to observations and to that found in the coupled ECHAMS5/MPI-
OM integration. To understand how this happens, experiment BH was
carried out. Here, MPI-OM was driven by the same climatological mean
fluxes of heat, freshwater and momentum as in experiment CLIM, plus an
additional heat flux anomaly H', which was obtained from By with y rep-
resenting SST anomaly. It will be shown later that this SST-feedback on
heat flux significantly reduces deviations of SST from the given climatolog-
ical mean values, making the SST field and from that the surface density
field in experiment BH comparable to the respective fields in experiment
ABC. Experiment BH, in particular the difference between BH and CLIM,
can be used to identify the role of SST-feedback on heat flux.

In a further experiment, referred to as AC, MPI-OM was coupled to
a version of EMAD with the feedback term By  switched off. The fluxes
became purely stochastic and independent of the oceanic state. With ex-
periment AC, the effect of stochastic fluctuations in the absence of oceanic
feedback can be isolated. As the SST-feedback on heat flux is absent, the
SST in AC differs significantly from that in ABC and is close to that in
CLIM.

In principle, the effect of fluctuating fluxes can be described by consid-
ering the difference between AC and CLIM. However, since both AC and
CLIM do not contain the oceanic feedback on heat flux, the tropical SST in
these two experiments are too high. Consequently, the oceanic state in ex-
periments AC and CLIM differs significantly from the state in ABC. Given
different oceanic states, it is possible that the effect of fluctuating fluxes in

the absence of feedback is different from that in the presence of feedback.
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name fluxes used characteristics
CLIM X no fluctuations, no feedback
BH X+ X no fluctuations,
x, =By, (x =H',y =S8ST') | with SST-feedback on heat flux
ABC X+x, with fluctuations + feedback
x, = Ax; | + By, + Cn,
AC X+x, no feedback, with fluctuations
x, = Ax, | +Cn,
AB2C X+x, with feedback + 2x fluctuations
x, = Ax, | + By, +2 x Cn,

Tab. 3.1: Experiments done with MPI-OM and different versions of EMAD
model. X denotes the climatological fluxes and x  the flux anomalies
produced by different versions of the EMAD model.

This possibility is studied using the final experiment AB2C, in which MPI-
OM was coupled to EMAD with oceanic feedback, but with the variance of
white noise being doubled. With experiment AB2C, the effect of fluctuating

fluxes in the presence of oceanic feedback can be justified further.

The five experiments are summarized in Tab.3.1. For each experiment, a
spin-up run of a few hundred years was carried out. The spin-up runs started
from the same initial state obtained from the coupled ECHAM5/MPI-OM
(Jungclaus et al., 2005), after the ocean has reached a more or less statis-
tically stationary state. Following the respective spin-up runs, the experi-
ments were carried out for 200 years. The analysis given below is based on

these 200-year integrations.

EMAD is used to identify effects of various components in the daily
fluxes. This can neither be done with a coupled AO-GCM nor with ob-
servations. By doing the experiments, one deals with idealised situations,
which are not comparable to observations. However, the results of experi-

ment ABC can be compared to observations or other AO-GCM studies in
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the sense that daily flux anomalies which drive the O-GCM in this case are

optimally equivalent to that from an A-GCM.

Note that the time-mean fluxes are essentially the same in all experi-
ments. Obviously, the mean fluxes in experiment CLIM are equal to the
chosen climatological flux forcing. In the absence of the B-term (i.e. in ex-
periment AC), x produced by Eq.(2.6) has a zero time-mean by construc-
tion so that the mean fluxes are identical to those in experiment CLIM. In
the presence of the B-term (i.e. in experiment BH, ABC, AB2C), the time
mean of y and from that x would essentially be zero, if the time-mean
sea surface condition obtained from EMAD/MPI-OM is about the same
as that obtained from ECHAM5/MPI-OM. In general, the global mean
SST in experiments with the B-term is by and large comparable to that
in ECHAM5/MPI-OM. Locally, there are some discrepancies between the
SST in the EMAD/MPI-OM run and that in the ECHAM5/MPI-OM run.
Probably due to these discrepancies, there is a northward shift of the mean
zonal wind stress pattern over the Southern Ocean by about three to five de-
grees. However, the maximum values of the zonal wind-stress have the same

magnitude of 0.25 to 0.3 Pa over the Indian Ocean sector of the Southern

Ocean in both EMAD/MPI-OM and ECHAM5/MPI-OM.

Having now outlined the tool and the experimental set-up used in this
study, in the next chapter, the results of the various experiments are pre-

sented.



4. EFFECT OF DAILY SURFACE
FLUXES ON THE TIME-MEAN OCEAN

The focus of this chapter is on the results of the numerical experiments done
with the coupled EMAD/MPIOM. The model results show that the day-
to-day flux anomalies do have a considerable effect on the time-mean circu-
lation of the ocean (Beena and von Storch, 2006). The first section mainly
deals with the time-mean changes in different oceanic variables caused by
the daily flux anomalies. A discussion of the specific roles of the stochasti-
cally fluctuating part and the oceanic feedback part of the daily flux anoma-

lies is given in the second section.

4.1 Changes induced by day-to-day flux

anomalies

4.1.1 Time evolution

This subsection describes the time evolution of the oceanic states produced
by different types of daily fluxes. The consideration is confined to the glob-
ally integrated sea surface temperature (SST) and two circulation indices,
namely the MOC-index and the Drake Passage mass transport. The glob-
ally integrated SST is considered to describe the effect of the SST-feedback
over time. The MOC-index and the Drake Passage mass transport are cho-

sen since they characterize global-scale circulation in the ocean. The time
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Fig. 4.1: Time series of globally integrated surface temperature in °C' . The
lines indicate experiments CLIM (red solid), BH (blue), ABC (black),
AC (red dashed) and AB2C (green).

series also indicate the changes in variability that are caused by different
types of flux anomalies. These changes are only briefly discussed and the
main focus remains on the changes in the time-mean state, as in the other

subsections.

Figure 4.1 shows the yearly time series of globally integrated SST for
various experiments. In experiments BH (blue), ABC (black) and AB2C
(green), in which the SST-feedback on the heat flux is present (i.e. in all
experiments with label B), the SST time series are essentially statistically
stationary and have roughly the same mean value of about 17°C. In ex-
periments CLIM (red solid) and AC (red dashed) on the contrary, the SST
curves suggest much too warm climates. The absence of SST-feedback on
heat flux is expected to lead to an increase in SST in the tropics where the
net heat flux is positive (i.e. downward) and a decrease in SST in the mid-
and high-latitudes where the net heat flux is negative (i.e. upward). How-
ever, only the SST in the tropics can increase without bound. The decrease
in the mid- and high-latitudes is limited by the freezing temperature. This
has the consequence that the warming in the tropics dominates the cooling

in the extra-tropics.
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Fig. 4.2: Mean mixed layer depth (meters) in experiment ABC. Shading inter-
val is 20m and colors are labelled every three intervals. The white
area indicates values larger than 1040m.

The warming is further enhanced due to the fact that the model mixed
layer depth is much shallower in the tropical and subtropical oceans relative
to that in the high-latitudes of the Southern Ocean, in the northern North
Atlantic and in the northwest Pacific (Figure 4.2). The difference in mixed
layer depth makes the heating effect of the downward heat flux more effective

in the tropics than the cooling effect in the extratropics.

To further rule out the possibility that the warming results from the im-
balance in the net heat flux, the global integral of the climatological mean
heat flux used in experiment CLIM as well as in other experiments is cal-
culated. The global integral of the climatological heat flux is about -0.07
PW (corresponding to -0.2 W/m?), which should induce a decrease, rather
than an increase, in globally integrated SST. This suggests that the too high
SSTs in CLIM and AC are caused by the lack of oceanic feedback in con-

junction with the limitation by the freezing temperature and shallow mixed
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Fig. 4.3: Time series of the maximum of Atlantic meridional overturning
streamfunction located at 30°N in Sv (MOC-index). The lines in-
dicate experiments CLIM (red solid), BH (blue), ABC (black), AC
(red dashed) and AB2C (green).

layer depth in the tropics, rather than by the imbalance in the globally in-
tegrated heat flux. Another outstanding feature of Figure 4.1 is the much
stronger SST-variability obtained in experiment AC (red dashed) relative
to experiments ABC (black) and AB2C (green). The variations are mostly
on multidecadal and centennial time scales. In fact, the downward trend in
the SST in experiment AC shown by the red dashed line in Figure 4.1 is a
part of low frequency variation which is not resolved by the 200 years of the
time series. Even though stochastic fluctuations excite a notable amount
of SST variability, the excitation is much less efficient in the presence of

SST-feedback.

Figure 4.3 shows the time series of the MOC-index, defined as the max-
imum of the Atlantic overturning streamfunction at 30°N around 1000m
depth. The experiment CLIM (red solid), which does not include fluc-
tuating fluxes, reveals little variability in the MOC. The presence of the
SST-feedback in experiment BH (blue) leads to some decadal variations.
Stronger variations are obtained by including fluctuations. The variations
are strongest, in particular on multidecadal time scales, in experiment AB2C

(green) where the variance of the stochastic forcing is doubled. In exper-
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Fig. 4.4: 200-year means of a) MOC-index and b) Drake Passage transport in
Sv in different experiments.

iments ABC (black) and AC (red dashed), which operate with the same
amount of stochastic forcing, much stronger low-frequency variations are
obtained from AC when the SST-feedback is absent. The SST-feedback

seems to hamper the variability in the MOC, as in the case of the SST.

Not only the variability, but also the time mean of the MOC-index

changes from experiment to experiment. This is further demonstrated in
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Fig. 4.5: Time series of Drake Passage mass transport in Sv (ACC-index). The
lines indicate experiments CLIM (red solid), BH (blue), ABC (black),
AC (red dashed) and AB2C (green).

Figure 4.4a. The smallest mean value of about 13 to 14 Sv is obtained
from experiments AC and CLIM, in which the SST-feedback is absent. By
including the SST-feedback in experiment BH, the value increases to about
17 Sv. Inclusion of fluctuations leads to a further increase to about 18 Sv
in experiment ABC. The strongest MOC of about 22 Sv is obtained when
the SST-feedback is at work and the stochastic forcing is doubled.

Figure 4.5 shows the time series of the mass transport through the Drake
Passage calculated from the difference of barotropic streamfunction between
two land points bordering the Passage. The variations of the transport are
much weaker on decadal to interdecadal time scales relative to those in
the MOC. There is an enhancement of variability through fluctuations in
experiment AC, ABC and AB2C. The presence of the SST-feedback does

not significantly affect the variability in the Drake Passage transport.

Concerning the time-mean (see also Figure 4.4b), a too strong mean
transport of about 200 to 210 Sv is obtained in experiments BH, CLIM
and AC. The transport reduces to about 147 Sv in experiment ABC and to
about 122 Sv in AB2C.

A comparison of Figure 4.4b with Figure 4.4a suggests that a stronger
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overturning circulation is related to a weaker Antarctic Circumpolar Cur-
rent. The relation concerns only the time-mean values. The variability of

the Drake Passage transport is not correlated to that of the MOC-index.

4.1.2 Changes in the circulation pattern

The different types of flux anomalies at the sea surface produce not only
changes in the strength of the circulation, which is characterized by the
MOC-index (Figure 4.3 and Figure 4.4a) and the Drake Passage transport
(Figure 4.5 and Figure 4.4b), but also changes in the structure of the circu-
lation. When MPI-OM is driven with climatological fluxes without oceanic
feedback, the Atlantic overturning cell is weak and shallow (Figure 4.6a). A
similar overturning circulation is obtained in experiment AC (Figure 4.6b).
The overturning cell becomes notably stronger and extends a couple of
hundred meters deeper into the deep ocean in experiment BH, in which
the SST-feedback is included (Figure 4.6¢). Relative to CLIM and AC, the
overturning cell in BH is much closer to that in experiment ABC (Figure
4.6d). It is, however, still somewhat weaker than that in ABC, indicating
that the fluctuating fluxes also play a role in determining the MOC. When
the stochastic forcing is doubled, the overturning circulation strengthens
and deepens further (Figure 4.6e). The deepening of the overturning cell
is accompanied by the weakening of the Antarctic Bottom Water cell and
the retreat of Antarctic Bottom Water (AABW). In experiment AB2C, the
penetration of AABW into the abyssal North Atlantic is severely blocked.

The changes described by the Drake-Passage transport reflects the changes
in the Antarctic Circumpolar Current over a broad latitudinal band of the
Southern Ocean. This is further demonstrated by the barotropic zonal ve-
locity (Figure 4.7). There is a clear reduction of the eastward zonal velocity

in the Southern Ocean from experiments without fluctuating fluxes (i.e.
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Fig. 4.6: (continued from previous page) Spatial structure of the time-mean
Atlantic MOC in Swv in different experiments.
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CLIM, BH) to experiment ABC with fluctuating fluxes, and further to ex-
periment AB2C with stronger fluctuations. A reduction of the zonal current

is also found in the region of Kuroshio.

4.1.3 Changes in the density fields

Changes in the circulation are related to changes in the density fields. To
understand the latter, changes in the SST and sea surface salinity (SSS) are
considered first. The pronounced feature of the SST-fields obtained from
different experiments (Figure 4.8) is the much too high SSTs in experiment
CLIM relative to the SST in experiments BH, ABC and AB2C. As pointed
out in subsection 4.1.1, this warming results from the lack of SST-feedback
on the heat flux. The tropical ocean is warmed drastically by a constant
supply of heat. The cooling in the extra-tropical ocean due to constant out-
going heat flux is limited by the freezing temperature. Together with the
fact that the mixed layer depth in the tropical and subtropical ocean is shal-
lower than that in the high-latitudes, the warming dominates the cooling. A
similar SST-distribution is also found in experiment AC (not shown). These
unrealistic SSTs in experiments CLIM and AC are corrected by taking the
SST-feedback into account in experiment BH. The SST-field in experiment
BH is very close to that in experiment ABC. When the stochastic forcing
is doubled, the warm pool in the western Pacific becomes somewhat cooler,

while the eastern Pacific warms.

Figure 4.9 shows fields of sea surface salinity (SSS) obtained in different
experiments. The inclusion of SST-feedback reduces the salinity maximum
in the subtropical Atlantic from maximum values of about 38 psu in exper-
iment CLIM (Figure 4.9a) to values of about 37.5 psu in experiment BH
(Figure 4.9b). North of this salinity maximum, there is a salinity minimum.

This minimum is weakened in experiment ABC (Figure 4.9c). When the
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stochastic forcing is doubled, this minimum is reduced further (Figure 4.9d).

The above-discussed SST- and SSS-distributions lead to changes in the

surface density distribution in the different experiments. The changes in the

Atlantic are described by the meridional profiles of zonally averaged surface

density in Figure 4.10a. In the mid-latitude South Atlantic, the meridional

density gradient is reduced from experiments without the SST-feedback (red
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solid and red dashed) to experiments BH (blue), ABC (black) and AB2C
(green), in which the SST-feedback is included. In the North Atlantic from
50°N to 75°N, the meridional density gradient is weaker in experiments
CLIM and AC without the SST-feedback than in experiments BH, ABC
and AB2C with the feedback. The situation reverses in the subtropical
North Atlantic. Overall, the contrast between surface density in the tropics
and in the high-latitude North Atlantic is somewhat larger in experiments

without the feedback than in experiments with the feedback.

Comparing the equator-to-pole density contrast with the changes in the
Atlantic MOC suggests that a strong contrast is not necessarily related to
the strength of the MOC. Experiments CLIM and AC have weak MOC in
spite of strong density contrast. In the Southern Ocean, a weaker merid-
ional gradient of the surface density alone does not necessarily produce a
weak ACC. Experiment BH has a stronger ACC despite a meridional gra-
dient in the surface density in the southern latitudes that is comparable to
experiments ABC and AB2C. This suggests that it is not the changes in
the surface density distribution alone which determine the strength of the

Atlantic MOC and the ACC.

Indeed the effects of different types of flux anomalies can be traced down
to the deep ocean. Figure 4.11 shows the density at 1365 m, which is located,
by and large, at the mid-depth of the overturning cell. All density fields are
characterized by larger density in the Atlantic and Southern Ocean than
in the Pacific and the Indian Ocean. The surface warming in experiment
CLIM penetrates into the deep ocean, making the water at 1365 m much
lighter in CLIM than that in experiments BH, ABC and AB2C. This is
largely corrected by including the SST-feedback. One distinct feature in
the North Atlantic is that the isolines are more or less zonally oriented in

experiment CLIM (Figure 4.11a), but reveal a notable meridional tilt in

experiment BH, ABC and AB2C (Figure 4.11b, ¢ and d). The meridional
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tilt indicates an increase in the magnitude of the zonal density gradient
and hence an increase in the strength of deep, southward flow of the MOC
via geostrophic relation. Such a change is consistent with the MOC which
increases from experiment CLIM to experiments BH, ABC and AB2C. In
the Southern Ocean, there is a reduction in the meridional density gradient
from experiment BH without fluctuations in Figure 4.11b to experiments
ABC and AB2C with fluctuations in Figure 4.11c¢ and d. This reduction is

mainly related to the increase of density near 35°S-40°S.

The density changes in the deep water column is illustrated by the merid-
ional profile of the zonally averaged and depth-integrated density in the
Atlantic (Figure 4.10b). The depth integration extends from the surface to
the mid-depth of the overturning cell. Despite large changes in the MOC
in various experiments, no significant changes in the density gradients are
found in the North Atlantic. Generally, it is difficult to relate the merid-
ional density gradient to the strength of the MOC in different experiments.
A relationship which stands out is that between the density contrast in the
northern and southern high-latitudes and the strength of the MOC. The
density is higher in the northern high-latitude Atlantic than in the south-
ern high-latitude Atlantic in the experiments with the SST-feedback (blue,
black and green lines in Figure 4.10b) and vice versa in experiment without
the SST-feedback (red solid and red dashed lines). A strengthening in this

contrast is found to be related to an enhancement in the MOC.

In the Southern Ocean, the magnitude of the meridional density gradient
is related to the strength of the ACC. The gradient and the strength of the
ACC decreases from experiment AB2C to ABC, BH and finally to CLIM
and AC. In contrast to the profile at the surface, there is a clear reduction
in the meridional gradient from experiment BH (blue) without fluctuating
fluxes to experiments ABC and AB2C with fluctuations (black and green).

This reduction is caused by changes induced by fluctuating fluxes as is shown
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in the next subsection.

4.1.4 Changes in the vertical mixing

One way in which surface fluxes can affect the density in the deep ocean is
to change the mixing structure by changing the stratification and velocity
shear. Indeed, in this study systematic changes in the mixing structure in
the ocean are found in different experiments. In the following, the effects of
the flux anomalies on the vertical mixing are identified by considering the
difference of Ky in different experiments. The effect of the SST-feedback
on the vertical mixing is indicated by the difference BH—CLIM, that of
fluctuating fluxes by the difference AC—CLIM, the effects of both oceanic
feedbacks and stochastic forcing by the difference ABC—CLIM, and finally
the effect of oceanic feedbacks and the enhanced stochastic forcing by the

difference AB2C—CLIM.

The differences just listed are obtained by taking CLIM as the control
experiment. Apart from these differences, differences obtained by taking
experiment BH as the control experiment (i.e. CLIM—BH, ABC—BH and
AB2C—BH) were also calculated. When choosing BH as the reference, the
effect of SST-feedback is indicated by CLIM—BH (as BH—CLIM but with
opposite sign) and the effect of fluctuations by ABC—BH and AB2C—BH.
It is found that the fluctuating effect identified from ABC—BH is similar to
that identified from AC—CLIM. The following concentrates on differences
relative to CLIM for two reasons. First, choosing CLIM as the reference al-
lows a more precise identification of the effect of daily fluxes. This is because
B in the experiments ABC and AB2C contains not only the SST-feedback,
but also other oceanic feedbacks. As a result, ABC—BH describes, strictly
speaking, the effect of fluctuations plus that of other oceanic feedbacks.

Secondly, the difference, ABC—CLIM also allows the identification of the
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total effect of the daily fluxes (i.e. all feedbacks plus fluctuations), which is

impossible when considering ABC—BH.

At 285m depth, the difference BH—CLIM suggests that the SST-feedback
enhances the mixing in the mid- and high-latitude oceans (Figure 4.12a).

1'in the entire

In particular, an increase of Ky of about 0.03 to 0.04 m2s~
Southern Ocean from about 30°S to the Antarctic coast is found. Consid-
erable increases are also found in the subtropical North Atlantic, northern
North Atlantic, and the northwestern Pacific. In all these areas, reductions

in SST from experiment CLIM to BH are found, suggesting that the increase

in the Ky is induced by a reduction in the static stability.

The picture is different for changes induced by fluctuations, as shown by
the difference AC—CLIM in Figure 4.12b. Both enhancement and reduction
of mixing are found outside the tropics in both hemispheres. In the North
Atlantic, large-scale increases in Ky are found south of the Greenland-
Scotland ridge, while decreases in Ky are found in the northern North
Atlantic, leading to a dipole structure in the North Atlantic with a negative
center in the GIN Sea. In the Southern Ocean, an increase in Ky is found
in the latitude band from 20°S to 55°S. South of this band, negative values
of up to -0.03 m?s~! are found. The bands of positive and negative values
form a latitudinal dipole structure with the band of negative values along

the Antarctic coast.

Figure 4.12c) shows the result obtained when combining oceanic feed-
back and stochastic forcing. By and large, the two effects sum up linearly.
The latitudinal dipole band in the Southern Ocean is still present. The
strengthening of the stochastic forcing further extends the region of en-

hanced mixing in experiment AB2C (Figure 4.12d).

At 900m depth, the SST-feedback leads again to an enhanced mixing

in the Southern Ocean and in the northern North Atlantic (Figure 4.13a).
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There is still some indication of the existence of the latitudinal dipole band
in the Southern Ocean which is induced by the fluctuating forcing. However,
the dipole structure is much less pronounced at 900m depth (Figure 4.13b)
than at 285m depth(Figure 4.12b). In the difference ABC—CLIM (Figure
4.13c), an enhancement of mixing in most of the mid- and high-latitude
oceans is found. The mixing maxima in the North Atlantic (Figure 4.13c)
consists of the enhancement to the north of the Greenland-Scotland ridge
due to the SST-feedback (Figure 4.13a) and the enhancement further to
the south due to stochastic forcing (Figure 4.13b). Again, the area with
enhanced mixing is significantly enlarged when the stochastic forcing is
doubled in experiment AB2C (Figure 4.13d). Mixing structures similar to
Figure 4.13 can be found down to depths of about 2500 to 3000 m. Further
below, the mixing signal is far less zonally oriented but varies geographically
as shown in Figure 4.14. At 3970m depth, the maximum increase in mixing
is found in experiment AB2C over the entire Southern Ocean and the abyssal

North Atlantic and North Pacific.

The changes in Ky above described, in particular those in the mid-
and high-latitude oceans, are to a large extent induced by changes in the
convective events. Figure 4.15a shows the difference of the mean convection
depth between experiment BH and CLIM. The figure indicates the changes
in the mean convection depth due to the SST-feedback. The increase in the
mean convection depth in the northern North Atlantic occurs in a statically
less stable region, where a reduction in SST due to the SST-feedback leads
to further destabilization and hence an increase in convection depth. These
changes correspond to the enhanced mixing in the same region in Figure

4.12a and Figure 4.13a.

The difference in the mean convection depth between experiment AC and
CLIM shown in Figure 4.15b indicates the changes in the mean convection

depth due to fluctuations in the fluxes. The increase in the mean convection
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depth in the North Atlantic south of the Greenland—Scotland ridge and the
decrease north of it corresponds to the dipole mixing structure in the North
Atlantic with the negative center in the GIN Sea in Figure 4.12b. The
increase in the mean convection depth in the mid-latitude Southern Ocean
and the decrease south of it correspond to the latitudinal dipole structure of

the changes in the mixing in the Southern Ocean with the band of negative
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values along the Antarctic coast which is shown in Figure 4.12b. These
changes are consistent with mixing changes induced by fluctuating fluxes
because of the non-linear nature of convection. Due to the non-linearity, the
fluctuating buoyancy forcing tends to increase the convective mixing over
mostly stable ocean regions and to decrease convective mixing over mostly
unstable ocean regions. In the MPI-OM model the former is the case in the
subtropical oceans, whereas the latter occurs in the GIN Sea and along the

Antarctic coast.

The relation of convective activity to the changes in the mixing coeffi-
cient Ky at 285m becomes less clear in the tropics and partly in the sub-
tropics. This is because convective events are confined to the upper 60m in
the tropical and subtropical Atlantic and to the upper 100m in the tropical
and subtropical Pacific, but can reach from a few hundred meters down to
a thousand meters or more in the extra-tropics and high-latitudes. Since
the convective events triggered by the daily flux anomalies will not reach
a deeper layer in the tropics, there is no corresponding change in Ky in
the tropics at 285 meter depth as shown in Figure 4.15 and Figure 4.12.
The changes in Ky found in the tropical Pacific is likely caused by the Ri-
dependent mixing, since the increase in depth of convection is confined to

about 150m.

4.2 Discussion

The numerical experiments suggest that daily flux anomalies significantly
affect the time-mean circulation in the MPI-OM. The following discusses
further the exact roles of oceanic feedbacks and of fluctuations of the daily

flux anomalies for the MOC and ACC.
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4.2.1 Role of the SST-feedback on the MOC

Among all components of the daily fluxes, the SST-feedback is most im-
portant for determining the strength of the MOC. This is substantiated
by an increase in the MOC of about 3 Sv obtained by switching on the
SST-feedback in experiment BH. This increase is notably larger than the
further increase of about 1 Sv obtained when other oceanic feedbacks and
fluctuations are included in experiment ABC. The SST-feedback affects the
MOC by directly setting the correct density distribution at the sea sur-
face and indirectly affecting the density in the deep ocean by changing the

stratification and from that the vertical mixing.

Both the SST-feedback and the fluctuations in the daily flux anomalies
cause changes in the vertical mixing. These changes are, however, less
decisive relative to the SST-feedback. This is suggested by experiment AC,
in which oceanic feedbacks are completely switched off. Even though large-
scale changes in the vertical mixing are found in AC, the MOC remains

weak as in experiment CLIM.

Nevertheless, one cannot completely rule out the role of vertical mixing
induced by fluctuating fluxes. Once a realistic density distribution is set
by the SST-feedback, the large-scale increase in the vertical mixing in the
subtropical ocean (Figure 4.12b and Figure 4.13b) can affect the strength
of the MOC. The increase of about 1 SV from BH to ABC is likely due
to this large-scale increase in mixing via fluctuating fluxes. Furthermore,
since this increase in mixing remains significant in the deep North Atlantic
down to depths of about 3500 m, it may also lead to an enhancement of the
mixing of North Atlantic Deep Water with Antarctic Bottom Water. Such
an enhancement can cause the southward branch of the Atlantic MOC to
extend into the deeper layer, leading to a downward extension of the MOC-

cell consistent with Figure 4.6e.
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4.2.2 Role of fluctuating fluxes on the ACC

In contrast to the MOC, the SST-feedback alone does not affect the strength
of the ACC too much. Although there is a reduction in the ACC of about
10 Sv from experiment CLIM to experiment BH by including the SST-
feedback, experiment BH still produces an ACC of about 200 Swv, which is
too high relative to the observed value of about 120 to 150 Sv (Nowlin and
Klinck, 1986 ; Cunningham et al., 2003). A notable weakening of the ACC is
only found when additionally fluctuating fluxes are included in experiment
ABC. The fluctuations, presumably those in the buoyancy forcing, lead to
an increase in convective mixing in the mid-latitude Southern Ocean and a

decrease in convective mixing in the Southern Ocean.

The non-linear nature of convection is responsible for these changes:
Over the mostly stable mid-latitude Southern Ocean, only negative buoy-
ancy anomalies can change the prevailing stratification, thereby producing
an increase in convective activity and vertical mixing. Over the mostly
unstable high-latitude Southern Ocean, on the other hand, only positive
buoyancy anomalies are able to alter the prevailing stratification, thereby
producing a reduction in convective activity and vertical mixing. The re-
sulting latitudinal dipole structure leads to a decrease in meridional density

gradient and hence to a reduction in the ACC in experiment ABC.

Though not sufficient, the SST-feedback is necessary. This is suggested
by experiment AC in which all oceanic feedbacks are switched off. In the
absence of the SST-feedback, a far too strong meridional density gradient is
obtained which is even stronger than that found in CLIM. This strong gra-
dient is reflected in the highest global mean SST in experiment AC (Figure
4.1), which results from a greater tropical warming in experiment AC than
in experiment CLIM. Such a strong meridional density gradient cannot be

reduced effectively by the latitudinal dipole structure in mixing produced
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by fluctuating fluxes.

4.2.3 Relation between the ACC and the MOC

The experiments show that daily flux anomalies affect both the MOC and
the ACC such that a stronger MOC is related to a weaker ACC. The re-
sult that the flux anomalies can affect the MOC and the ACC is a direct
consequence of the fact that flux anomalies are able to change the global
3-dimensional density distribution. This is done by setting the density dis-
tribution via the SST-feedback and by introducing additional mixing via
the oceanic feedbacks and the fluctuations in the fluxes. It is also possi-
ble that daily fluxes could additionally excite resolved fluctuations in the

density flux. This will be discussed in the next subsection.

The inverse relation, i.e. a strong MOC goes together with a weak ACC,
is caused at least partly by the increase in the mixing in the subtropical
oceans which tends to strengthen the MOC and at the same time weakens
the ACC by increasing the density in subtropical oceans, hence decreasing
the meridional density gradient in the Southern Ocean. The result that a
stronger MOC is related to a weaker ACC does not necessarily rule out the
role of the upwelling due to the time-mean wind stress forcing, that suggests
a relation of a stronger MOC to a stronger ACC. Since the time-mean wind
forcing is unchanged, the present experiments are unable to assess such a

role of the time-mean wind forcing.

The changes in the ACC found in this study point however to the baro-
clinic nature of the ACC caused by the surface bouyancy fluxes and mixing
processes. This result is consistent with the work by Olbers et al. (2004)
where the dynamics and thermodynamics of the ACC transport is described.
In the present experiments, mixing induced by the daily fluxes over the

Southern Ocean shows considerable vertical variations in the water column.
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Ongoing observational surveys in the Southern Ocean and eddy resolving
modeling studies could cast more light into the processes relating MOC and

ACC.

4.2.4 Additional role of daily fluxes on resolved

fluctuations in the density flux

It has already been shown that the daily fluxes at the surface affect the
3-dimensional density distribution of the ocean by changing the vertical
mixing coefficient. The daily fluxes can also change the 3-d density distri-
bution by inducing coherent changes in velocity and density and from that,
changes in density fluxes. Concentrating on the vertical density flux, the

mean density distribution in the MPI-OM model is described by

o o, 0 ___ 9 ( 9\

where ~ indicates the time-mean and w/ and pr are deviations from the re-

spective mean values.

When driving the ocean with the climatological mean fluxes, as in ex-
periment CLIM, transient variations in w/ and p/ are negligible. The density

distribution is described essentially by the advection and diffusion balance,

o 9 (0

However, when driving the ocean using fluxes including daily fluctuations,
the variations in almost all variables are enhanced. Furthermore, if the
variations of w/ and p/ are correlated, i.e. w/p/ is not zero, one would
obtain a non-zero vertical density flux w/p/ that affects the mean density

distribution.
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Fig. 4.16: Vertical density flux w/p/ normalised by |dp/dz| at 1000m in exper-
iment ABC. Unit is m?/s.

To check whether daily fluxes are indeed able to produce a non-zero
vertical density flux, w/p/ at 1000m is calculated from a 50-year-long time
slice of the daily data of w and p from experiment ABC (Figure 4.16).
The flux is normalised by the vertical density gradient |dp/dz| and hence
has the same unit as Ky. Figure 4.16 shows that negative density fluxes
occur mainly in the mid-latitude regions of the Atlantic. A negative value
of w/p/ indicates downward motion of denser water or upward motion of
lighter water. It acts to enhance the prevailing vertical density gradient.
The amplitude of w/p/ is, however, two orders of magnitude smaller than
that of the changes in Ky, suggesting that the density fluxes induced by
fluctuating daily flux anomalies play a negligible role in determining the

mean density structure.



5. CONCLUSIONS AND OUTLOOK

This study has demonstrated that the daily surface fluxes is a consider-
able player in determining the strength of the global meridional overturn-
ing circulation. Separate roles of the atmospheric fluctuating part and the
oceanic feedback part of the flux anomalies on the time-mean of the ocean
have been studied. It is elucidated that both the feedback and the fluctu-
ations contribute to the strength of the MOC. The effect of daily surface
flux anomalies is found not only on the time-mean MOC but also on the
time-mean Antarctic Circumpolar Current. In addition, it is seen that the
strength of the time-mean MOC is inversely related to the strength of the

time-mean ACC.

From the discussion and the results of the numerical experiments pre-

sented in the previous chapter, the following conclusions can be drawn:

e The surface flux anomalies produce a 4-Sv-increase in the strength of
the MOC, which is about 30% of the MOC obtained without the flux
anomalies. The increase is caused by changes in the 3-dimensional
density structure that are induced by changes in the vertical mixing
due to the SST-feedback and fluctuations in the fluxes. The additional
mixing due to fluctuating fluxes represents a further mechanism for
warming up the deep water which has not been considered so far in

the prevailing picture of the MOC outlined in the introduction.

e The strength of the ACC is sensitive to fluctuations in the daily fluxes.



84 5. Conclusions and Outlook

There is a reduction of the ACC of about 65 Sv, which is approxi-
mately 30% of the ACC obtained when daily flux anomalies are not
taken into account. The reduction is caused by changes in oceanic mix-
ing that is characterized by a meridional dipole of the vertical mixing

coefficient in the Southern Ocean induced by fluctuating fluxes.

e A dual effect of fluctuating fluxes, which increases the vertical mixing
in mostly stable regions and decreases the vertical mixing in mostly
unstable regions, is identified. This effect has not been systematically

studied so far.

The above conclusions are drawn within the framework of a coarse res-
olution version of the MPI-OM. The exact numbers concerning the changes
in the MOC and ACC might depend on the model used. Nevertheless,
the processes describing how daily flux anomalies change the global density
structure should also operate in other models with a similar parameteriza-

tion of vertical mixing, and probably also in nature.

Outlook

The present study deals with the roles of different types of air-sea fluxes
relative to each other, rather than relative to other processes such as the
diapycnal mixing through internal waves and the upwelling driven by the
time-mean wind stress. It also did not consider the energetics related to the
MOC. A possible extension concerning the role of time-mean wind stress
is to perform additional experiments with different time-mean wind forcing

and compare the results with those from the experiments of this study.

The present study is limited to the effect of daily flux anomalies on the
time-mean of the ocean climate system. The effect of flux anomalies on the
long-term variability of the ocean is another issue for future investigations.

An interesting aspect here is that the excitation of long-term variations
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through stochastic flux anomalies seem to be strongly limited by the SST-
feedback which can be clearly demonstrated using the present experimental

set-up.

A further extension of the present study is to explore the effect of the
daily fluxes on the sensitivity of MOC to changes in the external forcing,
such as an increase in freshwater flux due to the increase in greenhouse-gas

concentrations.
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5. Conclusions and Outlook




6. APPENDIX: MODEL INTEGRATIONS USED
TO DERIVE AND VALIDATE EMAD

The parameters A, B and C of the EMAD model are derived from a control
integration with the ECHO-G AO-GCM (Legutke and Voss, 1999). The
atmospheric component is ECHAM-4 and the ocean component is HOPE-
G. The resolution of ECHAM4 is T30. For HOPE-G, T42 resolution with
equatorial refinement is used. An integration with essentially the same

coupled model is discussed by Raible et al. (2001).

To assess the variance produced by the EMAD (section 2.4.2a), EMAD is
driven by the SST, sea-ice cover and sea-ice thickness data from ECHAMS5/
MPI-OM AO-GCM (Jungclaus et al., 2005). The ECHAM5/MPI-OM model
differs from the ECHO-G. The atmospheric component is the ECHAMS5
model, rather than the ECHAM4 model. The oceanic component is the
MPI-OM formulated on an ’Arakawa C’-grid which has poles over Green-
land and Antarctica (Marsland et al. 2003). The oceanic component of the
ECHO-G model on the other hand is the HOPE-G model formulated on an
"Arakawa E’-grid. The use of the ECHAM5/MPI-OM integration provides
an independent test of EMAD.

To assess the cross-correlation functions (section 2.4.2b), the HOPE-G
model (Legutke and Maier-Reimer, 1999) of the same version as that in the
ECHO-G model is coupled to the EMAD. The cross-correlation functions
calculated from the coupled EMAD/HOPE-G are compared with those ob-
tained from a 50-year-long time slice of ECHO-G integration that was not
used to derive the parameters A, B and C of the EMAD.
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