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Abstract. A quasi-geostrophic model of Southern Hemi- 1 Introduction

sphere’s wintertime atmospheric circulation with horizon-

tal resolution T21 has been coupled to a global ocean cir-

culation model with a resolution of°% 2° and simplified ~ Understanding natural variability on interannual-to-
physics. This simplified coupled model reproduces qualita-Mmultidecadal time scales is an important and longstanding
tively some features of the first and the second EOF of atProblem in climate dynamics. In this study, we will be
mospheric 833 hPa geopotential height in accordance witfocusing on the interannual, decadal and multidecadal
NCEP data. The variability patterns of the simplified coupled variability in the extra-tropical Southern Hemisphere (SH)
model have been compared with variability patterns simu-and on the relative role of the atmosphere and the ocean in
lated by four complex state-of-the-art coupled CMIP5 mod- its explanation. The principal mode of the aforementioned
els. The first EOF of the simplified model is too zonal and Variability, which is not directly related to EI No-Southern
does not reproduce the right position of the centre of actior@scillation (ENSO), has been named the High Latitude
over the Pacific Ocean and its extension to the tropics. Thd/lode (HLM), or the Southern Annular Mode (SAM), or the
agreement in the second EOF between the simplified and th@ntarctic Oscillation (AAO) Thompson and Wallagg000.
CMIP5 models is better. The total variance of the simplified The AAQ is a zonally symmetric pattern in the sea level
model is weaker than the observational variance and those diressure field with opposite signs between the Antarctica
the CMIP5 models. The transport properties of the Southerrnd midlatitudes, which originates in the atmosphere-only
Ocean circulation are in qualitative accord with observations.dynamics. However, the atmosphere-ocean coupling over
The simplified model exhibits skill in reproducing essen- the largely aquatic SH undoubtedly plays an important role
tial features of decadal and multi-decadal climate variabil-in shaping the leading modes of extratropical low-frequency
ity in the extratropical Southern Hemisphere. Notably, 800 yrclimate variability, but the operating mechanisms remain
long coupled model simulations reveal sea surface tempera@bscure.

ture fluctuations on the timescale of several decades in the An important aspect concerns the Antarctic Circumpo-

have applied a global ocean circulation model with simplified
physics (the barotropic-baroclinic-interaction model BARBI
of Olbers and Eder{2003. In one of their main experi-

ments, BARBI has been forced by an artificial wind stress
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constructed from the first three empirical orthogonal func-ocean models coupled to energy-balance atmospheric mod-
tions (EOFs) of the National Center for Environmental Pre- els. Compared to the latter models, we opt for a simplified but
diction/National Center for Atmospheric Research (NCEP-dynamically more solid framework via the use of the quasi-
NCAR) combined with a temporal variability according to geostrophic atmospheric component, similar in this respect
an autoregressive process. BARBI can be forced by a surfacm, e.g.,Opsteegh et a{1998, Haarsma et al2000, Hogg
wind stress and a surface source of the baroclinic potentiaét al. (2003, andHogg and Blundel(2006. The main aim
energy (defined in Appendix A), blbers and Lettmann of this work is the development of a simplified dynamical cli-
(2007 set the latter term to zero and a purely wind-driven mate system coupling atmosphere and ocean subsystems in-
variability of the Southern Ocean was studied. A 1800 yr cluding essential nonlinear dynamical features and increased
BARBI run with this SAM-type forcing showed that “the realism with respect to internal coupled climate modes. This
Southern Mode” of variability (cfHughes et a].1999 with novel model bridges previous research dealing with the con-
coherence between ACC transport, Southern Ocean windstruction of idealised atmospheric and oceanic circulation
stress and bottom pressure extends to periods well abovaodels. We study intrinsic extra-tropical sources of climate
decadal. For these periods, baroclinic processes come inteariability in the Southern Hemisphere. The Southern Hemi-
play and the baroclinic potential energy, as manifestation ofsphere is chosen because the oceanic BARBI component of
the baroclinic pressure, takes control of the ACC transport. Inthe coupled model most successfully simulates the wind-
these circumstances BARBI behaves similaHesselmann  driven oceanic circulation in the SH.
(1976 stochastic climate model, with the ACC transport In thisidealised modeling set-up, we omit dynamical inter-
as the fast variable, the baroclinic pressure gradient acrosaction between the atmosphere and the ocean in the tropics,
Drake Passage as the slow variable, and the wind stress as radtably the ENSO phenomenon, and focus exclusively on ex-
noise forcing (the latter in contrast to the classical stochastidratropical sources of the climate variability over mid- and
model). high SH latitudes. There are other inherent simplifications
This study aims at the work @Ibers and Lettman{2007) and idealisations in the model, described in Sect. 2. The pri-
by coupling the oceanic BARBI to an idealised three-level mary goal of this study with a conceptual model tool is to bet-
quasi-geostrophic model of the atmospheric circulation overter understand the role of the extratropical atmosphere-ocean
the Southern Hemisphere (SH). The oceanic component ofoupling in the SH in producing and modifying interannual-
the coupled atmosphere-ocean model, originally developedo-multidecadal climate variability.
for the SH byOlbers and Ederf2003, successfully simu- This paper is organised as follows. In Sect. 2, we explain
lates the wind-driven oceanic circulation in the SH, but hasthe constructed coupled atmosphere-ocean model. Section 3
certain weaknesses in reproducing the intensity of oceaniclescribes the model set-up and presents the results of 1000 yr
gyres in the Northern Hemisphere (NH) Atlantic Ocean, model simulations. The obtained results are discussed and
where thermohaline processes are of primary importanceconclusions are drawn in Sect. 4. In Appendix A, the used
The atmospheric model was initially developed 8gmpf  version of oceanic model BARBI is described in more de-
et al. (20073ab) for the NH, where the ocean-continent con- tail. In Appendix B, we show the details of atmosphere-ocean
trasts are by far more pronounced, and is now applied tahermal coupling and relate the baroclinic potential energy in
the SH. Since the atmospheric model is a quasi-geostrophiBARBI to the sea surface temperature (SST).
one, assuming anti-symmetric streamfunction with respect
to the equator, any inter-hemispheric atmospheric interac-
tions are out of bounds. Interactions between the SH an® Model description
the NH occur only via the global oceanic circulation. To
keep the model set-up in the first step simple enough, therhe coupled atmosphere-ocean model consists of three mod-
interactive coupling between atmospheric and oceanic proules: for the atmosphere, the ocean and the coupling proce-
cesses has been restricted to the SH. The annual mean afure, respectively.
mospheric wind forcing for the NH oceanic circulation is
provided by winds from the European Center for Medium 2.1  Atmospheric module
Weather Forecast (ECMWF) reanalysis data and no interac-
tive atmosphere-ocean coupling is allowed in the NH. Thus,The dynamic core of the atmospheric module is the quasi-
the coupled atmosphere-ocean model is considered for thgeostrophic potential vorticity equation. It is a hemispheric
whole globe, but only its SH atmospheric part is used to in-3-layer model with a T21 spectral resolution. The spectral
teract with the Southern Ocean. interaction coefficients are found by transformation from the
Our model occupies an intermediate position in the hier-spectral space onto a grid with 64 points in the zonal di-
archical set of models ranging from comprehensive state-ofrection, which corresponds to a resolution of 56#5lon-
the-art coupled global circulation models (coupled GCMs, gitude, and with 32 points in the meridional direction (the
or CGCMs) to very idealised coupled models, which have Gaussian latitudes). The latter points are symmetric with re-
omitted a fully dynamical atmospheric component, including spect to the equator, i.e., there are 16 points in the SH, but the
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Fig. 1. (a) T21 topography of the Southern Hemisphere. Contour interval is 5@d)y™on-zonal part of austral wintertime (JJA) extra-
tropical diabatic heating at 300 hPa derived from NCEP-NCAR reanalysis data and used in the atmospheric module. Contour interval is
0.25 Kday—l without zero line. Negative values are dashgjiThe same as in the middle, but for 700 hPa.

distance between them slightly varies according to the relation u=0 (see notations in Appendix A) and vanishing fluxes
tive weight of different Gaussian latitudes. It is a dry model. of potential energy.

That is, no clouds, no precipitation (rainfall) and no latent

heat are taken into account explicitly. Non-zonal component2.3  Coupling module

of extra-tropical thermal forcing (radiative equilibrium tem-

perature fields) have been adjusted in a way that, on the timdhe design and numerical implementation of the coupling
mean, realistic patterns of non-zonal extra-tropical diabaticnodule is based on a beta version of Modular Ocean Model
heating are acting in the model. The zonal components oMOM2 (Version 2.0), as “a stepping stone” to MOM3
the radiative equilibrium temperature fields and the surfacePacanowski1996 Pacanowski and Griffie2000.

forcing, which acts as a substitute for the absent baroclinic- ) )

ity within the lowermost layer and helps to enforce low-level 2-4 Atmospheric GS3LM versus oceanic BARBI
westerlies, have been tuned to produce a zonal climatolog
as realistic as possible. The adjustments of forcing are mad
by an automatic iterative procedure, describeSémpf et al.
(2005 20073b), adapted to the SH is abbreviated as GS3LM,
hereafter.

S3LM simulates the quasi-geostrophic evolution of SH at-
mospheric flow streamfunctions at the three vertical levels
167, 500, and 833 hPa under perpetual SH winter conditions.
Southern Hemisphere’s T21 topography (Fig. 1a) acts as oro-
graphic forcing. Diabatic heating is established by thermal
relaxation towards predefined radiative equilibrium temper-
2.2 Oceanic module ature fields at the auxiliary model pressure levels 333 and

667 hPa. The relaxation timescale is 22.7 days. Slightly dif-
The oceanic module uses vertically integrated dynamicaferently to the NH Sempf et al. 2005, the temperature
equations in terms of the streamfunction of volume trans-lapse rate is fixed to 2.9 K knt at 333 hPa and 6.5 K krt
port, ¥, the baroclinic potential energy of individual water at 667 hPa. The relaxation time of Ekman friction equals
columns scaled by a constant reference seawater defsity, to 2.2 days. Other parameter settings are the same as in
and a baroclinic velocity momeni* (see, Appendix A). Sempf et al(2005. The cited paper describes an automatic
This is a simplified version of BARBIQ@Ibers and Eden iterative procedure of the atmospheric model pre-tuning be-
2003 Olbers et al.2007 Olbers and Lettmanr2007) which fore coupling to the ocean model. First, the model’s time-
accounts for a joint effect of baroclinicity and bottom relief mean wind profiles are compared with and then are itera-
(JEBAR Sarkisyan and Ivanovi971). JEBAR is a promi- tively tuned towards observed SH wintertime zonal winds
nent source of vorticity in addition to the windstress curl taken from NCEP-NCAR reanalysis data. Second, within
and flow across the geostrophic contours in a vertically averthe same iterative procedure the model’'s time-mean non-
aged view of the flow. The used oceanic module has 181 griczonal diabatic heating is compared with and then is tuned
points in the zonal direction and 75 grid points in the merid- towards the non-zonal part of SH wintertime heating fields at
ional direction. It corresponds to a resolution 6f22° lon- 300 and 700 hPa, derived from observationd\liyam et al.
gitude/latitude. There is a grid asymmetry with respect to the(2000. The latter fields have been attenuated near the equa-
equator: an integration area extends frofi370 7 N. The  tor and are shown in Fig. 1b—c. Thus tuned, GS3LM exhibits
lateral ocean boundary conditions assume the no-slip condia pronounced internal “ultra-low-frequency” variability that
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2.5 Atmosphere-ocean coupling

5.5
2 The two-way coupling between GS3LM and BARBI is or-
e ganised as follows. The ocean circulation is driven by the
;.5 atmospheric wind, where the surface wind stress is described
= 5 by a bulk formula
- 2.5
! T =cppa|Vs| vs. (1)

; " : ; Here, ¢p=0.0013 is the drag -coefficient, p, =

0 60 1208 180 1200 60W o Mos 1.25kgm 3 is the standard surface air density, and

LON
[Vl :\/(%>2+ (%)2 is the wind speed at the 10m

Fig. 2._Bottom topo_graphy of t_he_ oceans_witﬁ % 2° longitude height. The 10-m Wind velocity vector reads= k x Vi,
and Iatlt_ude resc_)lutlor_l and realistic coastllngs (black' contour). Zerc\Nherek is the unit vector directed upward, and the stream-
bottom isohyps is omitted. Contour (colour) interval is 500 m. function v, is taken proportional to that at 833 hPa level,
with the reduction coefficienk =0.7. According to the
thermal wind equation written in isobaric coordinates, the
horizontal wind velocity depends logarithmically on the
pressure if the horizontal temperature gradient is approxi-
mately height-independent. Based on this assumption, the
reduction coefficient valuek = 0.7, was determined by a

manifests itself in various atmospheric fields, similar in this
respect to the pioneering simulations bgmes and James

(1992; see a recent discussion of the latter workvllis semi-empirical choice. The reduction coefficieht= 0.7

(2010. for th fect in th icall means that, on average, the 10m wind speed constitutes
BARBI acco.u.nts or t.e JEBAR eflect in the vertllca Y70 % of the wind speed at the lower model level of 833 hPa.
averaged vorticity equation without any depth scaling 3S,n the NH the oceanic model is forced with interpolated an-

€9., required_ in quasi-_g_eostroph_ic models._Considering th'?‘lual mean (over 1986—1988) wind stress data from ECMWF
J_EBAR-t_erm in the vorticity gquatlon_necesgtatesaprognos-analysis Barnier et al. 1995 (surface density forcing is
tic equation for the baroclinic potential energy When the omitted). The backward influence of the ocean circulation

baroc!inic flow compongnt is.accounted for, the goyerni_ng on the atmosphere is achieved through the SST-related heat
equations cannot be written in a closed form, but give riseq ves. They are described by a linearized bulk formula

to an infinite set of equations for the moments of the density
field, with E as the firgt moment, and also for the moments g — CHpacp Vsl (SST-SAT) 2)
of the baroclinic velocity.
In this work, a simple truncation and subsequent closurewith the heat exchange coefficiemty =cp and |Vg| =
of this infinite set of equations is made af@lbers and Eden 5ms!is the standard wind speed at the 10 m height. In this
(2003. As in Olbers and Ede(2003, an account for non-  formula, ¢, = 1004 n¥ s~2 K1 is the specific heat at con-
linearity is made in the thermohaline balance equation only.stant pressure, SAT abbreviates the surface air temperature;
Advection of momentum in the momentum balance equationother notations are as in EQ)( The direct thermal forcing of
is neglected since the emphasis is placed mainly on largethe oceanic circulation is omitted (see also Appendix B). The
scale flows Qlbers and Eder2003. The ocean bottom to- use ofE as a prognostic variable in BARBI leads to a diffi-
pography in 2 x 2° longitude/latitude resolution is shown culty: the atmosphere is sensitive to the seawater temperature
in Fig. 2. The parameters of the oceanic module were choT (specifically to SST), but indifferent to the salinisyand
sen so that the transport through Drake Passage was withito the seawater density (and gevalues). A problem arises
the range 70-150 Sv (1 Sv=®3s~1). This comparisonis  to extract information on oceanographic variablEsand S,
especially useful because there are good oceanographic meirat is contained itk and translate it into the SST-terms. An
surements for Drake Passage, in contrast to the rest of Soutlimportant simplification permissible for SH oceans will be to
ern Ocean. Based on various previous studzs)ningham  assume that the basin-averaged vertical density stratification
et al.(2003 present the mean estimate 188 Sv. is mainly explained bys-values, whereas the density devi-
Detailed sensitivity analysis and discussion of the param-ations specifyingE distribution are mainly determined by
eter setting can be found i®lbers et al.(2007 and Ol- T -variations (e.gFalcini et al, 2009.
bers and Lettman(R007). For a time-constant wind forcing In the thermally balanced model, a systematic heat ex-
BARBI reaches a stationary state after its spin-@tbers  change between the atmosphere and the ocean is not allowed,
et al, 2007), but for variable winds shows pronounced time- also because all other constitutive elements of the oceanic
variability as a quasi-linear response to the non-stationaryheat balance (radiative forcing, etc.) are not considered in this
forcing (Olbers et al.2007). simplified framework. It means that the basin-averaged SST
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3.2 Model climatology

zonal wind profiles

35
Figure 3 shows the time-mean zonal wind profile over the
50y last 800yr of the 1000yr long integration of the coupled
25} model versus zonal wind profiles inferred from austral win-
& tertime NCEP-NCAR reanalysis data. The latter have been
E 20 computed after averaging the reanalysis data over three verti-
% 15} cal atmospheric layers of approximately equal mass, instead
S of using individual pressure level data. It was done to capture
; 10y the contribution of the stratospheric polar vortex. As visible
S 5 in Fig. 3, the agreement between the modelled and the ob-
N . . . . . .
ol served wind profiles is fairly good. The wind speed maxi-
mum situated at about 3@ at the middle and upper level
-5¢ corresponds to the subtropical jet (STJ). The second maxi-
48 e mum in the upper level wind profile is due to the polar front
-90 -80 -70 -60 -50 -40 -30 -20 -10 O jet (PFJ) across the South Pacific east of Australia during
latitude [*] the austral winter. Together, STG and PFG compose a “split

Fig. 3. Modelled (continuous) and observed (dotted) time-meanjlzersrfo?:g): Jze(g(gDStwr?itgr:emO;lr?i;eﬂs]tesizgltpinpgggg:l-g/ﬁg}lz:ge d
zonal wind profiles for the three model levels 833 hPa (red), 500 hPa_. o !
(green) and 167 hPa (blue) and corresponding vertical layers, reW'nd profiles. . - L .

spectively. The atmospheric module exhibits skill in reproducing the
polar vortex. This pattern is very persistent through all 800 yr

of model integration and clearly is exhibited in 800-yr aver-

value should coincide with the analogously averaged SAT-2ges (not shown), but the corresponding standard deviation
value, and moreover cannot vary in time. The latter is due to@S compared to the observations is rather small (not shown).
intrinsic limitations imposed by the quasi-geostrophic nature Figure 4a displays the last 10yr time slice of the cou-
of GS3LM (see also Appendix B); however, this constraint pled model run for the oceanic stream function, and 4b-d
is not seen as a very restrictive one for the largely oceani®®resents the 1000 yr long runs including the spin up period
(~80 % by area) SH. Therefore, the deviations of SST andover 200 yr. Dark circles with numbers 1, 2, 3in Fig. 4a mark
SAT from this common time-constant value (hereafter, theséhree grid points across the Drake Passage for which a tem-
temperature deviations are denoted as'$®&@ SAT) appear poral behaviour of the streamfunctidnis demonstrated in

in Eq. ). The details off to SST conversion are given in  Fig. 4b—d. After ca. 150yr the coupled system reaches an
Appendix B, see especially Eq. (B1). equilibrated state with a moderate, by15-20 %, increase

in W-values in the Drake Passage, compared to an uncou-
pled spin-up run (not shown). These values remain within the

3  Model results range of experimentally observed values (see Sect. 2.4). The
thick white lines describe the moving average of the chaoti-
3.1 Model experiment cally fluctuating stream function.

Initially, a 1000-yr spin-up run of BARBI from the state of 3.3 Model variability

rest without coupling to the atmospheric GS3LM was car-

ried out. It was found that the oceanic circulation after 200 yr Figure 4b—d shows the transient behaviour of the streamfunc-
reaches a quasi-stationary state witii40 Sv. This station-  tion across the Drake Passage. Note thatalues increase
ary state has been used as an initial state for the further modslbuthward, consistent with the eastward flow of ACC. The
integration. During 200 yrs the atmospheric model was tuned¥-values in the southernmost grid point 3 characterises the
towards NCEP-NCAR reanalysis data, since the forcingtotal transport through the Drake Passage. The stream func-
terms describing the atmosphere-ocean heat exchange atien fluctuates around a mean state with ups and downs in-
now taken into account (see, Appendix B) but $8dluesin  dicating pronounced decadal and multi-decadal variability,
them are temporarily set to zero. Finally, using the fine-tuneddisplayed in Figs. 11b and 12c. Around the year 940 a strong
atmospheric module and a steady-state oceanic circulatiomgduction of the stream function occurs which persists over
as an initial state, the fully coupled atmosphere-ocean modetwo decades.

is run over 1000yr under perpetual SH winter conditions. The time-variance o in grid point 3 (Drake Passage) is
The first 200 yr of the coupled model run have been consid-about 50 Sv (Fig. 4d) and corresponds to a mean ACC value
ered as spin up time and, therefore, results are presented fof about 170 Sv. In BARBI-only runs this variance vanishes
the following 800 yr. for a time-constant wind forcing and, therefore, quantifies the
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Fig. 4. (a) Time-mean of the oceanic streamfunctdn(in Sv) over last 10 yr of the coupled atmosphere-ocean model run. Numbers 1, 2, 3
mark the grid points in the Drake Passage for which a transient behavidguisashown. White lines indicate the gliding mean of the stream
function. (b) W-values (Sv) for the grid point with coordinates®® and 92 W (point 1 ina) over 1000 yr(c) The same as ifb), but for

61° S (point 2 ina). (d) The same as itb) and(c), but for 63 S (point 3 ina)

(b)

(d) )

Fig. 5. (a)First EOF of 833 hPa geopotential height for the 800 yr run of the atmosphere-only model (16.4 % of explained vénidficst).
EOF of 833 hPa geopotential height for the 800 yr run of the coupled model (13.8 % of explained va(@tiest EOF of observed austral
wintertime geopotential height in the lowest model level (NCEP-NCAR reanalysis data for 1948-2003) (31.7 % of explained v@jance).
Second EOF of 833 hPa geopotential height for the 800 yr run of the atmosphere-only model (9.4 % of explained (@)iSecend EOF

of 833 hPa geopotential height for the 800 yr run of the coupled model (9.8 % of explained var{§n8erond EOF of observed austral
wintertime geopotential height in the lowest model level (NCEP-NCAR reanalysis data for 1948—2003) (12.2 % of explained variance).
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() (h)

Fig. 6. (a) First EOF of 850 hPa geopotential height for CMIP5, historical run, 1948-2003, HadGEM2-ES (24.0 % of explained variance).
(b) The same as ifa) for GFDL-ESM2M (26.2 % of explained variancél) The same as i(a) for MPI-ESM-MR (29.6 % of explained
variance)(d) The same as ife) for CCSM4 (26.6 % of explained variancefe) Second EOF of 850 hPa geopotential height for CMIP5,
historical run, 1948-2003, HadGEM2-ES (12.2 % of explained variatff)eThe same as ife) for GFDL-ESM2M (18.2 % of explained
variance)(g) The same as ie) for MPI-ESM-MR (11.5 % of explained variancgl) The same as i(e) for CCSM4 (15.9 % of explained
variance).

coupling of the ocean model to its chaotically behaving at-of the coupled model simulation is with 13.8 % less than half
mospheric counterpart. There is an apparent correlation besf that of the NCEP reanalyses and weaker than those of
tween fluctuatingl-values in Fig. 4c—d, which means that, the atmosphere-only model (16.4%). The first EOF of the
to a large extent, the westerly flow in the southern part ofsimplified atmosphere-only model is too zonal. Although the
Drake Passage (between°@l and 63S) does experience coupled model shows some improvements it does not repro-
strong time-variations, but without any climatic trend. The duce the right position of the centre of action over the SH
major part of transport variability through Drake Passage isPacific Ocean. Figure 5d—f display the second EOF for the
explained by the fluctuating flow through its northern part atmosphere-only run, the coupled atmosphere-ocean simula-
between 61S and the southernmost part of South Americation and for the NCEP data, respectively. The overall agree-
(Tierra del Fuego). In our model, this northern part of the ment in the spatial pattern of the second EOF in the coupled
flow explains about 50 % of the total transport through Drakemodel with NCEP reanalyses is slightly better than in the
Passage. first EOF. The amplitude of the second EOF in the coupled
What is the physics of model variability seen in Fig. 4? model is larger than in the atmosphere-only run and in the
Does it originate in the atmospheric dynamics and the oceamange of the CMIP5 models shown in Fig. 6. Additionally
redistributes or integrates it? The leading mode of low-the explained variance is only slightly weaker in the coupled
frequency variability in the SH troposphere is AAO/SAM run (9.8 %) as in the NCEP data (12.2 %).
(e.g. Thompson and Wallag000 and the AAO index is For comparison, Fig. 6 gives an impression on the range
defined as the leading principal component of the 850-hPaf variability patterns simulated by state-of-the-art coupled
geopotential height anomalies south of 8(Thompsonand atmosphere-ocean-sea ice models. The patterns have been
Wallace 2000. determined at 850 hPa level for four arbitrarily chosen mod-
The AAO pattern was computed from monthly meansels from the CMIP5 ensemble (CCSM4, GFDL-ESM2M,
of the model outputs since the main focus is on the low-HadGEM2-ES, MPI-ESM-MR, see Table 1 for further ex-
frequency variability. In the coupled model simulations, the planations). The same time period (1948-2003) as for the
principal structure of the AAO pattern with 3 centres sur- NCEP data has been analysed. The geopotential height fields
rounding Antarctica is reproduced versus observations at thbave been taken from the historical simulations for the 20th
833 hPa atmospheric model level (Fig. 5b—c), but the maximacentury {Taylor et al, 2012 for which all forcings were in-
are shifted in zonal direction and are not located at the ob-cluded as observed values for past dates (atmospheric com-
served geographical positions. The corresponding first EOFposition (including CQ) due to both anthropogenic and vol-
for the last 800 yr of a 1000 yr atmosphere GS3LM-only run canic influences, solar forcing, emissions or concentrations
is shown in Fig. 5a. The variance explained by the first EOF

www.geosci-model-dev.net/5/1161/2012/ Geosci. Model Dev., 5, 118175 2012
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Table 1. Summary of information on the CMIP5 models used in this study.

Modelling Center Institute ID Model Name Reference
National Center for Atmospheric Research NCAR CCsM4 Gent et al(201))
NOAA Geophysical Fluid Dynamics Laboratory NOAA GFDL GFDL-ESM2MDunne et al(2012
Met Office Hadley Centre MOHC HadGEM2-ES Collins et al.(2011), Jones et al(2011)
Max Planck Institute for Meteorology MPI-M MPI-ESM-MR Jungclaus et a(2010
70 :
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Fig. 7. (a) Power spectrum of PC 1 at 833 hPa geopotential height for the atmosphere-only model. The last 800 yr of a 1008) y¥tren.
same as irfa), but for the coupled model.

of short-lived species and natural and anthropogenic aerosols It was tested whether the first EOFs are well separated
or their precursors, land use). from each other by applying the “rule-of-thumb” dforth
Figure 6a—d display the first EOF for winter (JJA) et al.(19832, taking into account the effective sampling size
data, that is the AAO-pattern. The patterns simulated byaccording to the formula given iBretherton et al(1999.
HadGEM2-ES and GFDL-ESM2M resemble the observedThe sampling errors of the respective eigenvalues for the first
structure very closely, whereas the patterns simulated byour EOFs are smaller than the distance between the neigh-
MPI-ESM-MR and CCSM4 display a more annular struc- bouring eigenvalues for the atmosphere-only run, the coupled
ture, as we detected for the simplified models (atmosphereruns as well as for the NCEP-data. Thus, the first four EOFs
only, Fig. 5a and coupled model, Fig. 5b). The explainedfor all model runs and the NCEP data can be expected to be
variances for the AAO patterns simulated by the complexwell separated and not mixed.
models ranges from 24% to 30%. The second patterns The oceanic BARBI model has been proven to be effi-
(Fig. 6e-h) display the observed circumpolar wave structuregient in simulating the predominantly wind-driven Southern
with wavenumber 3, but with varying strength and slightly Ocean circulation, and the lower-level-only information from
shifted positions of the centres of action. The explained vari-GS3LM is used to compute the acting wind stress. Therefore,
ances for the wave-patterns ranges from 11 % to 18 %. Qualthe AAO as the leading mode of atmosphere-ocean dynamic
itatively the variability patterns simulated by our simpli- interaction on long time scales and at mid- and high SH lat-
fied coupled model are in the wide range of teleconnectionitudes is reproduced satisfactorily, which gives an incentive
model variability patterns simulated by complex state-of-the-to use the constructed coupled model in this study.
art coupled circulation models. The first EOF of the simpli- The too low explained variance in the first and the sec-
fied model is too zonal and does not reproduce the right poend EOF in the coupled model setup could be partly at-
sition of the centre of action over the Pacific Ocean and itstributed to the relative coarse horizontal and vertical resolu-
extension to the tropics visible in Fig. 6a—c. The agreemention of the oceanic model. As stated Bgnning and Weaver
in the second EOF between the simplified and the CMIP5(1998 a higher ocean resolution is important for the exci-
models is better. The geographical extension to the tropicatation of stronger decadal-scale variability in idealised cou-
Pacific is still missing and could be a result of the applied pled atmosphere-ocean models due to the reduced parame-
quasi-geostrophic approximation in the atmospheric model. terised diffusion.Goosse et al(2010 mention a too weak
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atmospheric circulation in an Earth system model of interme-bers and Lettman(2007) and indicates a reliable interactive
diate complexity which contains a spectral three-layer atmo-atmosphere-ocean coupling.
spheric model similar to our approach, but with a different Figure 9a presents the 800yr mean climatology of the
ocean model. Therefore, the impact of increased horizontabaroclinic potential energy, whereas the field of SST-
ocean resolution was investigated in the coupled model setugeviations from the basin-average value (§33 shown in
by carrying out simulations with®2x 2° longitude/latitude  Fig. 9b. There is a high correlation betwe&nand SST,
and with £ x 2° longitude/latitude resolution (not shown). but the impact of variable oceanic degthsee Eq. (B1), is
The higher ocean resolution improved the results comparedlearly visible, too. The slow baroclinic BARBI-subsystem,
to observations. The impact of increased spectral resolutiomuantified by the baroclinic potential energyand JEBAR-
of the atmospheric model up to T42 resulting in a better resterm, effectively integrates the fast “stochastic” forcing im-
olution of the topography of the Andes and Antarctica will plemented by the wind stress and the barotropic pumping
be investigated in a next step. action of the mean stratification (the first term on the right-
In our experiment, BARBI is forced by a chaotically hand-side of (A2)).
behaving atmospheric GS3LM with significant deviations On these long time scales the ocean imposes a feedback on
from red-noise model on monthly time-scales (Fig. 7). Onthe atmospheric circulation, through SST-variations which
this time-scale, the fluctuating wind stress drives the fastare inferred from the slo -variable that dominates the low-
barotropic BARBI-subsystem, where the transport stream{requency variability in BARBI. The separation of slow and
function & serves as the fast variable (Fig. 4b—c). Figure 8fast responses in BARBI has been demonstrate@lbers
describes the spatial pattern of the zonal and meridional comand Lettmanr{2007). The first and the second EOF for SST
ponents of the wind stress climatology in the coupled modelover the entire SH, shown in Fig. 10a—b indicate, that these
simulations over the aforementioned last 800 yr of a 1000 yrleading variability patterns are dominated by processes in
long run. These wind stress components are similar to thoséhe Pacific. To enhance alternative variability patterns, which
of the uncoupled oceanic BARBI model described @l otherwise remain obscure within the hemispheric approach,
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in Fig. 7b if compared with Fig. 7a for the atmosphere-only
model. Thus, enhanced ultra low-frequency variability evi-
dentin Fig. 7b leads to an increased wind forcing that drives
BARBI on very long time-scales as visible in Fig. 11b. On
those time-scales BARBI possesses its own intrinsic nonlin-
ear dynamics, due to the nonlinearity inherent in Eq. (A2).
2 5 So, an intricate positive feedback loop develops, which pro-

- i i vides unique characters to low-frequency variability within
T T A this coupled model leading to enhanced spectral energy on
@ " ) " decadal to multidecadal timescales as revealed by the power

S spectra of the first and second PC of the S&7r the ACC

- region and of the first PC for the Southern Pacific shown in
Fig. 11b—d.

Figure 12a—b display the local (colour) and global wavelet
(black-white) spectra for the atmospheric PC 1 and PC2 of
geopotential height at 833 hPa over 1000 yr of the coupled
simulations. Figure 12c—d show the wavelet spectra for the
1stand 2nd PC of SST’ over the whole Southern Hemisphere
— e — ——— and Fig. 12e—f present the wavelet spectra for the 1st and

’ W W ) 2nd PC of SST’ over the ACC Pacific region. The EOFs con-
(c) - (d) nected with these PCs are displayed in Fig. 10. The signifi-
B cance of the wavelet spectra has been tested by comparison to
the spectra of a corresponding red noise process. Significant
differences between observed and corresponding red noise
spectra are determined by computing confidence levels and
confidence intervals.
. The atmospheric variations in Fig. 12a—b cover interan-
rEeamenan iy ST I amnem s g 1R o e nual and decadal time scales up to 20 yr. The’S@fiations
(e) ) in Fig. 12c—d show a slight accumulation of spectral density
on longer time scales from 50 up to 130 years. Fig. 12e indi-
cates a statistical significant multi-decadal peak around 50—

but over the ACC (69-7C° S). (d) The same as iKc), but for the 69 yr periods in the ocean Ss_a"er the ACC region. Both, .
second EOF. (e) The same as(@), but for the Southern Pacific Figs. 11b and 12e deliver evidence of a remarkable multi-

region (20-60° S, 152 E-9C° W). (f) The same as ife), but for decf’:ldal variability in _th? ACC. . o
the second EOF. Figure 12 clearly indicates the generation of significant

oceanic low-frequency variability and surface temperature
fluctuations on the timescale of several decades in the
the SH ocean was subdivided into four domains, the SouthAntarctic Circumpolar Current region in this simplified cou-
ern Pacific, the Southern Atlantic, the Southern Indian Ocearpled atmosphere-ocean model. Some simulated peaks in the
and the ACC (the Southern Ocean), and the EOF analysipower spectra of oceanic variables coincide with dominant
has been applied to each of them. Here, we focus mainlffrequencies in the power spectra of the atmospheric vari-
on the ACC (a ring-like domain between6@nd 70 S) and  ables, especially for the time periods from about 15 to 35yr
we show the corresponding first and second EOF (Fig. 10c-with a maximum at about 20-25 yr.
d). For comparison, the same EOFs, but for the Southern
Pacific (152 E-9C W, 20°—60° S) are shown in Fig. 10e—f.
The spatial patterns resemble those ones in Fig. 10a—b. Thege Conclusions
regional EOFs show interesting differing spectral behaviour
explained in Fig. 12. A new simplified coupled atmosphere-ocean model with in-
Figure 11a—b display the power spectra of the first PC ofherent nonlinear dynamics has been developed aiming at the
the monthly-averaged geopotential heights over the Southerexamination of decadal and multi-decadal climate variabil-
Hemisphere and the SSdver the ACC region of the coupled ity over mid- and high SH latitudes, arising in the model,
model. At long time-scales, the ocean is directly forced byand of the role of atmosphere-ocean interaction in alter-
the wind stress, because the spectrum of atmospheric flucting and shaping it. By coupling the hemispheric quasi-
ations extend to low frequencies. Redistribution of variability geostrophic atmospheric model with horizontal resolution
towards long time-scales in the coupled model is clearly seefM21 to a global ocean circulation model with a resolution

180 180

180

Fig. 10. (a)First EOF of SST over the Southern Hemisphei®)
The same as i(a), but for the second EOFc) The same as i(a),
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Fig. 11. (a)Power spectrum for the monthly-averaged PC 1 of the geopotential height at 833 hPa model level for the coupled 8@) yr run.
The same as ifa) but for SST over the ACC(c) The same as itb) but for PC 2(d) The same as ifb) but for the Southern Pacific.

of 2° x 2° with simplified physics (the barotropic-baroclinic-  Due to the coupling, there is significant oceanic low-
interaction model BARBI), it was possible to simulate impor- frequency variability apparent in the SST anomaly (ST
tant qualitative aspects of large-scale atmospheric featuresme-variations and demonstrated in Figs. 10-12. The first
of the extra-tropical atmospheric processes in the SoutherEOF of the simulated SSEhows a similarity with observed
Hemisphere. The coupled model is able to reproduce qualpatterns (e.gDoney et al. 2003 2007). The spectral anal-
itative features of the first and the second EOF of 833 hPgysis of the temporal evolution of the dominant variability
geopotential height, but underestimates the variance by a fagatterns makes it clear that while the power spectra for the
tor 2 compared to NCEP data. atmosphere-only model are more white (Fig. 6a), the power
Qualitatively the variability patterns simulated by our sim- and wavelet spectra of atmospheric variables for the coupled
plified coupled model are in the wide range of teleconnectionmodel demonstrate more apparent red behaviour (Figs. 6b,
patterns simulated by complex state-of-the-art coupled circudla and 12a). Crucial to, thus, enhanced redness is the pa-
lation models. The first EOF of the simplified model is too rameterisation of interaction between the atmosphere and the
zonal and does not reproduce the position of the centre obcean.
action over the Pacific Ocean and its extension to the tropics Theoretically, the effect of reddening is described, e.g., by
visible in Fig. 6a, b and c. The agreement in the second EORallis (2010. The ocean acts as an integrator of variability on
between the simplified and the CMIP5 models is better. Theshort time scales, which leads to shifting of the maxima in the
geographical extension to the tropical Pacific is still miss-atmospheric spectra to low frequencies. Followlhgssel-
ing and could be a result of the applied quasi-geostrophianann(1976, Vallis (2010 characterises the reddening of the
approximation. Based on preliminary investigations with the atmospheric variability by the ocean as the null hypothesis
atmosphere-only model the variance of the simplified cou-for climate variability. The effect of reddening is obviously
pled model could be further increased using a higher atmopresent in our coupled model, as follows from Figs. 7a, b, 11a
spheric resolution. The transport properties of the Southerrand 12a. It was also detected that significant spectral peaks
Ocean circulation are in qualitative accord with the essen-are observed in the power spectra of oceanic variables, which
tial features of observations. The oceanic BARBI model suc-coincide with the dominant frequencies in the power spectra
cessfully simulated the wind-driven oceanic circulation in the of the atmospheric variables (cf. Figs. 11a, b, d). Particularly
SH. noteworthy are the time periods from about 15 to 35 yr with a
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maximum at about 20-25yr. Alséarneti and Vallig2009 cally the same. However, this is valid only for a certain range
reported an oscillation at about 20 yr. However, these authorsf ¢p-values and an inequaliyp # cq (see e.gliu et al,
used a three-dimensional atmosphere-ocean-land-ice globdB79 Gill, 1982 could be accounted for in the model, in
circulation model of intermediate complexity and associatean attempt to improve its “realism”. Further experimentation
the oscillation with the meridional overturning circulation with the model is challenging, especially as far as it regards
(MOC). The MOC in BARBI is poorly reproduced, since the atmospheric circulation regime behaviour dependent on
only the first density moment (baroclinic potential energy) is various model parameters, including the coupling constants
retained and so the vertical resolution is relatively low. In ad-cp andcy. The horizontal resolution of the atmospheric and
dition, our calculated power spectra show significant peakaceanic modules should be increased to be able to simulate
at time-periods around 50-60yr. For globally averaged bo-more realistic wind patterns and finer scale ocean circula-
real winter mean SST, a peak at approximately 64 yr periodion systems such as Humboldt Current and the overall cur-
was also found in numerical simulations Bypsteegh et al. rent system in the southeast Pacific @avila and Figueroa
(1998 who associated the peak with large scale variability 2007). Increasing vertical resolution in the atmospheric mod-
in the Southern Ocean. Time-periods of 15-30 and 65—70 yule and accounting for higher density moments in the oceanic
are indeed observed in the real ocean; some evidence comesodule would also increase the realism of the simulations
from the frequency analysis of proxy datddntug 2002. with the coupled model.

In this study, it was assumed that the momentum and heat The atmosphere-ocean system constitutes the fundamen-
exchange coefficientsy andcy) in Egs. (1) and @) are basi-  tal subsystem of the Earth climate system, and this offers
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an opportunity of basic research of the climate variabil- 0.3921, which ensures an accurate description of large-scale
ity with the use of simplified coupled atmosphere-oceanwave propagation in BARBI@Ibers and Eder2003. Co-
models. Among these models our model fills the gap be-efficientsA;, =20000n?s ! and K;, = 1000 nf s~ ! stand
tween the models of so-called intermediate complexity, butfor a large-scale momentum diffusivity and a turbulent heat
with GCM-flavour (e.g.Farneti and Vallis2009 and sim-  (salt) diffusivity, respectively, based on the isopycnal pa-
plified low-order box climate models (e.Roebbey 1995. rameterisation of meso-scale oceanic eddy effect&bgt

The presented results contribute to a better understanding aind McWilliams(1990. The dissipation coefficient of is

the origin of internally generated climate variability in the p© =1.5x 107191 (4~ ~ 222yp.

atmosphere-ocean system.

Appendix B
Appendix A
Thermal coupling

BARBI model
The thermal coupling is applied to the atmosphere only. As

BARBI can be summarised by the set of equations (cf. Olberdollows from Eqg. @) and discussion in Sect. 2.5, it is de-

and Eden, 2003): scribed with a linear forcing term proportional to SST
SAT'. By the hydrostatic law and for a standard temperature
iv. <}V\p> +J <q; i) =7 <E E) lapse rate, SATis related to the air temperature deviations
at h h h from corresponding ocean basin-averaged values at the aux-

1 2 cppa Vsl 1 iliary model levels 333 and 667 hPa: SA¥ 1.080 T34, ~
H ARV <—V ' V®\p) * 00 v (ZV%> (A1) 1.234 T/, (for the same longitude and latitude). It is further
used that two thirds of the incoming heat is spent on warm-
) ing of the lower half of the atmosphere (mean level 667 hPa),

JE E N2 h? gy . :
—4hJ(V, =) =—J|Wv, — and the remaining one third goes to its upper half (mean level

at " h? 3 2 333hPa). In the prognostic equations Tk, and T (dou-
2 ble primes denote deviations from hemisphere-averaged val-
+?V -u* + K, V?E — L E, (A2) ues) it corresponds to an additional linear forcing term with

a relaxation time-scale of 20 and 35 days, correspondingly.
The forcing is applied to those grid points of the atmospheric

iu* + fkxu*= _} (VE* — hZVE> (A3) model which are above ocean grid points. Otherwise, it is
dt ) 3 set to zero. A systematic error, arising from a difference be-
LA V2 h* cppa [Vspdflatex ExV tween the hemispheric-wide and the ocean-basin-wide aver-
avVu 3 (k x V). : 1" / 1 /
00 age (in generall g, # Tgeo Tags # T339), S€E AlS0 Sect. 2.5,

is compensated by the applied fine-tuning of GS3LM during

. 0 .
Here, h is the ocean depthE = /=, ¢ (p/po) zdz is the  he 8000 day period:; see Sect. 3.1.
potential energy referred to the sea surface leveD and To parameterise SSTwe use the formula

scaled by a constant reference dengity= 1035 kgnt3;

p is the density deviation from a mean background profile , _56E BS
of density, g is the acceleration due to gravity anebxis S8~ agh? o
is directed upward. Mean background stratification is de-

scribed by the Brunt-isala frequencyN. This is taken as Here« is the constant coefficient of seawater thermal ex-
being constant in this study and we usle=0.0026 s%. pansion 8 is the constant coefficient of seawater haline con-
In Eq. (Al), ¥ is the streamfunction of the barotropic traction, andS is the deviation of near surface salinity from

its basin-averaged value; other notations see in Appendix A.

Equation (B1) stems from an assumption of the quadratic de-
pendence on depth of the seawater density and of vanishing
of the vertical density gradient at the sea bottom. Substituting

these parabolic density profiles infbandE* ~ 0.3921/4°E

he Corioli N . in th | . (see, Appendix A) leads to a set of two equations to deter-
the Coriolis parameter. Notations in the two last terms in . 1o s\ rface density anomaly for a givERvalue. A

Egs. (A1) and (A3), which are pertinent to the atmOSphere'positive (negative) anomaly d@f recasts in terms of a nega-

OI(': ean |n|tergct|on, are e_xplglned Ezthe rgal'rol\éex_t. Lh?_ bEgo'tive (positive) surface density anomaly, beca#fse referred
clinic velocity moment in Egs. (A2) and (A3) is define to the levelz =0 and the sea depthis ascribed negative

0 2 e . .
by u* = [, (u—U/h)z%dz. To close Egs. (A1)-(A3) itis  yajues. Afterwards a linear equation of state for seawater
used thaE* = ff’hg (p/po) 22dz =y h?E,y =1-6/7%~ s used to obtain Eq. (B1). Alternative parameterizations of

(B1)

flux velocity U = f_ohudz, whereu is the (total) horizon-
tal velocity; V is the horizontal Nabla—operatcﬁ,é =hV.
(h=1Vv) is similar to the Laplaciarv?, but modified by the
depth# in order to ensure positive definiteness of the vis-
cous dissipation functionj denotes the Jacobian arfdis
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the vertical density profile lead essentially to the same for-Doney, S. C., Yeager, S., Danabasoglu, G., Large, W. G., and
mula (B1) but with somewhat differing coefficients before = McWilliams, J. C.: Modeling global oceanic inter-annual vari-
E. However, keeping in mind all schematics of our coupled ability (1958-1997): Simulation design and model-data evalua-
model, Eq. (B1) is used in the study. It is also used that the tion, NCAR Tech. Note, NCAR/TN-452+STR, National Center
impact of salinity on the water density is generally of op- for Atmospheric Research, Boulder, Colorado, 48 pp., 2003.
posite sign to that of the temperature, and in the Souther?°"®Y: S- C., Yeager, S., Danabasoglu, G., Large, W. G., and

. . . .= McWilliams, J. C.: Mechanisms governing interannual variabil-
Ocean these two effects hold in proportion 1:3 or even 1:5 ity of upper-ocean temperature in a global hindcast simulation,

(Levitus and Boyer1994. In a practical realisation of the J. Phys. Oceanogr., 37, 1918—1938, 2007.

model, the second right-hand side term in Eq. (B1) is omit-pynne, 3. P, John, J., Adcroft, A., Griffies, S. M., Hallberg,

ted, but instead a reduction factor, 0.7, is introduced before R, w., Shevliakova, E., Stouffer, R. J., Cooke, W. F., Dunne,

« in the denominator of the first right-hand-side term in this K. A., Harrison, M. J., Krasting, J. P., Malyshev, S. P., Milly,

equation. C. D, Phillipps, P., Sentman, L. T., Samuels, B. L., Spelman,
M. J., Winton, M., Wittenberg, A. T., and Zadeh, N.: GFDL's
ESM2 global coupled climate-carbon Earth System Models Part
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