Atlantic pycnocline theory scrutinized using a coupled clnate model
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Simulations with changed Southern Ocean wind-stresspozea G99 identifies four essential mechanisms controlling thgniza
vertical mixing, surface freshwater forcing and globalmarg con-  tude of the overturning circulation. These processes aseried
firm the basic equations of tH@nanadesikan [1999] theory: one through a verticallsca_llé), identified as the_o_ce_anic pycn_ocline
vertical scale, the pycnocline depfh contributes inversely propor- 4€Pth- The upwelling in the S@uy has its origin in predominant
tional to low-latitudinal upwelling and linearly to SoutimeOcean westerly winds and the zonal ocean band at the latitude dbtake

. . S . Passage. A scaling of this Drake Passage effect shows ro dige
eddy transport. The maximum Atlantic overturning is conécm endence on stratification in the SO and is therefore pasined

to be quadratic inD but is also shown to be linear in a meridionakg pe independent ab.

density differencedp. Our simulations strongly suggest that the Several approaches exist which estimate the amount of -north
theory needs to be complemented by a dynamical equatioffor ward volume transport y, either employing boundary layer the-
since changes in both and Ap are significant and mutually inde- ory [Gnanadesikan, 1999] or geostrophic balanc®rlyan, 1987;
pendent. While, under global warmirig varies strongly and\p ~Marotzke, 1997;Johnson and Marshall, 2002] to describe the sink-

is practically constant, the situation is reversed forratlesurface Nd rate or maximum overturning, which are indentified irston-
freshwater fluxes. Similarily, variations in the meridibtength ceptual framework. In principle, these different studigeea on the

scale of Southern Ocean outcropping require a dynamicaitiou obtained scaling for the overturning strength
in order to capture Fhe fur_ldamental behaviour of the Attami@rid- my = Cn-Ap-D?. )
ional overturning circulation.

In G99, C is a constant which comprises geometry and bound-
ary layer structure, and p is a meridional density difference. The
1. Introduction quadratic dependency of the northward flowDrarises from ver-
) tical integration and the representation of the meridigraksure
The Atlantic meridional overturning circulation (AMOC)apls  difference asD) - Ap.
a fundamental role for global climateVdllinga and \Wbod, The third process inherent in G99 is upwelling in low latiésd
2002, 2007]. In its conceptual understanding, two qualit dif- my described by a vertical advection-diffusion balanideifik and
ferent approaches have been undertaken. On the one 8and, Wunsch, 1998] which yields
mel [1961] stresses the importance of an oceanic meridional den
sity differenceAp, that controls the North Atlantic Deep Water my = Cy - = . 2)
(NADW) formation and thereby the AMOC strength. In this con- D

text, Rahmstorf [1996] finds a linear relation between NADW for- . . . . .
mation and the meridional density difference in a globakooeir- The constanCy is associated with the effective upwelling area

culation model. A scaling of this sinking procesgryan, 1987] and x denotes the average vertical diffusivity. Eddies _con'tﬂbu

indicates that such a linear flow law would only hold, if theera 0 the large scale advection of tracers and a parametenzaom

of northern sinking was independent of a vertical scaledgpt Gent and McWiliams [1990](GM90) provides an additional eddy-

the pycnocline. Other simulations with ocean general aitean  induced tracer transpoit z linear in D

models (OGCM) confirm this linearity (egHughes and Weaver

[1994]; Griesel and Morales-Maqueda [2006]; Schewe and Lever- mg = Cg - D ) 3)

mann [2009]) and therefore reinforce the view of a stable pycimecl L,

depth. On the other hand, focussing on processes in the -South ) ) ) ]

ern Ocean (SO)Gnanadesikan [1999](G99 hereafter) presentedThe proportionality constar’s comprises geometry and a thick-

a framework, which directly links the strength of the ovening ness diffusion coefficient. Potential energy for eddy thduired

rate to the pycnocline deptP. This idealized model, which has transport is provided by outcropping isopycnals in the S@seh

been used as a paradigm for the meridional overturninglaetion  slopeD/L, is determined by its meridional exteht,.

[Kamenkovich and Sarachik, 2004; Marzeion and Drange, 2006;

Johnson et al., 2007], solely allowed for variations in the universal .

pycnocline depttD, but kept the meridional density differendgy ~ 2- Model and Experiments

as an external parameter. Each of the two approaches emgbasi . . . .

different oceanic property whose variations are assumedritrol In order to investigate the processes included in the G9%inod

the overturning strength. Here we investigate variatidimth the ~€Xperiments were carried out with changed SO wind stresticak

density difference p and the pycnocline depth by use of a vari- diffusivity, anomalous surface freshwater fluxes and dlotm-

ety of experimental set-ups. We find that the idealized moti8b9 ing scenarios. All results are based on simulation with tloeleh

is an appropriate description for the large-scale oceardalation, of intermediate complexity CLIMBER« [Montoya et al., 2005].

but has to be extended by the dynamicg\gf. The oceanic component (based on the MOM-3 GFDL code) has
a horizontal resolution 08.75° x 3.75° and 24 variably spaced
vertical levels. The influence of baroclinic eddies on tracans-

LEarth System Analysis, Potsdam Institute for Climate Inipac po_rt IS |nclu_ded_v_|a the para2meter|zat|on of GM90 with a ¢ant
Research, Potsdam, Germany thickness diffusivity o250 m~/s. _ _
2Institute of Physics, Potsdam University, Potsdam, Geyman T_he T'rSt group qf expe_rlments (denoted ?(;Dcomprlse_s five

equilibrium simulations withl, 2, 4,8 and 16 times the preindus-
trial CO; concentration of 280ppm (describedLliavermann et al.

Copyright 2009 by the American Geophysical Union. [2007]). Another set of steady state experiments (‘fwijgstigates
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between30° N — 50° N, analoguous tdevermann and Griesel changes in surface freshwater flux, in SO wind stress andablob
[2004]. Experiments with equivalent freshwater fluxe®df 0.2, warming have a constant vertical diffusivity@f - 10~*m?/s and

0.3 and0, 35 Sv were carried out. The third set of experimentgonfirm the inverse proportionality between, and D (fig. 1).
(tau’) varied the zonal wind stress in the SO by multiplioatwith ~ The theoretical curve (solid line) is obtained with a constfec-
afactora = 0.5, 1.0, 1.5 and2in the latitudinal band betwe@° §  tiv horizontal upwelling area of.45 - 10°km” which completely
and71.25°S as first suggested bioggweiler and Samuels [1995] ~ determines equation (2). By applying the same area vansiio

and used to investigate the relation between density diffees and /© @€ equally well captured by the theory (dashed curves). The

: fact that the effective area exceeds the surface area oftthetié
Drake Passage effect in CLIMBERx3y Schewe and Levermann b . ;
[2009]. For tghe last set of equilibriur)r/1 runs (diff’), the nal Ocean is likely due to spurious upwelling along the contiakn

background diffusivitys is varied from0.3, 0.4 t0 1.0 - 10~ *m?/s Pnooudn:llg rﬁ(gf]ngh(;%g]'s amodel artefact observed in coarséutem

[Mignot et al., 2006].

Most experiments are closely linked to one of the transport
mechanisms in G99. Changing has an immediate effect on
low-latitudinal upwelling my, while the fwf-experiments alter
the meridional density gradient in the North Atlantic. Tlaeit

experiments change the magnitude of the Ekman transpohiein t 12]2 ¢
SO, which also influences the local eddy activitya[lberg and
Gnanadesikan, 2006]. In contrast to these experiments, the;€O = 10 °
experiments cause a global warming which affects the oceaany @, ¢
aspects. Thus, they are suitable to study the theory in amap- 5 8
sive way. F
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Figure 1. Low-latitudinal upw_elling_mU is inversgly propor- 2 co2
tional to D. The symbols define different experiment groups 0 ‘ ‘
with CLIMBER-3«, showing large variations ifv. The exper- 0 0.005 0.01 0.015

iments with the standard vertical diffusivity 6f3 - 10™*m?/s Geometry factor D/Ly [-]
follow the theoretic prediction. Variation in vertical flision

coefficents (red dots) confirm the theoretical scaling (dashed | )
lines). Figure 2. The eddy-induced transpoftz from GM90 approx-

imation as a function o does not show linearity (a). Consid-
ering the meridional extent of the outcropping region(b) the
theoretic approach is confirmed in CLIMBERe.

3. Low-latitudinal upwelling and SO eddy flux
The eddy-induced return flownr defined here as the maxi-

According to G99, low-latitudinal upwellingny is inversely mum of the negative eddy stream function in the S&6 — 0°,
proportional and eddy-induced transpori; directly proportional 200 — 2 000 m) does not exhibit the linear behaviourin(fig. 2a)
the pycnocline depti. Following the definition irGnanadesikan  as could be expected from equation (3) for constantand Ck.
et al. [2007] (with horizontal integration betwee&0°W — 0° and ~ The largest discrepancy appears in the warming and SO wind ex
20°S — 20°N), the performed experiments with CLIMBERx3 periments. This is due to variations in the meridional larggtale
span an interval oD € [750m, 1250m] (fig. 1). At this depth the for outcroppingL,. The experiments collapse onto a straight line
vertical resolution of the model is abo20 1, which means that (fig. 2b), when the meridional extent of the outcropping oegi

three model layers are covered. SinRes determined from the dLy is_ttaketglg)ionéo ?‘;ﬁou(;'t' tlr? grd_lc_ar:_to deﬁt’ﬁ@' we getermtinebth_e ‘
e-fold depth of an exponential fit to the vertical density defive ensity a at the dep - [ NIS position IS chosen 1o beé Jus

obtain continuous values d which are influenced by the whole north of the outcropping region but close enough to assiatethie

A hige - : corresponding isopycnal does indeed outcrop in the/3Qs then
column. For this reason the variations in the pycnoclinetiiép defineg as thg me%ional distance between tFI)1e crossing i+

are significant in the considered experiments, despite Weefis cific jsopycnal at50 m and80m. Values forL, group around
coarse resolution. ) _ ) ) 1.6 - 10°m with small deviations, except for the wind and warming

The low latitudinal upwellingny is obtained as the difference experiments. For example, a doubling of SO wind stress halve
between the maximum of the Atlantic stream function in th&tho L,,, which can be explained by an increased Ekman tranpsort from
Atlantic (20°N — 70° N and400 — 5000 m) and the SO outflow the south compressing the outcropping isopycriadsdwe and Lev-
(maximum of stream function &80°S). The experiments with ermann, 2009].



4. Northern Sinking face freshwater forcing only change the meridional dernpiaglient
keepingD constant.

The scaling for the northern sinkingey (equation (1)) de-
pends on variations itD and Ap. The meridional density dif-
ferenceAp is computed between regions along the Western Bound-
ary of the American coast7(°W — 50°W, 35° N — 45° N) and
(45°W — 20°E,35°S — 35°N) at a depth oB00m. Figure 3
shows that both quantities are relevant for the volume pars
The CG experiments, for example, result in strong variation®in
while the meridional density difference is relatively ctarg. The
situation is reversed in the freshwater experiments, whidtibit
almost no change i, but strong variations id\p. SO wind ex-
periments yield variations in both quantities. Thus, theeziment
type is decisive for the respective role Bfor Ap and neither can
be neglected.

Defining northern sinkingn x as the maximum of the Atlantic 5 ‘ ‘
stream function in the same region as above, reveals a dahbr s 0 0.2 0.4 0.6
ing with Ap - D? (fig. 4) for all experiments. Slight discrepancies Ap [D? [10° kg/m]
can be attributed to pOSSib'e variations in the coefficiért that Figure 4. The northern Sinkian is depicted as a function of
comprises, for example, the geometry of the volume transpde the combined expressiahp - D?. Various equilibrium experi-
find a smallm x-offset of about 5 Sv. This is partly due to a re- ments in CLIMBER3« confirm a linear dependency, which is
circulation in the Mediterranean-3Sv, not shown) which is not  Predicted by theory.
controlled by the described processes and spurious upgeitithe

boundary and over rough topographyarig, 2003; Mignot et al., Our simulations thus suggest that the seemingly contragict
2006]. Figure 4 is robust to changes in definition’s. approaches of a dominant influence of the meridional deuffity
ferenceStommel [1961]; Rahmstorf [1996] as opposed to the verti-
cal density structur€&nanadesikan [1999] can be consolidated by
implication of a dynamical equation for the meridional dgndif-
i i ference in the North Atlantic as suggestedlblinson et al. [2007].
diff | Note however the special role of the eddy return flow. While SO
fwf eddies have been reported to transport large amounts ofheat
* tau salinity [Naveira-Garabato et al., 2007] it is not clear whether sur-
face wind-driven upwelling, i.e. actual large scale watelume
co2 transport, can be compensated by a net eddy-induced dolimyvel
T 1000 . | The applicability of the G99 theory to a situation withoutakitic
= ° . overturning ("off-state") is therefore questionable.
o Our simulations show furthermore that the behaviour of tiye
900 A @ 1 return flow can only be consolidated with the simple paranete
A A tion when taking changes in the horizontal scale for the SGrop-
800 | ping L, into account. lIts variations require a dynamical equation.
¢ One possibility could be the introduction of a meridionahsiéy
difference in the S@Q\pso. The eddy-induced tracer transpotiz
7000 02 o4 0.6 could then be parameterized as

Ap [SV]

Figure 3. Scatter plot ofD and Ap for all experiments con-
ducted with CLIMBER3ca. There are experiment sets which This equation is compatible with heat and salinity advects in
only show variations inD (CO:) or in Ap (fwf). The wind [Johnson et al., 2007] and represents the baroclinic instability in a
experiments (tau) in turn exhibit variations in both vakésb similar fashion a$.
In summary, our simulations confirm the approactGmanade-
sikan [1999], but suggest a generalization by two additional dyna
ical equations for\p and L,,.
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