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Abstract The Atlantic meridional overturning is dominated
by two cells which might be associated with North Atlantic
Deep Water (NADW) and Antarctic Bottom Water (AABW).
On long time scales, both cells require some process which
provides potential energy for the flow. While it is still unde £
discussion whether in case of the upper cell (NADW) this £ s
energy is provided by turbulent mixing or Southern Ocean
surface wind stress, we argue that in case of the bottom cell, <00
turbulent mixing is the main driver. B
We exploit the fact that strong mixing between NADW 8000
and AABW has been observed in both hemispheres and that . N
on their southward path branches of upper and bottom cells o
merge along the western boundary. We argue that density — [~ - —
differences within the southward branch of the bottom cell,
which are necessary to sustain a western boundary currenf'| -
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on long time scales, arise mainly from mixing with relativel r
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light water of northern origin. H| =] oy 0
As a result we obtain scaling relations for the depen- M v "
dence of strength and vertical extent of the bottom water o
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cell on the amount of NADW and the density difference  *%

35
Apg between inflowing AABW from the south and inflow-
ing NADW from the north. The bottom cell’s volume trans- Fig. 1 Zonally averaged view of Atlantic circulation. Panel a: aty
port increases with both the strength of the upper cell anﬂ‘te(gfated Stfegm fl)mctir?n of preilnduzt#al equilibr]i(ufrﬁkclel\:lrgERl-

. . it . _ 3a (see appendix B) with contour line differences of 1-5¢ s .
density differencel ps. Counter lntUIjtlver, the vertical ex Panel b: Conceptual configuration for the scaling constaera Vol-
tent Of the bOttom Ce” decreases fOI’ |ncreas|ng VO|UmSEran ume transport (Sohd arrows) advects dens|ty |n the uprk(mé and
port, which might be relevant for the interpretation of male the bottom cell (M). Mixing along the southward flow ) decreases
climatic data. The scaling relations are supported by simul the density of water of Antarctic origin. Mixing within theotiom

. . : . cell y creates a density difference between dense inflowiags) and
tions \_Nlth the coupled Cllmate mOd_el CLlMBEFaaNh!Ch relatively light out-flowing bottom waterno) and leads to upwelling
contains a coarse resolution oceanic general circulatmei within the overturning cell. The vertical extent of the s denoted

by h and H, respectively.
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1 Introduction care. However, in a latitude-depth view of the flow field,
one can clearly distinguish two overturning cells in theflee
The abyssal ocean is referred to as the water below the ma#tlantic: the waters of Antarctic origin (AABW) flowing
thermocline, i.e. below a depth of about 1000m. In spite ofhorthward along the bottom and returning southward roughly
its huge volume, our general understanding of its circotati between 2500 and 4000m depth, and the waters of North
remains incomplete. North Atlantic Deep Water (NADW) Atlantic origin, sinking in high northern latitudes and pro
and Antarctic Bottom Water (AABW) are the dominant wa- agating southward around 1000-2500m depth. In this paper,
ter masses of the deep Atlantic circulation. AABW is a coldwe will deviate from the notation of the majority of obser-
and fresh water mass of very high density. In the Atlanticvational literature by denoting NADW only the southward
Ocean, it is comprised of Weddel Sea Deep Water, which ibranch of the upper overturning cell, i.e. the water of North
formed in the Southern Ocean around the Antartic continentlantic origin. We will use the term AABW to refer to
and recirculating lower Circumpolar Deep Water, which enthe bottom waters entering the Atlantic from the south. The
ters the Atlantic via the Drake Passage. It circulates belowouthward branch of the bottom overturning cell, does not
4000m depth and proceeds on its way northward through laave a clear notation in this paper but we will not refer to it
number of deep basins connected by channels through fraas NADW nor lower NADW even though this is often done
ture zones at depths of typically 4200m to 4500m. Along itsin observational literature. The reason is that for theudisc
path, it encounters the southward flowing NADW, which ission in this paper it is important to distinguish the two sell
warmer and more saline. The latter is formed in the Norttby their origin as opposed to their properties.
Atlantic basin and flows southward below 2000m along the  Both proxy data (Adkins et al 2002) and modeling re-
western continental slope. As a result of its higher densitysults (Ganopolski et al 1998; Kitoh et al 2001; Hewitt et al
AABW is generally found below NADW. 2001; Shin et al 2003; Otto-Bliesner et al 2007) suggest that
Interaction between NADW and AABW is crucial for a during the last glacial maximum, NADW was shallower and
fundamental understanding of the role and stability of thighat the vertical extent of the bottom cell in the Atlantislma
circulation both in past (Boyle and Keigwin 1982; Curry was larger than at present. While the formation of AABW
et al 1988; Rahmstorf 2002) and future climate (Broeckenear the Antarctic coast seems to have been rather constant
et al 1999; Hattermann and Levermann 2009). The oceani®uplessy et al 1988; Broecker et al 1990), it remains un-
uptake and transport of nutrients and greenhouse gases alear how AABW was distributed to the ocean basins. In
prominently determined by the formation of deep water angbarticular, no information exists on the relative strength
its circulation in the different ocean basins (Ganachautl anAtlantic and Indo-Pacific AABW. Concerning present cli-
Wunsch 2002). mate, first attempts to investigate variability of AABW flow
Because of its complex path through topography, thénto the Atlantic from data (e.g. (Hall et al 1997) and (Lime-
core of northward AABW is not generally situated beneathourner et al 2005)) do not allow to draw clear conclusions
the southward flow of NADW. In particular, Murray and for longer timescales.
Reason (1999) showed that the existence of deep topographic Using forced oceanic general circulation models (OGCM),
channels, which are not always properly resolved in model§oodman (1998) and Brix and Gerdes (2003) linked global
in spite of their considerable impact on motion and temperAABW to NADW via an interaction with the Antarctic Cir-
ature of bottom waters, allow AABW to infiltrate basins re- cumpolar Current (ACC). England (1993) suggested that the
mote from its source without excessive dilution. Still, ebs interbasin exchange of NADW is controlled by AABW. Ka-
vations show that through mixing, AABW is a major con- menkovich and Goodman (2000) examined the sensitivity to
tributor to lower NADW (Luyten et al 1993) shifting it to- vertical diffusivity specifically for AABW entering the At-
wards higher density as it moves southward in the South Atlantic. In their theoretical interpretation of the simidais
lantic (Reid 1989). Similarly AABW is reported to become they used the ad-hoc assumption that a shoaling of the up-
warmer and more saline on its path northward (Sloyan anger cell is accompanied by an increase in vertical extent of
Rintoul 2000) and strong mixing of the two in the Brazil the bottom cell, such that the sum of the vertical extent of
Basin (Sloyan and Rintoul 2000), around the equator (Rheiboth cells is constant. They found that both cells increased
etal 1998) and in the western North Atlantic (Mauritzen et alin strength for increasing vertical diffusivity, while tiver-
2002) has been observed. tical extent of the bottom cell decreased.

Almost 30 years ago, Whitehead and Worthington (1982) Here we propose that mixing with NADW provides the
noted that water of Antarctic origin is modified by mixing energy source to sustain the Atlantic bottom overturnitig ce
with North Atlantic Deep Water already well south of the (section 2). On this basis and the assumption that the re-
equator. Similarly, properties of NADW formed in north- turn flow of the overturning cells is predominately a west-
ern high latitudes are constantly evolving along their pattern boundary current, we derive scaling relations that link
and one should thus use the terms AABW and NADW withstrength and vertical extent of the Atlantic bottom cellhe t



strength of NADW (section 3). Note that this study does nothie et al (2000); Weatherly et al (2000), figure 2). - a fact
tackle the mechanisms of AABW production nor that of thethat we will use to derive scaling relations between the two
global strength of AABW, but merely addresses the queseells. In section 3, we will thus mainly exploit the follovgn
tion of how much AABW of a given density can sustain atwo assumptions:

bottom overturning cell in the Atlantic. In section 4, thalsc
ing relations are compared to simulations with the couple
ocean-atmosphere-sea-ice model of intermediate comple>§
ity CLIMBER-3a, which contains an oceanic general cir- =
culation model with 375° horizontal resolution and 24 ver-
tical levels. A detailed description of the model is given in
appendix B and by Montoya et al (2005). Sensitivity experBoth statements are based on observations as we argued
iments with respect to Southern Ocean wind stress (Schevie the introduction. Though mixing between AABW and
and Levermann 2009), vertical diffusivity (Mignotetal B)0 NADW has been reported in the whole Atlantic it is not nec-
Atlantic surface freshwater flux (Levermann et al 2005) andessarily stongest along the western boundary (Rhein et al
atmospheric C@concentrations (Levermann et al 2007) hav&998; Sloyan and Rintoul 2000; Mauritzen et al 2002). Note
been carried out as well as an integration with glacial beundthat it is not necessary for the upcoming scaling relations
ary conditions (Montoya and Levermann 2008) that mixing takes place everywhere within the return flow
of the bottom cell. We will assume, however, that mixing

is stronger for increased inflow of either of the two water
masses, NADW and AABW.

From an energetic perspective it is clear that a deep merid-
ional overturning circulation can only be sustained if some L=
process provides the necessary potential energy for the up-
welling within the cell (Sandstrém 1908; Kuhlbrodt 2008). 1000
Otherwise the deep ocean would fill up with dense water
(through, for example, deep water formation processe®inth %
Nordic Seas or around Antarctica) without an energetic rea-
son for the water to upwell and close the overturning loop.
This concept has been widely accepted for the upper cell

d1. Energy to sustain the bottom overturning cell in the At-
lantic is provided through mixing with NADW

NADW and the southward branch of the bottom cell
form a deep Western Boundary Current in most of the
Atlantic basin

2 Energy sourcefor sustaining the bottom cell

DEPTH (

of NADW. It is however equally true for the bottom cell 4000
(Kuhlbrodt et al 2007).

The upper cell in the Atlantic is in direct contact with E—— oo ey o
the ocean surface. Thus atmospheric fluxes play a domi-

nantrole in determining its properties. Whether potetial Fig. _2 Zongl cross_-_se_ction _of the_northward velocity field afs_(bf
erqyispredominantely provided by turbulent mixing (Munk P13 SO, Smeion of CLMBERGS (e St
and Wunsch 1998; Wunsch and Ferrari 2004) or the largey 1cms-1). NADW and the return branch of the bottom cell flow south-
scale divergence of Southern Ocean winds in combinatioward in a WBC.
with topographic feature of Drake Passage (Toggweiler and
Samuels 1998) is still under debate (Kuhlbrodt et al 2007).

The bottom cell is lacking such atmospheric forcing. Still,
density gradients are necessary to maintain the flow. On the
bases of observations as described in the introduction, W@ Scaling relations
argue here that the necessary energy to sustain the bottom
cellis provided by mixing with surrounding water, in partic Figure 1b depicts the conceptual configuration that is meant
ular water of North Atlantic origin. In other words, mixing to mimic interaction of the two overturning cells and that is
provides the buoyancy necessary for the waters of Antarctithe basis for the following scaling arguments. Volume trans
origin to upwell along their Atlantic path. port of the upper cell is denoted by and that of the bot-

While the northward flow of AABW in the Atlantic is tom cell byM. The dominant physical processes included
confined to bottom topography, the southward branch of thare the advection of density by the cells as well as mixing
bottom cell returns mainly above topographic features. Obwithin the bottom cell and between both overturning cells.
servations show that together with the southward branch dfiote that for the sake of clarity we neglect diapycnal mix-
the upper (NADW) cell it flows predominately as a west-ing within the NADW cell. Observations show that verti-
ern boundary current (WBC) (Molinari et al (1992); Sme-cal mixing in the pycnocline is indeed small in the Atlantic



(Moum and Osborn 1986; Ledwell et al 1993; Oakey etal 6
1994; Gregg et al 2003). Consequently the corresponding —
upwelling within the Atlantic basin should be small.

k=15-10"*m%s

a
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3.1 Scaling relations for the bottom cell

In the following we will explore the two hypothesis phrased
in section 2. Near the western boundary the momentum bal-
ance equation reduces to

1 po- 02V = dyp,
whereu andpg = 10° kg- m~3 are eddy viscosity and refer-
ence density of the ocean, respectiv@yenotes the pres- 0

sure ands the meridional velocity. Integration over a verti- 1000 1500 2000 2500 3000

: bottom cell vertical extension H (m)
cal plane crossing the southward branch of the bottom cell. _ .
Fig. 3 Volume transport of Atlantic reverse bottom overturning aes
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k=0.3-10"*m%s

bottom cell volurcrge transport (S

at, say 35S, yields a scaling for its volume transport a function of its vertical extent for different values of thertical diffu-
D3.H sivity (k increases in steps of D 104 m? s~1). A direct consequence

M= -0yp of the southward flow being a WBC in most of the Atlantic bagiatt
H-po obeys a vertical balance of advection and diffusion is thatvolume

whereH is the vertical extent of the bottom return flow and transport of the bottom cell decreases with increasingoatrextent.

_ 1/3 ; P Numerical values are obtained by comparison with the sitima in
D = (u/B)™, the width of the frictional boundary layer, section 4 and are given in table 1. The red curve correspantiset

is given by eddy viscosity and the north-south gradient ofaiue k = 104 m? s used for comparison with the simulations in
the Coriolis parametef (Munk 1950). In the horizontal section 4.

plane at the center of the overturning cell, the meridional
pressure gradient vanishes consistent with the absence of a

meridional flow. We can therefore relate the meridional presintg the Atlantic and the southward return flow along the

sure gradient to the mean density gradient throdgh= " \yestern boundary do not lie on top of each other (figure 2).
g-H-9gyp, whereg is given by gravity. The corresponding vyet, despite the complicated path of AABW along bottom
scaling yields topography, observations show strong mixing between the
M=K.- -H?2. (PB — Pb) (1) twowater masses (section 1). Similar expressions were used

. B . by Kamenkovich and Goodman (2000) for the bottom cell
with K =g/ (BpoL) andL the mendl_o_nal extent of the bot- and for mixing through the pycnocline by Gnanadesikan ().999
tom cell. pg andp, denote the densities at the northern ar_wdm this advection-diffusion balancegog denotes the density
southern end of the southward branch of the bottom cell (figg ¢ 1,0 inflowing AABW (compare figure 1by,— K -L- D is

ure 1b). Similar equations have been obtained in the framea- constant given by geometry and the vertical mixing coef-
work 9f boundary layer theory (Munk 1950) gnd have beer o K; Opp is the scale of a vertical density difference.
used in zonally averaged ocean models (Wright et al 19983, e density balance equation for the inflowing branch

as well as conceptual models of the overturning (Stommeéf AABW we find immediately thapsos — pg — 300 Which
1961; Rahmstorf 1996; Gnanadesikan 1999). eliminatespg from the problem

. Further SC"?‘"’?g can be obtained from the vertical den- Thus the assumption that the return flow of the bottom
sity balance within the bottom cell. Near the ocean bottom, . . . . . .
. o L tellis predominantely a WBC (equation 1) in vertical adi@tt
vertical mixing of temperature and salinity is enhanced due,... . . . .
e iffusion balance (equation 2) leads to an expression $or it
to rough topography and reduced stratification (Toole et a\ﬁjolume transport as a function of its vertical extent
1994; Polzin et al 1997; Ledwell et al 2000; Moum et al P
2002). In equilibrium the downward buoyancy transport by v H3
mixing within the cell has to be balanced by upward advecM = R 3)

3_H43
tion. Thus integration of the tracer equation along a hori- H®—=Hp
zontal plane in the center of the bottom cell yields asecon@iigure 3 showsM as a function o for different values

expression for the volume transpdit of vertical diffusivity k. In contrast to a WBC with negligi-
. PsoB— Po ble upwelling within the cell, vertical extent of the bottom
Opo-M=y ——— (2) L :
H cell decreases with increasing volume transport. Note that

We give a detailed derivation of this relation in appendix A.from equation (3)H is bound from below and can not be
Note that we are aware that the northward inflow of AABW smaller tharHo = (y/ (K - 3p0))Y/3, i.e. a minimum extent



of the bottom cell is imposed by the assumptions made i13.3 Structure of solutions
section 2.
Let us discuss the structure of solutions of equation (6) by
considering two idealized situations in which one of the two
3.2 Scaling relations between the cells external quantitiesm and Apg, are kept constant, respec-
tively. The upper panel of figure 4 shows solutions of equa-
The existence of a sustained bottom overturning cell detion (6) for different fixed values of NADW volume trans-
mands the existence of a process that transforms the inaigpw@ortm. An increase im pg enhanced p and thus the diffu-
dense bottom watepgog into lighter out-flowing water of — sive buoyancy flux between the cells. Consequently, volume
density p,. As we argued on the basis of observations intransport of the bottom cell intensifies with increasihgs.
section 2 the necessary potential energy is provided predori its lower panel figure 4 shows the solutions for constant
inantly by density exchange between the southward flow4pg. With increasing strength of the upper cel] volume
ing branch of the two cells (McCartney and Talley 1984:transportof the bottom cell also intensifies. This is dudeo t
Rhein et al 1998; Sloyan and Rintoul 2000; Laurent et afact that the meridional density gradient within the bottom
2001). The exchange is determined by their mutual densitgell is increased through enhanced mixing with NADW.
differenceAp = pp — pp and the mixing coefficienf = This process is saturated in the limit of strong NADW
k -L-D/& wheres is the penetration depth of the mixing. (M — ). In this case of infinite advection, NADW indeed
The corresponding equation is obtained through the densitigaches it lowest density, namely that of the inflowing wa-

balance from the tracer equation of the southward flowinger masspn. Using the governing equation (6) and the rela-
branch of the bottom cell tion (3) we can derive an intrinsic expression for this satur
tion curveMe = M (Apg) = liM im0y M

Mo (Moo + 1)\ TApG — (Me+ 1) 3p0
The diffusive mass flux between the two overturning cells I'KHgApG - I'ApGHS’

I"-Ap has to be balanced by advective (first term on th(:i‘/\/hich is given as the red curve in the upper panel of fig-

”gt?]t.) ‘;? d dllflfulswe t('second t;arm oln thed ngh.t) tmte;]ss dﬂuxure 4. For very strong mixing between the overturning cells
within the cell. Inserting equations (1) and (2) into the den (F — ), we can derive an upper bound for the saturation

sity balance (4) yields the exchange equation valueM® = M* (m) = lim .., M analytically. In this limit

PoB — Pb 4)

F-Ap=M-(pg—po)+y- =5

(7)

M?2 Equation (6) becomes
K-H © M®-H
. . . . m-Apg = (M*+m)- ——— (8)
Together with equation (3), it describes the bottom cell as a K-Hg
function of its difference in density to NADWA(p). Through  \hich can be solved fan — o using equation (3)
the diffusion terml” - Ap, AABW becomes lighter along 13
its path in the Atlantic, because dense water is mixed int%z _ <APG - 5Po> K. Hg-ApG ©)
NADW. In equilibrium, this density gain of NADW has to Apc
be balanced by advection within the NADW céll- Ap = Apg 1/3
) _ . . _ H:s = —_— e 0 (10)
m- (pp — pn) Wherepy is the density of the water mass en Ape —dpo

tering the Atlantic basin from the north (compare figure 1b)

Inserting this equation into expression (5) yields an imtri :
. g 9 . P (®)y . solute upper and lower bounds for M and H, respectively,
sic equation for the vertical exteht as a function of the : L -
because of the assumption of infinitely strong mixing.

NADW volume transport and the external density difference Note that obviously, botm andA pe might vary simul-

Apg = — ween the inflowing water m . . S
P = psos — Py between the inflowing water masses taneously. The solution structure discussed in figure 4aela
m+I n M-H (©6) only to idealized situations where one of the two quantities
r K. Hg is kept fixed or one is dominating the other.

Mg =1lim ey M andHg = lim - 1, .. H represent ab-

m-Apg = <M

whereM = M (H) is taken from equation (3). Equation (6)

is the central scaling relation. It is an intrinsic equation 4 Comparison with climate model simulations

H as a function of the volume transport of NADW and

the density difference between the inflowing water masse8s a simple illustration for the scaling relations, we apply
Apg. Through equation (3) we obtain a solution for the vol-anomalous freshwater flux to the ocean surface in the North
ume transport of the bottom céll. The three parameters Atlantic in CLIMBER-3a, in order to obtain equilibria with

K, Ho andl" are given by geometry and the vertical mixing different strength of NADW overturning (for details see ap-
coefficient. pendix B). The model applies a second order moment tracer



Apg =0.4kg-m—3
Apm=0.4kg-m3
m=128v dpo = 0.22kg-m 3
k=10%n?.s?
Mm(ApG ) i B:]_crlO/Gm—l.S—l
4 =100m
D=22510m
L=2-10'm
k=120-nf kg Is?

e Table1l Numerical values for the solution shown in figures 5, 6 and 7.
m =3 Sv

o))

[4)]
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w

N
N

bottom cell volume transport (Sv)

inohara 1999). This leads to averaged vertical diffussiti
, , , of Kk =0.1-10*n?s™1 at about 1000m depttx = 0.2-
0.3 Ap ?k'g/ma) 0.5 0.6 10~*n?s~1 at about 2000m depth and= 0.6- 10 *n? s~ 1
G at about 3000m depth. This increase of vertical mixing with

depth, which might be even more pronounced in the real
ocean, supports the assumption of section 3 that diapycnal
mixing is negligible in the pycnocline but has to be taken
into account for the bottom cell.

Figure 5 shows the volume transport of the bottom cell
M as a function of the strength of the upper eellThe sim-
ulations show thaM weakens along wittm. This is con-
sistent with the scaling for constant density differeAge;
(figure 4b). Due to the anomalous freshwater flux to the
North Atlantic it can be expected that the density diffeeenc
Apg = psos — PN increases, which would tend to strengthen

o
o N

2

Apg = 0.6 kg/m’

n w + a
T T T T

bottom cell volume transport (Sv)

/ Apg =025 kg/m° | M. Thus this effect competes with t.he We.akening efffact'for
. ‘ ‘ ‘ . M due to weakened NADW. The simulation results in fig-
00 2 4 6 8 10 12 ure 5 suggest a dominance of the influence of the NADW
upper cell volume transport (Sv) strengthm over the influence of the density differenipg.

Fig. 4 Solutions of the governing equation (6) for different value For comparison the solid line provides a solution of the cen-
of fixed upper cell strengtm (upper panel) and for different values tral scaling relation (6) for constafipg = 0.4 kg m-3, using

of fixed density difference between the inflowing water magses ; ; _
(lower panel). Consistent with the physical mechanism ag sABW parameter values of table 1. The dashed line gives the cor

volume transport increases with increasing density diffee between responding saturation valiM, = 6.2 Sv for large values of
the inflowing water masseSpg. For constant density difference, the m for the specific parameter choice. It is bound from above
volume transports of AABW in the Atlantic varies along witet of by the analytically deriveMZ = 7.1 Sv from equation (9).
NADW. In the limit of strong NADW a saturation is reached (adve Figure 6 shows the numerical solution for the vertical
in upper panel). The saturation values\dfandH depend only on the . s
mixing coefficient and geometry. For numerical values ofiaeame- ~ €Xt€ntH of the bottom cell, which decreases with increas-
ters see table 1. ing NADW strengthm both as a result of the scaling and in
the simulations. The characteristic monotonous declibe sa
urates aH. = 1154mwhich compares well with the lower
boundH,; = 1148m derived above for infinitely strong.
advection scheme (Prather 1986) which has negligible nuNote that the limit valueM., andH., are completely deter-
merical diffusivity (Hofmann and Maqueda 2006). The low mined by the external density differend@g which might
background value of vertical diffusivity used af=0.1-  vary in the simulations and naturally in the real ocean. This
10-“nPs 1 is consistent with observations in the ocean in-might be specifically important for paleoclimatic situaitio
terior (Ledwell et al 1998) and results4#8 Sv of upwelling  for which limited information is available.
through the pycnocline in the Atlantic (Mignot et al 2006).  With respect to vertical extent, the two overturning cells
The model thus reproduces the assumptions used to derieghibit qualitatively different behaviour. Figure 7 shothge
the scaling relations that upwelling within the main pycno-vertical extenth of the upper cell as a function of its vol-
cline of the Atlantic is negligible . The effect of enhancedume transportn (black dots). Contrary to the bottom cell
mixing over rough topography and in regions of decrease@equation (3))h increases withm in our simulations. The
stratification is parameterized following (Hasumi and Sugfundamental difference to the bottom cell lies in the absenc



NADW being a WBC with little diffusive upwelling within

=6 the Atlantic basin and constafpg.
2} M =6.28v
55"
j=3
w
c
T4t
o H+h
S5 e N o S S . .
= 2
= kel
s 2000} h
=1r T
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upper cell volume transport (Sv)

1000

Fig.5 Theoretical prediction and model simulations: Volume $gzort ‘ ‘ ‘ ‘ ‘ ‘ ‘Hw = ‘1 1 54‘ m
M of the bottom Atlantic cell as a function of that of the uppefl m. 4 6 8 10 12
Both overturning cells strengthen together, but the bottetistrength upper cell volume transport (Sv)

saturates for strong upper celldf, = 6.2 Sv.

Fig. 7 Vertical extent of southward flowing water masses. The verti
cal extent of the upper cell increases with its volume trartspon-
sistent with low diffusion-driven upwelling within the Athtic basin.
The overall height of southward flowing water masses H+h s@p
imately constant as previously found by (Kamenkovich anddboan
2000).
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2000 ] 5 Conclusions and Discussion

Y —5—% We propose scaling relations for vqlume tr:_insport and yer-
...................................... tical extent of the bottom overturning cell in the Atlantic.
H =1154m | The main assumptions are that (1) the potential energy nec-
: : ; : ; s : essary to sustain an overturning cell is provided by tunidule
4 6 8 10 12 -~ o -
upper cell volume transport (Sv) mixing with lighter NADW of northern origin and (2) the
Fig. 6 Vertical extent of the bottom cell H as a function of upper bottom cell return flow IS_ predomlnanFIYaweStem_ bound_ary
strength m. Though Atlantic bottom cell strength increasgs m, its ~ currentand therefore driven by a meridional density gratdie
vertical extent decreases. It saturateslat= 1126 m. The definition  within the cell. Note that this does not imply that AABW is a
of H and its error bars is detailed in appendix B. WBC on its northward path nor does it prohibit strong north-
ward recirculation of the southward flowing waters. Based
on these hypotheses which are supported by observations,
of strong mixing-driven upwelling of NADW across the At- we derive expressions for the strength and vertical extent o
lantic pycnocline. Since NADW flows as a WBC in most of the bottom cell as functions of the volume transport of deep
the basinm andh are related through the meridional den- water entering from the north and the external density diffe
sity differenced pm between its northern and southern endsenceA pg between inflowing AABW and inflowing NADW
by m= k-h?- Apm (Analogue to equation (1) for the bottom into the Atlantic.
cell). The simulation results in figure 7 are consistent waith The scaling is illustrated by comparison with coupled
constant meridional density differend@y, above the pycn- climate simulations. The simulations show an intensifarati
ocline (black curve in figure 7). The red dots and red curveof the bottom cell along with the upper cell and a somewhat
in figure 7 show the overall vertical extent of the southwardcounter-intuitive decrease in vertical extent for incregs
flowing waterh+ H. Similar to Kamenkovich and Goodman volume transport of the bottom cell. Both aspects are con-
(2000) we find that the sum+ H is relatively constant in  sistent with the scaling relations in the case where the in-
our simulations. It is consistent with the scaling of the-ver fluence of the upper cell volume transport dominates that of
tical extent of the bottom celH under the assumption of varyingApg. This situation is probably dependenton the ex-

bottom cell vertical extension (m)

o
o
o




perimental set-up. It is however noteworthy that the caunte Note also that we assume that diapycnal mixing in the
intuitive decrease in vertical extent of the bottom cellhwit main pycnocline is small, which seems to be observed in
increasing volume transport on both the upper and bottorthe ocean. Strong mixing in the upper ocean could signif-
cell can be reproduced in a coupled climate model. This inicantly change the results described here. If the buoyancy
verse behaviour is a direct consequence from the presentéldx that sustains the meridional density gradient withia th
scaling and arises from the fact that the bottom cell is in &ottom cell originates from the surface because of strong
vertical balance of advection and diffusion. Since a lot ofmixing in the pycnocline, then the strength of the upper cell
paleoclimatic proxies are rather a measure for the amount afiight actually play an opposite effect & In this case the
water of a certain origin above the core than of the voluméuoyancy from the surface is transported away by the upper
transport of this water mass, this result might be importantell towards the Southern Ocean. Thus the stronger the up-
for the interpretation of paleoclimatic data. per cell, the weaker the buoyancy forcing of the bottom cell.
The same qualitative behaviour was found by Bi et alThis mechanism would counteract the effect described here.

(2001) in coupled model simulations of a scenario with in-Since many climate models apply larger values of diapyc-
creasing atmospheric G&oncentrations. Simulations us- nal or vertical diffusivity than is observed and used in our
ing a forced ocean model suggested a seesaw between gigwlation, further investigation of the issue is needed.
two overturning cells (Seidov et al 2001). A follow-up study ~ As a consequence of weak mixing in the pycnocline,
with a coupled climate model (Seidov et al 2005) led toboth our simulations and scalings show that the dynamics
the opposite behaviour when performing the same experf the NADW cell differs fundamentally from that of the
ments. Both results are reconcilable with the presentde scabottom cell. This is due to the different sources of poten-
ing if the density difference between the inflowing watertial energy. While the upper cell in simulations and scal-
masses (NADW and AABW) pg varied during the sim- ing was driven by Southern Ocean wind stress, the bottom
ulation which was not investigated in the studies. cell needs to be driven by mixing. Consequently, the rela-
Interestingly, the Paleoclimate Modeling Intercompari-tion between vertical extent and volume transport of the up-
son Project (PMIP) found that the density contrast betweeR€' cell is consistent with a WBC with very little diffusion-
AABW and NADW at their source region is a major con- driven upwelling within the basin, i.e. vertical extent in-
trolling factor for the strength of the modern and glacialc"€aS€s along with volume transport. The upwelling within
AMOC in coupled model simulations (Weber et al 2007)_the bottom overturning circulation, on the other hand, is-co
The change i) pg from modern to glacial conditions varies, sistent with a vertical advection-diffusion-balance ameté-
however, greatly among different models. In agreement withore driven by mixing. Consequently, the vertical extent of
the presented scaling the five models which showed almo&€ bottom celH decreases with increasing volume trans-
no variation ofApg are the ones where the strength of bothPOrtM (equation (3)).
cells increased in LGM as compared to modern conditions.  In the limit of very strong NADW inflow the properties
Further analysis of our scaling relations are needed to-inte Of the bottom cell are merely a function of the density differ
pret the results for models with varyimpg. ence between the inflowing water massg®;. These satu-
Note that the simulations with CLIMBEReB are far 'alion relationsVls (Apg) andH., (Apg) can be used as a
from perfect. First it should be kept in mind that surfacescale for the bottom cell and provide a transformation for-

wind stress was fixed to present day climatology and thafular for paleodata.

the atmospheric component does not resolve any form of

variability. The oceanic circulation reproduces some sear

features of real ocean, but has a number of deficiencieg\ Derivation of the Advection-Diffusion balance

For example, the strength of the upper cell is with2 Sv  equation

too weak compared to observations (Ganachaud and Wun-

sch 2003; Talley et al 2003) and the entire overturning ign this section we give a derivation for equation (2) whicfieets the

100 shallow. AABW does reach allthe way nort to the 1% bace o s a0 seiectn o daraiin e

Greenland-Scotland-ridge and in the Southern hemisphetgiation between the overturning strengthand the densities within

flows partially east of the mid-Atlantic ridge which should the bottom overturning cell. As in (Munk 1966) and (Munk andm/

be the case only north of the equator. Meso-scale eddy trangch 1998), we assume a local balance of the vertical terntgeadui-

port is not resolved but parameterized following Gent and';’rrr']“m tracer equations and a linear dependence of deositgoth
o . . ) perature and salinity as well as the same eddy-diffysfer tem-

McWilliams (1990). The main result of this study is thus the perature and salinity to get

scaling analysis and its qualitative rathern than quéaiw#a

measure. The results should be validated against paleo =07 =W-0:p (11)

idence and using simulations with models of varying com-\te that in most of the oceafhp < 0 andd2p < 0 which yields,

plexity. in regions where equation (11) is valid, an upwellwg> 0. For a



spatially constant coefficient of vertical miximg we obtain a general
solution

rz/H
p(d = poa—3po- [ dn et (12)
wheredpy is a constant of integration and
H-n
I(H-r));/ az W@ (13)
0 K

The integration interval starts at the center of the inflgvRABW
branch where the density is definedasg. At the depth of the south-
ward return flow of the bottom cell equation (12) becomes
1
PsoB — Po = 5Po/0 dn ) 14)
The upwelling velocityw has a maximum valugmay at the center
of the overturning cell. In order to obtain a scaling of therurning
strength and the density differences, let us focus on theifsp&nc-

tional form ofw(z). By changing integration variables in equation (13)
we obtain

(Hem) = [May R

~H W 17, /
Tk /Odr)f(r])

Here f(n") =w(H -n’) /Wmax is a dimensionless which describes the
shape ofv(z) but not its scaling. Sincer > 0, I (Hn) has a maximum at

n = 1. In equation (15) this maximum appears in the exponentidl a
therefore dominates the integral. By use of the saddle-&pptoxima-
tion we can replace the integral by the value at the maximurhef
exponent which leads to
Psoe — o~ 5py-H - 212 C (15)
The constan€ = [;dn f (n’) depends only on the normalized func-
tional form ofw(z). For a quadratic profile it i€ = 2/3, for a fourth
order polynomialC = 4/5. We do not use this parameter for tuning
purposed but simply apply the limit of an infinite order patymal,

C =1, which corresponds to a very sharp transition of the upmgell
velocity. Assuming horizontally uniformimax, an integration over the
horizontal plane in the center of the cell yields equation (2

B Details of the ssmulationswith CLIMBER-3a

Starting from the pre-industrial equilibrium simulatioh@LIMBER-
3a (Montoya et al 2005) with background vertical diffusivity =

a larger range of NADW overturning strength. In order to esswasi-
equilibrium, all simulations where started from a controi with more
than 4000 simulation years and were run for at least 3000w
anomalous freshwater forcing. The strength of the uppertanweng
cell mwas defined as the volume transport crossing the Atlantio fro
3375°N to 3375°S. Due to the different physical nature of the At-
lantic reverse bottom cell, its strengh was computed as the mini-
mum of the stream function at 3%°S. The vertical extent of the
return flow was diagnosed as half the difference betweenrf@Bpth
and the depth of the zero-line of the stream function a73%&. The
vertical extent of the upper cdilwas defined as the distance between
the zero-line of the stream function and its maximum at timeeskat-
itude, 1875°S. The error-bars were obtained by taking minimum and
maximum of the same heights between78S and the equator. These
definitions were chosen to capture the conceptual ideasinsiee the-
ory.
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0.1-10“m? s 1, we applied anomalous freshwater flux to the ocean

surface in the Atlantic. In order to test the robustness efrtiecha-
nism we conducted two classes of experiments. We first caeddour
experiments with anomalous freshwater flux-e8.4, —0.2, —0.1 and
0.1Sv in the tropical Atlantic (1875°N to 1875°S and from 1125°W

to the western Atlantic coast) which are shown as triangléigures 5,
6 and 7. For these experiments, the freshwater flux was cosafehby
a negative flux in the tropical Pacific.&? N to 7.5°S and from 13&°E

to the American Pacific coast).

In the second class of experiments (plotted as solid dotgyin fi

ures 5, 6 and 7) we prescribed the momentum flux at the surflace o

the ocean from the NCEP-NCAR reanalysis (Kalnay et al 1996) a
applied an anomalous freshwater fluxes @5)0.0750.1 and 0155v
directly to the convection site regions (32to 80°N by 48W to 15°E,
excluding regions of shallow water along the northern Eeaspcoast
at 52N to 64N by 12W to 8E and along the Greenland coast at
63°N to 72N by 3I°'W to 22°W) without compensation. This set-up
allows us to demonstrate the robustness of the mechaniscaphares
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