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Abstract Variations in the Atlantic Meridional Overturning Circtilan (MOC) exert an
important influence on climate, particularly on decadaktisoales. Simulation of the MOC
in coupled climate models is compromised, to a degree thamksown, by their lack of
fidelity in resolving some of the key processes involved.r&€hes an overarching need to
increase the resolution and fidelity of climate models, lsib $0 assess how increases in
resolution influence the simulation of key phenomena su¢hea®OC.

In this study we investigate the impact of significantly E&sing the (ocean and atmo-
sphere) resolution of a coupled climate model on the sinaudatf MOC variability by com-
paring high and low resolution versions of the same modehbolih versions, decadal vari-
ability of the MOC is closely linked to density anomaliesttheopagate from the Labrador
Sea southward along the deep western boundary. We dentertbathe MOC adjustment
proceeds more rapidly in the higher resolution model dudrtbeeased speed of western
boundary waves. However, the response of the Atlantic SHac&iTemperatures (SSTSs) to
MOC variations is relatively robust - in pattern if not in nmiigide - across the two resolu-
tions. The MOC also excites a coupled ocean-atmospherensspn the tropical Atlantic
in both model versions. In the higher resolution model, mitthe lower resolution model,
there is evidence of a significant response in the extratabgitmosphere over the North
Atlantic 6 years after a maximum in the MOC. In both modelgéhe evidence of a weak
negative feedback on deep density anomalies in the Lab&elmrand hence on the MOC
(with a time scale of approximately ten years). Our resuighlight the need for further
work to understand the decadal variability of the MOC andgiitsulation in climate models.

Keywords Atlantic - MOC - Decadal

D.L.R. Hodson

NCAS-Climate, Department of Meteorology
University of Reading, Earley Gate, PO Box 243
Reading, RG6 6BB, UK

Tel.: +44 118 378 7901

E-mail: d.l.r.hodson@reading.ac.uk



29

30

31

32

33

34

35

36

37

38

39

40

5!

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

1 Introduction

The Atlantic Meridional Overturning Circulation (MOC) igsponsible for a significant
fraction of the meridional heat transport from the tropichigher latitudes~ 1PW at 26N;
Biastoch et al (2008), Wunsch and Heimbach (2006), Trehlzertl Caron (2001)). Studies
suggest that the variability in this transport modulatésate, particularly at northern lat-
itudes (e.g. Vellinga et al (2002), Broecker et al (1992)thdugh observational estimates
of the time mean MOC have been made (Wunsch and Heimbach)j2@@6wledge of its
time variations has been hampered by a lack of extendeddeobrsubsurface data. Con-
tinual monitoring of MOC variability is now underway (Brydest al (2009), Hirschi et al
(2003)), but it will be some decades before enough data iahlea to infer directly from
observations the role of MOC variations in modulating cliena

Numerical climate models provide an important alternagiverce of information for as-
sessing the nature and potential climate impacts of MOGldity. Climate models suggest
that MOC variations have substantial impacts on climate.gxample, northern latitudes
cool by ~2K following a suppression of the MOC (Vellinga et al (2003)nith and Gre-
gory (2009)), and MOC variations lead to variations in Natit South Atlantic Sea Surface
Temperatures (SSTs) (Knight et al (2005)). These SST vamgtcan be linked in turn to
changes in the seasonal position of the ITCZ, and hence 8atlébouth American rainfall
(Knight et al (2006), Hodson et al (2009)), in surface airpenatures (Knight et al (2006),
Sutton and Hodson (2005)), and in a number of factors cdimtgoftlantic hurricane gen-
esis in models (Knight et al (2006), Sutton and Hodson (20G6)denberg et al (2001)).
Models also show that variability in the MOC can arise on sg@es ranging from days to
centuries (e.g. Knight et al (2005), Fanning and Weaverg&}99ong and Sutton (2005)).
The longer timescales are set by oceanic adjustment pex;eshkich are slow compared to
those of the atmosphere. Such long adjustment timescalgesuthe potential to predict
the MOC and its impacts (e.g. Hawkins and Sutton (2008))sequently, understanding
the decadal variability of the MOC is a key issue for ongoifffgres in Decadal Climate
Prediction (Smith et al (2007), Keenlyside et al (2008), IRamn et al (2009)).

One of the challenges for understanding decadal variglbifithe MOC is that the mag-
nitude and dominant time scale of MOC variability has beamibto vary substantially
between models. These differences arise because of difieseén model formulation, but
the exact causes can be hard to pinpoint because of the targe of processes involved.
A related issue is the modest spatial resolution of currenpled models (typically-1 de-
gree in the ocean, and a few degrees in the atmosphere). Atresclutions some of the
key processes that are known to influence MOC variabilityparerly, or very poorly, re-
solved. This weakness inevitably calls into question thevesce of the model results to
understanding MOC variability in the real world. Indeecerénis a widespread recognition
of the need to increase the resolution of climate models,dardo improve the fidelity with
which they simulate the numerous processes that influeincatel and climate variability
(Shaffrey et al (2009)).

Motivated by these issues, the goal of this study is to inyast the simulation of MOC
variability in two climate models which differ in resolutipin both the ocean and atmo-
sphere. Our aims are to identify the extent to which theseatsakhibit similar or differing
MOC variability, and to seek to understand the reasons fpdifferences in terms of sim-
ulation of the underlying ocean and ocean-atmosphere gsese

There are many reasons to expect that the simulation of MQi@bitity may be sen-
sitive to resolution. Interannual and lower frequency afitity in the MOC arises primar-
ily from two processes: Ekman transport - driven directlythg surface wind stress, and
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geostrophic transport - driven by the West-East presswa@ignt across the Atlantic basin
(Hirschi and Marotzke (2007), Balan Sarojini et al (201Multiannual MOC variations
are primarily geostrophic. A key mechanism involves therfation of density and pres-
sure anomalies on the western boundary of the Sub-polar, Gyresponse to variations
in convection (Marshall and Schott (1999), Gerdes and Kéh@995)). These boundary
anomalies excite baroclinic boundary waves that propagiaith along the western bound-
ary, along the equator and then north and south along theradstundary, radiating west-
ward propagating Rossby waves as they go (Kawase (1987%)sdotand Marshall (2002),
Roussenov et al (2008)). This simple picture of ocean adieist is complicated by the pres-
ence of a sloping coastal shelf, and varying degrees of csteatification along the bound-
ary, with the consequence that the boundary wave becomdsrid lbgtween a coastal shelf
wave and a boundary Kelvin wave (Gerdes and Koberle (1®gw and Csanady (1983)).
This primary rapid £ years) adjustment by propagation of baroclinic waves isfigdd by
second, slower~ decades), phase of adjustment that occurs due to the selftamtvof the
deep density anomaly along the coastal boundary at deptidé&and Koberle (1995)).

The timescale of the primary adjustment, and hence the tiale®f the MOC adjust-
ment, depends on the speed of the boundary waves commugitaé presence of the ad-
justment. Studies have shown that the speed of boundaryrieaéwes is sensitive to model
resolution, and related aspects of model formulation. kanple, for a viscous fluid repre-
sented on a Arakawa B-grid, the along-shore phase $méedKelvin wave falls rapidly as
grid spacing increases beyond the Rossby radius (Hsieh(#9&B8)). When the grid spac-
ing is ten Rossby radii the Kelvin wave phase speed is only @D#te expected continuum
value (for an extensive discussion see Hsieh et al (1983hyMnodern coupled models,
including the two examined in this study, use an Arakawa iB-grtheir ocean component.
In addition, the propagation of boundary waves is sensttiviateral viscosity. Increased
values of viscosity reduce the along-shore phase speedsfaidelvin waves (Davey et al
(1983)). In numerical models values are often used thataget than observed for reasons
of numerical stability (Jochum et al (2008)). A third nuneatifactor is the orientation of
the coastal boundary relative to the ocean grid: the altigesKelvin wave speed falls as
the angle of the coastline to the underlying grid increaSes\yab (1998)).

The importance of resolution for simulation of MOC varidtyilin climate models was
underlined by Doscher et al (1994), who demonstrated -guainocean model - that the
time taken for coastal boundary waves to travel from higiudes to the equator was dra-
matically reduced as resolution was increased. Severat ottean model studies have high-
lighted similar issues (Hsieh et al (1983), Beckmann et @94}, Boning et al (1996), Get-
zlaff et al (2005), Hirschi and Stocker (2002), Johnson aradd¥all (2002)). However, as
MOC variability is ultimately driven by atmospheric proses, and variations in the MOC
can influence the atmosphere (e.g. Knight et al (2005)), tterpial exists for coupled
feedbacks (e.g. Vellinga and Wu (2004)). Hence a completienstanding of MOC vari-
ability can only be arrived at by considering the coupledagpiere-ocean system. Studies
which examine the impact of resolution in a coupled systegrsparse, due to the expense
of performing the required coupled model integrations ayivg resolutions. The study by
Fanning and Weaver (1998) addressed this issue using an owael coupled to a simple
2d model of the atmosphere, and concluded that the ocealutierovas a key factor in
the generation of decadal scale MOC variability. Howevéullar assessment of the role of
coupled feedbacks requires a 3d model of the atmosphere.

1 and hence group speed, since Kelvin waves are non-dispersiv
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In this paper we examine the impact of resolution on the satiah of MOC variabil-
ity in a coupled climate model. The structure of the papersiadlows. In section 2 we
present the models and integrations used for the studychlioee3, we present an analysis
of the MOC variability and related climate signals found fire tmodels. A Summary and
Conclusions are presented in section 4.

2 Models and Experiments
2.1 Models

Two Coupled General Circulation Models (CGCMs) were usetthis study: HadGEM1.2
and HiIGEM1.2. HadGEML1.2 (Johns et al (2006)) is the mostniegersion of the UK
Hadley Centre global coupled general circulation climatelel. The atmosphere compo-
nent has a resolution of. 25 latitude by 1.875longitude with 38 layers in the vertical.
The ocean component, based on the Bryan-Cox code (Brya®),186x (1984)), uses a
latitude-longitude Arakawa-B grid with a zonal resoluti@inl°and a meridional resolution
of 1° between the poles and 3@titude, increasing smoothly to & the equator. It has
40 unevenly spaced levels in the vertical.

HIGEML1.2 (Shaffrey et al (2009)) is a version of HadGEM1.2hwicreased horizontal
resolution in both the ocean and the atmosphere. The healzogsolution has been in-
creased to 0.8%atitude x 1.28longitude in the atmosphere and to ™3/3%in the ocean.
The vertical resolution is unchanged in both the atmospaedeocean components. Small
changes are made to some of the parameterizations in thesgitere to improve model
stability but otherwise the HIGEM1.2 atmosphere is idaitto that of HadGEM1.2, aside
from the change in resolution. The ocean component in HIGEN&Lalso similarly identi-
cal to HadGEM1.2 except that, due to the increased resalutie Gent-McWilliams (GM
- Gent and Mcwilliams (1990)) adiabatic mixing scheme useHladGEM1.2 is switched
off. The higher horizontal resolution of HIGEM permits pattepresentation of ocean ed-
dies. Tests showed that the inclusion of the GM scheme in M@&BRused low eddy vari-
ability and erosion of fronts. An adiabatic biharmonic soleeis used to reduce tracer field
noise. These choices hence preserve ocean features t#sdlyahe improved resolution. A
greater discussion of this and other model differences ednund in Shaffrey et al (2009).

2.2 Experiments

100 year control integrations were performed with both HEM.2 and HIGEM1.2. The
ocean initial conditions were formed using September piatetemperatures and salinities
from the 1/4World Ocean Atlas 2001 (Conkright et al (2002)), with initi@locities set to
zero (ocean at rest). Greenhouse gas levels were constangliout the integrations and
identical between the models. Both models reproduce tigagifobal climates, although
there are significant biases (Shaffrey et al (2009)). Thaathlogies of HIGEM1.2 and
HadGEML1.2 control runs are similar, but there are diffeesnaotably HadGEM1.2 SSTs
are generally cooler than HIGEM1.2 across the globe. Howeaeanic northward heat
transports in both models are broadly consistent with treenkational estimates. For more
details see Shaffrey et al (2009).
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3 Adjustment and variability of the Atlantic Meridional Ove rturning Circulation

In this section we first examine and contrast basic proyseofithe mean state and variability
of the Atlantic Meridional Overturning Circulation in HIGEL.2 and HadGEM1.2. We then
proceed to examine the drivers and time evolution of the M&Td,its interactions with the
atmosphere, in detail.

The mean MOCs in HIGEM1.2 and HadGEM1.2 are similar in stectand magni-
tude (Figures 1a and b). The overturning cell in HadGEM1 sbimewhat stronger and the
Antarctic Bottom Water (AABW) cell somewhat weaker than Hi@1.2, although these
differences may not be significant compared to year-to-yaagbility. Both models dis-
play an initial very rapid {1 year) reduction in the MOC (HadGEM1.2: 5 Sv, HIGEML1.2:
10Sv), probably in response to unbalanced initializatfolipwed by a slower spin-up re-
adjustment over at least the first 30 years (Figures 1c andftr this period, there is a
considerable amount of multi-year variability (Figure 1Bpth models have a mean over-
turning (years 31:100, at 26.7N) (HIGEM1.2: 17.8 Sv, HadG@EM 19.6 Sv) in line with
the recent observational estimate of 18.5.6 Sv (Cunningham et al (2007)).

Figures 1c and d show that the overturning at 40N and 26.7&l#tfitude of the over-
turning estimate presented in Cunningham et al (2007)) neigdly consistent across lati-
tudes over time within a given model. After the initial 30 yadjustment, there is coherence
in the overturning between latitudes on decadal timesc¢Bigsre 2) - as seen in other stud-
ies (e.g Balan Sarojini et al (2011)). The tilted contourbdth models suggest that changes
in the overturning take some time to propagate southwaata their northern source, in
a similar manner as seen by Getzlaff et al (2005). There issailpitity that the amplitude
of the southward propagating signal is more damped in HadGENan HIGEM1.2. The
larger amplitude decadal variations in the over-turnirggganerally found north of 30N. We
now concentrate our analysis on the drivers and impactsesktharger variations by focus-
ing on variations in the MOC at 40N, the approximate latitoflehe maximum meridional
stream function in both models (Fig. 1).

Interannual-to-decadal variability in the MOC is subsi@ht driven by dense water
anomalies that originate from deep-convection regionisérabrador and GIN seas (Frankig-
noul et al (2009), Eden and Willebrand (2001a), Biastoct @Q908)). Intense surface cool-
ing creates dense surface water which sinks through thedsse sub-layer, leading to a
downward mass flux that drives the overturning. Deep mixgerldepths are a signature of
deep convection. Peak (March) mixed layer depths in HIGE\@tcur principally over the
Labrador Sea (50W,55N) and the northern GIN seas (Figuréeivection sites are similar
in HadGEM1.2 : the Labrador Sea and the northern GIN seasi@&8p). However mixed
layer depths are considerably deeper off the coast of Noawvalybetween Scotland and
Iceland than are seen in climatological estimates (de Beltégut (2004)). Despite such
differences in the March mean mixed layer depth, the pattefiMarch variability are more
consistent between the models (Figures 3c and d) beingyrasifined to convection sites
in the Labrador Sea and the Northern GIN seas. This sugdestsatthough there are dif-
ferences in the mean convection, the magnitude of the \lityabultimately the driver for
MOC variability - is consistent between the models. Both siedhave distinct convection
sites in the Labrador and GIN seas but comparatively lithievection in the Irminger sea.
Climate models disagree on the relative importance of thigse in driving the overturning
(Frankignoul et al (2009), Eden and Willebrand (2001a) ).

The processes by which dense water anomalies generate@pydevection are com-
municated to the wider Atlantic Ocean are complex and ndy fwhderstood (Palter et al
(2008)). Partly this occurs via interior ocean pathwayswBoet al (2009)), and partly
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through the propagation of density signals along the wedteundary (e.g. Gerdes and
Koberle (1995)). The latter signals are particularly imtpot for the MOC because they
project directly onto the cross-basin zonal density cattthat controls the geostrophic
northward flow.

We now examine the propagation of density anomalies thatlexiLabrador Sea along
the Deep Western Boundary. Figure 4a shows HIGEM1.2 anneanndepth integrated
(1500:3000m) ocean density correlated with a point on thsteve boundary (point B, at
40N). There is a very narrow band of high correlations (cedr7) along the western bound-
ary of the North Atlantic, extending from the southern tig@reenland to the northern coast
of South America. Such a high correlation over an extendgiwmemplies a rapidly prop-
agating signal connecting distant points and this is masiylicommunicated by a rapid
boundary wave response. This boundary wave response ig tikde a mixed Kelvin-
Shelf wave (Gerdes and Kdberle (1995)). There are widasiprerrelations throughout the
Labrador sea, demonstrating that the Labrador sea is a smjote of density variations on
the western boundary at depth in HIGEM1.2.

Similar high correlations along the western boundary ase &und in HadGEM1.2
(Figure 4d), although the correlations in the Labrador searaich weaker. This difference
reflects a difference between the models in the timescalekefsity anomalies to propagate
out of the Labrador basin (see Figures 5 and 6, to be discisbsetly).

Density anomalies at the western boundary cause changesssupe, and hence changes
in the west-east pressure gradient which drive change&iM®C. We can examine this re-
lation between the overturning and the ocean density ondbedaries by following Hirschi
and Marotzke (2007). Thermal wind balance states that:

ov g odp
fz?z T prox @)
wherev(x,y,zt) is the meridional ocean velocitg, ocean densityp* a reference density,
f the Coriolis parameter argithe acceleration due to gravity. Integrating across thamce
basin, from westx,) to east X¢) and overz from the ocean floorZ= D) up toz gives:

[ v —vio) = - [pe—puidz @)

wherepe (pw) is the density on the Eastern (Western) ocean boundasgriting overz

again:
/ /XW )z~ 2 / / pu)dzdz 3)

We now follow Hirschi and Marotzke (2007) and assume thatiititom ocean velocities
are zero\(D) = 0). The left hand side of (3) is hence the volume flux below &luep.e.
the stream functiof’(z) or overturning. Hence the volume flux is proportional to tbelde
integral of the boundary density difference. For the remairof this paper we make two
further assumptions. i) Variations over time in the densiintrast on the right hand side
of (3) are dominated by, - this is likely to be true because of greater density vareti
along the western boundary that are not present on the edssandary. ii) Variations in
the volume flux below 1000m are dominated by the region betwi&®Om and 3000m.
This region captures the depths of maximum southward floweantlides variations in the
Antarctic Bottom Water (Figure 1). Hence (3) can be reduced t

W(1000 ~ e / 4)

3000



230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

Figure 4b demonstrates that in HIGEM1.2 (at 40N) variation§4) are indeed well cor-
related with the overturning at 40N (corr = 0.6). Interegiyn the overturning is almost
identically correlated with the single integral of the dénsn the boundary (corr = 0.57).

That is:
-1500

MOC* O (pw)dz (5)
3000

This relationship appears to hold in both HIGEM1.2 and HaWM&ER (figure 4). MOC and
the overturning are well correlated at 40N but they are leslé sorrelated further south at
27N, the latitude of the RAPID array (Figure 4c, corr = 0.4Kh)is may be due to increased
influence of wind driven (Ekman) transport variability aistkatitude, or the failure of one
of our assumptions in the derivation of (4). In HadGEM1.2¢ dorrelation between the
boundary density and the MOC is greater than HIGEM1.2 (Eigle and f), most likely
due to the presence of the larger amplitude decadal sigi#adGEM1.2. The correlations
between the boundary density and the MOC are similarly ggoat 40N (corr = 0.80) than
26.7N (corr = 0.38) in HadGEM1.2.

It is apparent from Figure 4 that the correlation between M@@d the actual over-
turning is particularly high on decadal timescales. Thipastly because MOCfilters out
the Ekman contribution to MOC variability that is large onterannual (and shorter) time
scales, but is of relatively little interest from a climagioint of view. For this reason, for
the remainder of this paper we will use MO@t 40N, as our measure of MOC variability.
Hence we are focusing on that component of the MOC variglihiat is directly related to
variations in the density on the deep western boundary.

3.1 Ocean Adjustment

We now examine the temporal evolution of the boundary dgmsibmaly that controls the
MOC adjustment. Figure 5 shows the 1500-3000m integratedityelag-regressed onto
MOC* at 40N in HIGEML1.2 . Positive density anomalies are seenerlLtbrador Sea four
years prior to a maximum in MOC(panel a). Subsequent lags show a boundary density
signal propagating out of the Labrador Sea, along the we$teundary (panels b, c, d).
When this signal reaches the equator it triggers a tropespponse that is consistent with
theoretical expectations and other studies (e.g. JohnsbMarshall (2002)). The tropical
response is governed by the excitation of an eastward patipggequatorial Kelvin wave,
which subsequently excites coastal Kelvin waves on theegabbundary, which then radi-
ate westward propagating Rossby waves. This signal is weak(.10), but clear at Lags
0 and 2. These signals subsequently decay (panels e, f)ditoacto the western boundary
signal, density anomalies are seen to propagate southwtardhie interior of the basin, in
a manner consistent with recent observations (Bower et0@9g (Figure 5d, e, f). Lastly,
there is an interesting hint in panel f négative density anomalies around the boundary of
the Labrador Sea. These negative anomalies appear 6 ygara aiaximum in the MOC
and could suggest a negative feedback on MOC variations.

A similar picture emerges for HadGEM1.2 (Figure 6). Densitypmalies propagate out
of the Labrador basin and around the western boundary (@ard) - although the boundary
density signal is less tightly confined to the western boonttzan the HIGEM1.2 signal -
and finally across the equator (at Lag 2), in the manner destabove.

The equatorial Kelvin-wave response occurs somewhateearliHIGEM1.2 (Lag O
years) than HadGEML1.2 (Lag 2 years). This suggests thaitdame®malies may take longer
to propagate along the western boundary to the equator iGHRH..2 than in HIGEM1.2 .
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As noted in the introduction, it is well-known that boundavgve propagation speeds
on Arakawa-B grids are sensitive to model resolution (Hselal (1983)). Both oceans
models in HIGEM1.2 and HadGEM1.2 are discretized on ArakBwgrids (Johns et al
(2006), Shaffrey et al (2009)) so it is likely that the diffet timescales for propagation of
the boundary density waves between the models can be &tfitnithe differences in ocean
model resolution. Indeed examining the variation of thesRgsadius of deformation within
the Atlantic (Chelton et al (1998)) reveals that boundanysity waves are not well resolved
in HadGEML1.2 north of 10N whereas they are resolved in HIGEMbuth of around 30N.
Hence we expect that the propagation speed of boundary wattsdGEM1.2 will differ
from that in HIGEM1.2 between 10N and 30N.

In other respects, the ocean evolution in HadGEM1.2 is aimd that in HIGEM1.2 .
HadGEML1.2 displays propagation of Labrador Sea densitynaties into the basin interior,
and also a negative density anomaly in the Labrador Sea &t(leigure 6f).

3.2 Atmosphere-Ocean Interactions

We now turn our attention to the interaction of MOC varidpilivith the overlying atmo-
sphere. Figures 7 and 8 show lagged regressions of Mean S8ebRressure (MSLP) onto
MOC* at 40N for the two models. We focus first on negative lags, i@y provide evi-
dence of the atmospheric forcing of MOC variability. In HIRIE.2 strong negative MSLP
anomalies are found over Greenland 2-4 years before a maximMOC" (Figure 7a and
b). The pressure gradients associated with these anomeélieeduce anomalous south-
ward (northerly) winds over the Labrador Sea, advectind edl over the region, resulting
in intense cooling. This cooling is clearly seen in the stefheat fluxes over the Labrador
Sea at these lags (not shown). Hence in HIGEM1.2 dense Latb&eh water, generated by
wind-driven surface cooling, subsequently induces chaigéhe MOC. This is consistent
with many previous studies (Dickson et al (1996), Curry €18P8), Eden and Willebrand
(2001a), Bentsen et al (2004), Guemas and Salas-Mélig)R00

In contrast to HIGEML1.2, in HadGEM1.2 there is little eviderof significant and coher-
ent MSLP anomalies over the North Atlantic at negative l&igures 8a, b). (Such signals
are also not found at more negative lags (not shown)). Thygests that the large amplitude
decadal fluctuations in the MOGn HadGEML1.2 (figures 4e and f) are not directly forced
by the atmosphere over the North Atlantic. They may, for gxamoriginate from ocean
density anomalies propagating out of the Arctic.

Next we consider positive lags, which may provide eviderf@atmospheric response
to MOC variability. To aid the interpretation of these signae also need to examine the
regression patterns for sea surface temperature (SST) d@i NFigure 9). The SST pattern
for HIGEM1.2 at lag O (panel a) shows cool (negative) anoesativer the Labrador Sea,
as expected in response to the cooling by surface heat flwegdte preceding years (see
e.g. Eden and Willebrand (2001a) etc). Warm (positive) aal@s are also seen over the
Gulf Stream extension and North Atlantic Current regioneOsubsequent years (panels
b and c), this warm anomaly appears to propagate northwatdghe eastern part of the
sub-polar gyre, whilst the cool anomalies over the westebpolar gyre decay. By lag 6,
warm anomalies cover the sub-polar gyre and are also linked) @ahe eastern boundary to
a warm anomaly in the tropical North Atlantic. A small coobamaly is found in the region
of the Gulf Stream extension. Similar negative anomalie® lieeen linked to a southward
displacement of the Gulf Stream front related to variapilitthe MOC (Zhang (2008)).
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The evolution of MSLP at positive lags in HIGEM1.2 (Figurefyshows initially the
appearance of a low pressure anomaly over the tropical titlaand subsequently - at lag
6 - a dipolar pattern with a high pressure anomaly centred Gveenland and a low pres-
sure anomaly over the mid-latitude North Atlantic. This MSpattern is associated with
a weakening of the westerlies that are closely linked with Korth Atlantic storm track.
Inspection of the SST pattern at this time (Figure 9c) showsakening of the meridional
SST gradient east of Newfoundland. Such a weakening of tiedgs&lient would be ex-
pected to weaken the storm track, and may provide a mechdnisthe excitation of a
large-scale atmospheric response, as suggested by Figéwe@ditionally, this may also be
a remote response to the developing Tropical Atlantic SSimasanomaly (see e.g. Terray
and Cassou (2002), Dréevillon et al (2003) and Cassou 208KJ).

The evolution of SST in HadGEML1.2 (Figure 9d-f) shows sonmilar features to
HIGEML.2 but the anomalies are of greater magnitude. At lagWarm anomaly is again
seen in the region of the North Atlantic Current, and thismaaly subsequently appears
to propagate into the sub-polar gyre, concurrent with theeld@ment of a linked warm
anomaly in the tropical North Atlantic. Significant warm proal SST anomalies appear
earlier in HadGEM and are linked with cool (negative) SSTraales south of the equator
(and hence a cross-equator SST gradient). A (very) small®8® anomaly is also found
at lag 6 in the region of the Gulf Stream extension. The eiatudf MSLP (Figure 8d,e,f)
shows the development of a low pressure anomaly over the&caloorth Atlantic, with
peak intensity at lag 4 (when a similar signal was seen in HIGE ). There are no strong
anomalies in MSLP over the higher latitude North AtlantiHadGEM1.2 . Large anoma-
lies are present over the North Pacific but it is unclear wérethese are causally linked to
the variability in the Atlantic basin.

In both models significant anomalies in both MSLP and SST Idpvia the tropical
North Atlantic. The tropical Atlantic is a region of strongeman-atmosphere coupling, where
- moreover - coupled feedbacks, particularly related toctioss-equator SST gradient, can
act to amplify initially small anomalies (e.g. Chang et @9I), Sutton et al (2000)). There
is evidence of these feedbacks operating in both HadGEMid2HaGEM1.2 . Figure 11
shows the surface wind stress and wind speed anomalies &tilaghe two models. In
both cases there is cross-equator flow, as expected in ®sporthe cross-equator SST
gradient. Furthermore, the variations in wind speed magdgitand direction are consistent
with turbulent (latent and sensible) surface heat flux ariem#at will act to reinforce the
anomalous SSTs both north and south of the equator. Notéhta is also an associated
northward displacement of the ITCZ (not shown).

An interesting question concerning the tropical respossehiether it is linked in any
way to the deep density signal propagating along the westmundary (Figure 5 and Fig-
ure 6). Examining the vertical structure of temperaturenaai@s in the tropical North At-
lantic at lag 6 (Figure 10a & b) shows a deep sub-surface ivegaimperature anomaly in
HadGEML1.2 that is related to the high density anomaly se&igiare 6f. A similar but much
weaker anomaly can be seen in HIGEM1.2 . In both cases, hoyibeadeep anomalies are
much weaker than those near the surface, and show no obvaousction to them. Rather
it appears that the near surface anomalies can be moreyreadiérstood as a response to
the surface wind anomalies (Figure 11). This response\egohnomalous turbulent heat
fluxes, as previously mentioned, and also - particulariyinit- 5°of the Equator - anoma-
lies in Ekman pumping. Figure 11d indicates downward Ekmanging near the Equator
in HadGEML1.2, which acts to deepen the thermocline. Thisémite explains the presence
of a warm temperature anomaly beneath the cool SST anonmalike tropical South At-
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lantic (Figure 10d) and the warm subsurface temperaturenalies in the tropical North
Atlantic (Figure 10c).

Although the upper ocean response appears to be dominatdtk bgfluence of the
atmosphere, and related coupled feedbacks, it is stilliplesthat the density signals prop-
agating along the western boundary might provide an initigger for the development
of tropical SST anomalies that subsequently amplify thhooagupled feedbacks. One way
in which this might happen is through a modulation of the Rd8tazil Current (NBC)
(e.g. Zhang et al (2011)) and its subsequent effects on SSifvE&stigate this question we
correlated various indices of the NBC with MOCFigure 12 shows results for an NBC
index, defined as the meridional northward ocean velociggirated over the top 100m in
the ocean and then averaged over the region (60W:45W,2N:d@d\then detrended. Whilst
the correlations are weak, in the case of HadGEML1.2 significarrelations are found for
lags between 0 and 6 years following a maximum in MQQhis link between a MOC
maximum and an acceleration of the NBC may be mediated byatwlinic coastal Kelvin
waves that follow a MOCmaximum. It might also be mediated by the wind stress anoma-
lies that develop over the tropical Atlantic (Figure 11) onamber of other mechanisms
(see Zhang et al (2011)). However, the fact that the coroglan Fig 12a starts to increase
rapidly around 4 years before a maximum in the MQiCe. Lag -4), before significant wind
anomalies have developed, suggests the deep density sigiyaihdeed play a triggering
role. This does not provide conclusive evidence of a causshmic connection, but does
suggest such a connection may exist. In HIGEM1.2 , the ecelénweaker.

If the deep density signals do not provide the initial trigfye development of the trop-
ical anomalies, what other mechanisms might? One poggilslian atmospheric telecon-
nection from the higher latitude North Atlantic. Extratiogl forcing of the tropical Atlantic
has been demonstrated in several recent modelling stusliesqoli et al (2006) and Zhang
et al (2010), Kang et al (2009)). Another possibility is areacic teleconnection via ad-
vection of SST anomalies from the Gulf Stream region souttveaound the subtropical
gyre and into the tropics. The pattern of SST anomalies sekliGEM1.2 at lag 6 (Figure
9b) is possibly suggestive of this mechanism, but it perhegtikely that this is a dominant
factor, in view of the tendency for midlatitude SST anon®glie be damped unless main-
tained by strong circulation anomalies. Also, the timesadlpropagation seen appears to
be faster than those that could be supported by passivetamvey a climatological ocean
circulation.

A last point of interest is the hints from Figures 5 and 6 of gative feedback on
deep density in the Labrador Sea, with negative anomallesving positive anomalies by
around 10 years in both HIGEM1.2 and HadGEM1.2 . The signalsveak and should not
be over-interpreted, but the consistency between the rmdglglteresting and could suggest
a robust mechanism. What might this mechanism be? A simpsilpitity is suggested by
Figure 9c,f. This figure shows that the appearance of negdtwsity anomalies at depth
in the Labrador Sea follows, and coincides with, the warneh@ST over the whole sub-
polar gyre, including the Labrador Sea. This warming witidé¢o increase stratification and
inhibit the tendency of wintertime convection to cool thésurface ocean. Therefore we
tentatively hypothesise that the negative feedback afisesthe northward propagation of
the warming signal from the North Atlantic Current regiotoitthe sub-polar gyre, asso-
ciated with a peak in the MOC. Note that this evolution is veimyilar to that which was
observed in the real world during the mid-1990s (Robson €Gil1)).
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4 Summary and Conclusions

In this paper we have examined the adjustment and decadabiidy of the Atlantic
Meridional Overturning Circulation (MOC) in two coupledirdlate models, which differ
only in respect of resolution. The two models - HIGEM1.2 thigprizontal resolution) and
HadGEML1.2 (standard horizontal resolution) - were integgtausing identical initial and
boundary conditions. We then examined and compared thetewolof the MOC, and its
interactions with the atmosphere, in each model. The majdirfgs are as follows:

— In both HIGEM1.2 and HadGEML1.2 , decadal variability of th®©® is very closely
tied to variability in density along the deep western boumds the Atlantic Ocean.
Density anomalies formed in the Labrador Sea propagatéwants along the western
boundary and into the tropics, consistent with theory andhmsimpler models (e.g.
Johnson and Marshall (2002)). Density anomalies also gadpénto the interior of the
North Atlantic basin, consistent with observations (Boetal (2009)).

— In HIGEML1.2, density anomalies in the Labrador Sea appedietgenerated in re-
sponse to atmospheric variations that modulate air-seadJwonsistent with many
other studies ( e.g. Eden and Willebrand (2001b), Kohl 820®uch a link is not seen
in HadGEM1.2.

— Both models respond to Labrador Sea density anomalies imigasiway but the time
taken for the anomalies to propagate to the equator difféaslGEM1.2 adjusts more
slowly (by 1-2 years) than HIGEM1.2. This difference is iatited to slower western
boundary waves in HadGEML1.2, which are expected as a coeseguof the lower
horizontal resolution (Hsieh et al (1983)).

— Despite this difference in the adjustment timescale of #epdcean, the North Atlantic
SST anomalies that are related to the MOC evolve in a simigmer in the two models.
The magnitude of SST anomalies is larger in HadGEM1.2 thadiGEML1.2, but in
both cases warm anomalies are first seen in the region of tHeS@eam Extension /
North Atlantic Current, and subsequently spread througtiwisub polar gyre and also
develop in the tropical North Atlantic.

— In both models, the tropical SST anomalies are linked tolIb8&LP anomalies and
grow over several years, likely through coupled ocean-aphere feedbacks that in-
volve the cross-equator SST gradient. Wind anomalies aecaged with anomalous
surface fluxes that influence SST and also, close to the BEguwatomalous Ekman
pumping that influences thermocline depth. The initialgegfor the development of
a tropical SST and atmosphere response may arise from astieric teleconnection
from the North Atlantic. In the case of HadGEM1.2 there iasidence of a role for
an acceleration of the near surface North Brazil Currenssidy linked to the deep
density anomaly that propagates southward from the Notdmé#c.

— In HIGEM1.2 there is evidence of a significant response irettteatropical atmosphere
over the North Atlantic 6 years after a maximum in the MOC. Adfar pattern of
MSLP is related to a weakening of the mid-latitude westetligt may be a response to
a weakening of the meridional SST gradient east of Newfamull Such a response is
not seen in HadGEM1.2.

— In both models there is evidence of a weak negative feedbadensity anomalies in
the Labrador Sea, and hence on the MOC. This feedback igddlaia warming of the
upper sub-polar gyre that increases stratification andpe@®d to inhibit convection.
The time scale for this feedback is approximately 10 yeat®th models.
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These results suggest that for climate models, at leasttivitbe where the ocean is
discretized on an Arakawa B grid, the timescale of deep oegalution and adjustment is
sensitive to resolution. However, the evolution of SST -aiksue from the perspective of
decadal forecasting - appears less affected by resolutiterins of timing and pattern (al-
though it is harder to make a firm statement about the magittdhe response of tropical
SST and climate shows important robust features betweetwthenodels, but also many
detailed differences. Perhaps the most important diffsrare those seen in the extrat-
ropical atmosphere, where the behaviour of the two modgieas quite different. Further
understanding of these differences will clearly be an irtgourtopic for further work.

To end we acknowledge some limitations of our study. Firgligally we would have had
available longer model simulations and therefore morasa@bns of decadal fluctuations.
Unfortunately the computation cost of the high resolutioodel precluded this. Secondly,
in discussing our results we have assumed implicitly thiathal differences are directly
attributable to the differences in resolution. Becauseesomodest re-tuning (e.g. to the
ocean mixing schemes) was required, this might not be the. €s the other hand, such
secondary changes may be considered part of the changenmotited resolution, since no
stable model would exist without them.

We have focused in this paper on two models that use an ocedelhased on an
Arakawa B-grid ocean. Many other ocean models use the Aralwgrid discretization.
The C-grid is predicted to be less sensitive to resolutioteims of boundary wave speed
(Hsieh et al (1983)). Further experiments will be requireéssess whether the behaviour
of the MOC is indeed less sensitive to horizontal resoluiioclimate models that employ
a C-grid ocean.

It remains the case that the resolution of current climatdet®places a fundamental
limitation on their fidelity. Understanding how increasesesolution influence the simula-
tion of mean climate, climate variability and change is a &egllenge on which a great deal
of further work is required.
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Fig. 1 Annual mean Atlantic meridional stream function (2009:20meridional velocity integrated from
the ocean floor to a given depth) for A) HIGEM1.2 B) HadGEMX2Black line: MOC at 40N (meridional
ocean velocity integrated across Atlantic basin and froeaacfloor to 1000m depth) in HIGEM1.2. Red
line: Max Annual mean Atlantic meridional overturning stnefunction (i.e. panel A) at 26.7N in HIGEM1.2.
Mean depth of max is 923m for all years. D) as C, but for HadGEMWMean depth of max is 949m for all
years. All units are Sv (forn®/s). Green dotted line denotes 2009. All subsequent analygisiiformed on
data from 2009 to 2078 (unless otherwise stated) in ordexdlu@e the initial rapid 30 year re-adjustment.
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Fig. 2 A) Variation of annual mean HIGEM1.2 MOC (meridional oceatocity integrated across Atlantic
basin and from ocean floor to 1000m depth) with latitude. Qindylast 70 years of the 100 year integration
were used in this analysis (2009:2078 see Fig. 1). Data fremrémaining 70 years of has been detrended
and then smoothed with a 10 year running mean time filter. BY, dmit for HadGEM1.2. Units are Sv.



19

70°N

60°N

S50°N

40°N

80°N

70°N

60°N

50°N

10°E 30°E
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HIGEM1.2 March standard deviation of ocean mixed layer ldg@009:2078). D) As C for HadGEM1.2.
Units are m.
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Fig. 4 A) HIGEM1.2 integrated Ocean density (1500-3000m) coteelawith integrated density index at
point B (MOC* see panel B: red line). Correlation of 0.7 is contoured. BicBlline: detrended MOC index
(as Fig 1C) at 40N. Red Line: index of Detrended (years 31;1@x-averaged (70.5:69.5W,39:40N, box
labelled B, in panel A, MOC) ocean density, integrated between 1500 and 3000m. Bleed®Red line but
for double integrated ocean density, as described in equation C) Bleekdetrended MOC index (as Fig 1C)
at 26.7N. Red Line: index of Detrended (years 31-100), hataged (77:76W,26:27N, box labelled C, in
panel A) ocean density, integrated between 1500 and 300 liBe: as Red line but fadouble integrated
ocean density, as described in equation All indices in B aiée beerstandardized before plotting. E-F)
As A-C, but for HadGEML1.2. Correlation coefficients betwed®C (black) and Integrated Density (red)
indices are given imedin the bottom right hand corner of each panel.Correlatiogffments R) between
MOC (black) and Doubly Integrated Density (blue) indices given inbluein the bottom right hand corner
of each panel. Regression coefficierits) (between MOC (red) and MOC (black) (before standardization)
are also given in the bottom right hand corner of panels B aldrits Sv/(kg/n?)).
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Fig. 5 Annual mean HIGEM1.2 ocean density integrated betweenrm50@ 3000m then lag regressed onto
MOC* - a detrended MOC-proxy index at 40N (see Fig. 4). The oceas tlee MOC index for positive lags.
Only the last 70 years of the 100 year integration were uséusranalysis (2009-2078) (see Figure 1). Here
we have multiplied MOC by the regression value from Figure 44£0.11 Sv/(kg m2)) beforehand. Hence
the units are kg m?/Sv. Regions where the regression is significant(0.05) are solid shaded. Regions
where (005 < p < 0.10) are stippled shading.
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Fig. 6 As Figure 5 but for HadGEM1.2. Here we have multiplied MOy the regression value from Figure
4bh (M=0.18 Sv/(kg nT2)) beforehand.Hence the units are kg3sv.



23

40°N

20°N

40°N

20°N

20°S
150°E  110°W  10°W 90°F 150°E  110°W  10°W 90°F 150°E  110°W  10°W 90°F
lag 2 lag 4 lag 6
—— [ T [ [ \ \ T

-1 -08 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 7 Annual mean Mean Sea Level Pressure (MSLP) regressed on‘Mtdetrended boundary density
index at 40N defined in Figure 4. MSLP field lags boundary ingttence MOC) for positive lags. As before
we have multiplied MOC by 0.11 (Sv/(kg m?)) beforehand. Hence the units are hPa/Sv. Regions where the
regression is significanp(< 0.05) are solid shaded.
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Fig. 8 As Figure 7 but for HadGEM1.2. As before we have multiplied ®y 0.18 (Sv/(kg m?)) before-
hand. Hence the units are hPa/Sv.
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Fig. 9 As Figure 7 but for Sea Surface Temperatures (SSTs). A-CENMG2. D-F) HadGEM1.2. MOC
has been scaled appropriately as before. Hence units are K/S
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Fig. 10 Tropical Atlantic Ocean temperatures. a) HIGEM1.2 Oceanpteratures averaged between 0:10N
lag regressed on the detrended boundary density index af{BONFig 4a, defined as MOGin text). Plot
shows ocean temperatures six years after an increase in"MBOC* has been scaled appropriately as
before. Hence units are K/Sv. b) as a) but for HadGEM1.2. cpwanded version of b) to show the upper
ocean warming. d) as c) but for 0:10S. Units on vertical axekan.




40°N

4L,

AN,
N

N

74

7

f A
Byls 7 -/ X

30°N ey

h \ 7

b

/1.

20°N <

N
AR

OO

10°S

40°N

S0°N —

20°N

7S

. " A ‘A‘w\\‘u \‘ A \

10°S Fl‘
100°W 80°W 60°W 40°W 20°W  0° 20°E 100°W 80°W 60°W 40°W 20°W 0° 20°E

—-1.00 =0.60 =0.20 0.20 0.60 1.00 —-1.50 =0.50 0.50 1.50

Fig. 11 Surface Winds and Ekman Pumping. a) HIGEM1.2 Surface wiadségressed onto the detrended
boundary density index (MOQ at 40N at Lag 6. Plot shows surface wind anomalies six ye&es an
increase in MOC. The shading shows the scalar product of the normalized amagnalies with the normal-
ized mean climatological wind at a grid point (i.e the cosifi¢he angle between these two vectors). Hence
regions where the anomalous wind weakens (strengthenshélae winds, leading to reduced (enhanced)
surface cooling, are shaded blue (red). Only regions wherartagnitude of the regression is significant
(p < 0.05) are shaded. b) HIGEM1.2 Ekman pumping, computed frofasawind stress curl, lag regressed
onto the detrended boundary density index (MQ@t 40N at Lag 6. Regions where the regression is sig-
nificant (p < 0.05) are shaded. The region between 0.5S and 0.5N is maskdukoatse the expression for
calculating Ekman pumping diverges near the equator. MG been scaled appropriately as before. Hence,
units are 108 ms~Y/Sv c) as a) but for HadGEM1.2. d) as b) but for HadGEM1.2.
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Fig. 12 A) Lag correlation of an index of the North Brazil Current (8Band MOC in HadGEM1.2.
MOC* leads for positive lags. Dotted lines indicate significamtrelation level p < 0.05). B) as A) but for
HIGEM1.2.



