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Abstract. In this paper the effect of the synoptic scale vari- growing evidence from paleoclimatic archives of past abrupt
ability is analyzed using a simple atmosphere-ocean coupledlimate changesStocker and Schmittngt997).
model. This high frequency variability has been taken into Many modeling studies have been done in the last decades
account in the model adding white gaussian noise in variablein order to study the behavior of THC under a changing
related to zonal and meridional temperature differences. Reelimate Gtocker and Schmittne1997 Rahmstorf 200Q
sults show that synoptic scale frequency variability on lon- Stouffer and Manahe2003. Results are somewhat differ-
gitudinal heating contrast between land and sea can producent, ranging from the possibility of a total collapse, to a rein-
a collapse of thermohaline circulation when a threshold offorcement of THC, but a common picture appears. This pic-
noise is overcome. This result is significant because if synture shows that ocean-atmosphere system has more than one
optic scale variability in the next century increases due to thestable mode of operation. A schematic stability diagram can
climatic change an increment of the probability of this col- be found inRahmstorf(2000, showing the nonlinear char-
lapse could be produced. acteristic of THC that implies different responses to pertur-
bations. Freshwater input appears as a key control variable
for the THC.

The main uncertainties that must be overcome in these
studies are, on the one hand to know exactly the actual

In the last decades it has been establisRahstorf 2000 evaporation-precipitation budget in North Atlantic. We must

that termohaline circulation (THC) plays a main role regulat- Lemmd thgt In ngnl|nearr]syste|?13 th'sf 'i a (;]m'cﬁl :qduestlon,
ing North Atlantic climate. Its formation depends on North ecause depending on how close of the threshold we are,

Atlantic surface water being sufficiently cold and salty to the behavior of the whole system facing the same perturba-

destabilize water column and produce deep water formationEIon will be very different. On the other hand, it is also very

In this way THC formation is very sensitive to air-sea heat gggorta\\/r\}totglénow_ thehactuakl in_tendsity 0]; THCfréiggrmﬁ\n
exchange and freshwater input in North Atlantic. On the 0. project has obtained a value o v that

other hand these two parameters are expected to vary duen be ysed as, real valu@gnachaud ar?d Wunsc000.

to climate change produced by greenhouse gases accumula- | N€ increasing rate of freshwater inpitgcker et al.

tion in the atmosphere. The fate of THC under those new?003) and the location of this input are also important and
conditions has been the subject of a scientific debate sincHknown variables. Moreover in 3-D models it has been
a work of Broecker(1987). This work warned for the first demonstrated that THC behavior depends greatly on vertical
time about the possibility of a sudden climate change due td"Xing parametrizationKnutti et al, 20“00' _ -

a switch in North Atlantic circulation driven by a freshening ,l,t is also necessary to know the “hydrological sensibil-
of surface water that would prevent formation of North At- ty” (Rahmstorf and Ganopolski999, namely, the rate of
lantic deep water (NADW). In a posterior work of the same change of hydrological cycle in a heating atmosphere. The
author, Broecker(1997), THC was nominated the Achilles problem of climate change itself is not yet well established
heel of actual climate, highlighting the possibility that minor @nd some quite surprising feedbacks can appear. In this way,
changes in parameters can cause a sudden change in climdté!worth and Dixor(2000 have proposed that in an scenario

conditions. This hypothesis has been also sustained by thgf global heating, NAO (North Atlantic Oscillation) would
be preferably in the positive phase, enhancing North Atlantic

Correspondence tal. J. Taboada winds. These enhanced winds will cause a cooling of surface
(uscfmjth@cesga.es) water that can cancel the effects of freshening. On the other
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q q whereX, Y andZ represent the meridional temperature gra-
dient and the amplitudes of the cosine and sine phases of
a chain of superposed large scale eddies, respectively. In
Eqg. (1),F represents the meridional gradient of diabatic heat-
ing and in the Eq. (215 is the asymmetric thermal forcing,
representing the longitudinal heating contrast between land

4000 m and seag=0.25 andb=4.

EQ The ocean model considered is a three box model (Fig. 1)

representing thermohaline circulation in the North Atlantic

Fig. 1. Geometry of the North Atlantic through a 3-D box model. 0c€an. In this modelQ; denotes the equivalent salt flux
g represent the thermohaline circulation and the sense of the arrowéflifferential net surface evaporatiori),; and 7, represent
indicates a positive circulation. restoring air temperatures with restoring constépt andg
is the magnitude of the thermohaline circulation. The sense
of the circulation indicated denotespositive. The explicit
hand,Latif et al. (2000 have proposed a similar mechanism equations of the model and the ocean model constants are
but with ENSO pattern. written in the work ofRoebber(1995.

In this way, we can see that 3-D fully comprehensive cli-  The atmospheric model is coupled to the ocean model
mate models have some uncertainties, in particular in rethroughF andG that are allowed to vary in a seasonal cycle
sponse to freshwater inputl?CC, 1999. Moreover, those
models do not explicitly simulate synoptic variability, i.e. the F(t) = Fo + Ficoswt + F2(To — Ty) (4)
main stocha;t_ic component of climate system. This Unre-G(s) = Go + Gicoswt + G2Tx (5)
solved variability can be added as random fluctuations in pa-
rameters or variables of the model. The role of these flucwhere w is the annual frequency and=0 at winter sol-
tuations could be decisive to regulate the transition betweerstice. The values chosen arBy=4.65, F1=1, F>=47.9,
the different operation modes of the THC as occurs in otherGp=-3.60, G1=1.0 and G,=4.0254. These assumptions
physical systemsGarda-Ojalvo and Sanchd 999 Buceta insure thatF and G remain bounded by qualitatively plau-
et al, 2003 Ullner et al, 2003. sible constraints for collapse flowR@¢ebber1995. On the

In this work we use a low complexity ocean-atmosphereother hand, the ocean is coupled to the atmosphere through
coupled model to investigate the possibility of a collapse ofthe restoring temperaturés; and7,, and the equivalent salt
thermohaline circulation taking into account the synoptic at-flux (differential net surface evaporatio), with the next
mospheric variability. These kind of models can only give expressions:
qualitative results. But, the currently available computing
capacity reduces the possibility of carry out exhaustive paraZa1(t) = Ta2 — y X (1) (6)
metric studies of the THC using 3-D models. In this way @, (r) = 0.00166+ 0.00022Y2 + Z2), @)
models of reduced complexity can make valuable contribu-
tions to a better understanding of parameter space and theyhere y=0.06364 and7,,=25°C are constants and the
are also useful as an hypothesis builder. parametrization ofQ,(¢) is due to the assumption that the

The aim of the paper is to prove the ability of the model to eddy water vapor transport is directly proportional to the
provoke a collapse of the THC under some hypothesis sucleddy sensible heat flux given bif+z2.
as a massive sudden freshwater input. Then we will look The Lorenz model that simulates atmosphere with the cho-
at the possibility of such a collapse adding noise in order tosen parameters has a chaotic behavior. The spectrum of
simulate synoptic variability. variability of this model is the typical one corresponding

to a chaotic system. However, synoptic-scale spectrum is
very different from chaotic spectrunGglev et al, 2002
2 Model and therefore the output of the Lorenz model can not be
. . interpreted as synoptic scale variability in our case. To in-
The atmosphere-pcean model used in this paper has beqrbdupce the syni/)ptilz variability insideythis model, i.e. the
taken from a pr_ewously published Work Blbebber(1995. main stochastic component of climate system, we added ran-
The atmospherlc part of the model is represented by a IOW'dom fluctuations in an additive way in parametérandG.
order model introduced by Edward Lorenz in 1984 and de'Thes:e fluctuations are given by white Gaussian noise with

fined by three equations: zero mean and whose correlation function is
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Fig. 2. Present-day steady state of the ocean-atmosphere systep_qg 3. Effects of a massive freshwater inp@,1=0.008 between

with active THC. 2000 and 2400 yearg2,» is given by equation (7).

where A represents the noise intensity and Rs variance. 1
We have chosen this kind of noise parametrization because —o0
we are looking for the possibility that processes of a fre- * 01

quency higher than the considered in the model could pro-
voke a collapse in thermohaline circulation. Moreover, the _ *f

effect of atmospheric processes on the ocean has been take ‘ “ W wi [F W W .. 4
I#m bk i Kk W Ll WJ (i

into account in previous work as white noidergnkignoul )“
3 Results o ]

and Hasselmann977).

Thermohaline Circulation (Sv)

In a first study of the model we looked for the present-day
state of the ocean-atmosphere system. This steady-state h
an average temperature of 287.5K in north hemisphere lat-
itudes ranging from 70N to 45° N and 291K in latitudes
from 45D.N to the .equator' The stre.ngth of the'THC IS ab(?ut Fig. 4. Effects of a stochastic perturbation on the meridional gradi-
15Sv (Fig. 2). This value was obtained changing the Vert'calent of diabatic heating for different values of the intensity of the
exchange parameters in the ocean model in order to obtain gypjied noise.
value near the measurements from hydrographical data gath-
ered in the WOCE (World Ocean Circulation Experiment)
(Ganachaud and Wunsc2000. The small variations ob- The main objective of this work is to consider if high-
served in Fig. 2 are negligible versus a collapse of the THC frequency variations in the meridional gradient of diabatic
heating or in the longitudinal heating contrast between land
After the obtention of the present-day state, we searchednd sea could induce significant changes in the ocean cir-
for the possibility of a collapse of the THC under a mas- culation. To carry out this study we run the model under
sive sudden freshwater input. In Fig. 3 we can see how THpresent-day conditions (Fig. 2) with;1=0,=0,(t). To
collapses when we simulate a massive freshwater input. Irsimulate this variation we must remind that when modeling
this simulation, the equivalent salt flux of box @1, was  the low-frequency behavior of the climate system, the higher-
forced to take a value greater than in the box2s, in order  frequency components can be parameterized as stochastic
to simulate a Younger Dryas-like episode. In this figure wevariables. In this way, we introduced stochastic perturba-
can see how THC collapses one hundred years after this prdions of white gaussian noise in the parametérand G of
cess begins and when the model returns to present-day cothe model in an additive way and we analyzed their effects.
ditions, Q;1=052=0;(t), THC does not recover in a next In Fig. 4 we show the behavior of thermohaline circulation
future. This result means that the model is able to simulatevhen the noise is added iA. In this case THC experi-
a collapse of THC under feasible hypothesis like a Youngemments a greater variability but it oscillates around 15 Sv and
Dryas episode. we don't achieve a collapse of the THC. This result seems

9 I I I I I I I I I
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Fig. 5. Effects of a stochastic perturbation on the zonal gradient inFig. 6. Effects of a stochastic perturbation on the zonal gradient in

diabatic heatings for different values of the intensity of the applied diabatic heatings after a weakening of the THC due to a increas-

noiseA. ing of the CQ concentration for two values of the intensity of the
applied noiseA.

understandable. F enters in Lorenz equation modifying

meridional temperature gradiekit In this way we can see in Finally, owing to the fact that THC is very sensitive to
Eq. () that this “noisy”X introduces noise in the difference parameters like atmospheric greenhouse gases concentration

between temperatuf®; andT,». We must take into account we have also analyzed the consequences of an increment of

that this difference is by far greater than the noise introduced€S€ gases. It has been establisHe@(, 1999 that tem-
Increments or decrements between northern and southern |g¢€rature differences between polar and equatorial latitudes
itudes in North Hemisphere could strengthen or weaken theVill decrease in a global warming context. In this way, we

THC but a collapse would be very difficult because the basicSimulate the fate of THC under global warming, decreasing

differences between north and south are maintained. Howthe value ofy that represents in the model those differences.

ever, if we introduce stochastic forcing @ we can detect In Fig. 6 we can see that the;e (_jecreasing differences in tem-
a collapse of THC, when the stochastic component is suffi;P€rature provoke a weakening in THC that eventually could
ciently great. In Fig. 5 we can see that with the increment Ofachleye a'total coIIapsg if a threshold vaI.ue is exceeded. But,
the intensity of the forcing o the THC is destabilized and  €Ven if this threshold is not exceeded in the next century,
after passing through an oscillatory transient state, with a fret€ weakening of THC implies that high-frequency synop-
guency which corresponds to the diffusive time-scale of thellC var|at|on§ _could provoke a colle_lpse_ in THC easier than in
ocean circulation yearsRpebbey 1999, it collapses com- actua}l conqnlong as shown also in Fig. 6, where thg neces-
pletely. This collapse is related with the salinity in the oceanSa'Y inténsity noise to obtain a collapse of the THC is lower
because the paramei@ris introduced in salt fluxQ; and in ~ thanin the Fig. S.

this case noise can be compared in magnitude with salt flux,

meaning that it will be more significantG represents the

difference between the temperature in the land and the temd Conclusions

perature in the ocean. An increment in the temperature of

the land can provoke a net freshwater flux into the northernFreshwater input seems to be a key parameter controlling
part of the North Atlantic with the consequent loss of salin- THC behavior Rahmstorf2000. The possibility of a mas-

ity and the collapse of THC. In the real climate that meanssive sudden freshwater input arising from disintegrating land
that it is easier to collapse thermohaline circulation, chang-ce sheets and mountain glaciers, must be taken into account
ing the budget evaporation-precipitation, than changing dif-because those massive inputs have been documented over
ferences in temperatures. In other words, although the globsgome periods in the geological histoi@lérk et al, 2001).
warming by itself will not be able to collapse this circulation, Those bursts of freshwater will stabilize the upper water col-
the indirect effects (sudden freshwater inputs, more synopti¢imn and will affect deep water formation, reducing the abil-
variability...) could help this collapse to be reached. It is ity of its water to sink.

important to remember that now noise is comparable to the In this work, with a simple model, we can see that with
signal. This means that if variability in the synoptic scale is an reasonable hypothesis, that increases freshwater input in
comparable to variability in the climatic scale, THC could be North Atlantic in the same rate as did in Younger Dryas, THC
eventually driven to a collapse. undergoes a collapse that decrease average temperatures in
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North Atlantic by 3C. This test has been done to prove the Delworth, T. L. and Dixon, K. W.: Implications of the recent trend
ability of the model to simulate an eventual collapse of THC. in the Arctic/North Atlantic Oscillation for the North Atlantic
The next step of the study was to consider synoptic vari- thermohaline circulation, J. of Climate, 13, 3721-3727, 2000.
ability inherent in all climate studies. This variability was Frankignoul, C. and Hasselmann K.: Stochastic Climate Models,
simulated adding white noise to parameters of the model that II. Application to SST Anomalies and Thermocline Variability,
take into account meridional and zonal temperature varia-_ 'c1uS: 29,289-305, 1977. _
. L h . Ganachaud, A. and Wunsch, C.: Improved estimates of global
tion. It is important to note that lack of predictability near

L . . ocean circulation, heat transport and mixing from hydrographic
thresholds implies that abrupt climate changes will always i1 Nature 408 453-457 2000.

have more uncertainty than gradual climate change and highganopolski, A. and Rahmstorf, S.: Abrupt Glacial Climate Changes
frequency variability represented by white noise can take a due to Stochastic Resonance, Phys. Rev. Lett., 88, 038 501, 2002.
main role in this kind of systems as has been demonstrateGarda-Ojalvo, J. and Sancho, J. M.: Noise in spatially extended
in other works Ganopolski and Rahmstor2002. In our systems, Institute for Nonlinear Science, Springer-Verlag, New
case noise added to the parameter that represents meridionalYork, 1999.
temperature variation does not have relevant effects in THCSulev, S. K., Jung. T., and Ruprecht, E.: Climatology and Interan-
circulation. But noise added in the parameter that represents Nual Variability in the Intensity of Synoptic-Scale Processes in
zonal temperature variation can cause a collapse of THC cir- the North Atlantic from the NCEP-NCAR Reanalysis Data, J. of
culation. Although in actual conditions high-frequency vari- _ ¢limate. 15,8, 809-828, 2002~ -
ability is not able to collapse THC if this circulation is pro- IPCC: Cllmate change 2001: t_he scientific basis, in: Contribution
. . . . ! of Working Group | to the Third Assessment Report of the Inter-

gr?ss've'y weakening by global Warmlng,.th.e'lntensny Of_ governmental Panel on Climate Change, edited by: Houghton,
noise necessary to provoke the collapse diminishes and this j 1 &t al., Cambridge University Press, Cambridge, UK, 881,
synoptic variability could help THC to collapse. On the other  2q01.
hand, climate change will have as a consequence an increagutti, R., Stocker, T. F., and Wright, D. G.: The effects of subgrid-
in extreme events, increasing in this way the synoptic vari- scale parameterizations in a zonally averaged ocean model, J.
ability. Phys. Oceanogr., 30, 2738-2752, 2000.
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taken into account as hypothesis builder. The hypothesis of Varming S|.mu|at|on, J. of Climate, 13, 1809-1813, 2000.
this work is that the probable increase of synoptic variability Rahmstorf, S.: The thermohaline ocean circulation — a system with

. . dangerous thresholds?, Clim. Change 46, 247-256, 2000.
in the next century can contribute to an eventual collapse of, |, .=~ c"c " Ganopolski, A.: Long-term global warming sce-
the THC. o 0N
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