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Palaeoclimatic records indicate several abrupt changes in North Atlantic climate which are assumed to
be caused by disturbances of the thermohaline circulation (THC). By means of an idealized ocean box
model we investigate the sensitivity of the THC with respect to a high-latitudinal salinity reduction,
simulating a sudden meltwater release of glaciers or icebergs. We study the influence of various surface
heat and freshwater flux parameterization schemes, By coupling an atmospheric energy balance model
to the ocean model the importance of atmospheric heat and moisture transports in destabilizing the
THC is demonstrated.

Furthermore, the THC and its sensitivity under different climatic conditions is investigated. Due to
the temperature-dependence of the thermal expansion coefficient the oceanic circulation weakens and
becomes more vulnerable with decreasing global temperatures. The results indicate that during Ice
Ages even relatively weak freshwater invasions might have caused considerable variations in the
intensity of the THC, accompanied by severe cold snaps in high latitudes due to the weakened oceanic
heat transport,
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INTRODUCTION

Greenland ice cores and other climate records clearly indicate that various abrupt
changes in the North Atlantic climate occured in the past. A well documented
event is the Younger Dryas (11,000 years B.P.), the last millennium-long cold
period, whose marks can be found from Canada to Scandinavia. It is presumed
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that those changes are connected with freshwater invasions into the North
Atlantic, resulting in a weakening of the thermohaline-driven ocean circulation
(THC) and consequently in a decreased oceanic poleward heat transport
(Broecker, 1991). Palaecoclimatic studies actually show relations between melt-
water events owing to retreating glaciers (Keigwin et al., 1991) or massive dis-
charges of icebergs launched from Canada (Bond, 1995; Bond ef al., 1992) and
cold snaps in the North Atlantic region. The cooling in high latitudes strengthens
the THC again, whereas the decrease in poleward influx of salty water tends to
amplify the initial perturbation.

Atmospheric responses to oceanic temperature anomalies play an essential role
in stabilizing or destabilizing the THC after a freshwater perturbation. These
responses are reflected in enhanced poleward eddy heat and moisture transports
due to an increased mean meridional air temperature gradient and hence intensi-
fied baroclinicity. For numerical model studies this means that the parameteriza-
tion of surface heat and freshwater fluxes fundamentally affects the sensitivity of
the large-scale model circulation. However, numerous previous model studies
employ rather unphysical ad hoc formulatiens for surface fluxes in order to sim-
plify the coupled climate system. Mixed boundary conditions (i.e. the combination
of a temperature restoring condition with a fixed freshwater flux at the oceanic
surface) are used in the studies of (among others) Bryan (1986), Weaver and
Hughes (1994), and Weaver et al. (1994), Zhang et al. (1993) employ the heat flux
formulation of Schopf (1983) (fixed horizontal atmospheric heat transports and
surface freshwater fluxes) in their sensitivity studies. Stocker et al. (1992) as well
as Rahmstorf and Willebrand (1995) derive thermal boundary conditions based on
atmospheric energy balance. Nakamura ef al. (1994) and Lohmann et al. (1996a)
extend the energy balance by including atmospheric moisture transports. The
studies of Zhang et al. (1993), Rahmstorf and Willebrand (1995) and Lohmann
et al. (1996a) show that mixed boundary conditions highly overestimate the THC’s
sensitivity, whereas Schopf’s formulation results in an exaggerated stability.

In the present work we couple an oceanic box model with an atmospheric EBM,
including variable air temperatures and eddy heat and moisture transports. A box
model provides a qualitative understanding of thermohaline feedback mechanisms
with relatively low computational expenditure and is a common tool for THC sta-
bility and variability studies (e.g., Nakamura et al., 1994; Lohmann et al., 1996b;
Tang and Weaver, 1995). The atmospheric EBM works with physical approxima-
tions of governing processes where the transport terms are parameterized as diffu-
sion. By certain simplifications of the atmospheric model component we can
reproduce various surface heat and freshwater flux formulations. By a compara-
tive study we will see how the simplifications affect the sensitivity of the present-
day equilibrium state with regard to freshwater perturbations, Additionally, the
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effect of a simple temperatore-albedo feedback will be investigated to take into
account the high albedoes of snow and ice which form when high-latitudinal
temperatures drop.

For a deeper understanding of climate variability and sensitivity, studies on the
THC’s stability in climates which differ from the current one are necessary. In the
present work we will generate different climatic states by altering the energy
balance at the top of the atmosphere. We will investigate the stability of the result-
ing equilibrium states. To the authors” knowledge, up to now there are,no stability
investigations of the large-scale ocean circulation in a coupled mode in colder or
warmer ¢limates than the current one, although it is evident that the stability of the
THC strongly depends on the background state on which it operates.

The paper 1s organized as follows: In section 1 we describe the coupled box
model. Stability investigations with regard to-various surface flux parameteriza-
tions are presented and discussed in section 2, In section 3 the stability of the THC
in different climates is studied. Discussions and interpretations of the results
follow. Conclusions are drawn in section 4,

1. MODEL DESCRIPTION

Ocean Maodel

We consider a one-hemisphere ocean basin which reaches meridionally from 10°N
to 70°N and 15 80° in width to represent crudely the North Atantic (Fig, 1}, The
ocean is subdivided into three boxes. The upper ocean is represented by a low-
latitude and a high-latitude box (box | and box 2, respectively), separated at 43°N
and coupled by heat and freshwater fluxes with the overlying atmosphere. The
model is completed by a deep ocean box 3. The ocean boxes are coupled advectively
te each other, and a sinking in high latitudes is considered, se that the prognostic
equations for the temperatures 7; and salinities S; of the three boxes (i = 1, 2, 3) read:

%:%(n—ﬂﬁﬁ« (h
%:%m—nwﬁﬁ; 2
%:%(n—n), (3)
%:‘F{(sj_sl;—z‘;A,(P—E}l, (4)
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FIGURE 1 Schematic diagram of the coupled ocean-atmosphere model. The gystem’s dynamic is
driven by different energy balances R, at the top of the atmosphere. Poleward fluxes of sensible and
latent heat (water vapour) F, and F, respectively, arise in the atmosphere, while heat and salt is
transported in the ocean by the THC with an overturning rate ¢, Ocean and atmosphere are coupled
through heat and freshwater flaxes F,,,, and (P - £} respectively,

45 _ 95 _5)-S04 (P

dr_Vz(S' S = AP =H; (%)
dSy _ g
cTtB = E(Sz -5 (&)

where F,,.1 and F,.2 denote the surface heat fluxes for the low-latitude and the
high-latitude box, respectively, and V, the velumes of the three ocean boxes. §; 1s
a reference salinity (35 psu), p a reference density (1025 kg ™), and c, the
specific heat of water (4200 Jkg'°C™'). The depth Az of the upper ocean amounts
to 200 »z. A,(P - E), and A (P — E), denote the surlace freshwater fluxes (precipi-
tation minus evaporation) out of the low- and into the high-latitude box, respec-

tively. The multiplicative constant A, is introduced to take account of the large
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caption area of the North Atlantic ocean. The overturning rate g, i.e., the volume
flux of the THC between two adjacent ocean boxes, is assumed to depend on the
square of the density difference between box 1 and 2:

g=c [papz(?a,s;z,)_po‘l(:r*sl)]z! (7)

where the densities (in kg m~%) are calculated by a non-linear equation of state
(Zhang et al., 1993):

0,4(T, 5 = 1003.0 + 0.77 5, — 0.0727T(1 + 0.727;). ()

The factor ¢ in (7) is freely tunable to adjust the strength of the thermohaline-
driven overturning. The square law dependence on the density gradient of ¢ can
be derived from vorticity equations (Maas, 1994). Neither convection nor diffu-
sion is included in the model.

Atmospheric Energy Balance Model

The ocean is coupled with an atmespheric EBM similar to the one described by
Chen et al. {1995). In the present box model the atmosphere is subdivided into a
low- and a high-latitude cell which zonally span the whole circumference of the
globe (Figure 1). Assuming that both the sensible and the latent meridienal heat
fluxes vanish at the equator and at the pole, the following prognostic equations
determine the surface air temperatures 7,1 and 7,2 of the low- and the high-
latitude atmespheric cell, respectively:

ﬁC dTa.I — 1
Modi T 2ma®(sin45° — sin 09)

(F, +F)+ R~ fifa. (9}

ﬁC d}'—:‘ii‘. vl 1
Odt 2 (sin90° — sin 45°)

(F,+ )+ Ry — fLiF,.q, (10)

where ¢, , denotes the specific heat of air (1004 Jkg='°C™), a the earth’s radius
(6.37 - 10° m), F, and F, the fluxes of sensible and latent heat from the southern to
the northern atmospheric cell across the 45°N latitude circle, and R, ; the radiation
balance at the top of the atmospheric cells. Since the ocean surface occupies only
a fraction of the total hemispheric earth surface, the factors f; and £ are intro-
duced. The factor Be,, determines the time scale of atmospheric responses to
thermal forcings. Chen ez al. {1995) found B = 5300 kg s>, The radiation balance
at the top of the atmosphere R, , is expressed by
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R.'.r' = R.mhf(l_"up.!)_fi* (]l)

where R,,;; denotes the extraterrestrial solar insolation. The planetary albedo @, ;
is parameterized as a function of air temperature {Gritfel and Drazin, 1981):

o, = 0.42 — 0.2tanh[0.052(T,, — 3.0)]. (12)

The outgoing infrared radiation Z is formulated by a linear dependence on surface
air temperature (Budyko, 1969):

I = A+ BT,.. (13)

Chen ez al. (1995) found the empirical constants A and B to be 213.35 Wm™” and
2.22 W m°C"', respectively. Since atmospheric transports across the 45°N lati-
tude circle are mainly due to transient eddies (Oort and Peixoto, 1983), F, and F;
can be parameterized in terms of the meridional surface air temperature gradient,
basing on linear baroclinic stability theory (Branscome, 1983; Stone and Yao,
19903:

]

_ k9%
E—&b¢, (14)
_ k|2 o[
FI - Kint[aTHJTij] aa¢ ! (15)

where g, denotes the temperature-dependent saturation specific humidity (see
below) and ry, = 0.8 fixed relative humidity. The coefficients K and X, are tuned
to reproduce observational values of Michaud and Derome (1991). For the power
n theoretical considerations (e.g., Lohmann, 1995) as well as empirical studies
(Stone and Miller, 1980) suggest n = 2. Approach (15) assumes that fluctuations
in relative humidity are small compared to variations in specific humidity. The
merit of this formulation is the plain relation to atmospheric temperatures.
Alternatively, water vapour can be treated as a conservative variable, introducing
a new transport equation (&.g., Vallis, 1982; Fanning and Weaver, 1990).

To determine the temperature at 45°N we follow Nakamura et al. (1994) and
assume that the latitudinal profile of the zonal mean surface air temperature can
be appraximated by the second Legendre Polynomial, and that 7,1 and 7,2
represent the zonal mean surface air temperatures at 20°N and 55°N, respec-
tively. The corresponding meridional surface air temperature gradient at 43°N
then reads:
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I

@5N) = 0% — 2 (357)]

(Toq = Ta2) (16)

Coupling of Ocean and Atmosphere

Assuming that net freshwater fluxes across the 10°N and the 70°N latitude circle
vanish, the coupling of atmosphere and ocean through surface freshwater fluxes is
calculated diagnostically by

1 1
Blocf = . . E,
: 4 L0, 2ma*(sin 45° —sin 10°) (17
1 1
P-FE), = F
R =y T (sin70°—sin 5% - (18)

where L, denotes the latent heat of vaparization (2.5 « 10° J kg™") and p,, the
density of freshwater.

The net surface heat flux consists of the sum of shortwave radiation, net long-
wave radiation, latent and sensible heat exchanges:

Fua.;‘ = Q:w,i - in,f - th.; - Q.s'h.f' (19)

Values for the shortwave radiation are prescribed basing on data given by
Oberhuber (1988) (0,,.,1 = 190 W m™, (,,.,2 = 85 W m ?). The net longwave
radiation is parameterized by {e.g., Isemer and Hasse, 1987; Hasse, 1993)

Ot = G (0,254 = 39610 % ¢, W T, +273.15)" (20)
+2.2-1077(T,; + 273.15°(T; = T,

with G, = 4.0+ L0P*W m2°C* and Cp = 2.2+ 107°W e 2°C™, The formulation
of the temperature-dependent saturation water vapour pressure ¢,; (in mbar) is
taken from Shuttleworth (1993} and reads:

(21)

2T
e, =61 lexp( = J

2370+ T,

Latent and sensible surface heat fluxes are parameterized similar as in Haney
(1971) by

a 5.
Oni = i1 = 1) + cb—;{—] (T, - T (22)
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Qeni = a'h.a‘(z' —Tai): (23)

Values given by Isemer and Hasse (1987) indicate Cj,; = 24600 W m2, Cya =
60900 W m2, Cyy =5 Wm2°CL, and Cyp = 20 W m™°C for the present box
model. The saturation specific humidity g, is calculated by (e.g., Haney, 1971)

062 |
q31i(j‘;1]‘) - 1000 mbare.f.f(n.! )' (24)

Integration of the system of coupled ordinary differential equations for the
following stability studies is performed by an adaptive-step Sth-order Runge-
Kutta scheme.

2., SURFACE FLUX PARAMETERIZATIONS

Results

The coupled box model is tuned to reproduce the current climate. The tuning para-
meters required are listed in Table I, and the obtained climatological values are
shown in Table II. From (3) directly follows that T, = T in equilibrium states, The
current mode of the THC is characterized by a high-latitude sinking equilibrium
with strong northward transports of heat and salt in the upper ocean layers. This
equilibrium state is perturbed by an initial salinity reduction in the high-latitude
ocean box 2, simulating a sudden meltwater release. For the present coupled system
a salinity reduction of at least $5 = 1.35 psu entails a breakdown of the current
mode of the THC within one century. The new equilibrium state has no deep

TABLE 1 Tuning Parameters Employed for the Coupled
Ocean-Atmosphere Model

Parameter Inits Value
€ (%5 k™ 43.10°
i 6.5.10%
= L (6.676-10°
R Warec] _ 93108
{6.676-10°5)02
RsoM [quz] 400.5
Rm!*Z (W mﬂz] 261.3

A, 2.1
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TABLEII Features of Three Equilibrium States Describing Different Climates

Variable Linits Present Climate Colder Climate Warmer Climate
T [*] 26.06 24.73 27.14
=T, [°€] 290 0.11 493
T : [ 25.17 23,52 2646
Tz [*€] 1.61 -1.31 3.83
5 [ psu] 36.45 36.81 36.36
5=8; [ psui] 34.90 34,89 3494
g [5v] 6.71 5.16 7.58
oceanic heat transport [PW] 0.67 0.35 0.73
atmospheric heat
transports:

sensible F, [FW] 2.80 322 267
latent F, [PW) 1.59 1.52 1.65
total [PW] 516 529 5.05
AP -E) [emdyr] 7119 67.92 73.60
Foni [Wim?] 22.17 18.09 24.04
Fouz [Wrn?] -50.84 -41.49 -55.14
(v (%] 25.63 2623 25.21
Chpiz [Fe] 43,44 46.41 41.14

The stability of the THC in the present-day climate (left column} is studied in section 2 of the present
paper. In section 3 the sensitivities of the THC in the colder and in the warmer climates are
investigated.

water formation in high latitudes and is not modelled here (we refer to Stommel
(1961) and Willebrand {1993) for further information on it). For smaller distur-
bances the THC can recover. The effect of a salinity reductien slightly smaller
than 5, is presented in Figures 2-6. Figure 4,c shows the time series of the over-
turning rate ¢. Due to the meltwater perturbation it is instantaneously reduced to
less than 4 Sv, but after three centuries the equilibrium value is reached again. The
initial weakening of the THC results in a low-latitudinal oceanic temperature
merease (Fig. 2,a) and a high-latitudinal oceanic temperature drop (Fig. 2,b) due
to the reduced oceanic heat transport. Through surface heat fluxes low-latitudinal
air temperatures rise (Fig. 3.a), while atmospheric temperatures in high latitudes
decrease (Fig. 3,b). The resulting formation of snow and ice increases the albedo
and leads to a further cooling. The resulting large meridional atmospheric
temperature gradient causes higher eddy activity due to baroclinic instability.
Consequently, atmospheric transports of heat (Fig. 4,b) and moisture {Fig. 4.a)
intensify. The abrupt drop in low-latitudinal sea and air temperatures, occurring
after a few years, is due to the increased poleward eddy heat transport. Variations
in the total poleward heat transport (Fig. 4,d} are only small. The equilibrium total
heat transport is determined by the radiation balance at the top of the atmosphere.
Changes due to increased albede are partly compensated by less outgoing long-
wave radiation. Therefore, anomalous oceanic heat transports are almost balanced
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by anomalous atmospheric transports. The low-latitudinal salinity increase shown
in Figure 2.c is caused by the intensified hydrologic cycle and by the reduced
oceanic salt transport. The positive feedback between the northward oceanic salt
transport and the meridional oceanic density gradient tends to destabilize the THC,
whereas the negative feedback between the oceanic heat transport and the meri-
dional density gradient has stabilizing impact. The former effect is reinforced by
the negative feedback between oceanic overturning and atmospheric moisture
transports, while the stabilizing latter effect is curtailed by variable surface heat
fluxes {Figs. 5 and 6) which remove sea surface temperature ancmalies, Variations
in surface heat fluxes are mainly due to changed sea-air temperature differences,
Figures 3,c and 3.d reveal that temperature variations in the ocean are actually
larger than in the atmosphere, since air temperature anomalies are effectively
removed by eddy transports and by longwave radiation Lo space according to (13).
Thus, atmospheric heat advection as well as the longwave relaxation mechanism
tend to destabilize the THC, Temperature and salinity of the deep-ocean box relax
towards the high-latitudinal values with the large time constant Vi/g.

To demonstrate the importance of the atmospheric responses to large-scale
aceanic circulation variations, stability experiments with simplified atmospheric
madel components are performed. The critical salinity reductions §3 which cause
a breakdown of the THC are listed in Table [11 for various models. In model 2 the
temperature-albedo feedback is excluded, and the THC turns out to be slightly
more stable. The destabilizing impact of the temperature-albedo feedback can be
attributed to a global cooling effect. The temperature-albedo feedback amplifies
the high-latitudinal air temperature drop after an mitizl weakening of the THC.
Due to atmospheric transports this additional cooling also affects low-latitude
temperatures. Accordingly, low-latitudinal ocean temperatures do not rise as
strong as they do with fixed planetary aibedoes. Therefore, the temperature-
albedo feedback tends to lower oceanic temperatures globally when the thermo-
haline overturning is disturbed. Since the thermal expansion coefficient of sea
water —dp, ;/ d7; decreases linearly with temperature according to (8). the negative
feedback between the oceanic heat transport and the meridional density gradient
wedkens in that case. In other words: Although an included temperature-albedo
teedback enhunces the meridional temperature gradient afier an inthal perturba-
tion of the THC, it lessens the meridional density gradient of sea water. The effec-
tiveness of atmospheric freshwater transports in model 2 does not differ
significantly from meodel !, Freshwater transports depend on both the mendional
temperature gradient and the absolute temperature according to (15). The effects
of increased temperature gradients and decreased absolute temperatures in
connection with a temperature-albedo feedback nearly cancel each other. This 1s
confirmed by comparing the critical perturbations of modef 3 and model 4 where

FAS PIEWIT O UUL LA LHELE 0L LD,
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Table T Survey of the Investipated Models

Muodel Features 53 fpsuf
1 = variable surface freshwater fluxcs
— variable planetary alhedoes 1.35
2 — variable surface freshwater fluxes
— planetary albedoes fixed 1.42
3 — surface freshwater uxes fived
— planetary aibedoes fixed 1.60
4 ~surface freshwater fluxes fixed
— variable planetary alhedocs 1.54
3 — surface freshwarer fluxes fixed
- planetary albedoes fived
— simplitied surface heat flux formulation 1.54
with @, and (- fixed
i) ~ surface freshwater fluxes fixed
— swface air temiperatures fixed 1.33
(1.e. mived boundary condilions)
7 — surtace freshwaler fluxcs fixed
- planstary albedoes fixed
— meridional atmospheric heat 128
transports fixed
B — surface freshwater fluxes fixed
— sea-air temperature differences fixed 3.01
g — surface freshwaler fluxes fred

— surface heat fluxes fixed

The critical salinity reductions §”, ate a measure for the stability of the
THC with respect to freshwater perturbations in high latitudes. Exceeding
the critical value §'> canses the current mode of the THC to collapse.

freshwater fluxes are fixed. The temperature-albedo feedback included in model 4
has a destabilizing impact on the THC by the mechanisms explained above. The
corresponding decrease in the critical salinity reduction §’» has about the same
magnitude as in case of variable freshwater fluxes (model I and 2).

Apparently, the destabilizing effect of an included temperature-albedo feed-
back strongly depends on the efficiency of almospheric heat transports {Fig. 8. If
the power n in (14) and (15) is reduced, the cooling effect of the temperature-
albedo feedback is restricted to high latitudes, and low-latitudinal oceanic tem-
peratures can increase more strongly in consequence of a weakened oceanic
circulation. In that case, the additional cooling effect in high latitudes acts to sta-
hilize the thermohaline overlurning. Additionally, the amplified high-latitudinal
temperature drop results in a reduced atmospheric moisture transport and conse-
quently in a more stable THC. when # is sufficiently small that the effect of
decreased air temperature overcomes the effect of an increased meridional air
temperature gradicnt in (13).

In order to study the influence of different surface heat flux parameterizations
on the sensitivity of the model THC, both albedoes and surface freshwater fluxes
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are fixed in the remaining models. Mode! 5 differs from model 3 by the heat flux
coupling between the oceanic box model and the atmospheric EBM. Surface heat
fluxes are now parameterized by

Em,i = Ql.a' - QZ,:'(I; = Iﬂ,a’)! (25)

with Q) ; and (0, being constants. Such a parameterization is employed for instance
in the coupled box models of Lohmann et al. {1996b) and Tang and Weaver
(1995), To reproduce the equilibrium states of the previous models the following
constants are required: O, ( = 57.6 Wm?, 0, =40.0 Wm2eC!; 0, =45 Wi,
Q25 = 43.2 Wm2°C~. Model 5 yields a THC slightly more stable than model 3.
This is mainly due to the inaccurate formulation of the oceanic latent heat losses to
the atmosphere, which actuaily depend not only on sea-air temperature differences
but also on absolute surface air temperatures according to (22). However, over-
estimated latent heat fluxes are partially compensated by underestimated sensible
heat fluxes, so that the sensitivities of model 3 and model 5 differ only slightly.
Thus, the linearized heat flux formulation (25) appears to be adequate.

In model 6 air temperatures are kept fixed, so the frequently used mixed bound-
ary conditions are reproduced. Mixed boundary conditions rule out any responses
of the atmosphere to oceanic temperature variations and remove sea surface
temperature anomalies very effectively. In oceanic GCMs typical restoring time
scales of only a few weeks are linked up with mixed boundary conditions, result-
ing in extremely vulnerable oceanic circulations (e.g., Zhang et al, 1993;
Lohmann et al., 1996a; Cai and Godfrey, 1995; Rahmstort and Willebrand,
1965). Although model 6 is ¢clearly more sensitive than model 3, the high sensi-
tivities of GCMs can not be reproduced by the box moedel (see also Nakamura
et al., 1994). This can be attributed to the large upper ocean box depths Az which
determine the restoring time scales of sea surface temperature anomalies.
Meridional atmospheric heat transports are fixed in model 7. Theretore, air temper-
ature anomalies can only be removed by longwave radiation to space, Such an
assumption is similar to the surface heat flux parameterization scheme proposed
by Schopf (1983}. Typical damping time scales for sea surface temperature anom-
alies are now about twenty times higher than with mixed boundary conditions,
and the stability of the THC is strongly overestimated. The heat flux formulagon
suggested by Cai and Godfrey (1995) is employed in model 8. Here, sea-air
temperature differences are fixed and sea surface temperature anomalies are
mainly removed by latent heat fluxes which depend on surface air temperatufes.
Since this damping mechanism is only weak, temperature anomalies can persist
on a long time scale, and the THC is extremely stabilized. Finally, in mode! 9
both surface freshwater and heat fluxes are prescribed. A lasting destabilization
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of the THC is impossible now, since the equilibrium meridional transports are
completely determined by the thermehaline forcing through surface fluxes.

Discussion

The respense of the atmospheric model component to oceanic circulation varia-
tions strongly determines the sensitivity of the THC, If sea surface temperature
anomalies are quickly removed through variable surface heat fluxes, the THC
becomes more vulnerable. On the other hand, underestimating the variability of
surface heat fluxes results in a strongly stabilized thermohaline overturning. In the
present atmospheric EBM the atmospheric responses to a disturbed THC depend
on the parameters [} and n. [} determines the heat capacity of the atmosphere. In
Figure 7 the dependence of the critical salinity reduction 5% on [} is shown using
model 3. The curve reveals that an exact determination of this parameter is rather
unimportant, since the atmospheric heat capacity in the coupled system 1s actually
negligible (the ocean’s heat capacity is three orders of magnitude larger).
However, if B is overestimated by a factor 100 or more, the critical perturbation
$5 decreases significantly. If P exceeds a value of 10® kg m™%, air temperatures
remain almost constant, and the critical perturbation approaches S5 = 1.33 psu as
in madel 6. Thus, the limit of infinite atmospheric heat capacity cerresponds to
mixed boundary conditions.

The power # in (14) and (15) determines variations in atmospheric eddy acti-
vity as a result of large-scale temperature anomalies. By an empirical study, Stone
and Miller (1980) found # to vary roughly from 1.6 at high latitudes to 4 at low
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FIGURE7 Dependence of the critical perturbation §2 on § in #odef 3. The parameter § determines
the heat capacity of the wrmospheric maodel component. For sufficiently large § air temperatures
remain almost constant, and the mode] corresponds to mixed boundary conditioms.
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latitudes, In model studies numerous different values are used. Nakamura er al.
(1994} employ a power law with » being about 3.5, Lohmann et al. (1996a) use
i = 2, Tang and Weaver (1995) # = 4. Several models employ a linear approach,
ie, n=1{ie, Chen ¢t af. 1995; Rahmstorf and Willebrand, 1993; Pierce et al.,
1996}, Lobmann et al. (1996b) analyse their coupled box medel by means of
linear stability theory and show that linear instability of the THC is more likely to
cccur when high powers are employed. Perturbation experiments using model 3
and varions power laws yield critical salinities which are shown in Figure 8
{dashed line). For the limit of infinite # the model corresponds to mixed boundary
conditions, since no air temperature anomalies can arise due to the instant
removal by atmospheric heat transports. In that case §7 approaches 1.33 psu.
Thus, the use of mixed boundary conditions implies that any surface air tempera-
ture anomalies are instantly removed by atmospheric heat advection.

The solid line in Figure 8 shows critical salinity reductions for various » using
madel | (vanable atmospheric moisture transports and albedoes), while the dotted
line shows the critical perturbations of mode! 2 (albedoes fixed). For sufficiently
large # the temperature-albedo feedback and the effect of variable freshwater
fluxes act destabilizing. The effectiveness of atmospheric moisture transports in
destabilizing the THC diminishes with decreasing power n. Additionally, the
temperature-albedo feedback tends to stabilize the THC for small # {(see previous
section). Consequently, model 1 turns out to be even more stable than model 3
when »n approaches zero, In case of very large n (n > 50) modei 1 is slightly more
stable than mode! 2 due to a short-term global cooling and reduced atmogpheric
freshwater fluxes in consequence of the temperature-albedo leedback.

pSU

logn

FIGURE 8 Dependence of the eritical pertorbation 52 on n in mode! | (solid line), model 2 {dotted
liney, andd made! 3 (dashed line). » deternmiines the steenpth of cddy activity variations due to a
weakened THC. The large dots comrespond o 5 = 2. For sufficiently tow g the temperature-albedo
feedback in mode! | acts strongly stabilizing.




) M. PRANGE et af.

The destabilizing effect of eddy moisture transports is already pointed out in the
box model study of Nakamura et af. (1994). However, it appears that their coupled
model strongly overestimates the efficiency of this mechanism, since it calculates
atmospheric transports at relatively low latitudes (35°N). As low-atitudinal
temperatures tend to increase significantly in consequence of a weakened THC,
Nakamura ef al. (1994) overrate the effect of the hydrologic cycle. By way of con-
trast, the coupled oceanic GCM-atmospheric EBM experiments of Lohmann ef al.
(1996a) exhibit an almost negligible influence of the hydrologic cycle on the
sensitivity of the THC. However, their model ignores continental runoff and hence
underestimates the freshwater input into the northern North Atlantic. Rahmstorf
and Willebrand {1995) as well as Pierce et al. (1996) also couple an oceanic GCM
with an atmospheric EBM. They use a linear power law (i.e., n=1) for atmospheric
heat transports and prescribe surface freshwater fluxes. Thus, the stability of the
THC in these models is probably overestimated. Sensitivity studies with coupled
atmospheric and oceanic GCMs (Manabe and Stouffer, 19935) must also be inter-
preted with caution, since these models need large adjustments of surface heat and
freshwater fluxes to maintain a realistic thermohaline overturning (Sausen et al.,
1988: Manabe and Stouffer, 1988). Such adjustments can considerably affect the
sensitivity of the THC (e.g., Lohmann, 19935).

3. THE SENSITIVITY OF THE THC IN DIFFERENT CLIMATES

Producing Different Climatic States

Stability investigations with the present box model are performed 1o get some
insights into the sensitivity of the THC in warmer and colder climates than the
current one. The global climate can be altered by changing the radiation balance
at the top of the atmosphere. Following Budyko (1977) the effect of atmospheric
ereenhouse gases can be simulated by varying the parameterization for the long-
wave emission [, in (13). This cun be realized by multiplying /; by a factor ¥y which
depends on greenhouse gas concentration onl y-

The simple box model can not reliably describe large deviations from the current
climate, because the tuning is based on present-day climatology, and important
physical processes might not be included. Especially the lack of an interactive sea
ice compenent limits the scope of the present box model, as large changes of sea
ice patterns can have a strong impact on surface heat fluxes and hence on the
entire dynamics of the THC (e.g.. Lohmann and Gerdes, 1996} Therefore, v
should not differ too much from 1.0 in a box model, Considering this limitation, y
is chosen to be 1.002 for the simulation of a colder climate. A warmer climate is
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obtained by setting y = 0.998. This procedure provides reasonable climate states
whaose main characteristics are listed in Table I1. Due to the lack of the Pacific’s
large heat storage the model appears to be rather sensitive to radiative forcing,
The colder climate is associated with a global atmospheric cooling of 2.02°C,
while the warming scenario corresponds to a global air teqnperature increase of
1.56°C. Changes in net radiation at the top of the atmesphere amount to AR, =
+0.73W m2, AR, =—1.70W s for the global cooling scenario, and AR, = -0.63
Wm™?, AR, = +1.52 Wm ? for the warmer climate. Note that high-latitudinal and
low-latitudinal radiation changes have opposite signs, since net radiation in low
latitudes is mainly affected by changes in thermal longwuve emission, whereas
this effect is more than compensated by altered albedoes in high latitudes. In
equilibrium these changes in radiative fluxes must be compensated for through
meridional fluxes in the atmosphere-ocean system. Accordingly, the total pole-
ward heat transport increases in the colder climate and decreases in consequence
of a global warming. The increase in heat transport in the cold epoch is accom-
plished by an augmentation in atmospheric sensible heat transports due to the
enhanced meridional air temperature gradient (AT, — 7,.,) = +1.27°C).
Atmospheric latent heat (and hence freshwater) transports diminish owing to the
decreased moisture capacity of the cooled air. By way of contrast, a global
warming is accompanied by meridional air temperature gradient decrease
(A(T, | — To2) =-0.93°C), sensible heat transport reduction, and poleward latent
heat flux augmentation.

The weakening of the thermohaline overturning in the colder climate despite the
enhanced meridional temperature gradient (A(T; — T3) = +1.46°C) can be attri-
buled to the temperature-dependence of the thermal expansion coefficient of sea
water. The increase in density in low latitudes amounts of Ap,,l = +0.72 kg m™
according to (8), and predeminates over the density increase in high-latitudinal
waters (Ap,,2 = +0.12kg m *). since the thermal expansion coefficient —op, /0T,
is lower in high (cold) than in low (warm) latitudes. Accordingly, the THC
sirengthens when a global warming takes place, although the meridional temper-
ature gradient decreases (A(T, - T3) = -0.95°C). The positive feedback between
northward salt transport and thermohaline overturning amplities the THC's
tendency to weaken or to strengthen, although altered stmospheric moisture frans-
ports tend to counteract this effect. However, it appears that the corresponding
surlace freshwater flux changes are only of minor impertance compared to the
changes in oceanic salt transpoerts. Table IT reveals that the salinity contrast S, — 5,
actually increases in the global cooling scenario, whercas it is reduced in the
warrner climate. If atmospheric [reshwater transports were assumed to remain at
the present-day value, the THC would increase to 7.78 Sv with respect to global
warming instead of 7.60 Sv (Table IT) when moisture transports are allowed to rise.
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Comparison with Other Studies

During the last glacial maximum (LGM), 18,000 years B P, (radiocarbon date},
which correspends to the last maximum extent of the Laurentide and
Fennoscandian ice sheets, the global annual mean surface air temperature 1s
supposed to be approximately 4°C less than today (e.g.. COHMAP, 1988,
Joussaume, 1993). On the other hand, doubled €O, studies with atmospheric
GCMs predict global warmings of up to 4.8°C (Watterson and Dix, 1996), The
new box model climates (Table II) have several gualitative agreements with LGM
and doubled CO, scenarios discussed in the following:

« Temperature changes due to radiative forcing are larger in high than in low
latitudes in consequence of polar amplification by the temperature-albedo feed-
back. Hence, mean meridional temperature gradients increase when a global
cooling takes place. Atmospheric GCMs in conjunction with CLIMAP (1981)
surface boundary conditions show a cooling of roughly 11°C above 60°N, and
of only 1.2°C in tropical regions (e.g., Joussaume, 1993) for the LGM.
However, recent geochemical studies provide some support for the hypothesis
that tropical sea surface temperatures may have been 2°-3°C colder than esfi-
mated by CLIMAP (Guilderson ¢t al.. 1994): GCM (O, doubling studies show
a mean warming of roughly 5°-7°C above 60°N, and lower temperature
changes near the cquator of only about 2°-3°C (e.g., Meehl and Washington,
1990). so that the mean meridional surface air temperature gradient decreases.

» The enhanced mean meridional air temperature gradient during the LGM 1s
connected with increased baroclinicity, and hence with a larger poleward
energy flux in the armosphere. Hall et al. (1996) find an increase of about 1 PW
in the northern hemisphere at the LGM in the annual mean.

+ The signs of changes in net radiation balance ai the top of the atmosphere at the
L.GM in the annual mean are consistent with those obtained in the box model’s
colder ¢limate (Hall &t ¢¢f 1996). Accordingly. the total northward heat trans-
port by the ocean and the atmosphere becomes larger in colder climates,

+ Numerous €6, doubling simulations show an intensified atmospheric fresh-
water transport owing to the increased moisture capacity of the warmed air (e.g.,
Manabe and Bryan, 985; Manabe and Stoutter, 1993; Hall er al., 1994), whereas
LGM studies reveal a weakened hydrologic cyele (e.g., Joussaume, 1993).

* By means of a coupled atmosphere-ocean GCM with idealized one hemisphere
geometry Manabe and Bryan (1985) find an intensification of the meridional
oceanic circulation with increasing global temperature due to the temperature-
dependence of the thermal expansion coefficient of sea water. GCMs driven
with LGM boundary conditions exhibit that the THC in the Atlantic ocean
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was considerably weaker under glacial conditions than today, while the
Pacific circulaticn was almost identical 10 its present-day pattern (e.g., Hovine
and Fichefet, 1994; Winguth er gl., 1996). These findings are confirmed by
geological reconstructions (e.g., Boyle and Keigwin, 1987; Curry et al., 1988;
Duplessy et al., 1988).

* Reconsiructions by Duplessy ef al. (1991) show that the sea surface salinity
contrast between low and high latitudes was larger during the LGM than today.
Since only the meridional salinity gradient enters (7), the absolute global salinity
1% unimpertant in the box model.

» The mean planetary alkedo is larger in the colder climate than under present-
day conditions. The LGM study of Joussaume (1993) provides a planetary
albedo increase of 2.45% for the northern hemisphere in the annual mean.

¢ Watterson and Dix (1996) analyze surface energy fluxes simulated by an atmos-
pheric GCM for present-day and doubled C@; conditions. In consequence of
the warming, they find a global decrease in oceanic heat losses through long-
wave emission and strongly enhanced latent heat losses, The former effect is
attributed to a global increase in downward longwave radiation from the atmos-
phere to the ocean, while the latter effect is connected with the enhanced satu-
ration specific humidity and hence intensified evaporation. In high latitudes the
latent heat fluxes increase by roughly about 15 W m™. In the same way, latent
heat losses globally increase in the present box model study in consequence of
a global warming. In high latitudes intensification of latent heat fluxes is par-
ticularly streng and is the main reason for the enhanced net heat loss. In low
latitudes the weak increase in latent heat fluxes is more than compensated by a
decrease in net longwave emission. For the global cooling scenario the net heat
loss decreases in high latitudes, which can mainly be attributed to lessened
latent heat fluxes, In low latitudes the net heat gain of the ocean decreases due
to increased longwave radiation losses.

To sum it up it can be said that the coupled box model captures some features
which are associated with global temperature changes. This is an important basis
for the validity of the following stability investigations.

Stability Investigations

Stability investigations concerning the new equilibrium states give critical
salinity perturbations of 55 = 0.40 psu and 53 = 1.86 psu for the colder and the
warmer climate, respectively. Comparing these values with the critical salinity
perturbation of the current climate 3 = 1.35 psu reveals that the THC is stabilized
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by the global warming, whereas it becomes considerably more vulnerable in the
cooler climate.

These results are compatible with those of Lohmann et al. (1996b} insofar as a
strong equilibrium overturning is linked up with high stability. When the equili-
brium circulation weakens it becomes more vulnerable. Lohmann er al, (19%6b)
deal with the linear stability of a coupled box model with regard to different equi-
librium states. In their model a weakening of the equilibrium THC can be realized
either by increasing the meridional salinity contrast or by decreasing the meri-
dional temperature gradient, Since the model of Lohmann et al. (1996b) assumes
a linear dependence of sea water density on temperature (f.¢., the thermal expan-
sion coefficient is a constant), absolute cceanic temperatures play no role, and the
thermohaline overturning strength as well as its stability is determined by meri-
dional gradients only. By way of contrast, the present study reveals the importance
of the temperature-dependence of the thermal expansion coefficient. The THC
weakens and hecomes more vulnerable with respect to global cooling despite an
enhanced meridional oceanic temperature gradient. Additionally, a second effect
arises due to the temperature-dependence of the thermal expansion coefficient in
the present study: The stabilizing negative feedback between the oceanic heat
transport and the meridional sea water density gradient lessens when thermal
expansien coefficients diminish due to global cooling. Tn warmer climates this
feedback strengthens owing to the elevation of the thermal expansion cogfficient,
and the THC is additionally stabilized.

In order to estimate the importance of both non-linear effects, the three equi-
librium states of Table I (present-day, colder and warmer climate) are perturbed
using a linear equation of state, i.e., high- and low-latitudinal thermal expansion
coefficients of the present-day climate are calculated and fixed throughout. The
factor ¢ in (7) is adjusted properly to reproduce the equilibrium overturning rates
g of the colder and the wurmer climate. The stability experiments give crifical
salinity perturbations of 55 = 0.48 psu, 1.21 psu and 1.54 psu for the colder, the
current and the warmer climate, respectively, The results indicate that the first
effect (.., high stability due to a strong equilibrium overturning} may be the
more important one, but that the second non-linear effect {strengthened feedback
between heat transport and meridional density gradient due to increased thermal
expansion coefficients} is still not negligible for climate variability.

Palaeoclimatic Interpretation

Meliwater invasions into the North Atlantic owing to retreating glaciers are
assumed to be responsible for abrupt climate changes like the Younger Dryas cold
event 11,000 years B.P. (Broecker, 1991). Sediment layers in the North Atlantic
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ocean (Heinrich lavers), deposited between 14,000 and 70,000 years ago, record
considerable decreases in sea surface temperature and salinity, and massive dis-
charges of icebergs originating in eastern Canada (Bond et ., 1992), leading to
the conclusion that armadas of icebergs also might have caused sudden climatic
fluctuations. The present results indicate that during glacial epochs the THC was
much more susceptible to such freshwater perturbations than today. Thus, even
relatively small perturbations might have caused considerable variations in the
intensity of the THC accompanied by severe cold snaps in high latitudes due to
the weakened oceanic heat transport.

GCM studies of Rahmstorf {1994) and Lohmann and Gerdes (1996} show that
freshwater perturbations may cause a transition of the THC into different climate
states with shallower convection where the sites of deep water formation areas shift
southward, The resulting circulation pattern is associated with lower surface heat
fluxes in northern regions and hence a lasting cooling in high latitudes. There is
palaeoclimatic evidence which indicates strengthened intermediate ocean currents
and weakened deep water flows during the Younger Dryas (McCave et al., 1995},
thus confirming the model findings. Such a transition of the THC might explain the
long duration of the Younger Dryas cold period (about 1,300 years).

The present-day oceanic circulation is substantially more stable with respect to
freshwater perturbations than the circulation of past glacial epechs. The high
stability of today’s THC could be one reason for the equable climate during the
last 10,000 years. By way of contrast, the high sensitivity of the oceanic circulation
in Ice Ages leads to high climate variability,

4. CONCLUSIONS

An oceanic box model was coupled with an atmospheric EBM. The sensitivity of
the THC was studied with regard to different surface flux parameterization
schemes and climates. The model reveals the importance of atmospheric
responses to oceanic circulatdon variations. Both atmospheric heat and maoisture
transports tend to destabilize the THC. Thus. neglecting these transports in model
calculations, as proposed by Schopt (1983). results in an artificial overstabiliza-
tion. On the other hand, if atmospheric heat transports are overestimated, the
stability of the THC is considerably reduced. This happens when mixed boundary
conditions are employed. Apparently, neither Schopf’s approach nor mixed
boundary conditions are appropriate to sensitivity or variability studies, An
atmospheric EBM is a suitable tool for estimating atmospheric responses. A
simplified coupling between the oceanic and the atmospheric model component
by means of a linearized heat flux parameterization turns out to be adequate,
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The box model is not able to determine clearly whether a temperature-albedo
feed-back siabilizes or destabilizes the thermohaline overturning, It is a certainty
that a temperature-albedo feedback reinforces the high-latitudinal temperature
drop after an initial perturbation of the oceanic circulation. The additional cooling
tends to stabilize the THC. However, if the efficiency of atmospheric heat trans-
ports is large enough, this cooling is transmitted to low latitudes, and a global
cooling tendency occurs. Since the thermal expansion coefficient of sea water
decreases with ternperature, the negative feedback between the oceanic heat trans-
port and the meridional density gradient weakens. Consequently, a temperature-
albedo feedback tends to destabilize the THC if atmospheric heat transports are
very powerful, otherwise a temperature-albedo feedback stabilizes the circulation,

The stability investigations in different climates have particular palacoclimatic
importance. In that case, the dependence of the thermal expansion coefficient on
temperature turns out to be of paramount importance. It causes the THC to
strengthen in a warmer climate and to weaken in a cold epoch. Furthermore,
increased thermal expansion coefficients enhance the stability of the THC in
warmer climates, whereas the stability lessens in Ice Ages. Thus, the THC was
probably more vulnerable in past glacial epochs than today. Even relatively small
freshwater infusions owing to melting glaciers or icebergs might have caused
considerable changes in the THC, leading to high variability of the climate system,

Convective processes, which are not considered in the box model, can have
additional impact on the stability of the oceanic circulation. A convective insta-
bility mechanism is analysed for different climates by Winton (1997) using
Schopf’s boundary conditions. He shows that North Atlantic Deep Water forma-
tion is favored by a warm climate due to the non-linearity of the equation of state.
In celder climates the convection is more susceptible 1o stratification by surface
freshening.

For future studies more sophisticated coupled models with sufficiently high
resolutions should run under different climatic conditions to deepen the ingights
obtained with the present model. Local processes can not be considered with a
simple box model. In particular, sea ice effects may play an essential role, affect-
ing the sensitivity of the THC. Recent models of Zhang et al. (1995), Lenderink
and Haarsma (1996} and Lohmann and Gerdes (1996) include thermodynamic sea
ice models to study today's THC. However, only Lohmann and Gerdes (1996)
take account of atmospheric feedbacks due to eddy activity. They find an impor-
tant impact of sea ice on the sensitivity of the THC owing to chunged surface heat
fluxes. Due to their ability to shift the sea ice margin poleward, atmospheric heat
transports appear to have a stabilizing effect on the THC in that case.

Despite its simplicity the presented box model provides many insights into
important feedback mechanisms which are connected with the THC. Much work
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has still to be done to understand the THC's sensitivity under different climatic
conditions and to grasp climate variability as a whole.
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ERRATUM

Typo in equation (8):

Replace 0.72 by 0.072 in the equation of state!



