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Abstract:

The aim of this paper is to present a modeling framework for deriving emissions corridors that preserve the
Atlantic thermohaline circulation (THC). The framework consists of a multi-gas reduced-form climate model
coupled to a four-box THC model and alows for the main physical uncertainties (i.e., climate and North
Atlantic hydrological sensitivity) to be taken into account. The emissions corridors are calculated along the
conceptua and methodological lines of the tolerable windows approach (TWA). The corridor boundaries de-
marcate emissions limits for the 215¢ century beyond which either the THC collapses or the mitigation burden
becomesintolerable. Accordingly, the corridors represent the maneuvering space for climate policies commit-
ted to preserve the THC without endangering future economic growth. Results indicate a large dependence
of the width of the emissions corridors on climate and North Atlantic hydrological sensitivity: for low val-
ues of climate and/or hydrological sensitivity the upper corridor boundary is far from being transgressed by
any of the SRES emissions scenario for the 215¢ century, while for high values of both quantities even low
non-intervention scenarios leave the corridor.

Keywords: climate change, thermohaline circulation, tolerable windows approach, emissions corridors, sensi-
tivity analysis

1 INTRODUCTION transition into a circulation state without deep wa-
ter formation in the Atlantic. Because of the po-

tentially severe consequences for the climate of the

Potentially unstable features of the climate system
have gained increasing scientific and public atten-
tion, because they could be the origin of major and
rapid disruptions of the human life support systems
[1]. A prominent example for this is a conceivable
breakdown of the Atlantic thermohaline circulation
(THC), i.e., that part of the Atlantic ocean circu-
lation which is driven by density gradients. This
circulation transports large amounts of heat north-
ward (in the order of 1 PW = 10! W), acting as
a heating system for north-western Europe and the
northern North Atlantic [2]. Paleo-reconstructions
[3] and model simulations [4; 5; 6] have shown
the potential for a THC instability and raised the
concern that global climate change may trigger a

North Atlantic region, a collapse of the THC may
be considered as a ‘ dangerous anthropogenic inter-
ference with the climate system’ that Article 2 of
the United Nations Framework Convention on Cli-
mate Change (UNFCCC) calls to avoid. The aim
of this paper is to present a method for calculat-
ing emissions corridors which keep the THC in its
present mode of operation, while considering ex-
pectations about the socio-economically acceptable
pace of emissions reductionsefforts. Emissions cor-
ridors represent the range of CO, emissionsthat are
compatiblewith normatively defined policy goalsor
‘guard-rails'. They are calculated on the conceptual
basis of the ‘tolerable windows approach’ (TWA
or ‘guard-rail approach’ [7; 8]). The TWA differs



fundamentally from conventional integrated assess-
ment approaches, such as cost-benefit [9; 10; 11]
and cost-effectiveness analysis [12], as it does not
seek to identify a single ‘optimal’ emissions path,
but the full bundle of paths admissible under the
pre-defined guard-rails [13; 14]. The first attempt
to consider irreversible changes in the THC in the
framework of the TWA was made in [15]. This
study used the stability diagram of the THC deter-
mined in [5] as a static constraint on emissions tra-
jectories. Thiswas avalid first attempt, but implied
some drastic simplifications as argued in [15]. The
modeling framework presented here includes a dy-
namic THC model and may be understood as an ad-
vancement of the work reported in [15].

2 METHODOLOGY AND MODEL COMPO-
NENTS

The analytical tool employed for this study consists
of a dynamic box model of the Atlantic thermo-
haline circulation coupled to a multi-gas reduced-
form climate model. The guard-rail approach out-
lined in section 1 isimplemented as a specially for-
mulated control problem. Section 2.1 sketches the
mathematical background and describes the algo-
rithm for calculating emissions corridors. Section
2.2 presents the reduced-form model of the THC.
Section 2.3 describes how scenarios of global mean
temperature are translated into scenarios of basin-
wide climate variables that are required to drive the
THC model. The reduced-form climate model pro-
viding the global mean temperature scenariosis pre-
sented in section 2.4. A short description of the dy-
namic behavior of the coupled THC-climate model
isgivenin section 2.5. Section 2.6 specifies the cli-
mate impact guard-rails and the socio-economically
motivated constraints on the emissions behavior that
we have used in this study.

2.1 Calculation of emissions corridors

In mathematical terms, the derivation of emissions
corridors may be formulated as a dynamic control
problem. The time evolution of the system is de-
scribed by the state vector x(t), and is subject to the
set of differential equations:

x(t) = £(x(t), u(t),?), @

withinitial conditionsx (¢t = 0) = x¢ and restricted
controlsu(t) € U, wherel{ isthe set of all possible
control measures. Further, the systemis required to
remain within boundaries specified by guard-rail s of

the form:

h(x(t),u(t),t) <O0. 2

In our specific analysis, the state vector x(t) in-
cludes variables like global mean temperature, con-
centrations of al major greenhouse gases, and the
Atlantic thermohaline circulation rate. The control
vector u(t) comprises the level of energy-related
CO; emissions. The guard-rails constrain the inten-
sity of the THC to remain above a certain level and
express expectations about the socio-economically
acceptabl e pace of emissions reductions (cf. section
2.6).

The TWA seeks to identify the complete bundle of
control paths u(-) and corresponding state trajecto-
ries x(-) which are governed by the set of differ-
ential equations Eq. 1, with initial conditions xg,
and subject to the constraints described by Eq. 2.
A suitable mathematical framework for the descrip-
tion of the set-valued solution to this problem has
proven to be the theory of differential inclusions
[16]. Although determining the full solution (i.e.,
the admissible bundle) is not feasible at the current
state of this theory, it is possible to derive interest-
ing properties of this bundle. For example, a com-
bination of concepts from the fields of differential
inclusions and control theory [17] alowsfor the de-
termination of the outer boundaries of the admissi-
ble control space u(-) [18; 19]. The projection of
the area between these boundaries onto a subspace
spanned by time and CO, emissions is what is re-
ferred to as an ‘emissions corridor’ (cf. [20]). This
procedure, however, is associated with loss of in-
formation about the inner structure of the corridor.
Indeed, the resulting corridors do not contain infor-
mation about the dynamicsof the system, i.e., which
pointswithin the corridor are connected by admissi-
ble paths. This has the important consequence that
the corridorsimpose a necessary but not a sufficient
condition on the admissibility of a particular emis-
sions path: al paths which are compatible with the
guard-railslie within the corridor, but not every path
which lies within the corridor is necessarily admis-
sible. A concept for constructing sufficient corridors
isoutlinedin[21].

The concrete algorithm for the computation of the
upper (lower) boundary of an emissions corridor
consists in successively maximizing (minimizing)
CO; emissions for fixed pointsin time¢;. The en-
tire upper (lower) boundary is then constructed by
the maxima (minima) of such emissions paths (cf.
[18]). In the experiments presented in this paper,
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Figure 1: Schematic of the four-box model of the
Atlantic thermohalinecirculation. Thetemperatures
of boxes 1, 2, and 3 are relaxed toward the val-
ues 77, Ty, and T3, respectively. The salinities
are forced by the freshwater fluxes F; and F». The
meridional flow (black arrows) is proportional to the
density gradient between boxes 1 and 2.

the upper and lower boundaries are calculated for
the period 2000-2100 in time steps of 5 years. The
time horizon of the optimizationsis set to 2400 in
order to account for the inertia of the climate sys-
tem and to ensure that an emissions path observing
the guard-rails in the 215t century does not lead to
a violation in the centuries to follow. For the nu-
merical solutions of the optimization problems, the
GAMS package (General Algebraic Modeling Sys-
tem; [22]) is employed. Fig. 4 illustrates the algo-
rithm for the calculation of emissions corridors by
displaying paths maximizing emissionsin the years
2020, 2060, and 2100.

2.2 Reduced-form model of the Atlantic ther-
mohaline circulation

Because of the high computational costs of the opti-
mi zation procedure employed for the calculation of
emissions corridors, conventional model s represent-
ing the THC (general circulation models as well as
models of intermediate complexity) aretoo costly to
be incorporated in the framework of the TWA. We
thus devel oped a computationally efficient reduced-
form dynamic model of the THC, which, although
highly simplified compared to the comprehensive
models, reliably reproduces the salient features of
their results.

The model is an inter-hemispheric extension of the
classic Stommel model [23] — a conceptual model
that has been successfully applied for the investiga-
tion of bifurcations and the stahility of the Atlantic

thermohaline circulation [24; 25]. While in these
studies the steady-state solutions of the model were
investigated, we reformulate the model in dynam-
ical terms and compute its time-dependent behav-
ior. In this aspect, our approach is similar to that
followed by Schneider and Thompson [26] who ap-
plied a two-box model called the ‘ Simple Climate
Demonstrator’.

Our model configuration is shown in Fig. 1. It
consists of four well-mixed basins, representing the
southern, tropical, northern, and deep Atlantic, re-
spectively. Neighbouring boxes are connected to al -
low for a continuous, closed-loop circulation. The
surface boxes are linked to the overlying atmo-
sphere through fluxes of heat and freshwater. As-
suming that the water in the northern basin is denser
than the water in the southern basin, a pressure-
driven circulation develops with northward flow
near the surface and southward flow at depth. This
picture is consistent with the accepted notion of the
Atlantic THC as a cross hemispheric system driven
by density gradients between the northern and the
southern Hemispheres[24; 27].

In this four-box model, the meridiona volume
transport m (or overturning) is proportional to the
density difference p, — p; between boxes 1 and 2:

m = k(p2—p1)
= k[B(S2—51)—a(lr-T1)], ©)

where S; — S; and T, — T are the north-south
salinity and temperature gradients, respectively. k
is a hydraulic constant linking volume transport m
to the density difference, « and 3 are the thermal
and haline expansion coefficients, respectively.

Thetemperaturesand salinities of the four boxesad-
just to the oceanic transport of heat and freshwa-
ter. Further, temperatures and salinities of the sur-
face boxes are forced by the overlying atmosphere
through fluxes of heat and freshwater. The surface
heat fluxes are described by a Newtonian restoring
law of theform @ « (T* —T'), where T* denotes
the relaxation temperature. Salinity forcing consists
of fixed atmospheric vapour transports between the
upper boxes. Thisleadsto the following set of ordi-
nary differential equations for temperatures 7'; and
salinities S; for each of the four boxes:

T, = %(T4—T1)+>\1 (T7 = Tv) (4)
1

T = o (T =) + de (T3 ~T) ()
2
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s = i (Ty = T3) + X3 (T3 — T3) (6)
T, = %(TQ—T@ ™
. _om SoF1

Si= S-S+ ©)
. om oy SoF

S, = 7 (S3 — S3) v )
. . E _ _SO(Fl_F2)

S, = T (Sy — S3) T (10)
S, = %(52—54). (11)

4

Here V; are box volumes, \; thermal coupling con-
stants, and 7" the temperatures the southern, north-
ern and tropical boxes are relaxed towards. F; and
F; are the freshwater fluxes (multiplied by a refer-
ence salinity, Sy, for conversion to a salt flux) into
the tropical and northern Atlantic, respectively.

The steady-state solutions for the T; and S; are ob-
tained analytically from Eq. 4-11 and can be ex-
pressed as functions of the parameters only (cf.
[28]). Substituting these expressions into Eq. 3
leads to a non-linear relationship between the vol-
umetransport m and the Atlantic freshwater forcing
F1, implying the existence of a threshold value in
the latter beyond which the circulation shuts down.
Under equilibrium, F> plays only a minor role, as
it does not affect the volume transport m. In the
transient case, however, it is very effectivein deter-
mining changesin m. Indeed, an extreme freshwa-
ter forcing F»> may trigger a complete shutdown of
thecirculation (for an in-depth discussion of therole
of the freshwater fluxes F; and the stability proper-
ties of the four-box model cf. [24]). Note that the
steady-state solutions for the T, the S; and m serve
asinitial conditionsfor the computation of the time-
dependent trgjectories of the box model.

In order to tune the box model to present-day cli-
mate conditions we fitted the unknown parameters
T}y, Fio (which denote the present-day values for
the T}* and F;), k and \;, to results obtained with
the climate model CLIMBER-2 [29; 30]. This cou-
pled model of intermediate complexity has proven
to successfully describe crucial elements of the cli-
mate system, including the THC. We have chosen
CLIMBER-2 as reference because of its compu-
tational efficiency which alows one to perform a
number of simulations within a manageable time-
frame. Notwithstanding, any other coupled climate
model could be used. The fitting procedure and the
resulting parameter values are described in detail in
[28; 31].

Model parameters

Regional temperature constants:

D1 0.86

p 0.93

pVH 1.07
Hydrological sensitivities:

hy -0.005 SveC !
ho 0.03Sv°Ct
Climate sensitivity:

Toxco, 25°C
Guard-rails:

T 0.015yr—!
ttrans 20 yrs

Table 1: Standard model parameters. Notethat 1 Sv
correspondsto 106 m?/s,

2.3 Linking the THC box model to a globally
aggregated climate model

Our intention is to use the box model to diag-
nose the transient response of the Atlantic THC
to scenarios of global mean temperature change.
In order to drive the model, gobal mean tempera-
ture has thus to be appropriately down-scaled into
basin-wide patterns of changesin restoring temper-
atures AT} and freshwater fluxes AF;. A common
method for the efficient construction of regionally
explicit climate change projections is the so-called
scaled scenario approach [33; 34]. It describes fu-
ture climate change by scaling spatial patternsof cli-
mate anomalies by the respective global mean tem-
perature change AT L. Following this approach,
changes in restoring temperatures AT;* evolve ac-
cording to:

AT} (t) = pi AT (t), i € {1,2,3}, (12)

with constant values p;. For determining the time
evolution of the freshwater forcing, we take advan-
tage of the fact that in CLIMBER-2 (as well asin
other models) changes in the meridional freshwa-
ter transports are approximately proportional to the
temperature change in the northern and southern
Hemisphere, i.e. ATV and AT, respectively
(cf. [6]):

AF(t) = i ATSH (t) = hpSH AT (1), (13)
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Figure2: Temperature projectionsfor different values of the climate sensitivity 7>« co, [°C] following emis-
sions scenario 1 S92a. The dashed lines are results obtained with the ICL1PS climate model, the solid linesthose

giveninthe IPCC SAR [32].

AF,(t) = hy ATV (1) = hop™VEATYE (). (14)

The proportionality constants p; and h;, which are

derived from greenhouse gas simulations with the
CLIMBER-2 model (cf. [28]), are shown in Ta
ble 1. hy considers changes in the freshwater flux
into the Atlantic north of 50°N and is in the follow-
ing referred to as ‘North Atlantic hydrological sen-
sitivity’. It must be noted that the value for hs di-
agnosed in CLIMBER-2is 0.013 Sv/°C, i.e. lower
then the one indicated in Table 1. The actual choice
is motivated by the fact that the North Atlantic hy-
drological sensitivity derived from CLIMBER-2 is
low compared with the values diagnosed in other
models. As standard value we thus adopt a value
which lies in the middle of the plausible range of
0.01-0.05 Sv/°C (cf. [6]).

The above formulation of temperature and freshwa-
ter forcing allows for a large flexibility in the con-
sideration of uncertainties about the amount and re-
gional distribution of global warming and associ-
ated changes in the hydrological cycle, which are
among the main uncertain factors in predicting the
response of the THC to climate change scenarios.
Indeed, quantities which are ‘ diagnostic’ in conven-
tional climate models are represented here as pa-
rameters and can easily be varied.

2.4 Climate model

For projections of global mean temperature, we use
the ICLIPS multi-gas climate model [35], which
is a computationaly efficient, globally aggregated
model capable of mimicking the response of sophis-
ticated carbon-cycle and atmosphere-ocean general
circulation models. The model trandates anthro-
pogenic emissions of CO,, CH,, N> O, halocarbons,
SFg, and SO- into time-dependent paths for concen-
trations, radiative forcing and global mean temper-
ature.

The core component of the ICLIPS climate model
is a differential analog to a non-linear impulse re-
sponse function (IRF) model of the coupled carbon-
cycle-plus-climate system [36]. Non-linear here
means that the IRF model analog includes non-
linear physical processes, such as solubility of addi-
tional COs in ocean surface waters, response of pri-
mary productivity of land vegetation and radiative
greenhouse forcing to rising CO- concentrations.
The inclusion of these processes extends the range
of applicability of the IRF model, which would oth-
erwise be limited to concentrations less than twice
the preindustrial value [37].

For the modeling of the atmospheric chemistry
and radiative forcing of magor non-CO, green-
house gases (CH,4, N>O, halocarbons, Sk, tropo-
spheric and stratospheric O3, and stratospheric wa-
ter vapour) and aerosols (originating from SO, and



¢

o ©
[ee) © [l
T T T

o
d
T

Rate of Temperature Change [°C/dec]
© o o o
w N 6] (o))

o
N
T

1

1 1

o©
ia

el

4 6 8
Global Mean Temperature Change [°C]

1
10 12 14 16

Figure 3: Stability diagram of the THC in (T", T') phase space as calculated with the four-box model for dif-
ferent assumptions about the North Atlantic hydrological sensitivity ho [Sv/°C]. The stable (unstable) domains
are located to the left (right) of the respective curves. For comparison we show the stability curve derived from

[5] (labeled ‘SS)).

biomass burning) various components of the MAG-
ICC model [38] have been adopted. These compo-
nents are very similar to the ‘simple models used
by the IPCC for scenario analyses reported in its
Second Assessment Report (SAR [32; 39)]).

The model as presented in [35] is extended for the
scope of this paper to alow for the consideration
of different climate sensitivities. This is achieved
by relating the temperature IRF model to a box-
diffusion model analog. Fig. 2 displays the re-
sponse of the climate model to emissions following
business-as-usual scenario 1S92a[40]. For compar-
ison, the projections presented in the SAR for dif-
ferent climate sensitivities [32] are aso shown. The
climate model agreesfairly well initsresponsewith
the SAR projections.

25 Time-dependent response of the coupled
THC-climate model

Although comparatively ssmple, the coupled THC-
climate model is able to reproduce the key dynamic
features of complex climate models. In response
to low CO, emissions scenarios, for example, the
circulation is weakened and, as soon as concentra-
tions are stabilized, recovers. This agrees with the
behavior of comprehensive climate models found,
e.g., in[41; 42]. In the case of high emissions sce-
narios, or assuming high values for the North At-
lantic hydrological sensitivity, the circulation shuts

down indicating the existence of athresholdvaluein
the freshwater forcing beyond which the circulation
cannot be sustained. The latter is similar to the be-
havior discussed in [4; 6; 42]. Further, we found the
response of the overturning in our box model to be
sensitive to the rate of temperature increase as de-
scribedin [5]. An extensive discussion of the model
behavior as compared to that of comprehensive cli-
mate modelsis givenin [28].

Fig. 3 shows the stability diagram of the THC as
simulated in the box model for different assump-
tions about the North Atlantic hydrological sensi-
tivity. It displays some of the key dynamic fea-
tures of the THC: for a given rate of temperature
change, the higher the hydrological sensitivity, the
lower the amount of temperature increase that the
THC can sustain without collapsing. Also, Fig. 3
clearly shows the sensitivity of the THC on the rate
of climate change.

2.6 Specification of guard-rails

In specifying the guard-rail compatible with the
goa of preserving the THC we take advantage of
the fact that this system has a well-defined thresh-
old beyond which the circulation shuts down. It can
be shown analytically that in equilibrium the critical
flow (i.e., the flow strength beyond which the circu-
lation cannot be sustained and inevitably collapses)
correspondsto half the equilibrium overturning [24]
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Figure 4: Emissions corridor — the shaded area between upper and lower boundaries— for standard parameter
settings (cf. Table 1). For anillustration of its internal structure we show paths maximizing CO, emissionsin
2020, 2060, and 2100. For reference we also display representative low and high emissions scenarios (SRES

marker scenarios B1 and A2, respectively).

and is given as 11.4 Sv in our four-box model (cf.
Table 2 in [28]). In the transient case, this picture
changes dightly since, as discussed in section 2.5,
the critical threshold is dependent upon the rate of
climate change (cf. Figure 3). We account for this
transient effect and specify the minimum admissi-
ble overturning m,,,;,, a 10 Sv. The guard-rail con-
straining the THC is then given by:

m(t) > mpyin = 10Sv V. (15)

The expectations about the socio-economically ac-
ceptable pace of emissionsreductionsefforts are ex-
pressed by two conditions, which are adopted from
[21]. The first specifies the maximum admissible
rate of emissions reductions:

g(t) > —r Vvt with g(t) = E(t)/E(t), (16)

where E(t) denotesindustrial CO, emissions. The
second condition addresses socio-economic inertia
by imposing a smoothness constraint on the transi-
tion to a decarbonizing economy. Thisis achieved
by requiring a minimum time span t;,.,s for the
transition from a regime where emissions increase
with a maximum growth rate g to a regime where
emissions decrease with the maximum reduction
rater. Further, weintroduceathird condition which
is mainly technically motivated and concerns the

direction of the emissions growth rate g: we re-
quire that g decreases monotonously in time, with
a maximum emissions growth rate g in the year
2005. Aspointed out in[21], thisconstraint is rather
strong as it excludes emissions trajectories where
the emissions growth rate itself grows after 2005.
Thiswould bethe case, e.g., for emissions scenarios
which assume a switch to coa after the exploitation
of the oil and gas reserves, asis the case in some of
the SRES emissions scenarios [43]. We summarize
the last two conditionsin asingle inequality:

_go+7“

<g(t) <0 vt (17)

ttrans

For the corridor calculations presented in the fol-
lowing section we assumed a maximum admissible
rate of global emissions reductions r of 1.5% per
year and a minimum tolerable transition time to-
wards a decarbonizing economy t,..,s Of 20 years.

3 RESULTS

In this section we present emissions corridors com-
patible with the goal of preserving the THC. First
we show the emissions corridor for standard model
settings (cf. Table 1) and then discuss the results
of a sengitivity analysis with respect to the main
uncertain parameters in predicting the THC, i.e,
climate and North Atlantic hydrological sensitivity
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[44]. Indl corridor computations, CO, emissions
from land-use change and emissions of non-CO,
greenhouse gases are assumed to follow the average
of the four SRES marker scenarios (i.e., the aver-
age of Al, A2, B1, B2, [43]) until 2100, and then
hold constant. SO, emissions are linked to indus-
trial CO, emissions (i.e., the control variable) as-
suming a globally averaged desulfurization rate of
1.5% per year.

The corridor for standard parameter settingsis dis-
played in Fig. 4, adong with selected emissions
paths to illustrate its internal structure. The cor-
ridor boundaries demarcate emissions limits be-
yond which either the THC collapses or the socio-
economic guard-rails are violated. It should be
reemphasized that emissions corridors impose only
a necessary condition on the admissibility of a par-
ticular emissions path, implying that not every sin-
gle path within the corridor is necessarily admissi-
ble. For example, the upper boundary of the corri-
dor can bereached in 2060 only if emissionsremain
far inside the corridor for several decadesin thefirst
half of the 215 century.

For purposes of reference, Fig. 4 also displays low
and high CO, emission scenarios (SRES scenario
Bl and A2, [43]). We find that for standard param-
eter values the emissions corridor is wider than the
range spanned by the SRES emissions scenarios B1
and A2. This result might suggest that no immedi-
ate mitigation effort is necessary in order to preserve
the THC. In the following, however, we show that
this result is very sensitive to the specific assump-

tions concerning climate and hydrological sensitiv-
ity. Intermsof CO, concentrationsand global mean
temperature change, the imposed guard-rails imply
a maximum of approximately 1300 ppm reached
during the 2274 century followed by aslight decline
thereafter and a stabilization at around 5.5 °C, re-
spectively (not shown).

Fig. 5 displays emissions corridorsfor different val-
ues of the climate sengitivity T>xco,. The lat-
ter parameter is varied in the range from 1.5 to
4.5 °C (with all other parameters at their standard
values), which is the uncertainty range indicated by
the IPCC [45]. Our findings indicate a very strong
dependence of the width of the emissions corri-
dor on climate sensitivity. This sensitivity affects
only the position of the upper corridor boundary,
as the lower one is solely determined by the maxi-
mum emissionsreductionrater and thusisthe same
for all values of climate sensitivity. For a value of
1.5 °Ctheupper corridor boundary isfar from being
touched by the emissions projected for the 215¢ cen-
tury by the SRES emissions scenarios. For aclimate
sensitivity of 2.5 °C the upper boundary is still out
of reach, but the width of the corridor is consider-
ably reduced (by approximately 60%). For climate
sensitivities of 3.5 and 4.5 °C the corridors shrink
further, and the high reference emissions scenario
(SRES marker scenario A2) crosses the upper cor-
ridor boundariesin the second half of the 215t cen-
tury. It should be emphasized that a transgression
of the corridor boundaries does not imply an im-
mediate collapse of the THC: because of the inertia
of the ocean, the actual event occurs centuries af-
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Figure 6: Emissions corridors for different values of the North Atlantic hydrological sensitivity ho (with all

other parameters at their standard val ues).

ter it istriggered. Once the corridor boundaries are
transgressed, however, a collapse of the THC isin-
evitable.

In our model two mechanisms contribute to the re-
duction of the corridor with increasing climate sen-
sitivity: the differential warming between the south-
ern and the northern boxes (compare the values for
p1 and py in Table 1) and the enhanced freshwater
transport towards the northern latitudes, which in-
creases with growing global mean temperature (cf.
Eqg. 14). Both act to reduce the meridional density
gradient which drivesthe THC and thus weaken the
| atter.

In further experiments we computed emissions cor-
ridors for different values of the North Atlantic hy-
drological sensitivity h», which is one of the main
uncertainties faced when predicting the fate of the
THC. The reason is that estimates of evaporation
and precipitation changes over the North Atlantic
differ significantly between models, as well as esti-
mates of freshwater runoff from the Greenland ice
sheet and other melting glaciers in the North At-
lantic catchment. Here we assume an uncertainty
range for hy of 0.01-0.05 Sv/°C (for a justifica-
tion cf. [6]). The resulting emissions corridors are
shown in Fig. 6. As for climate sensitivity, the size
of the emissions corridors largely depends on the
specific parameter choice: for low values of h, the
corridor is much larger than the range spanned by
the SRES emissions scenarios, while for high val-
ues SRES emissions scenario A2 transgresses the
upper corridor boundary in the second half of the

213t century. This strong sensitivity of the THC on
the value of the North Atlantic hydrological sensi-
tivity ho was already evident in Fig. 3: the higher
hs, the lower the temperature increase and thus the
CO; load of the atmosphere that can be sustained if
the THC isto be kept within its stable domain.

So far we have restricted our discussion to single pa-
rameter sensitivity analyses, whereby we varied one
parameter, while keeping all othersat their standard
values. In the following we present emissions cor-
ridors for the ‘best case’, ‘best guess’, and ‘worst
case’ combinations of climate and North Atlantic
hydrological sengtivities. Our anaysis is based
upon the uncertainty range for climate sensitivity
given by the IPCC, i.e.,, 1.5t0 4.5 °C [45]. It must
be noted that recent estimates exist, where the un-
certainty range for climate sensitivity is extended
considerably towards higher values (e.g., [46]). For
the North Atlantic hydrological sensitivity we rely
on the range of 0.01 to 0.05 Sv/°C given in [6].
The ‘best case’ and ‘worst case' refer to the com-
binations Tsxc0,=1.5 °C, h»=0.02 Sv/°C !, and
Toxc0,=4.5 °C, hy=0.05 Sv/°C, respectively. As
‘best guess' we take the standard setting of our
model, i.e., T>«c0,=2.5 °C, hy=0.03 Sv/°C).

The results are displayed in Fig. 7. For the ‘best
case’ the upper corridor boundary is far from any of
the SRES emissions scenarios for the 215¢ century.

1The corridor for the parameter combination T3 ¢o, =15 °C,
h2=0.01 Sv/°C cannot be calculated since the allowable emis-
sions exceed the domain of applicability of the coupled-carbon-
cycle-plus-climate-model.
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Figure 7: @) Emissions corridors for the ‘best case’, ‘best guess’, and ‘worst case’ combinations of model
parameter values. The shaded areas between the corridors indicate likelihood domains for a shutdown of the
THC: the darker the shading, the higher the probability that any given emissions paths entering that domain
triggers a breakdown of the THC. For reference we show SRES marker emissions scenario A2. b) Zoom into

the ‘worst case’ corridor shown in a).

As discussed previously, for the ‘best guess case
the corridor is still larger than the range spanned by
the SRES emissions scenarios. For the ‘worst case’
combination of model parameters, however, the cor-
ridor amost vanishes, such that even the low emis-
sions scenario B1 leavesthe corridor in thefirst half
of the 21°¢ century. The shaded areasin Fig. 7 may
be interpreted as likelihood domains for a collapse
of the THC: the darker the shading of the area that
any given emissions scenario enters, the higher the
probability that a complete and irreversible break-
down of the THC is triggered.

One remaining question concerns the sensitivity of
the emissions corridors to the socio-economically
motivated guard-rails expressed by the parameters

r and t;.qns. We computed the emissions corri-
dors for a few values of these quantities. Our re-
sults indicate that the sensitivity of the corridors to
the maximum emissions reduction rate r is signifi-
cant throughout the 215 century: lowering (increas-
ing) r by 0.5% leads to areduction (increase) of the
corridor area by approximately 20%. The transition
time ti-ans, ON the other hand, is found to affect the
shape of the emissions corridors mainly in the first
decades of the century (cf. [21]). Ancther uncer-
tainty concerns emissions of non-CO- greenhouse
gases, which were so far assumed to follow the av-
erage of the four SRES marker scenarios. Assum-
ing lower emissions (for example, non-CO, green-
house gases following SRES scenario B1) increases
the leeway for preserving the Atlantic THC signifi-



cantly.

4 CONCLUSIONS AND OUTLOOK

In this paper we presented a modeling framework
well suited for identifying the leeway for climate
policies committed to the preservation of the At-
lantic thermohalinecircul ation without endangering
future economic growth. One strength of thisframe-
work is that it allows for comprehensive sensitivity
analyses with respect to main physical and socio-
economic parameters.

The ability to consider climate related uncertainties
in our model is crucial since projections of changes
in the THC vary widely among comprehensive cli-
mate models (cf. Fig. 9.21in [45]). This discrep-
ancy is attributed mainly to differencesin the smu-
lation of surface fluxes of heat and freshwater and to
adiversity of schemes for describing sub-grid scale
mixing processesin the ocean [45]. The uncertainty
in ocean surface forcing can be accounted for in our
framework by varying the values of climate and hy-
drological sensitivity and of the regiona tempera-
ture constants (cf. Table 1). Since mixing is not
modeled explicitly in the reduced-form THC model,
uncertainties in this factor can only be captured by
fitting the four-box model to coupled climate mod-
elsother than our reference model CLIMBER-2 and
then performing a sensitivity analysis with respect
to the resulting parameter sets. This step was not
part of the present work. An in-depth investigation
into the behavior of the reduced-form THC model
[28] nevertheless indicates that the sensitivity anal-
ysis conducted in this study allows one to capture
the range of THC responses exhibited by compre-
hensive climate models. Whether this range com-
prises the response of the ‘real’ ocean is uncertain.
The reason is that comprehensive climate models
may be biased since their representation of some
physical processes is insufficient. One example is
the physicsinvolved in the sinking of the high den-
sity water in the North Atlantic, which is essentia
indriving the THC. This ulterior uncertainty should
be taken into account when interpreting the results
presented in this paper.

One shortcoming of our framework so far is the
rudimentary representation of the socio-economic
sphere. The inclusion of an integrated energy-
economy model is underway, which will allow one
to specify guard-rails in domains that are more
meaningful to policymakers, such as greenhouse
gas mitigation costs.

Results obtained within our modeling framework
indicate that for the ‘best guess' choice of model
parameters, the CO, emissions corridor is larger
than the range spanned by the SRES emissions sce-
narios for the 215 century. We tested the robust-
ness of thisfinding by performing a sensitivity anal-
ysis with respect to the main uncertain physical
guantities in projecting the fate of the THC, i.e,
climate and North Atlantic hydrological sensitiv-
ities. We found that the width of the emissions
corridor is largely dependent upon the specific pa-
rameter choice: for low values of climate and/or
hydrological sensitivity the upper corridor bound-
ary is far from being reached by any of the SRES
emissions scenarios, while for high values of both
parameters the corridor area is considerably tight-
ened. These model results indicate that, given the
amount of greenhouse gases aready in the atmo-
sphere, and the inertia of the climate system, the
maneuvering space for climate policies committed
to the precautionary principle may well be tight.
Indeed, already the low non-intervention emissions
scenario B1 departs the ‘worst case’ corridor in the
first half of the 215 century. The leeway is en-
larged in our model if mitigation options for non-
CO, greenhouse gases are considered or expecta-
tions about the socio-economically acceptable pace
of CO, emissions reduction are relaxed, i.e., the
minimum admissible transition time t;,4,s 1S de-
creased and the maximum admissible emissions re-
ductionrate r isincreased.
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