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Abstract
The aim of this paper is to model part of a scenario for abrupt climate change over the North Atlantic sector
in a General Circulation Model of intermediate complexity.Central to this scenario is the hypothesis that a
substantial strengthening of the Atlantic subtropical jetwill lead to a reorganization of the mid-latitude at-
mospheric circulation in which the Atlantic subtropical and eddy-driven jets coincide. The subtropical jet over
the North Atlantic sector is increased by calculating optimal model tendency perturbations, using a recently
developed technique. Strengthening of the subtropical jetis achieved by model tendency perturbations which
(1) sharpen the meridional gradient in streamfunction or (2) force a strong and persistently negative North
Atlantic Oscillation pattern in the upper troposphere. Both approaches lead to similar forcing patterns. It is
found that when the subtropical jet is sufficiently strong, the eddy-driven jet is indeed drawn to the northern
rim of the subtropical jet. This reduces atmospheric meridional heat transport over the North Atlantic. In the
model, a positive feedback is observed; the southern sea ice-edge extends further south and snowcover over
Europe is more persistent. All factors combined result in anoverall cooling of the circum-North Atlantic
region.

Zusammenfassung
In einem Allgemeineen Zirkulationsmodell mittlerer Komplexität wird ein Teil eines Szenariums für einen
plötzlichen Klimawandel im Nordatlantischen Gebiet modelliert. Die Basishypothese dieses Szenariums ist
dass eine deutliche Verstärkung des subtropischen Jetsüber dem Atlantik zu einer Veränderung der atmo-
spḧarischen Zirkulation in den mittleren Breiten führt, bei der der subtropische und der wirbelgetriebene Jet
zusammenfallen.
Der subtropische Jetüber dem Nordatlantik wird verstärkt indem mit einer k̈urzlich entwickelten Methode op-
timale Sẗorungen der Modelltendenzen berechnet werden. Eine Verstärkung des subtropischen Jets wird durch
Störungen der Modelltendenzen erreicht, die (1) den meridionalen Gradienten der Stromfunktion erhöen, oder
(2) das Modell bleibend in ein Strömungsmuster drängen, dass der negativen Phase der Nordatlantischen Os-
zillation in der oberen Troposphäre entspricht.
Beide Ans̈aze f̈uhren zu denselben antreibenden Mustern. Wir finden dass eingen̈ugend starker subtropis-
cher Jet tats̈achlich dazu f̈uhrt, dass der wirbelgetriebene Jet in den nördlichen Rand des subtropischen Jets
gezogen wird. Dies vermindert den meridionalen atmosphärischen Ẅarmetransporẗuber dem Nordatlantik.
Im Modell wird eine positive R̈uckkopplung beobachtet: Die südliche Grenze des Meereises verschiebt sich
nach S̈uden, und Europa bleibt länger schneebedeckt. Alle Faktoren zusammen führen zu einer Abk̈uhlung
des Nordatlantischen Gebietes.

1 Introduction

Paleoclimatic reconstructions of climate parameters,
covering the timespan from the end of the last glacial
period to present times, are punctuated with brief, but
wide-spread, transitions to a colder climate. The rapid
transitions occur on timescales much shorter than any
expected change in external forcing (TAYLOR et al.,
1993; GRIPMEMBERS, 1993). These observations have
led to the concept that abrupt climate changes need
a trigger, an amplifier and a globalizer (HOSKINS,
2003) to explain their sudden, near-instant and global
or hemispheric-wide impact. The triggers and amplifiers
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for abrupt climate changes like the Younger Dryas event,
at the transition between the last glacial to the present
interglacial at ca. 11 kyr BP, or the 8.2ka cooling event
have generally been thought of as residing in the cou-
pled land-ice/ocean system. Massive outflows of glacial
meltwater from the Laurentide icesheet would dilute the
waters of the northern North Atlantic to the point that
deep convection, essential for maintaining the Merid-
ional Overturning Circulation (MOC), would be halted.
With convection and the MOC stopped, oceanic heat
transport would reduce drastically, plunging the circum-
Atlantic region into a much cooler climate.

Recently, this hypothesis has been challenged. For
the Younger Dryas, the freshwater route from Lake
Agassiz, in which the meltwater accumulated, to the
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Figure 1: Transient eddy kinetic energy (m2 s−2) at 200hPa,

averaged over December-February, in the ECBilt model.

North Atlantic ocean remains unknown (BROECKER,
2006), casting doubt on the suggested massive melt wa-
ter flux which was thought to preceed this phase. More-
over, for the 8.2ka event, geologic evidence has been
found for a meltwater pulse into the North Atlantic, but
it predates the cooling event by some 200-300 years
(ROHLING and P̈ALIKE , 2005). This makes it less likely
that a meltwater pulse triggered this event.

An alternative hypothesis on the trigger of rapid
climate change involves an active role for the at-
mosphere and hinges on the repositioning of the At-
lantic eddy-driven jet to a more zonal position. The At-
lantic storm track and subpolar, or eddy-driven jet have
a clear southwest - northeast path way (HOSKINS and
VALDES, 1990) and are largely responsible for mid-
latitude meridional heat transport (TRENBERTH and
CARON, 2001). If the Atlantic eddy-driven jet would
have a more zonal track, the North Atlantic region and
western Europe would be devoid of the heat brought
by the southerly flows, which was shown to be essen-
tial for Europe’s mild winters (SEAGER et al., 2002).
The strongly reduced atmospheric meridional heat trans-
port would lead to large-scale changes in North At-
lantic sea-ice cover and subsequently to changes in the
surface and deep Atlantic ocean circulation, amplifying
the cooling (SEAGER and BATTISTI, 2007). Recent re-
sults (LEE and KIM , 2003) show that with a sufficiently
strong subtropical jet, the primary region of baroclinic
wave growth would shift from the mid-latitude eastern
seaboard of America to the north side of this jet. In the
hypothesis, the eddy-driven jet would be drawn to the
northern edge of the subtropical jet when the latter is of
sufficient strength, leading to the reorganization of at-
mospheric circulation.

The present study aims to model a climate in a cou-
pled ocean-atmosphere-sea ice model in which the eddy
driven jet over the North Atlantic sector has collapsed
unto the northern rim of the subtropical jet. We expect to
achieve the reorganization of mid-latitude atmospheric
circulation by a substantial increase in the strength of
the subtropical jet. A more vigorous subtropical jet is in
its turn achieved by calculating optimal tendency pertur-
bations to the atmospheric core of the GCM. The intent
of this exercise is to investigate if the proposed chain-of-
events leading to a harsher North Atlantic climate can be
reproduced in a climate model; an experiment not con-
ducted before. In this study, we only suggest possible
dynamical origins of the applied tendency perturbations
and refrain from making the source of these perturba-
tions more explicit. In that sense, the experimental setup
in this study is similar to the common ‘hosing’ experi-
ments (e.g. VELLINGA and WOOD, 2002). In these ex-
periments, an artificial source of fresh water is added
to the North Atlantic ocean, suggestive of meltwater in-
flow, in order to perturb the Atlantic’s Meridional Over-
turning Circulation.

2 Model description

The model, ECBilt-Clio, is a coupled ocean-
atmosphere-sea ice general circulation model of
intermediate complexity (OPSTEEGH et al., 1998;
GOOSSE and FICHEFET, 1999). The atmospheric
component (ECBilt) is a spectral T21 (L3) quasi-
geostrophic model with simplified parameterizations
for the diabatic processes. The three levels are at 800
hPa, 500 hPa and 200 hPa. The dynamical component
was developed by Molteni (MARSHALL and MOLTENI,
1993). The physical parameterizations are similar to
those by HELD and SUAREZ (1978). An estimate
of the neglected ageostrophic terms in the vorticity
and thermodynamic equations has been added to
the quasi-geostrophic model as a time and spatially
varying forcing. This forcing is computed from the
diagnostically derived vertical motion field. With the
inclusion of the ageostrophic terms, the model simu-
lates the Hadley circulation qualitatively correct. This
results in an improvement of the strength and position
of the jet stream and transient eddy activity. With a
T21 resolution, not all waves which might become
baroclinically unstable are resolved, but the model does
show baroclinic instability. This leads us to conclude
that the essentials of baroclinic instability are included,
but the variability associated with it is underestimated
compared to modern observations.

The transient eddy activity of the ECBilt model
at the 200hPa level, a December-February average,
is shown in Fig. 1. It shows a similar pattern as
the 90-day low-pass filtered transient eddy kinetic
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energy at 250 hPa as shown in the ERA-40 atlas
(available online at www.ecmwf.int/research/era/ERA-
40 Atlas/index.html). Similar to the reanalysis, the
model shows a maximum in transient eddy activity over
the western Pacific and a secondary maximum over east-
ern North America and the western Atlantic. The main
differences with the reanalysis atlas are the strong under-
estimation of the eddy variability in the model, about a
factor three over the Atlantic, and that the model’s max-
ima in transient eddy kinetic energy are positioned too
far north. The double-jet structure over the Atlantic sec-
tor is less pronounced in the model than in the reanaly-
sis. The simplified nature and coarse resolution of the
atmosphere model explain the low eddy-variability and
weak zonal winds associated with the jet (OPSTEEGHet
al., 1998).

The oceanic component (Clio) is a primitive equa-
tion, free-surface ocean general circulation model cou-
pled to a thermodynamic-dynamic sea ice model and
includes a relatively sophisticated parameterization of
vertical mixing (GOOSSEet al., 1999). A three-layer
sea-ice model, which takes into account sensible and la-
tent heat storage in the snow-ice system, simulates the
changes of snow and ice thickness in response to sur-
face and bottom heat fluxes. The simulated position of
the Arctic sea-ice edge in both winter and summer is
in good agreement with observations (GOOSSEet al.,
2002). The horizontal resolution of Clio is 3◦×3◦ and it
has 20 unevenly spaced layers in the vertical.

This simplified GCM has been used earlier in a broad
range of studies, from ocean-atmosphere interaction
(SELTEN et al., 1999) to numerous paleoclimatic studies
(http://www.knmi.nl/onderzk/CKO/ecbilt-papers.html).

3 Forcing the subtropical jet

3.1 Forced sensitivity calculations

In sensitivity calculations which are operational at Nu-
merical Weather Prediction agencies, the goal is to finda
posteriori analysis perturbations that result in a modified
model-atmosphere. These analysis perturbations are op-
timized to improve the forecast. Here we search for ten-
dency perturbations rather than analysis perturbations,
to modify the model-atmosphere. The tendency pertur-
bations are optimized to lead to a stronger subtropical
jet over the North Atlantic sector.

These tendency perturbations are referred to asforc-
ing singular vectors (BARKMEIJER et al., 2003) and
can be computed using an adjoint model (LACARRA and
TALAGRAND , 1988). This technique has earlier been
applied in a paleoclimatic setting byVAN DER SCHRIER

and BARKMEIJER (2005, 2007). The tendency pertur-
bations are used to modify large-scale patterns of vari-
ability only, leaving the synoptic scale variability to

evolve freely. A detailed description of forcing singular
vectors is given elsewhere (BARKMEIJER et al., 2003),
here we give a brief outline only.

The prognostic variable in the dynamic part of the
ECBilt model is potential vorticity, which can be related,
through the linear balance equation, to streamfunction.
In the following we will focus on streamfunction. The
streamfunctionψ(t,x) at timet is written as a superpo-
sition of the climatological meanψclim(x) plus variabil-
ity, written as an orthogonal expansion in basis functions
ψn(x):

ψ(t,x) = ψclim(x)+α(t)ψtarget(x)+ ∑
n=2

αn(t)ψn(x).

(3.1)
The first basis function is the so-called target pattern
ψtarget(x), with α(t) the projection coefficient of the
model atmosphere on the target pattern. We are inter-
ested in tendency perturbationsf that will produce, after
some integration timeT , or an optimization time, a de-
flection of the model atmospheric state in the direction
of the target pattern. The amplitude of this deflection is
1−α(t) times the amplitude of the target pattern, and
makes that the projection of the target pattern on the de-
viation of model state from climatology is one. In short,
given att = t0:

< ψ(t0,x)−ψclim(x),ψtarget(x) >= α(t0),

we aim to have:

< ψ(t0 +T,x)−ψclim(x),ψtarget(x) >= 1.

The variability of the model which is orthogonal
to the target pattern is captured in the expansion
∑n=2 αn(t)ψn(x) and remains unaffected.

If the tendency perturbations are sufficiently small,
the evolution of deviations of the model atmospheric
state which results from tendency perturbations can be
computed by a linearization of the GCM along a (time-
dependent) solution of this GCM. The linear evolution
of a perturbationε, measuring the deviation between a
control and perturbed model run, satisfies:

dε
dt

= Lε + f, (3.2)

whereL is the time dependent linearization of the GCM
along a solution. Solutions of equation (3.2) take the
form:

ε(T ) = M(0,T )ε(0)+
∫ T

0
M(s,T )fds, (3.3)

whereM(s,T ) is the propagator from times to time T
of equation (3.2) without forcing:f = 0. For an arbitrary
forcing f, the vectory = M f, where

M =
∫ T

0
M(s,T )ds, (3.4)
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is simply determined by integrating (3.2) to timet = T
with initial condition ε(0) = 0. Heref is constant over
the optimization timeT .

The forcing perturbation is now determined by mini-
mization of:

J(f) =
∣

∣P
(

M f− (1−α)ψtarget
)∣

∣ . (3.5)

The operatorP is a projection operator, and is used in
this application to limit the evaluation of the cost func-
tion to the North Atlantic sector and at the 200 hPa level
only. The norm used here to constrainf is a simpleL2-
norm, but other norms can be used too. A fast and ef-
ficient minimization routine requires the derivative of
(3.5) with respect tof, which can be efficiently com-
puted using the adjoint ofM .

The gradient ofJ(f), required in the quasi-Newton
conjugate gradient method (NAG’s E04DGF), is:

∇J = 2M
∗P∗P

(

M f− (1−α)ψtarget
)

(3.6)

To derive the adjoint ofM it is instructive to write
(3.2) as:

d
dt

(

ε
f

)

=

(

L I
0 0

)(

ε
f

)

, (3.7)

whereI and0 are the identity and zero operator respec-
tively. The adjoint of (3.7) is:

−
d
dt

(

ε̂
f̂

)

=

(

L∗ 0
I 0

)(

ε̂
f̂

)

. (3.8)

By writing (3.8) as a coupled system again:

−
d
dt

ε̂ = L∗ε̂ (3.9a)

−
d
dt

f̂ = ε̂ (3.9b)

it follows how to determineM ∗y for a given input vec-
tor y. First: integrate the regular adjoint model as given
by equation (3.9aa) backward in timet = T to timet = 0,
with ε̂(T ) = y. Second: integrate equation (3.9ab) back-
ward in time from timet = T using the intermediate
fields of the adjoint integration (3.9aa) as tendencies for
the corresponding time step andf̂(T ) = 0. Integrating to
time t = 0 yieldsM ∗y = f̂(0).

A linearization of the dynamic core of the at-
mospheric part (ECBilt) and its adjoint exist. They have
been used earlier in predictability studies (BARKMEIJER

et al., 1993) and to produce prescribed flow regimes in
a forecast (OORTWIJN and BARKMEIJER, 1995) and
are used here too in the evaluation of the forcing per-
turbationf. A linearization of the atmospheric physics
of the model, including the parametrized processes, is
not available and is therefore not included in the com-
putation off. This is an accurate approximation if the
optimization timeT is sufficiently small.

In this study, the optimization timeT has been set to
72 hours, which means that every 72 hoursf is updated.
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Figure 2: Example of the meridional structure of the streamfunction

(m2 s−1) at 200hPa (solid) for an arbitrary longitude. The dashed

line shows the fit of the hyperbolic tangent to this graph, giving a

sharper meridional gradient.

3.2 Sharpening the meridional gradient in ψ

Aiming to increase the strength of the subtropical jet
over the North Atlantic sector, we calculated tendency
perturbations which were optimized to sharpen the
meridional gradient in the streamfunctionψ . On the
rectangular latitude-longitude grid, an adjusted stream-
function is constructed by fitting a tangent hyper-
bolic between the maximum and minimum values the
streamfunction attains in each latitudinal section within
the North Atlantic sector. The adjusted streamfunction
ψadjustedis constructed to have a steeper slope than the
original streamfunction, without changing the position
of the maximum slope in streamfunction. Fig. 2 shows
an example of the original streamfunction and its ad-
justed version for one meridional section. An ‘adjusted’
streamfunction profile is calculated for every meridional
section in the North Atlantic sector (ca. 90◦W-40◦E),
which then spanψadjusted. The target pattern for this ap-
plication is given by

ψtarget= ψadjusted−ψ . (3.10)

In a series of experiments, we determined the largest
possible meridional gradient inψadjustedwhich resulted
in maximum values of the zonal velocity. Increasing the
steepness of the gradient inψ resulted in a saturation of
the maximum zonal velocity. Averaged over December-
February, the maximum zonally averaged zonal velocity
we could reach with this approach in a 10-year simula-
tion was 45.1 m/s, a considerable increase over to the
26.2 m/s of the control simulation. This is illustrated
in Fig. 3, where the Jet Stream Index (JSI) (RUTI et
al., 2006) is shown, calculated daily as the maximum
of the zonal mean of the zonal wind at 200 hPa over
the North-Atlantic sector. This experiment is referred
to as EXP1. The tendency perturbations were applied
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Figure 3: 10 years averaged daily values of the Jet Stream Index

(JSI) of EXP1 (green) and EXP2 (blue) and the control simulation

(red).

Figure 4: Regression of the December - March averaged NAO-index

on 200hPa streamfunction (m2 s−1).

throughout the year, but we will analyze results from
winter (December-February) only.

3.3 Forcing a persistently negative NAO

The NAO is the most dominant mode of atmospheric
variability in boreal winter over the North Atlantic sec-
tor. An alternative approach to increase the strength of
the subtropical jet, is to force a strong and persistently
negative NAO-state on streamfunction at the 200hPa
level. Fig. 4 shows the regression of the DJFM NAO-
index (JONES et al., 1997) on 200hPa DJFM stream-
function fields of the NCEP/NCAR reanalysis. In a se-
ries of forced sensitivity experiments, we used this pat-
tern as the target pattern and determined for which am-
plitude of the regression pattern shown in Fig. 4 we
attained zonal wind speeds comparable to EXP1. This
value turned out to be -5.

A second 10-year simulation was made with a persis-
tently negative NAO state (averaged over DJFM) at in-
dex value -5, which we refer to as EXP2. We could reach
the maximum zonally averaged zonal velocity with this
approach of 43.3 m/s, again a considerable increase

Figure 5: Mean model tendency perturbation at the 200hPa level

for EXP1 (upper panel) and EXP2 (lower panel). Red and yellow

colours denote positive values, blue colours denote negatve values.

Values are in dimensionless units.

compared to the ca. 26 m/s of the control simulation
(Fig. 3).

The approach outlined in§ 3.1 will force the model
atmosphere to the target pattern at, or near, the desired
amplitude, while it leaves the atmosphere free to respond
in a dynamically consistent way to any changes in cli-
matic conditions. Importantly, synoptic-scale variability
internal to the atmospheric or climatic system is not sup-
pressed and can adjust to the changes in the large-scale
atmospheric circulation.

In contrast to the approach in EXP1, tendency per-
turbations were applied in the December-March period
only. No perturbations are applied in the remaining
part of the year, which is reflected in the rapid return
and quick spin-up to and from climatological mean jet-
strength (Fig. 3). The differences in experimental setup
between EXP1 and EXP2 are summarized in table 1.

Figure 5 shows the mean tendency perturbationsf for
EXP1 and EXP2 at the 200hPa level. The patterns of
the mean tendency perturbations have some similarities,
which is remarkable given the different approaches to
strengthening the subtropical jet. The tendency pertur-
bations of both experiments have their largest standard
deviation over the Atlantic sector, with EXP2 having a
temporal standard deviation which is consistently lower
(ca 0.75 times) than that of EXP1. The main differences
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Figure 6: Zonally averaged zonal velocity (m s−1) for the control

simulation (Fig. a), EXP1 (Fig. b) and EXP2 (Fig. c). The zonal ve-

locity is averaged over the North Atlantic sector (60◦W,40◦E) and

averaged over the December-February period. Both contours and

colourbar denote zonally averaged zonal velocity.

between the patterns is that the mean tendency perturba-
tion of EXP2 has a larger amplitude than that of EXP1.
The difference in mean and temporal standard deviation
of the forcing patterns are related to the stationarity of
the target pattern in EXP2, with only the time expansion
coefficient α(t) (equation 3.1) changing when a new
tendency perturbation is calculated. The spatial struc-
ture of the target pattern in EXP1 is related to changes in
position and strength of meanders of the subtropical jet
too, which explains the higher variance and lower mean
of the forcing pattern of EXP1. On synoptic timescales,
the model tendency perturbations in EXP1 and EXP2
are about equal.

4 Results

4.1 Changes in atmospheric circulation

Figure 6a shows the zonally averaged zonal velocity
over the North Atlantic sector for DJF in the 200-yr con-

Figure 7: The change in zonal wind speed, averaged over December-

February, for EXP2 (m s−1, colors) and the change in horizontal

divergence of the E-vector (m s−2, contours).

trol simulation. The 500hPa zonal wind velocity attains
its maximum value at ca. 70◦N. Due to the diffusive na-
ture of the model, associated with the coarse resolution,
a clearly separated eddy-driven jet is not present. The
subtropical jets in EXP1 and EXP2 (Figs. 6b and c) av-
eraged over DJF, are narrower than in the control sim-
ulation. Maximum zonal wind speeds are reached in all
simulations between 30◦N and 40◦N. Although the sub-
tropical jet at 200 hPa in EXP2 is far stronger than that of
the control simulation, Fig. 6c shows that at the 800hPa
level wind strengths are comparable. This is in contrast
to EXP1, where strong winds are found at all vertical
levels of the model.

A conspicuous aspect of Fig. 6 is that the maxima
in zonal wind, associated with the eddy-driven jets, are
absent in EXP1 and EXP2. This is confirmed in Fig. 7
which shows a strong weakening of the westerly eddy-
driven jet and an increase in zonal windstrength at the
northern rim of the subtropical jet at the 500hPa level.
This figure also shows contours of the change in hor-
izontal divergence of the E-vector, which is the gener-
alization of the Eliassen-Palm flux to three-dimensional
flow and associated with the eddy forcing of the mean
flow (JAMES, 1994). The E-vector is diagnosed at every
timestep of the model and recalculated into monthly av-
erages. It shows a convergence of the E-vector, imply-
ing westerly deceleration, slightly north of the area with
a reduction in zonal wind speed, and a divergence, im-
plying westerly acceleration, somewhat north of the in-
crease in zonal wind speed. The poleward shift in max-
ima/minima of E-vector divergence is consistent with
observations (JAMES, 1994 [P.238]) and is attributed
to other processes which act to generate the observed
jets. The results of EXP1 and EXP2 are in agreement
with those of LEE and KIM (2003), who found that as
the subtropical jet strengthens, a transition occurs from
a double jet situation, with the subtropical jet and eddy-
driven jet coexisting, to a single jet situation. The mech-
anism identified for this transition is that a state with
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a strong subtropical jet will have its primary region of
baroclinic wave growth at the north side of the subtrop-
ical jet. This results in the formation of the eddy-driven
jet just north of the subtropical jet, instead of at the mid-
latitude baroclinic zone. Given the more zonal orienta-
tion of the subtropical jet, this makes that the position of
the eddy-driven jet becomes more zonal too. This mech-
anism can also be identified in EXP1 and EXP2. Figure
8 shows the difference in maximum Eady growth rate
at 650hPa (DJF averaged) between EXP1/EXP2 and the
control simulation. This figure shows that the baroclinic-
ity found in the control simulation from the east coast of
the North American continent extending in northeasterly
direction over the Atlantic strongly decreases in EXP1
and EXP2. Instead, highest values of the Eady growth
rate are drawn to the south and align with the northern
side of the subtropical jet in EXP1 and EXP2. More-
over, high values of the Eady growth rate for EXP1 and
EXP2 are found in a zonal band over the Atlantic sector
between ca. 35◦N and 40◦N. The Eady growth rates in
EXP1 and EXP2 are ca. 1.3 to 1.4 times larger than in
the control simulation.

4.2 Impact on climate

Motivated by the similarities in the behaviour of the sub-
tropical and eddy-driven jet and in the tendency pertur-
bations between EXP1 and EXP2, and for the sake of
brevity, we restrict the description of the impact on cli-
mate in the North Atlantic sector to EXP2 only. Fig-
ure 9 shows that the reorganization of the eddy-driven
jet in EXP2 has an impact in atmospheric meridional
heat transport over the North Atlantic sector. This figure
shows the ratio between atmospheric meridional heat
transport (MHT) between EXP2 and the control simu-
lation, averaged over the North Atlantic sector. MHT is
higher in EXP2 with respect to the control climate for
the latitudes in which we find the subtropical jet and it
is much lower for the latitudes north of this, illustrating
the relocation of the eddy-driven jet to a more southerly
position.

The repositioning of the eddy-driven jet affects the
sea-ice coverage of the North Atlantic ocean too. Figure
10 shows the increase in albedo for EXP2 for January-
March, clearly indicating that the sea-ice fraction of the
gridboxes on the southern rim of the sea-ice edge in-
creases. Higher albedo is also found in western Europe
which is related to a extended snow coverage over this
area.

The decrease in atmospheric meridional heat trans-
port seems to be slightly compensated by an increase
in the oceanic meridional heat transport. In EXP2, the
Meridional Overturning Circulation (MOC) increases
slightly, explaining this increase in oceanic heat trans-
port. However, the average position of deep-water for-
mation shifts southward, releasing the heat associated

Figure 8: Maximum Eady growth rate (day−1) at the 650hPa level as

a deviation form the control simulation, averaged over DJF for EXP1

(upper panel) and for EXP2 (lower panel). Higher values of the Eady

growth rate in EXP1 and EXP2 are found for the entire width of the

North Atlantic sector between ca. 35◦N and 40◦N, just north of the

latitude with maximum zonal windspeed. A decrease in Eady growth

rate with respect to the control simulation is found along the path

way of the control-simulation’s eddy-driven jet, between 40◦N and

70◦N.

ra
tio

Figure 9: Ratio between atmospheric meridional heat transport in

EXP2 and that of the control simulation, averaged over the North

Atlantic sector (ca. 90◦W-40◦E).
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Figure 10: Change in albedo for winter (DJF) in EXP2 compared

to the control simulation.

Figure 11: Change in surface air temperature (◦C) for winter (DJF)

in EXP2 compared to the control simulation.

with deep-water formation at lower latitudes. The shift
in the main deep water formation site to a more southerly
latitude is consistent with a southward spreading of sea-
ice.

The results of EXP2 show a drastic change in winter
surface air temperatures in response to the changes in at-
mospheric circulation and the increase in albedo. Fig. 11
shows the change in 2 m DJF-temperature with respect
to the control climate, showing areas with a decrease in
temperature reaching up to 5◦C.

In EXP2, no tendency perturbations were applied
outside the winter season, returning the strength of the
subtropical jet to normal values. However, air tempera-
tures over the North Atlantic and Europe in the summer
season (June-August) are lower than in the control cli-
mate, with the largest difference over the North Atlantic
(ca. 1.5◦C) to ca. 0.5◦C-1.0◦C over Europe. We relate
the decrease in summer temperatures largely to the ther-
mal inertia of the ocean.

5 Conclusions and Discussion

The concept of triggering abrupt climate change by
a repositioning of the North Atlantic eddy-driven jet
avoids a number of problems associated with the tra-
ditional view of triggering rapid climate change (i.e. a
meltwater pulse followed by a collapse of the MOC). In
the alternative view, the Atlantic eddy-driven jet shifts
from a southwest - northeast orientation to a zonally
oriented position hugging the subtropical jet. Conse-
quently, the atmospheric meridional heat transport into
mid- and high-latitudes is drastically reduced. The repo-
sitioning of the eddy-driven jet follows an increase in
subtropical jet strength, and in this study we calculated
forcing patterns that lead to a stronger subtropical jet
over the North Atlantic sector.

The simulations described here reproduce the tran-
sition of a double jet situation, with coexisting eddy-
driven and subtropical jets, to a single jet situation,
where eddy-driven and subtropical jet coincide, when
the strength of the subtropical jet is increased. We con-
clude that this a robust feature of the atmosphere as it
can also be modelled using a coarse resolution (T21, L3)
quasi-geostrophic model.

Regarding possible mechanisms which relate to an
increase in subtropical jet strength, SEAGER and BAT-
TISTI (2007) argue that changes in the distribution and
strength of tropical convection may be involved in re-
organizing mid- and high-latitude atmospheric circula-
tion. Indeed, climate records indicate that abrupt cli-
mate changes often coincide with changes in the tropical
climate. The proposed mechanism involves a stronger
Hadley circulation in cold periods, in response to en-
hanced tropical convection, leading to a stronger sub-
tropical jet.

The present study may provide an alternative forc-
ing mechanism of tropical climate on the North-Atlantic
subtropical jet strength, given the similarity in tendency
perturbations of EXP1 and EXP2 reported here. In this
alternative hypothesis, the jet stream acts as a global
waveguide (BRANSTATOR, 2002) in which patterns of
variability are zonally oriented chains of anomalies. Be-
cause they are meridionally trapped and zonally elon-
gated, patterns associated with this so-called circum-
global wave guide connect activity at points over large
distances (BRANSTATOR, 2002). Over the North At-
lantic sector, the circumglobal waveguide has a distinct
north-south dipole structure in the upper troposphere
and projects strongly onto the NAO. Hence the possibil-
ity that a NAO persistently in one phase may be related
to persistent forcing outside the North Atlantic basin.

Interestingly, in studying the atmospheric response to
a change in sea-surface temperatures in the tropical At-
lantic, HAARSMA and HAZELEGER (2007) found both
an upper-troposphere Rossby wave response, with its en-
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Table 1: Experiments discussed in this study.

experiment subtropical jet tendency perturbations max. speed of
strengthened by applied during subtropical jet

EXP1 sharpening meridional whole year 45.1 m/s
gradient of streamfunction
at 200hPa

EXP2 persistently negative extended winter 43.3 m/s
NAO-pattern at 200 hPa (December - March)

ergy trapped in the circumglobal waveguide, and a re-
sponse on the Atlantic’s Hadley circulation, leading to a
stronger subtropical jet.

In closing it must be readily admitted that many as-
pects of the chain of events leading to rapid climate
change are not included in this study. The most obvious
are tropical SSTs and their effect on atmospheric circu-
lation via changes in deep convection, which is beyond
the reach of this simple quasi-geostrophic model. How-
ever, this study demonstrates the plausibility of SEAGER

and BATTISTI ’s (2007) hypothesis and the relevance of
‘capturing’ the eddy-driven jet by a strengthened sub-
tropical jet as the trigger for abrupt climate change in
the North Atlantic region.
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