The Thermohaline Circulation and Rapid Climate Change

Thermohaline Circulation
Stommel Model
Multiple Steady Statesin GCM

The Recent Climate History: Rapid Changes
Possible explanations
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Figure II-1: A global map schematically identifying the location and nomenclature for many major upper ocean current systems and the
connections between these flow patterns. Subtropical gyre circulations are in red, polar and subpolar flows in blue, equatorial current
systems are in purple, and intergyre or interbasin exchanges are in green. Please refer to text for definitions, discussion, details.

Schmitz, WHOI Tech Rep. 96-08, 1996



Alley et a., Abrupt Climate Change, NAP, 2002



Global ocean circulation, based on Ganachaud and WUnscl_i (2000)
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PLATE 4b A slightly more complex representation of the global ocean circulation
than in Plate 4a, simplified from Ganachaud and Wunsch (2000), as estimated from
modern oceanographic data. The figure shows the integrated flow across the lati-
tudes where observations were taken during the World Ocean Circulation Experi-
ment (WOCE) in the 1990s. The red arrows designate near-surface flow (typically
warm; technically, water density less than 1027.72 kg m-3), blue and green arrows
are deep and bottom flows, respectively. Units are Sverdrups (million cubic meters
per second); for comparison, the Gulf Stream transports around 31 Sverdrups north-
ward through the Florida Strait. Notice the vigorous sinking in the North Atlantic
and the near-complete absence of sinking in the North Pacific.

Alley et a., Abrupt Climate Change, NAP, 2002
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Figure Il-156: An update of the 3-layer global interbasin exchange summary by $95, figure 9 there. Blue represents bottom water,
green deep, and red the upper ocean. Transports in Sverdrups in circles.

Schmitz, WHOI Tech Rep. 96-08, 1996
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SLW  Surface Layer Water NADW North Atlantic Deep Water
SAMW Subantarctic Mode Water UPIW Upper Intermediate Water, 268<0,<27.2
RSW Red Sea Water LOIW Lower Intermediate Water, 2725045275
AABW Antarctic Bottom Water IODW Indian Ocean Deep Water
NPDW North Pacific Deep Water BIW  Banda Intermediate Water

ACCS  Antarctic Circumpolar Current System NIIW  Northwest Indian Intermediate Water
CDW  Circumpolar Deep Water

Figure 11-8: A three-dimensional interbasin flow schematic with “typical” meridional—vertical sections
for the indicated oceans, and their horizontal connections in the Southern QOcean and the Indonesian
Passages. The surface layer circulations are in purple, intermediate and SAMW are in red, deep in

reen, and near bottom in blue. )
: Schmitz, WHOI Tech Rep. 96-08, 1996
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Effects of mixed surface boundary conditions. Stommel (1961)

H Surface flow H
q>0
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Marotzke, PNAS, 2000



Stommel (1961) model

Consider fast temperature feedback, such that temperatures of

boxes remain 11 and T5.

and yields three steady solutions
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Stommel model; curve: §-bar(E); arrows: 3-dot(E)
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Figure 10.2 Solution portrait of the box model in phase space. Dimensionless salinity

difference is denoted 6 = S/l ; dimensionless surface salinity flux is £ = SH /k(cﬂ"]z :

The curves mark the equilibrium solutions, g(E), while the arrows show the tendencies in

phase space. Notice the existence of three steady states for E < V4.

Marotzke, L ecture Notes, 2003



Steady states and hysteresis of the THC
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PLATE 6 Paths along the solution curves of two versions of Stommel’s box model
showing the rate of the ocean overturning when the freshwater forcing flux H is
increased and then decreased. Only in the case of weak diffusion (orange) does the
model respond with an abrupt change, once a threshold in H is crossed. In the case
of strong diffusion (green), at any time, there is a unique equilibrium.

Alley et al., Abrupt Climate Change, NAP, 2002



Pole to pole density gradient (Rooth 1982)
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Marotzke, PNAS, 2000



Rooth's model: instability of symmetric state

Symmetry requiresthat g = 0, i.e. Salinity in each box increases linearly with time.
Any perturbation, say in the northern box, leads to an increase of the flow advecting
salty, 'low latitude', water into the northern box, which further increases the initial

perturbation.

Asymmetric state

Steady response of the flow depends only on the southern hemisphere moisture flux.
The modd can not sustain the sense of circulation if ratio of southern to northern
salinity forcing is too large. If the northern hemisphere receives too much fresh water,
the sense of circulation has to be reversed.



Can the instability of the THC be reproduced in GCM simulations?
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Fig. 1 Virtual surface salt flux distribution used for all experi-

-2 -1
ments, mgm s\

Bryan, Nature, 1986



Exp. 1. initialize model with symmetric state and apply symmetric perturbation:
Model remains in symmetric state
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Fig.2 Stream-function for the zonally integrated meridional over-

turning circulation for experiment 1 at the end of the integration.

Positive values indicate a clockwise circulation; contour interval,
25x10°m’s™.

Bryan, Nature, 1986
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Fig.3 Stream-function for the zonally integrated meridional over-

turning circulation for experiment 2 at years 15 (a), 44 (b) and 68

(¢). Positive values indicate a clockwise circulation; contour
interval, 2.5x10°m®s™".
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Add salt in norht
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Fig.5 Stream-function for the zonally integrated meridional over-

turning circulation for experiment 4 at the end of the integration.

Positive values indicate a clockwise circulation; contour interval,
25x10°m’s™".

Bryan, Nature, 1986



Heat transport differs dramatically between symmetric and asymmetric THC.
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Fig. 6 Northward heat transport for experiment 4 (solid line) at
the end of the integration, and for the symmetric solution obtained
with newtonian-cooling-type boundary conditions on both tem-

: perature and salinity (dashed line).
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Response of coupled model to freshening in the North Atlantic
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FIG. 1 a, Time series of the deviations of sea surface temperature (SST)
and sea surface salinity (SSS; p.s.u., practical salinity units) from their
initial values (that is, 7 °C and 35 p.s.u., respectively) at a grid point in
the Denmark Strait (60.75° N, 37.50° W) obtained from the FW experi-
ment. b, Temporal variations of the rate of THC in the North Atlantic
obtained from the control and FW integrations. Here, the rate of THC
is defined as the maximum value of the stream function of meridional

circulation in the North Atlantic (Fig. 4).
Manabe and Stouffer, Nature, 1995



Surface salinity anomalies

Latitude (degrees)

Longitude (degrees)

FIG. 2 Horizontal distribution of S5S anomalies (in units of p.s.u.) aver-
aged over the 10-year period from year 11 to year 20 of the FW experi-
ment. The areas of positive anomalies are shaded. Here, the anomaly
represents the difference between the 10-year mean state of the FW
integration and the 100-year (years 501-600) mean state of the control
integration.

Manabe and Stouffer, Nature, 1995



Resulting anomalies of surface temperature
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FIG. 3 Horizontal distribution of surface air temperature anomaly (°C)
averaged over the 10-year period from year 51 to year 60 of the FW
experiment. The areas of positive anomalies are shaded. Here, the
anomaly represents the difference between the 10-year mean state of
the FW integration and the 100-year (years 501-600) mean state of

the control integration.

Manabe and Stouffer, Nature, 1995



Reduction of THC due to freshwater flux
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FIG. 4 Latitude—depth distribution of the stream function which rep-
resents the meridional overturning in the North Atlantic in units of sver-
drups (10° m®>s™'), averaged over: &, years 501-600 of the control
experiment; b, years 19 and 20 and c, years 291-300 of the FW experi-
ment. (Depth is given in kilometres; areas of clockwise circulation are
shaded.) During the few initial decades, the THC in the North Atlantic
markedly weakens and becomes shallower (compare a and b), allowing
stronger deep inflow of Antarctic bottom water. The initial capping of
the Atlantic Ocean by the low-density, fresh surface water chokes off
the heat exchange between the atmosphere and ocean and raises the
temperature of subsurface water, rapidly weakening the THC during the
first decade of the experiment. At the end of the second decade, the THC
extends poleward of 65 N in the near-surface layer (b). The associated
extension of the northward advection of warm surface water is respon-
sible for the rapid increase of SST and SSS in the Greenland Sea during
the second decade (Fig. 1a). The northward extension of warm advec-
tion disappears by year 40 of the experiment, causing the reduction of
SST and SSS during the fourth decade (Fig. 1a). It appears that the
northward extension (into the Norwegian/Greenland seas) OCCUrs

166

because the density of surface water is too low to sink at normal lati-
tudes (that is, around 60" N). The gradual recovery and eventual restor-
ation (c) of the overturning intensity, which follows the rapid initial
fluctuation, is attributable partly to the vertical subsurface water column
of relatively high density which is restored in the sinking region of the
THC by ~70 years of the experiment. The increase of the water column
density is due not only to the horizontal spreading and disappearance
of the very fresh surface water but also to the reduced supply of warm
water with relatively low density from the south into the sinking regior
of the THC. The gradual reintensification of the THC is also attributable
to the reduction of subsurface water density in low latitudes which i€
due to the weakened upwelling of dense water associated with the large
initial weakening of the THC. The increase in the meridional gradient 0
density due to the density changes of opposite sign in the sinking anc
rising regions of the THC results in the increase of not only the meri
dional but also the zonal density gradient®™ in the upper layer of the
ocean, intensifying the meridional circulation and causing the graduz
recovery in the intensity of the THC.

Manabe and JQuiter. N39S



Response of the THC to moisture flux trend and stochastic wind forcing
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Spontaneous reduction of THC in coupled model
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Figure 1 Time series of surface air temperature averaged over southeast Greenlandand b, model years 2800-3300 only. ¢, The box encloses the region used for averaging in a
the neighbouring ocean (57.8—71.1°N, 11.3-48.8°W). a, Entire model integration; and b.

Hall and Stouffer, Nature, 2001



Figure 2 Sea surface temperature and salinity, surface air temperature and ocean current
anomalies, a, SST (°C); b, SSS (practical salinity units or psu); ¢, SAT (°C); and d, surface
ocean currents averaged over model years 31013110, the approximate decade when
the event reaches its peak. All anomalies are calculated relative to the first 5,000 yr of the
experiment. Real rather than model geography is used to facilitate orientation. A few

hundred kilometres wide, the model’s East Greenland current is qualitatively realistic,
transporting on average about 4 sverdrups of Arctic water southward along Greenland's
coast. However, due to the model’s coarse resolution, the simulated current is wider and
slower than the observed current, which transports about 8 sverdrups of water southward
in a narrow coastal strip about 150 km wide®.

Hall and Stouffer, Nature, 2001




Event triggered by persisitent

NW winds that transported large
amounts of bouyant cold and

fresh water into the northern

North Atlantic. Oceanic convection
shut down and concentrated to
cooling to the upper layer.

Event lasted for 40 years, and
resulted from internal atmospheric
variability alone.
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Response of the Stommel model to stochastic forcing

Cessi, JPO, 1994



Salinity performs arandom walk in a double-welled potential

Cessi, JPO, 1994



Cessi, JPO, 1994



Cessi, JPO, 1994



Note differences of responses of linear oscillator and system with
multiple steady states:

Increase of amplitude of stochastic forcing ...
Linear oscillator:
... Increases amplitude of response, and leaves intrinsic frequency
unchanged

Multiple steady states:
... leaves amplitude roughly unchanged, but reduces the intrinsic
frequency.



Note rapid
4  changes

Alley et al., Abrupt Climate Change, NAP, 2002



Changes are wide spread,

very rapid, and are found in
many variables /

Cariaco hasin

Greenland Ice core

Methane

Sea salt: winds

Calcium: continental dust
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Alley et a., Abrupt Climate Change, NAP, 2002



Alley et al., Science, 2003



Rapid climate cooling 8200 /

years ago, likely caused by
outburst flooding around
melting ice sheet in
Hudson Bay.
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Alley et al., Abrupt Climate Change, NAP, 2002



Long history of rapid temperature fluctuations:
Dansgaard/Oeschger oscillations

Alley et al., Abrupt Climate Change, NAP, 2002



|ce ages occur on both hemisphere, often at similar times

Alley et al., Abrupt Climate Change, NAP, 2002



Rapid climate variations in more recent past:

Alley et al., Science, 2003



Droughts in North America

Alley et al., Science, 2003



Possible causes:
orbital forcing
outburst floods
greenhouse gases
continetal drift

Amplifiers:
|ce-albedo feedback
vegetation-hydrological feedback: evapotranspiration,

Persistence:
Thermohaline circulation
root-runoff feedback



Alley et al., Abrupt Climate Change, NAP, 2002



Response of THC to change in radiative forcing

Alley et al., Science, 2003



Response of THC to changes of CO2

Alley et al., Abrupt Climate Change, NAP, 2002



Response of THC to afreshwater pulse

Alley et a., Abrupt Climate Change, NAP, 2002



PAU



Hall and Stouffer, Nature, 2001



THC asymmetry due to small changes of the imposed pole to pole surface
temperature difference

Marotzke, PNAS, 2000



Cessi, JPO, 1994



Cessi, JPO, 1994



Alley et al., Abrupt Climate Change, NAP, 2002



Alley et al., Science, 2003



