


changes of SST and SAT may be close to those from the paleoclimate data
(see section below, Fig. 5.9).
(c) Sensitivity to AD,

The duration of the discharge event Ty;scharge is now fixed as 400 years and
the discharge rate D) is increased by ADy = 1.11 x 107® m/s for experiment
9 and by AD) = 1.7 x 1078 m/s for experiment 10, which are smaller and
larger values, respectively, than the one used in experiments 5-8. Figure 5.8¢c-g
indicates that a decreased AD) reduces the amplitude of the oscillations of the
THC, the SST and SAT as compared to those in Fig. 5.7. The SST reductions
at 52.5° N and at 62.5°N are now only 0.7°C and 0.4°C respectively; the SAT
reductions at 72.5°N over the Atlantic Ocean and North America are 1.2°C
and 1.1°C, respectively. In Figure 5.9, for the first two discharge events, we
see that an increased A D) slightly increases the amplitude of the oscillations
of the THC, the SST and the SAT as compared to those in Fig. 5.7. The SST
changes at 52.5°N and at 62.5° N are 2.1°C and 1.3°C, respectively; the SAT
changes at 72.5° N over the Atlantic Ocean and North America are 2.5°C and
2.3°C, respectively.

The third discharge event in Figure 5.9, however, shuts down the THC in
the Atlantic Ocean (see also Fig. 5.11c below). Stocker and Wright (1991)
and Rahmstorf (1995) showed that, if the fresh water input exceeds a critical

value, a halocline catastrophe occurs and the THC then collapses. It appears
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Figure 5.8: Same as in Figure 5.7, but for Experiment 9.
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that ADy = 1.7 x 107® m/s is such an approximate critical value in our
model. A small increase in this value would lead to significant changes in
the THC and hence cause very large climate cooling in the region around the
northern North Atlantic. The SST reductions at 52.5°N and at 62.5°N are
4.8°C and 1.7°C, respectively; the SAT reductions at 72.5° N over the Atlantic
Ocean and North America are 4.6°C and 4.4°C, respectively. In the case of a
collapsed THC, the oceanic poleward heat transport is significantly reduced,
which leads to the large climate cooling in northern high latitudes. The SST
change at 52.5°N is quite close to that reconstructed from paleoclimate data
(Bond et al., 1993). However, SAT changes are somewhat smaller than the
data recorded in central Greenland (Alley and Clark, 1999). The discrepancy
may be due to the following facts: (i) that a zonally avergaed variable is used
in the model, and (ii) the positive C'O,-water vapor feedback, which may cause
further cooling, is excluded.

From Figure 5.9d, we see that the amplitude of the SST drop at 52.5°N
due to a discharge event in the case of an uncollapsed THC is much smaller
than the drop in the case of a collapsed THC (2.1°C vs. 4.8°C'). Large
coolings that occurred in earlier climates might be attributed to the switch of
the THC from ’on’ to ’off’. In our coupled model, climatic oscillations with
large amplitudes cannot be simulated through large fluctuations of the THC.

The reason is that once the intensity of the THC in the Atlantic Ocean drops
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below a critical value, the THC goes to another steady state with only southern
sinking. In this state, the positive advection-salinity feedback is removed and
hence the poleward salt transport in North Atlantic Ocean is significantly
reduced. Small perturbations cannot change this steady state. In Rahmstorf
and Ganopolski (1999), the collapsed THC is simulated in global warming
scenarios, which leads to net cooling over the North Atlantic and the drying
of Europe. The collapsed THC in their model also cannot return to a conveyor
belt circulation even after the climate is cooled down over the North Atlantic.
The THC is in another stable state.

However, in reality, if the THC had been shut down during an earlier
climate, it had to recover in some way; otherwise, the present day NADW
formation cannot exist. We believe that because the collapsed THC cannot
be restored in our model, some mechanisms are probably missing. Fanning
and Weaver (1997) simulated the Younger Dryas event and found a collapsed
THC in their coupled EMBM-OGCM, which could be partly restored by the
wind stress/speed-temperature feedback, as originally suggested by Mikola-
jewicz (1996) and Schiller et al. (1997). This wind stress/speed-temperature
feedback will be included in our coupled model in the future. We expect to see
large fluctuations of climate associated with the switching between the ’on’
and ’off’ states of the THC.

(d) Sea ice response
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Due to the relatively small amplitude of the SST oscillations and the coarse
model resolution, the sea ice is not sensitive to the SST oscillations associ-
ated with the interactions between the THC and ice sheets in cases of an
uncollapsed THC. Therefore, in experiments 6 and 9, we do not detect any
oscillations of the sea ice extent. However, if the lateral discharge rate is large,

as in experiment 10, a notable fluctuation of sea ice extent occurs. Figure 5.10
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Figure 5.10: The time series of the maximum intensity of the THC in the

Atlantic Ocean (a), and the sea ice extent in January in the North Atlantic
Ocean (b), for experiment 10.
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shows the corresponding variation of sea ice extent in January for the discharge
events for this experiment. For the first two discharge events, the sea ice ad-
vances southward by 5° in a few decades. In the case of a collapsed THC, the
sea ice advances southward by 10° and reaches a new steady state position
due to the collapsed (but stable) THC. Since sea ice has a high surface albedo
and plays an important role in the air-sea heat exchange and the fresh water
budget, the variation of its extent associated with the fluctuation of the THC
has a significant effect on the climate. Therefore, the succesful simulation of
the resumption of the collapsed THC is especially important in the study of
large climatic fluctuations.
(e) The THC modes

In their review of deglaciation of the northern hemisphere, Alley and Clark
(1999) proposed that there are three THC modes: modern, glacial, and Hein-
rich (Sarnthein et al., 1994; Stocker, 1998). The modern mode corresponds to
vigorous high-latitude NADW formation; for the glacial mode, the region of
NADW formation becomes shallower and shifts southward; for the Heinrich
mode, NADW formation is greatly reduced and the formation of AABW is
significantly intensified and hence some southern regions are warmed up. The
modern mode exists during warm climates (interglacials), while the glacial and
Heinrich modes exist during cold climates. In our model, during the glacial

period, the changes of the THC are quite large and hence three different modes
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Figure 5.11: The annual mean streamfunction patterns for the Atlantic at
10,000 model year (a), at 19,300 model years (b), and 40,000 model year (c)
for experiment 10.

are simulated.

Figure 5.11 shows the three different modes of the THC in the Atlantic
Ocean during a glacial period with massive iceberg calving. Before the first
iceberg calving event, namely at ten thousand model years, there exists an
intensified THC with, however, more southerly NADW formation (Figure
5.11a). The AABW penetrates into the Atlantic Ocean in much the same
way as in the control run (see Figure 3.5). During the first discharge event,
namely at 19,300 model years, the THC is weakened and the NADW forma-
tion is weaker and shifts southward (Figure 5.11b). The AABW penetrates
into the Atlantic Ocean at a rate of 6 Sv, which is a few Sv larger than that

in the control run. After the third discharge event, a collapsed THC is pro-
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duced (Figure 5.11c) and there is a much larger penetration of AABW (8 Sv)
into the Atlantic Ocean. The intensified penetration of the AABW into the
Atlantic Ocean obviously implies enhanced AABW formation.

The THC mode shown in Figure 5.11a is not included in the three modes
reviewed by Alley and Clark (1999). The maximum intensity of the THC of
this mode (hereafter called strong mode) is about 7 Sv larger than that of the
modern mode (found in our control run of chapter 3). However, this strong
THC mode does not lead to a warmer climate than that of the present day.
This is because during a glacial period, the absorbed solar radiation is reduced
due to ice-albedo feedback and the outgoing longwave radiation is increased
due to lower atmospheric CO; and water vapor concentrations.

This strong THC mode has also been simulated in a coupled GCM run
under cold climate conditions (Manabe et al., 1991). Why this THC mode
occurs in the climate models but has not been seen in paleoclimate data for a
glacial period is not clear. As Alley and Clark (1999) mentioned, “more data
are needed” to settle this question. If this strong THC mode has indeed never
existed sometime during a glacial period, then there must be some important

mechanisms missing in the climate models.
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Chapter 6

Conclusions

A simple climate model which involves the coupling of an EMBM, an ocean
THC model, a thermodynamic sea ice model, a land surface model and a
dynamic ice sheet model has been developed. Since the variables are sectorially
averaged in the longitudinal direction and all the components except the ocean
have only one layer, the integration needs much less CPU time than more
complex climate models. This model is thus especially appropriate for long-
term paleoclimate change/variability studies.

Comparison of our results with observations and the simulations of GCMs
indicates that this model can successfully simulate major features of the
present day climate (or the climate of an interglacial period). However, it can-
not simulate certain details of the present day climate, such as the extremely

low SAT in Antarctic region, due to many simplifications of the physical and
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dynamical processes and the low model resolution. The sensitivity experi-
ments show that the model responses to changes of the internal and external
parameters are qualitatively similar to the responses of other simple models
and GCMs. Therefore, this climate model has considerable potential for in-
vestigating other climate periods and the transition between them, provided
certain modifications are made (e.g., the inclusion of the Milankovitch cycle,
COq-water vapor feedback, and wind stress/speed-temperature feedback).
The diffusion process we employ in the EMBM can simulate reasonably
well the meridional atmospheric heat and moisture transports in the northern
hemisphere. The changes of these transports in response to climate forcing
changes are qualitatively similar to those in GCMs; for example, the dry
static heat transport is reduced (increased) in a warm (cold) climate, while
the moisture transport is increased (reduced) in a warm (cold) climate. The
ability of this model to simulate changes of the heat and moisture transports
is essential for millennial timescale climate modelling. Due to such changes of
the moisture transport, the THC in the North Atlantic Ocean is weakened in
a warm climate and intensified in a cold climate. An interactive atmospheric
hydrologic cycle must thus be included in a paleoclimate model, although its
simulation is a challenge to modellers. In reality, the atmospheric moisture
content and cloud cover also have significant effects on the energy balance;

however, these aspects are neglected in our model. The ice sheet growth
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strongly depends on the snowfall rate which changes over a large range in
different climate states. For instance, in the case of a collapsed THC, the sea
ice extent is much larger than in the case of a strong THC and hence the
moisture supply to the land ice sheets is significantly reduced.

The climate model presented in this thesis is limited in its simulation of
the shortwave and longwave radiation budget. The effects of the following
quantities are not explicitly included in the energy budget: the water vapor
content, cloud cover, CO; concentration and aerosol concentration in the at-
mosphere. Water vapor can absorb outgoing longwave radiation. Therefore,
more (less) outgoing longwave radiation is trapped in a warm (cold) climate.
Since part of the incident shortwave radiation is reflected by clouds, more
(less) cloud cover reflects more (less) solar radiation. Atmospheric CO; and
aerosol concentrations also have significant effects on the radiation budget,
and their concentrations have changed enormously over the history of the
earth. For example, the CO, concentration is usually very low and the dust
concentration is very high during a very cold glacial period.

Since dynamic processes cannot be included in the EMBM, the mean
meridional wind from Oberhuber (1988) and wind stress from Hellerman and
Rosenstein (1983) have been prescribed in our model. In practice, changes of
wind should be considered in the calculations of heat and moisture transports,

and changes of wind stresses should be included in the ocean model. Since
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the eddy (diffusion) processes in the atmosphere are dominant in the mid-
dle and high latitudes, the neglect of changes in the mean meridional wind
in the EMBM is not a problem there; however in the low latitudes, where
the mean meridional circulation (Hadley circulation) is dominant, the wind
changes should be considered. Jentsch (1991) parameterized the changes of
mean meridional wind in terms of the temperature gradient; Fanning and
Weaver (1997) parameterized the anomaly of wind stress in terms of the sur-
face air pressure anomaly which is derived from the SAT anomaly. In future
work, the changes of mean meridional wind and wind stress should be consid-
ered when simulating the transition between different climate states.

A zonally averaged sea ice model is not able to simulate a realistic dis-
tribution of sea ice concentration and thickness, especially in the northern
hemisphere, i.e. the Arctic Ocean. Sea ice plays a very important role in the
energy and water cycle of the climate system. It is still a challenge for 3-D
climate modellers to simulate realistically sea ice dynamics and thermodynam-
ics, and its effects on the climate system (Randall et al., 1998). Much future
work needs to be done on including a proper representation of air-ocean-sea
ice interactions in climate models. However, our sea ice model can simulate
qualitatively the sea ice responses to climate changes; for example, a weak or
collapsed THC leads to the advance of sea ice in the northern North Atlantic

Ocean.
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Our coupled model (without the ice sheet component) has been first ap-
plied to simulate the initiation phase of glaciation around 115 ka BP. During
this phase, the model THC in the North Atlantic Ocean is intensified due to
the reduced fresh water flux and the colder SST in the northern high lati-
tudes. Paleoclimate data appear to support the existence of a strong THC
in the North Atlantic Ocean during the initiation phase of the last glaciation.
Due to a warm subpolar North Atlantic Ocean maintained by the strong THC,
the land-ocean thermal contrast is intense and hence the zonal moisture trans-
port from the ocean to the land is very large in the model. Due to this large
moisture supply from the ocean, the precipitation in the high latitudes of
North America is much larger than that in the case of a weak or collapsed
THC and hence the accumulation of land snow/ice is relatively rapid. The ob-
served rapid ice sheet growth during the initiation phase of the last glaciation
(Johnson and Andrews, 1979) supports our results. Observations show that
a weak or collapsed THC also existed during the last glaciation. However, a
cold climate is not responsible for this; enhanced fresh water discharges to the
northern North Atlantic Ocean is a more plausible reason.

After the initiation of glaciation, ice sheets are built up in our model.
Then, the interactions between ice sheets and climate are investigated in the
coupled five-component model. Since our ice sheet model is rather simple

and the interactions between ice sheets and the THC are not fully understood
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at the present time, many sensitivity experiments were carried out. First,
we investigated the sensitivity of ice sheet growth to the lateral discharge
rate for ice sheets. A reduced lateral discharge rate may maintain a large ice
volume similar to that observed; by contrast the lateral discharge rate used by
Gallee et al. (1992) results in a small ice volume and ice sheet extent in our
model. Secondly, since many modelling studies show that ice sheet growth
and ice volume are also sensitive to the variations of C'O, concentration, we
changed the planetary emissivity to study the response of the ice sheets to CO,
changes. For a smaller CO, concentration, the ice sheet volume and extent
may be larger than those in the case of a larger CO, concentration, which
is consistent with past modelling studies. Lastly, we studied the interactions
between the ice sheets and the THC, which is our main interest in the study
of climate-ice sheet interactions.

Massive iceberg calving is an important process in the interactions between
ice sheets and the THC. However, this process is very difficult to parameterize
in our simple ice sheet model. Also, this process probably strongly depends
on major climate change, which cannot be simulated accurately in our model
due to the exclusion of many feedbacks (e.g., CO;-water vapor feedback, wind
stress/speed-temperature feedback, etc.). Therefore, we proposed a very sim-
ple scheme to parameterize the iceberg calving process and attempted to study

the mechanisms involved in the interactions between ice sheets and the THC.
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Since there is no thermodynamics in our ice sheet model, the occurrence of
iceberg calving only depends on the maximum ice sheet height. When the
maximum ice sheet height in North America reaches a critical value, iceberg
calving occurs. The sensitivity experiments show that the longer the discharge
period, the longer the period of the millennial scale oscillation associated with
the interactions between ice sheets and the THC. This is due to the fact
that the net accumulation rate is much smaller than the increased discharge
rate and hence a longer time is needed for the ice sheets to reach the critical
maximum value for further calving.

Our model results also show that the THC is very sensitive to the iceberg
discharge rate. A slight increase of the discharge rate may change the state of
the THC significantly (i.e., produce a halocline catastrophe) and hence cause
very large climate changes. This makes the simulation of the interactions
between the ice sheets and the THC extremely difficult, since the reconstructed
data cannot provide us with an accurate estimation of the discharge rate and
there are many uncertainties in the specification of the discharge rate in the
model. Also, different ocean circulation models may have a different sensitivity
to the discharge rate. Therefore, much future work needs to be done on this

topic.
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Appendix A

Abbreviations

Table A.1 lists abbreviations used in this paper.

symbol definition
AABW Antarctic Bottom Water
ACC Antarctic Circumpolar Current
BaU Business as Usual
CCSLI Coupled Climate Sea ice and Land Ice
CLIMBER-2 CLIMate-BiospheRE model
EBM energy balance model
EMBM energy-moisture balance model
GCM general circulation model
LLN Louvain-la-Neuve
NADW North Atlantic Deep Water
SAT surface air temperature
SPECMAP | SPECtral Mapping Analysis of the Pleistocene
SST sea surface temperature
SSS sea surface salinity
THC thermohaline circulation

Table A.1: The definitions of abbreviations.
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Appendix B

The calculation of flux terms

The calculation of atmospheric heat and moisture flux terms is illustrated
in Figure B.1.

The zonal fluxes of heat are calculated in a similar way to Ledley (1991a),
while the zonal fluxes of moisture are parameterized in order to supply mois-
ture from the oceans to the land in all seasons. The fluxes are given below.

The zonal heat flux terms are parameterized as

Toryi — T,
Fry, = —DTz% (B.1)
2Y)

Tij — Tioa,
+J =1,
Fry_ = _DTz—f‘ —=,
ij

where Dr, is the zonal heat exchange coefficient between land and sea, T; ;

(B.2)

A

represents the SAT at (i,j) and f;; = ﬂ*%_’—’\‘i (Ai,; is the longitude of the

western boundary of box (i,j)).
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When the atmosphere over the land is warmer than that over the ocean,

e, T;; < Ti-y,; and T;; < Tit1,;, the zonal moisture flux terms are parame-

F . F F.F F..F

¢+ T4 A q4 _ _Ts_ _qs_ _ T6 s q6
I I
FTA,-— i) FTM-
——— I, ——
qu— qA+
* i - - -
FT1’ Fq1 FT2' qu FT3’ an
(i-1,j=1) (@i,j-1) (i+1,j-1)
A A . A

i=1,j-1 -1 i+1,-1

Figure B.1: A typical land-ocean configuration. A region bounded by dashed
and solid lines is an ocean box; a region enclosed by solid lines is a land box.
The indices 1, j increase in the zonal and meridional directions respectively.
The quantities Fr; and Fj; (which contribute to the meridional fluxes), and
Fry_, Fry,, Fyx_, and Fyy, (which contribute to the zonal fluxes) are defined
in the text.

terized as
T — Ty
Fory = —qu’]f—_.H’J' (B.3)
ZYJ
Tiyi—T;:
Fp_ = —qu%—ﬂ, (B.4)
]

where D,, is the zonal moisture exchange coeflicient between land and sea.
When the atmosphere over the land is colder than that over the ocean, i.e.,
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T;; > Ti-1,; and T;; > Tiy1,j, the zonal moisture flux terms are parameterized

as
Ti R T2 .
Fp\, = qu”—ﬁﬂ’i (B.5)
%7
Tiy:—T;.
Fp_ = qu——lﬁfj—”. (B.6)

The meridional heat flux terms are calculated in the following manner (see

also Sellers, 1973; Ledley, 1988):

Fry_ = [(Aij—1 — M)+ (Migrj—1 — Aij=1)Fra + (Mig1,; — Aig,j—1) Frrs]cosé

9

i1, — Aij
(B.7)

where

AT
RA$

Fr; = (—KT + aT’UT),'qg_, 1 =1,2,3. (BS)

In the above, Kr is the meridional heat diffusivity defined in (B.13) and
(B.14), AT is the temperature difference between the two adjacent boxes in
the meridional direction, A¢ is the latitudinal interval of the two adjacent
boxes, ar is the coefficient of net Hadley sensible heat transport; the latter
is defined as the ratio of vertically integrated meridional heat transport to
the surface value. Finally, v is the observed surface meridional wind at the
boundaries of boxes (Oberhuber, 1988), and T is also defined at the boundary,

which is the average of the temperatures in the two adjacent boxes.

Frg, = (A1 = Aig) Fra+ N1 — A1) Frs + (Aig1,j — Aiga,j1) Frs)cosdy
+ At s — i ’
1+1,7 %7

(B.9)
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where

AT

Fr; = (_KTRTAdB

+ aTvT),~¢+, 1=4,5,6. (B.lO)

For the meridional moisture flux, formulae similar to (B.7) and (B.9) are

employed. However, instead of (B.8) and (B.10), we use

Agq .

Fq,' = ( KqRA(,b + aqvq)qu y U= 1’2)3 (Bll)
Agq .

Fqi = ( Kq RA¢ + O‘qUQ)qu-w 1= 4’5)6 (B'12)

where ¢ represents the surface air specific humidity and the meaning of all the
terms is similar to that in (B.8) and (B.10). K7 in (B.8) and (B.10) is defined

as

Kr(5) =2 x 10%( Zf-~ Y me 1Tii1)y, §=2,..,N (B.13)

I(T(l) = KT(N + 1) =0, (B14:)

where N is the number of boxes in north-south direction. K, in (B.11) and

(B.12) is defined as

K,(j) = L5K7(j), j=1,2,..,N+1. (B.15)
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Appendix C

The formulae for the surface

albedos

The snow surface albedo is modelled as (Ledley, 1991b):

0.84 T, < —13°C
s =4 0.84 — 0.0065(T, +13) —13°C < T, < 7°C (C.1)
0.71, 7C < T,

\

where T, is the SAT. The ice surface albedo is modelled as (Ledley, 1991b):

0.71 T, < -13°C
@i =19 0.71 —0.01(T, + 13) —13°C < T, < 7°C (C.2)
0.51. 7°C < T,.

\
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The snow-free land surface albedo is modelled as (Saltzman and Ashe, 1976):

(

A

ay
0.35

0.55,

\

0.30 — 0.50( 3% — 0.7)

o> 0.7

m

0.35 — 0.25( 2% — 0.5) 0.7> 2 >0.5

Wm
w,
W05

T, <0°C

where w; is the soil moisture and w,, is the field capacity of moisture. The

ocean surface albedo «, is simply taken as 0.
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Appendix D

The formula for the snowfall

fraction

The representation for the snowfall fraction is given by (Harvey, 1988a):

0 if T, > 7°C
fo=190.05(7T-1T,) if 7°C > T, > -13°C (D.1)
1 if T, < —13°C.
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Appendix E

Radiative forcing

The annual mean radiative forcing AF is calculated using the following for-

mula:

— 1
AF =~ ]T AF(t)dt, (E.1)
where T represents a one year period. AF(t) is defined as

AF(t) = %( [ 1@ssw(1 —ap)ia+ [ fepoTida) (E.2)

where f is the fractional perturbation of the solar radiation and planetary
emissivity, A is the area of the model domain and the values of ap and T, are

taken from the control run.
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