Chapter 4

The 21st century climate as
simulated by LMD5-CLIO2

The aim of this thesis is to investigate the 21st century climate. Therefore LMD5-CLIO2-
GISM has been developed (chapter 2). Its AOGCM component (LMD5-CLIO2) has been
validated in chapter 3. This tool is now used to provide climate projections for the 21st
century. More precisely, this chapter is divided in two parts: one devoted to the LMD5-
CLIO2 response to the greenhouse-gas and sulphate-aerosol modifications, and one dealing
with the impact of the Greenland ice-sheet freshwater flux.

In the first part, the SRESb2 simulation, whose design is described in chapter 2, is an-
alyzed. Both the effects of the enhanced greenhouse-gas concentration and of the sulphate
aerosols are included in this experiment. Therefore no attempt is made to distinguish be-
tween them. To estimate the reliability of the LMD5-CLIO2 results, they are compared to
those obtained with other AOGCMs. Furthermore, the time evolution is briefly described
but we focus on the SRESbH2 forecast for the end of the 21st century when the climatic
response is highest.

In the second part, the SRESb2G and SRESbH2 experiments are compared to investigate
the influence of the increase of the Greenland ice-sheet runoff. A collapse of the NADW
formation is forecasted at the end of the SRESb2 run. This event is induced by the
freshening of the surface water due to the enhanced Greenland ice-sheet freshwater flux.
In a last section, the climatic impacts of this abrupt weakening of the North Atlantic
branch of the thermohaline circulation are described.

4.1 Climate change induced by greenhouse gases and sul-
phate aerosols

The increase in atmospheric greenhouse-gas concentration perturbs the climate system.
The energy cycle is modified with more infrared radiation trapped inside the system, thus
increasing its temperature. The direct cooling effect of the sulphate aerosols is also included
in the model. Both of them combine to change the thermal state of the climate system
(section 4.1.1). LMD5-CLIO2 is able to forecast the geographical and vertical distribution
of the warming in the atmosphere and in the ocean. The time evolution of the temperature
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Figure 4.1: Globally averaged surface air temperature (°C). Panel a displays the results
of the SRESb2 simulation compared to the CONT experiment. The red curve takes into
account all model grid points. The continental temperature evolution is in yellow, and the
ocean (or sea-ice) grid points are used to compute the cyan curve. Panel b from Cubasch
et al. [2001] shows the time evolution of the globally averaged surface air temperature
change relative to the years (1961 to 1990) simulated by various other AOGCMs using the
SRES B2 scenario.

change is also analyzed. These modifications of the temperature field alter the hydrological
cycle as the saturation level depends on temperature. Changes in the hydrological cycle
are described in section 4.1.2. The humidity in the atmosphere adjusts to the new thermal
conditions involving changes to the water vapour and cloudiness. The atmospheric water
content is related to evaporation and precipitation. Through these, the oceanic salinity
may also be altered. Finally, modifications of the temperature and salinity fields in the
ocean change the density gradient, implying perturbation of the oceanic circulation. In the
atmosphere, changes of temperature gradients and convection influence the atmospheric
general circulation. Modifications of the dynamic fields are analyzed in section 4.1.3.

Furthermore, depending on the greenhouse-gas concentration scenario, the time rates
of the modifications strongly differ. The predictions discussed hereafter are related to the
SRES B2 scenario published by the IPCC! (Nakicenovic et al. [2000]). All the results show
in this section come from the SRESb2 simulation whose design is described in chapter 2.
We should therefore keep in mind that the dates cited are indicative.

4.1.1 Thermal response
The best known impact of climate change is the global warming. This temperature increase
is not uniform. It is distributed throughout the atmosphere and the ocean.

4.1.1.1 Atmospheric temperature changes

As expected, the surface air temperature rises progressively under the influence of
greenhouse gases and sulphate aerosols. The LMD5-CLIO2 response is in the middle range
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Figure 4.2: Zonal mean surface air temperature (°C) as simulated by the SRESb2 sim-
ulation compared to the CONT experiment (averaged over the last 5 years 2095-2099).
The left panel (a) shows annual means. The red curve takes into account all model grid
points. The continental temperature evolution is in yellow, and the ocean (or sea-ice) grid
points are used to compute the cyan curve. On panel b, the solid lines are the anomalies
forecasted by LMD5-CLIO2 at the end of the SRESb2 simulation in annual mean (red
curve), during boreal summer (JJA, magenta curve), and during Southern Hemisphere
summer (DJF, orange curve). The dashed lines are the 99% confidence level computed as
2.33 times the standard deviation from the CONT simulation.

of those predicted by other coupled models (figure 4.1a). The surface warming reaches
2.4°C in 2100 compared to the CONT simulation (1970), while the range suggested in
Cubasch et al. [2001] (for a similar period) is 0.9°C to 3.4°C (figure 4.1b). For the middle
of the 21st century, the globally averaged surface air temperature increase is estimated
by other models to be between 0.5°C and 1.7°C. Our estimate is about 1.4°C. In fact,
the warming is more or less linear in all simulations using this scenario (figure 4.1a). The
behaviour of continental grid points and oceanic grid points differ: the first ones undergo a
greater warming than the second ones. The only exception are the points located at high
latitudes, where the ocean is covered by sea ice (figure 4.2a). The interannual variability
is also more pronounced over land, which is not surprising as the oceanic time scales are
longer than the atmospheric ones.

Another interesting feature is the meridional asymmetry (figure 4.2). The tem-
perature response in the Northern Hemisphere is more pronounced than in the Southern
Hemisphere. This asymmetry is obvious in the oceanic response. At mid-latitudes, the
Southern Ocean undergoes a very small warming at most longitudes compared to the same
latitudes in the Northern Hemisphere?. Deep convection is simulated at these latitudes
(see chapter 3). It distributes the “exceeding” heat, trapped by the greenhouse gases, over
a deeper oceanic layer than at other latitudes (see section 4.1.1.2). Consequently, the

2Two major exceptions exist: a strong temperature increase is located in the Ross Sea, and a cooling is
forecasted in the Weddell Sea.
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water-temperature anomalies near the surface are small. The turbulent heat fluxes imply
a strong coupling between the sea-surface temperature and the surface air temperature.
So, a weak warming of the surface air is simulated at these latitudes. At higher latitudes,
the Arctic Ocean undergoes a strong reduction of the sea-ice pack (see section 4.1.4). Con-
sequently, the temperature increase is enhanced by the albedo/temperature feedback (see
chapter 1, and section 4.1.4). On the contrary, the southern high latitudes are covered by
the Antarctic continent, where this feedback is not active: the continental ice-sheet is so
thick that a partial melting would not significantly change its albedo. This effect however
is not taken into account in LMD5-CLIO2 over ice sheets. The meridional asymmetry is
also partially due to the distribution of continents over the Earth. As the largest fraction
of the continents is located in the Northern Hemisphere and as the continental temperature
response is greater than the oceanic one, the temperature rise is stronger in the North-
ern Hemisphere. This feature is not specific to LMD5-CLIO2, most models simulate this
asymmetry (Cubasch et al. [2001]). This point has been discussed for example in Houghton
et al. [1996]. One of the rare models which do not forecast this asymmetry is CGCM2 of
the Canadian Centre for Climate Modelling and Analysis (Flato and Boer [2001]).

Seasonally, the asymmetry is always present between 60°S and 45°N. Northwards and
especially over the Arctic Ocean, the LMD5-CLIO2 response is very different in summer
(JJA) and in winter (DJF). The summer surface temperature increase is very small while
the winter surface warming reaches 9°C. This behaviour is due to sea ice as explained
later (see section 4.1.4). The seasonal cycle of the SRESb2 simulation response is small in
the intertropical regions. At mid latitudes, the summer warming is bigger than the winter
warming (the opposite of what happens at high latitudes).

To estimate the significance of this warming (figure 4.2b), the standard deviation of
the zonally averaged surface air temperature has been computed from the CONT exper-
iment (years 21 to 150). The warming is significant if it is larger than 2.33 times this
standard deviation (99% confidence level). In annual mean, the surface air temperature
change is significant at all latitudes. Seasonally, the increase in zonally averaged surface air
temperature is not always significant over the Southern Ocean and over the Arctic Ocean
in summer as the temperature increase is very small.

The only base to evaluate the realism of the climate change forecasted by LMD5-CLIO2
are results from other models. It is therefore interesting to compare the horizontal distri-
bution of the surface air warming in the SRESb2 simulation with that obtained with other
coupled models. Nine coupled models had run under the SRES B2 scenario prior to the
writing of the IPCC Third Assessment Report (Cubasch et al. [2001]). Their results have
been collected and summarized in that report. Each model produces a somewhat different
projection. Computing the multi-model ensemble mean averages to zero the variability. It
could also been expected that the systematic errors from all the models also tend to aver-
age out. This assumes that the systematic errors are different in various unrelated models.
Consequently, this multi-model approach should produce a better estimate of the forced
climate change of the real system than the result from any particular model. The ensemble
standard deviation and the range are used as available indications of uncertainty in model
results. It is accepted in this report that the ensemble mean divided by its standard devi-
ation provides a measure of the consistency of the climate change patterns. Values greater
than 1.0 are a conservative estimate of areas of consistent model response. Figure 4.3b
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Figure 4.3: Panel a displays the annual mean surface air temperature anomalies between
the SRESb2 experiment and the CONT simulation (°C). The SRESb2 and CONT sim-
ulation results have been averaged over the last 5 years (2095-2099) prior to computing
their difference. Panel b comes from Cubasch et al. [2001] and provides the multi-model
ensemble annual mean change of the surface air temperature (color shading), its range
(thin blue isolines) (°C), and the multi-model mean change divided by the multi-model
standard deviation (solid green isolines, absolute values).

comes from Cubasch et al. [2001]. It contains this kind of information. The multi-model
ensemble annual change is color shaded, its range is shown by the blue isolines, and the
multi-model mean change divided by the multi-model standard deviation is displayed with
the green isolines. Compared to our results (figure 4.3a), the overall patterns are simi-
lar. The stronger warming is located over the Arctic Ocean, the minimum is simulated
over the Southern Ocean, the surface air temperature increase is stronger over continents
than over the oceans. Beyond this first impression, local discrepancies appear. A cooling
is simulated by LMD5-CLIO2 in the Weddell sea, while the multi-model ensemble mean
exhibits a warming in the same region. Nevertheless, the multi-model range is large over
there so, cooling is probably simulated by other models. The surface air warming over the
Southern Hemisphere continents is stronger in LMD5-CLIO2 (reaching 5°C) than in the
multi-model ensemble mean. Again, the multi-model warming reaches 3°C and its range
is more than 2°C. So, although our results are at the upper limit, they remain “realistic”.
An asymmetry between western and eastern Sahara is visible in the multi-model ensem-
ble mean, but it is more pronounced in the SRESb2 experiment results. The surface air
temperature warming forecasted by LMD5-CLIO2 is more intense than the multi-model
ensemble mean. On the contrary, the temperature increase in the SRESb2 experiment
is smaller over Russia and over the Arctic Ocean. The IPCC Third Assessment Report
(Cubasch et al. [2001]) mentions that most models show a minimum of warming somewhere
over the North Atlantic Ocean (but the location is quite variable). It is also the case in
our simulation.

The zonal mean wertical pattern of temperature change is displayed in figure 4.4.
The annual mean (figure 4.4a) indicates the main characteristics of the global warming
distribution according to latitude and altitude. We will first focus on the atmosphere.
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Figure 4.4: Zonal mean vertical patterns of temperature change (°C) in the SRESb2 sim-
ulation compared to the CONT integration. Panel a shows the annual mean, while the
December-January-February (DJF) and June-July-August (JJA) means are displayed on
panels b and c, respectively. The SRESb2 and CONT results have been averaged over the
last 5 years (2095-2099).
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Figure 4.5: Multi-model annual mean zonal temperature change for the CMIP2 simulations
from Cubasch et al. [2001].

The maximum annual mean atmospheric warming is located near 200 hPa in the tropical
region. Convective activity is slightly higher in a warmer climate, and stronger vertical
motions bring the tropopause higher. The two other panels (figure 4.4b, ¢) show the
seasonal cycle. They indicate that the maximum warming migrates slightly towards the
summer hemisphere with the upward branch of the Hadley cells. Furthermore, as the most
predominant cell is in the winter hemisphere, the warming spreads down near 30°N in
December-January-February (DJF), or near 30°S in June-July-August (JJA). The sum-
mer hemisphere cell also propagates the warming towards the surface especially in JJA
near 35°N. Looking at the annual mean, a second maximum is forecasted in the lower
troposphere over the Arctic region. It is very strong in DJF (winter) whereas nearly no
temperature change is simulated in JJA. The surface air temperature is strongly coupled
to the surface temperature by turbulent fluxes. At these high latitudes, the oceanic surface
is partially covered by sea ice. In summer, sea ice is melting in the CONT simulation as
in the SRESb2 experiment. Consequently, the summer surface-temperature anomalies are
small.

Moreover, the patterns obtained with LMD5-CLIO2 are very similar to those of other
models. The composite of the zonal temperature changes obtained by the models partic-
ipating to CMIP23 (Meehl et al. [2000]) is shown in figure 4.5. While comparing these
figures, we should keep in mind that the scenario differs and that the period in the future
is also different.

4.1.1.2 Oceanic temperature changes

The infrared radiation trapped by greenhouse gases warms the atmosphere but also the
ocean. Unlike the atmosphere, the ocean is warmed at its top. The oceanic warming
(figure 4.4) is mainly restrained to the upper 300 m where the vertical mixing is strong
enough. Its intensity follows mainly the pattern of the surface air temperature anomalies.
A major exception is the Northern Hemisphere high latitudes: whereas the Arctic region
undergoes a very intense temperature increase in the low troposphere, the anomalies in the
ocean are negligible. In fact, sea ice insulates the ocean from the atmospheric influence;

3CMIP? is the second phase of the Coupled Model Intercomparison Project, which deals with 1% CO>
increase simulations.
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moreover, no significant modification of the sea-surface temperature may occur prior to
an important melting of sea ice. In other words, the exceeding heat available at the surface
would first leads to phase transition before inducing any temperature change. Furthermore,
the seasonal variability of the oceanic temperature simulated by LMD5-CLIO2 is much
smaller than in the atmosphere: figure 4.4b and figure 4.4c are very similar for the ocean.

Looking at the anomalies in each basin (figure 4.6), another feature becomes apparent.
In the Southern Ocean, the warming maximum is not located at the surface but deeper.
In the Atlantic sector, the surface cooling associated with the expansion of sea ice in the
Weddell sea is obvious in the upper 160 m. Below, positive temperature anomalies are
simulated. This warming exceeds 1°C down to about 2500 m. In the Pacific sector, no
cooling is simulated near the surface but the maximum temperature rise is forecasted near
400 m. The warming obviously goes down to the bottom of the water column. This
indicates that deep convection brings additional heat from the surface (due to the increase
in greenhouse-gas concentrations) down to the bottom of the ocean.

In another respect, the response of the oceanic temperature above 220 m is almost
linear in time, similarly to the surface temperature. Below, the temperature increase is
slower at the beginning of the simulation. By the end of the simulation, the warming rate
nonetheless is similar at any depth in the upper 415m. Below, the temperature response is
not linear: the warming rate progressively increases. Furthermore, the deeper you go, the
smaller is the warming rate. These features are expected: the deep-ocean water masses
are mainly renewed by the thermohaline circulation which is much slower than the upper
wind-driven circulation. The additional heat available at the surface therefore takes more
time to reach greater depth.

4.1.2 Hydrological response

The atmosphere contains water vapour and liquid (or ice) water. The atmospheric warming
induced by the increase in greenhouse-gas concentrations, in spite of the cooling effect of
sulphate aerosols, raises the saturation vapour pressure.

4.1.2.1 Atmospheric humidity changes

As warmer air can hold more humidity before reaching saturation, it is expected that
the SRESb2 experiment forecasts a wetter atmosphere than the CONT simulation. The
specific humidity is indeed increased throughout the troposphere.

Two hypotheses are plausible: either the specific humidity increase results from the
warming and the relative humidity remains constant, or the relative humidity is modified
indicating deeper changes in the hydrological cycle. A first fact seems to attest the first
assumption: looking at specific humidity, both the CONT and SRESb2 experiments share
the same vertical distribution with a stronger amplitude in the SRESb2 experiment. More
precisely, the vertical distribution of the absolute anomalies is very close to the initial
pattern of the specific humidity (figure 4.7a), i.e., the water-vapour content rises more
in regions of already high humidity. The hydrological cycle thus seems amplified and
the atmosphere contains more humidity. The relative humidity anomalies confirm this
hypothesis. The differences between this variable and its values in the CONT simulation are
small: its relative anomalies remains below 10 % in the troposphere. The only exceptions
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Figure 4.6: Oceanic temperature anomalies (°C) in the World Ocean zonal mean (panel
a), in the Atlantic basin (panel b), and in the Pacific and Indian basins (panels ¢ and
d). The SRESb2 and CONT simulation results have been averaged over the last 5 years
(2095-2099) prior to computing their difference.
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Figure 4.7: Annual mean, zonally averaged specific humidity anomalies between the CONT
simulation and the SRESb2 experiment. The differences are shown in panel a (gwater/Kgair
), and the relative anomalies (the differences divided by the CONT simulation values) are
plotted in panel b (%). The SRESb2 and CONT simulation results have been averaged
over the last 5 years (2095-2099) prior to computing their difference.
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Figure 4.8: The annual mean, zonally averaged relative humidity anomalies (%) between
the CONT simulation and the SRESb2 experiment are shown in panel a. Panel b displays
the liquid water content anomalies (gwater/k€air). The SRESb2 and CONT simulation
results have been averaged over the last 5 years (2095-2099) prior to computing their
difference.
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are located in the upward branches of the Hadley cells either in June-July-August or in
December-January-February. This first indications suggest that the situation is not as
simple as initially thought. The hydrological processes are more deeply altered in the
tropics; this is not only a direct impact of the temperature increase. Coming back to the
specific humidity and focusing on the tropics, we note that the relative anomalies (figure
4.7b) are stronger in the high tropical troposphere (between 200mbar and 100 mbar) where
the specific humidity increases by more than 60 %. Furthermore, the relative humidity
(figure 4.8a) increases in the ascending parts of the Hadley cells up to 400 mbar. On the
contrary, it is reduced in the high troposphere at the top of these upward branches and
consequently in the downward branches in both hemispheres. A possible explanation of
these features is as follow. More water vapour converges at the base of the upward branches.
This humidity is lifted up by the upward motion, increasing specific humidity and relative
humidity. At its top, where condensation occurs, this phase transition releases heat into
the atmosphere, thus increasing the air temperature. It is the location of the maximum
warming (see section 4.1.1.1). Consequently, the saturation vapour pressure increases. In
spite of the increase of the humidity inflow by the upward motion, the saturation vapour
pressure increases quicker leading to a reduction of the relative humidity around 300 mbar
and in the descending parts of the Hadley cells. The intensification of the upward transport
of humidity by the Hadley cells in the I'TCZ is corroborated by liquid water content and
cloud fields. More liquid water (figure 4.8b) is present throughout the troposphere in
the upward branches of the Hadley cells and especially between 300 mbar and 200 mbar,
where the majority of the condensation occurs. The cloud fraction is also enhanced in this
convective region up to 300 mbar. Above, the reduction in relative humidity is associated
to the reduction of the cloudiness. This decrease propagates into the downward branches
of the Hadley cells.

4.1.2.2 Surface freshwater flux modifications

As expected above from the humidity fields, the hydrological cycle is amplified in the
SRESD2 simulation compared to the CONT simulation. This prediction for the 21st cen-
tury is commonly admitted throughout the climatological scientific community as expressed
in Cubasch et al. [2001]. LMD5-CLIO2 forecasts a more or less linear increase of the
precipitation. The precipitation relative anomalies go up to 3.3 % at the end of the 21st
century; this value is in the middle range of the values forecasted by other models (figure
4.9). The evaporation follows the same evolution indicating that the atmosphere reacts
with very short time-scales. An increase in evaporation brings more water into the atmo-
sphere, and precipitation also increases. No delay is visible between the time evolution of
annual mean precipitation and evaporation averaged over the globe.

The intensification of evaporation and precipitation is obvious over the oceans. A
positive trend of precipitation (and evaporation) is also simulated by LMD5-CLIO2 over
the continents until 2050. After that, high variability is forecasted with no significant
trend. Continents sometimes receive less rainfall, and evaporation is then also reduced. In
fact, there is a positive feedback linking precipitation and evaporation. In many continental
regions, most of the water precipitating comes from evaporation in the vicinity. So, if
evaporation decreases, less water is available for precipitation and less precipitation occurs.
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Figure 4.9: Globally averaged precipitation changes (%). Panel a displays the results of the
SRESb2 simulation compared to the CONT experiment. The red curve takes into account
all model grid points. The continental evolution is in yellow, and the ocean (or sea-ice)
grid points are used to compute the cyan curve. Panel b is analogous to panel a but for
evaporation instead of precipitation. Panel ¢ from Cubasch et al. [2001] shows the globally
averaged precipitation changes simulated by various other AOGCMs.
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Figure 4.10: Zonally averaged precipitation anomalies (mm/day). Panel a displays the
December-January-February mean in global mean (red curve), over the oceans (blue), and
over land (yellow). Panel b is similar but for June-July-August. The SRESb2 and CONT
simulation results have been averaged over the last 5 years (2095-2099) prior to computing
their difference.

Conversely, evaporation depends on the amount of water stored in the ground, which
is influenced by precipitation. Therefore, if rainfall decreases, less water is available for
evaporation, and consequently it is reduced. In brief, less precipitation reduces evaporation
which further reduces precipitation. This explains the correlation between the positive (or
negative) anomalies of precipitation and evaporation over land.

Figure 4.10 gives two other informations: the meridional distribution of precipi-
tation and its seasonal variability at the end of the SRESb2 experiment (2095-2099).
Precipitation is stronger mainly in the ITCZ as a result of the intensification of the upward
transport of humidity by the Hadley cells (see section 4.1.2.1). The rainfall is enhanced es-
pecially over the Pacific Ocean and also over the Atlantic Ocean in June-July-August (JJA).
The intense precipitation zone simulated in the CONT simulation over the Indian Ocean
near 5°N is reduced in the SRESb2 experiment, leading to the negative peak at this latitude
in figure 4.10. During the Southern Hemisphere summer (December-January-February),
heavy convective precipitation occurs in the CONT simulation over the continents near
15°S (see chapter 3). The SRESb2 experiment forecasts a reduction of this precipitation
peak over all continents (Africa, Australia, and South America). In JJA, the monsoon
brings more rainfall over China, Myanmar, and Thailand. At mid-latitudes, the winter is
wetter especially over the ocean but also over the Northern Hemisphere continents. On
the contrary, the mid-latitude summer is dryer over the US, Western Canada, Furope and
most of Asia.

Among all these modifications of the precipitation patterns, only the increase in the
mid- and high latitudes in winter is significant in zonal mean (figure 4.11a). Indeed, the
interannual variability in the tropics is so important that only very large increase of rainfall
exceeds the confidence level. Evaporation increases everywhere except over the Southern
Ocean where the surface warming is very small (figure 4.11b). In fact, evaporation depends
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Figure 4.11: Zonally averaged precipitation (panel a) and evaporation (panel b) anomalies
(mm/day) between the SRESb2 experiment and the CONT simulation. The SRESb2 and
CONT simulation results have been averaged over the last 5 years (2095-2099) prior to
computing their difference. The dashed lines are the 99% confidence level computed as
2.33 times the standard deviation from the CONT simulation.

on the saturation level of the surface air. As the surface air temperature increases (see
section 4.1.1.1), more humidity is needed to reach saturation. Consequently, evaporation
increases. Furthermore, as the Hadley cells are more intense, the water vapour provided
to the atmosphere by evaporation at the surface is rapidly transported upwards. This
intensification of evaporation is significant between 40°S and 50°N, more precisely, between
40°S and the equator in June-July-August, and between 15°N and 50°N in December-
January-February. The winter hemisphere Hadley cell is indeed more intense than the one
of the summer hemisphere.

As for the surface air temperature change, the IPCC Third Assessment Report (Cubasch
et al. [2001]) provides information on the horizontal patterns of the precipitation
change forecasted using the SRES B2 scenario in various coupled models (figure 4.12b).
Precipitation shows a high inter-model variability and therefore little consistency among
models. It is therefore more difficult to estimate the “quality” of the LMD5-CLIO2 results.
Rainfall in the ITCZ increases in the SRESb2 simulation as in the multi-model ensemble
mean. Nonetheless, the intensification of precipitation over Indonesia forecasted by LMD5-
CLIO2 is stronger than in the multi-model mean. This feature seems specific to our
experiment. The same remark holds for the increase of rainfall over India and South-
East Asia. Correlated to the high temperature increase over the Southern Hemisphere
continents, precipitation is reduced over South America, over the western part of Africa,
and over Australia. Over North Africa, the multi-model ensemble mean predicts an increase
in precipitation around 15°N and a decrease over North Sahara. In the SRESbH2 simulation,
the contrast is less meridional but more zonal: decrease of precipitation in the western
part and increase in the eastern one, and again a reduction of rainfall over the Middle
East region. Due to all these discrepancies, the prediction of LMD5-CLIO2 seems very
different than the multi-model ensemble mean. Nevertheless, we should notice that the
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Figure 4.12: Panel a displays the annual mean precipitation changes between the SRESbHb2
experiment and the CONT simulation (%). The SRESb2 and CONT simulation results
have been averaged over the last 5 years (2095-2099) prior to computing their difference.
Panel b comes from Cubasch et al. [2001] and provides the multi-model ensemble annual
mean change of the precipitation (color shading), its range (thin red isolines) (%), and
the multi-model mean change divided by the multi-model standard deviation (solid green
isolines, absolute values).

consistency between the models contributing to this multi-model mean is very low too. On
the contrary, most coupled models agree to forecast a precipitation increase in the mid-
and high latitudes. It is also the case of the SRESbH2 simulation with an amplitude similar
to the multi-ensemble mean.

Looking more precisely over Africa, we notice that precipitation is reduced in the
western part and enhanced in the eastern part, especially near the source of the Nile in
June-July-August and over Tanzania. Consequently, evaporation is modified as respec-
tively less or more water than in the CONT simulation is available. These changes in the
rainfall besides influences the runoff. The runoff of the main rivers is given in table 4.1
for the end of the SRESb2 simulation. The African rivers flowing into the Atlantic Ocean
(namely Congo and Niger) carry less freshwater, while the Nile brings more freshwater
towards the Mediterranean Sea and the Indian Ocean also receives more freshwater from
the African continent. In the center of the US, the amount of rain is strongly reduced
in summer and slightly enhanced in winter. These modifications lead to a reduction of
the water carried by the Mississippi towards the Gulf of Mexico and consequently into
the Atlantic Ocean. In South America, the flow of the major rivers bringing water to the
Atlantic Ocean (namely Amazon and Parana) is also reduced. It is not a straightforward
response to a reduction of precipitation throughout the year. Precipitation is enhanced
during December-January-February near the equator and reduced southwards. During the
opposite season (June-July-August), precipitation is reduced over the whole South Amer-
ican continent except over Peru and Ecuador along the western coast. As a consequence
there is an obvious decrease of the freshwater runoff towards the Atlantic Ocean. After
this inventory of the main locations where the continental runoff decreases in the SRESb2
experiment compared to the CONT simulation, we indicate the rivers whose flow increases.
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| River | CONT | SRESb2 | SRESb2-CONT |
5699 4226 -1473
Brahmaputra and Ganges | 2040 2808 +768
4347 3536 -811
Mekong 555 1049 +494
Yangtze and Xi 1868 2096 228
1349 1201 -148
2084 1747 -337
764 596 -168
730 722 -8
Amur and Yellow 979 955 -24
Nile 861 979 +117
Zambezi 386 415 +29
Murray 283 261 -21
Indus 317 396 F79
326 390 +64
368 444 +75
290 312 +21
504 566 +62
133 160 +27

Table 4.1: Annual river discharges in km?/year. LMD5-CLIO2 results are averaged over the
last 5 years (2095-2099) for both the SRESb2 and CONT simulations, prior to compute
their difference. In the forth column, the significant increase are in red, the negative
anomalies are i blue. Rivers flowing to the Atlantic Ocean are in green. Arctic rivers are
in light blue.
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Figure 4.13: Annual mean anomalies between the CONT simulation and the SRESb2
experiment. The oceanic surface salinity anomalies (psu) are shown in panel a, and the
evaporation minus precipitation anomalies in panel b (mm/day). The SRESb2 and CONT
simulation results have been averaged over the last 5 years (2095-2099) prior to computing
their difference.

As previously explained, more freshwater arrives in the Mediterranean Sea and in the In-
dian Ocean transported by the African rivers. The increase of precipitation throughout the
year over Peru brings more water into the Pacific Ocean. Over Southeast Asia, the intensi-
fication of the summer monsoon over China, Thailand, and Myanmar increases the flow of
Brahmaputra, Ganges, Yangtze, and Mekong. Finally, more convective precipitation over
Indonesia leads to an intensification of the river runoff in this region.

4.1.2.3 Oceanic salinity changes

Different aspects of the hydrological cycle give their fingerprint on the surface-salinity field
in the ocean (figure 4.13b). First, the melting of the ice pack in the Arctic basin (see
section 4.1.4) releases freshwater at the top of the Arctic Ocean. The surface salinity is
therefore reduced by up to 2.5 psu. Elsewhere, precipitation and evaporation both influ-
ence the surface salinity (figure 4.13a), without forgetting the continental runoff. In the
Pacific Ocean, freshening is forecasted in the ITCZ due to the increase of convective pre-
cipitation (see above). Southwards around the Tropics of Capricorn, the intensification of
the Hadley cells leads to higher evaporation and consequently to higher surface salinity.
This should also be the case in the Northern Hemisphere: indeed, evaporation increases
more than precipitation in this zone. Nonetheless, the salinity signal is altered by the
runoff. The amount of freshwater discharged by the rivers is enhanced by stronger pre-
cipitation over China during the monsoon (June-July-August) and over Indonesia. The
high salinity anomalies forecasted by the SRESb2 simulation in the Atlantic Ocean are
caused by three factors: the increase of evaporation, the reduction of precipitation in the
Southern Hemisphere, and the reduction of the continental runoff from Africa and South
America. This last factor seems significant to explain the difference between the Atlantic
and the Pacific Oceans. All these anomalies are restricted to the upper ocean (the first
200 — 400 m). Below, no significant change is simulated by LMD5-CLIO2 in the SRESb2
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Figure 4.14: Zonal mean sea-level pressure (hPa) as simulated by the SRESb2 simulation
compared to the CONT experiment (averaged over the last 5 years 2095-2099). The solid
lines are the anomalies forecasted by LMD5-CLIO2 at the end of the SRESbH2 simulation in
annual mean (red curve), during boreal summer (JJA, magenta curve), and during South-
ern Hemisphere summer (DJF, orange curve). The dashed lines are the 99% confidence
level computed as 2.33 times the standard deviation from the CONT simulation.

experiment compared to the CONT simulation.

4.1.3 Dynamic response
4.1.3.1 Atmospheric circulation changes

The modifications of the atmospheric circulation are not very significant at the end of the
21st century. The zonally averaged seasonal means of the sea-level pressure do not show any
significant change neither in December-January-February (DJF) nor in June-July-August
(JJA) (figure 4.14). Nonetheless, it seems that the winter-hemisphere pressure gradient
between the mid-latitude high pressures and the high latitudes low pressures tends to
increase. Indeed, in the Northern Hemisphere in DJF, the anticyclones located over the
Asian continent extend further north towards Russia, and the high pressure simulated by
LMD5-CLIO2 over the Pacific Ocean near 35°N expands to the east towards America.
Concurrently, the sea-level pressure over the Barents and Kara seas is reduced. Similarly,
the low pressure surrounding Antarctica is deeper in the SRESb2 simulation compared to
the CONT experiment in JJA, and the high pressures located over the oceans are stronger
and their southward extension is shifted slightly further towards Antarctica. During the
same season, the summer low pressure over Asia undergoes a significant change: the sea-
level pressure is reduced eastward of the Caspian Sea over Ousbekistan, Turkmenistan,
and Afghanistan.

When comparing the results of the SRESb2 simulation to the multi-model ensemble
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Figure 4.15: Panel a displays the annual mean sea-level pressure anomalies between the
SRESb2 experiment and the CONT simulation (hPa). The SRESb2 and CONT simulation
results have been averaged over the last 5 years (2095-2099) prior to computing their
difference. Panel b is taken from Cubasch et al. [2001] and provides the multi-model
ensemble annual mean change of the sea-level pressure (color shading), its range (thin red
isolines) (hPa) and the multi-model mean change divided by the multi-model standard
deviation (solid green isolines, absolute values).

mean computed by the IPCC (Cubasch et al. [2001]), similarities appear (figure 4.15). The
sea-level pressure tends to decrease over land and to increase over ocean in both cases. The
important intensification of the low pressure located over the Arctic region forecasted by
LMD5-CLIO2 (up to —3 hPa) has an amplitude close to the multi-model ensemble mean.
The reduction of the sea-level pressure over North Africa, the Middle-East region, and
central Asia is also a consistent feature shared by many models (the multi-model mean
change divided by the multi-model standard deviation exceeds two). In our simulation,
the stronger sea-level pressure rise is located in the Southern Hemisphere mid-latitudes in
good agreement with the IPCC report. Nonetheless, the precise location of this increase
differs between the SRESb2 experiment results and the multi-model ensemble mean.

Before studying the oceanic circulation changes, it is interesting to estimate the im-
pact on the surface wind stress of the enhanced greenhouse effect combined to the direct
sulphate-aerosol effect. The surface oceanic currents are indeed driven by the stress per-
formed by the wind on the sea surface. The zonal wind stress anomalies averaged zon-
ally are shown in figure 4.16 in annual mean but also seasonally; the significance levels
are also drawn. These anomalies are not significant at 99% level neither in December-
January-February (DJF), nor in June-July-August (JJA). Nevertheless, intensification of
the westerly winds in the Southern Hemisphere mid-latitudes is obvious throughout the
year. Consequently, the annual increase is significant. The intensification of these winds is
furthermore consistent with the stronger sea-level pressure gradient at these latitudes (see
above). Another strong modification of the zonal wind stress occurs in DJF around 65°N.
The westerlies are more intense over the North Atlantic Ocean, but this anomaly is not
relevant taking into account the CONT run variability.
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Figure 4.16: Zonally averaged zonal surface wind stress (N/m?) as simulated by the
SRESb2 simulation compared to the CONT experiment (averaged over the last 5 years
2095-2099). The solid lines are the anomalies forecasted by LMD5-CLIO2 at the end of
the SRESb2 simulation in annual mean (red curve), during boreal summer (JJA, magenta
curve), and during Southern Hemisphere summer (DJF, orange curve). The dashed lines
are the 99% confidence level computed as 2.33 times the standard deviation from the
CONT simulation.
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4.1.3.2 Oceanic current modifications

As no significant modification of the atmospheric circulation has been detected. The sur-
face mixed-layer oceanic circulation is expected to undergo little change in the SRESb2
experiment compared to the CONT simulation. The surface cells of the meridional stream-
function, which are forced by the atmospheric wind stresses, are similar in both simulations
and in all basins as shown in figure 4.17. The only visible change is the slight deepening of
the Deacon cell in the Southern Ocean. Indeed, the 5 Sv curve is located at about 850 m
deep in the CONT run, whereas it reaches 1225 m in the SRESb2 experiment at the end
of the 21st century. Concurrently, the maximum overturning rate of this cell raises from
26.6 Sv to 29.2 Sv. This modification is probably associated to the intensification of the
westerlies over the Southern Ocean.

In contrast to the surface oceanic circulation, the thermohaline circulation undergoes
relevant changes. This is not surprising as the thermohaline forcing anomalies (thermal
and hydrological changes) are significant.

The NADW formation is reduced, leading to a decrease of the maximum overturning
rate in the North Atlantic Ocean from 13.1 Sv in the CONT simulation to 11.3 Sv in
the SRESbH2 experiment at the end of the 21st century (figure 4.17¢ and d). Two factors
can improve the stability of the oceanic water column: a surface warming or a surface
freshening. To investigate this question, the surface heat and water fluxes have been
integrated over all the North Atlantic Ocean from 50°N to 80°N and from 60°W to 30°E
at the end of the simulation (2095-2099). The freshwater flux increases by 0.0254 Sv in
the SRESb2 simulation compared to the CONT run. Most of these change are associated
to modifications of the sea-ice melting areas and to the increase of the Iceland runoff (the
Greenland freshwater discharge is held constant in these simulations). The North Atlantic
Ocean also releases less heat into the atmosphere: 28.7 Wm™? instead of 30.3 Wm™? in
the CONT simulation. Consequently, the surface layer tends to be warmer and vertical
stability is improved.

In the other hemisphere, around Antarctica, the production of AABW also slows down
(figure 4.17). Consequently, the export of AABW over the floor of the three oceanic
basins decreases. The amount of AABW entering the Atlantic Ocean at 35°S undergoes a
reduction of 2.2 Sv . In the Indian and Pacific Oceans, the AABW inflow is also weaker
(—3.2 Sv). Deep convection occurs southwards of 60°S. In this region, the freshwater
budget at the surface of the ocean increases by 0.17 mm/day in the SRESb2 experiment
compared to the CONT simulation, enhancing the vertical stability of the water column.
Another contribution to the stabilization comes from heat fluxes. More energy is received
by the ocean at its top: the averaged surface flux anomaly over this region reaches 7.4Wm ™2
when the SRESb2 and CONT simulations are compared at the end of the 21st century.

4.1.4 Sea-ice response

The Arctic sea ice undergoes an important melting over the 21st century. The thawing of
sea ice is obvious on the time evolution of the ice-pack volume (figure 4.18). The decrease
is almost linear with a slope of about —202.6 km?/y i.e. about —177 km? of water/y ~
—5.6 x 1073 Sv. The disappearance of sea ice implies both a reduction of the ocean surface
covered by sea ice (—20.6 x 103 km?/y) and a thinning of the sea-ice layer (—1.1 cm/y).
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Figure 4.17: Meridional overturning streamfunctions (Sv) as simulated by the SRESb2
simulation (on the left) and the CONT experiment (on the right). These results have been
averaged over the last 5 years 2095-2099. The upper panels show the global streamfunction,
the middle ones display the Atlantic streamfunction, and the bottom ones the Indo-Pacific
streamfunction.
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Figure 4.18: Time evolution of the Arctic sea ice. This figure shows anomalies between
the SRESb2 and CONT simulations. The sea-ice volume is plotted in red, the sea-ice area
in orange and the mean sea-ice thickness (the ratio of the previous ones) in yellow.
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Figure 4.19: Arctic sea-ice thickness anomalies at the end of the 21st century (2095-2099)
as simulated in the SRESb2 simulation. The extreme seasons (March and September) are
both displayed.
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Figure 4.20: Arctic sea-ice concentration anomalies at the end of the 21st century (2095-
2099) as simulated in the SRESb2 simulation. The extreme seasons (March and September)
are both displayed.

The reduction of the sea-ice thickness is not uniform in space and over the seasonal
cycle (figure 4.19). Near the sea-ice margin, sea ice is thin in the CONT simulation. So,
complete disappearance of sea ice in this region is not associated to a strong signal in the
thickness field. The main decrease occurs in the Barents and Kara Seas where up to 4 m
melt in summer (September) and about 3 m in winter (March). Elsewhere in the Arctic
basin, the sea-ice thinning is around 1.5 m. Nonetheless, the thickness pattern remains
similar in the SRESbH2 simulation as the one in the CONT simulation, with a maximum
located north of Greenland.

Inside the ice pack, leads expand (with a small positive trend of +838 km?/y). The
parameterization of the ablation of sea ice in LMD5-CLIO2 (see chapter 2) implies that the
variation of the concentration is proportional to the relative change in thickness. It means
that if sea ice is thicker, a greater thinning would be needed to imply the same change in
the concentration. As a consequence, the concentration decrease is less important in the
center of the Arctic basin than near the sea-ice margin (figure 4.20).

Due to these two factors, the sea-ice cover becomes less efficient to insulate the ocean
from the atmosphere. To investigate the link between sea-ice melting and the heat fluxes,
the surface heat fluxes are examined. While their analysis brings information on the pro-
cesses that imply the sea-ice melting, one should keep in mind that atmospheric conditions
can change due to non-local mechanisms and alters sea ice.

Figure 4.21a illustrates the surface heat-flux anomalies computed by LMD5-CLIO2 at
the sea-ice margin in the North Atlantic Ocean. First, the ice/albedo feedback is obvious.
The partial disappearance of sea ice reduces the surface albedo as ice-covered areas with
a high albedo are replaced by open-water areas. Consequently, more solar radiation is
absorbed at the surface. At these high latitudes, the incoming solar radiation exhibits a
strong seasonal cycle (zero in winter and very strong in summer). The impact of the solar
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Figure 4.21: Seasonal cycle of the surface heat flux anomalies during the last 5 years of the
simulation (2095-2099). The anomalies are computed as differences between the SRESb2
and CONT simulations. The net surface heat flux is in black, the shortwave heat flux in
green, the longwave heat flux in yellow, the latent heat flux in red, and the sensible heat
flux in cyan. All these fluxes are positive downwards. On panel a, these are averaged at
latitude 70°N from the eastern Greenland coast to the Barents sea (20°W to 50°E). Panel
b shows the same for the center of the Arctic basin (78.5°N, all around the Earth).

radiation is thus maximum in summer. Secondly, the net longwave radiation also provides
more energy to the surface. As the surface temperature increases, Stefan-Boltzman’s law
implies that more longwave energy is emitted upwards but as the atmosphere contains
more greenhouse gases including water, this upward radiation is more efficiently trapped
and re-emitted back to the surface. It seems that the main contribution comes from changes
in the low level clouds. The water-vapour concentration increases in the atmosphere as
its temperature increases (Clapeyron’s law) and as open-water area evaporates more than
ice-covered area. The air is thus closer to saturation and condensation occurs. Both cloud
fraction and cloud liquid water content increase near the surface trapping more longwave
radiation. The net effect of all these changes in the longwave radiation is that the surface
cooling by longwave radiation is less efficient. This process is called the water feedback.

A reduction of the ice thickness is visible in figure 4.19 at higher latitudes near
the North Pole. There, the ice/albedo feedback is negligible (figure 4.21b) as the sea-ice
melting reduces the thickness but has a small impact on the concentration. On the other
hand, the water feedback is efficient in summer and especially in May and September. In
fact, the warm season is longer in the SRESb2 simulation than in the CONT simulation.
Consequently, at the beginning and at the end of this season (May and September), the
increase of the air temperature is important and it implies a strong increase of the atmo-
spheric humidity in the low layers of the atmosphere. The cloud fraction and liquid water
content are thus enhanced and more longwave radiation emitted by the surface is trapped
in the low layer, warming the surface.

Finally, while these two feedbacks occur in summer, the maximum temperature anoma-
lies take place in winter (see section 4.1.1). We will try to explain this apparent inconsis-
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tency.

1. What can influence the surface temperature and consequently the surface air tem-
perature over the sea-ice pack ? Both thickness and concentration are important.
First, the sea-ice surface temperature over thick ice can fall down in winter to —40°C,
while the underlying ocean remains at about —2°C (the oceanic water freezing tem-
perature). Sea ice is indeed able to support such a strong temperature difference if it
is thick enough. According to its conductivity, a few meters are sufficient. Secondly,
the surface temperature is almost a surface-weighted average between the open-water
temperature and the sea-ice temperature.

2. What happens when the sea-ice pack is reduced thanks to the summer feedbacks ?
On the one hand, its thinning brings its surface temperature closer to the freezing
point. On the other hand, the open-water surface increases and its contribution to
the “mean surface temperature” is bigger. Both effects lead to the warming of the
surface and to the rise of the surface air temperature.

3. What explains the difference in the surface air temperature between winter and sum-
mer 7 In summer, the sea-ice surface temperature is closer to the water freezing
point (0°C) as sea ice thaws out in both simulations (SRESb2 and CONT). Further-
more, concentration changes induce small modifications in the mean temperature, as
the sea-ice surface temperature and the open-water surface temperature are close to
each other. On the contrary, in winter, the sea-ice surface temperature differs much
more between the SRESb2 and CONT simulations (due to change in thickness) and
the increase of lead area has a stronger impact during this season. The surface air
temperature anomalies is thus smaller in summer than in winter over the Arctic
basin.

4. Furthermore, the winter atmosphere is much more stable than the summer one. Con-
sequently, atmospheric convection occurs in summer. It spreads the surface warming
into the upper atmospheric layers. Conversely, in winter the warming is confined
near the surface. Thus, this process furthers strong surface changes in winter and
smaller ones in summer.

4.1.5 Conclusion

Most of the results of the SRESb2 simulation corroborate those obtained with other
AOGCMs: global warming, stronger temperature increase over continent than over ocean,
intensification of the warming in Arctic, amplification of the hydrological cycle with more
precipitation, more evaporation and increased specific humidity in the atmosphere. The
main river runoff is also altered. All this modifies the surface salinity in the ocean. The
dynamic response is not marked in the atmosphere and in the oceanic surface circulation.
However, the oceanic thermohaline circulation is reduced in the Atlantic ocean due to
temperature and precipitation changes. The strength of the sea-ice melting in Arctic is
not often studied. An attempt is make above to illustrate the main feedbacks that induces
this reduction of the sea-ice pack.
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In the SRESb2 experiment, the Greenland ice-sheet freshwater flux is kept constant.
The rest of this chapter is devoted to the analysis of the SRESb2G simulation in which
the Greenland ice-sheet freshwater flux is interactively computed by the GISM. We mainly
compared the two climate-change experiments to investigate the potential impact of Green-
land on the 21st century climate.

4.2 TImplications of freshwater flux from the Greenland ice
sheet

While the two climate-change experiments (SRESb2 and SRESb2G) lead to similar results
until 2075, they diverge during the last 25 years. As the only difference in the forcing
is the Greenland runoff and calving, the explanation is searched in this direction. The
anomalies between SRESb2 and SRESb2G are indeed not due to variability, the difference
between the two simulations (e.g. on surface temperature, sea-ice volume) is significant at
a level of 95%. The most spectacular modification is the shutdown of the deep convection
in the North Atlantic Ocean. Changes in the thermohaline circulation are therefore first
described. Reasons of these changes are then researched and a mechanism is suggested
which links Greenland freshwater flux to convection collapse. Finally, the climatic impacts
of these changes are presented. These results are also described in Fichefet et al. [2003D].

4.2.1 Alterations of the thermohaline circulation

The North Atlantic branch of the thermohaline circulation collapses at the end of the
SRESbH2G simulation. To document this, three components of this circulation pattern
are shown hereafter: the deep-water formation, the northward transport of warm tropical
water by the Gulf Stream, and the return southward current at depth.

First, the formation of the NADW could be illustrated by a composite map of the
depths of vertical convection as in chapter 3. But, as the time evolution of convection
is of key interest to distinguish between the SRESb2 and SRESb2G experiments, two-
dimensional latitude-longitude maps are not the most efficient tool. Consequently, the
fractions of the North Atlantic zone (defined as the region between 80°W and 20°E, and
30°N and 90°N) where convection reaches 1000 m, 2000 m and 3000 m, respectively, have
been computed annually for March. The time evolution of these quantities (figure 4.22)
indicates that the convection intensity decreases at the end of the SRESb2G simulation
compared to the SRESb2 run. The signal becomes significant at 99% around 2087. The
maximum convective depth rapidly decreases from more than 3000 m to about 1800 m.
In fact, deep convection disappears near the Greenland coast (where it is located in the
CONT simulation, see chapter 3) and shallower convection remains southwest of Iceland
(figure 4.23).

The disappearance of the deepest convection in the North Atlantic Ocean alters the
thermohaline circulation. The zonal mean meridional streamfunction in the Atlantic Ocean
averaged over the last 5 years (2094-2099) (figure 4.24) indicates that dense water formed in
the North Atlantic Ocean dives to more than 2500m near 60°N in the SRESb2 experiments,
whereas water remains above 1500 m at the same latitude when the Greenland freshwater
flux change is taken into account. Southwards, no significant modification is observed as
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Figure 4.22: Fractions of the North Atlantic zone (defined as the region 80°W — 20°E
and 30°N — 90°N) where convection reaches 1000 m, 2000 m, and 3000 m, respectively.
These have been computed annually for March in the CONT, SRESb2, and SRESb2G
experiments. Furthermore, a 5-year running mean has been applied to smooth out the
greatest peaks.
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Figure 4.23: Depths of vertical convection (m) in the SRESb2G simulation during March
2086 (panel a) and during March 2099 (panel b). The depth of convection is diagnosed
as the depth to which the water column is unstable. Contour levels are drawn at 150 m,
300 m, 500 m, 1000 m, 1500 m, 2000 m, and 3000 m.
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Figure 4.24: Meridional streamfunction (Sv) in the Atlantic Ocean, averaged over the
period 2094-2099. The SRESb2 and SRESb2G results are shown respectively on plane a
and b.

the deep-water masses did not yet have time to travel so far. Looking at the oceanic
motions in horizontal plans at various depths over the 2094-2099 period, the Gulf Stream
is slightly less intense near the surface and the North Atlantic Drift, which brings water
towards convective regions, is less obvious in SRESb2G. At 850 m, a southward return flow
along the North American coast is already obvious in the SRESb2G simulation, while we
have to go deeper to see it in the SRESb2 run.

The time evolution of the overturning is displayed in figure 4.25a. An important de-
crease is forecasted at the end of the SRESb2G simulation. The overturning is also reduced
when the impact of the enhanced Greenland water discharge is omitted but no accentua-
tion of this trend is observed at the end of the 21st century. Furthermore, the thermohaline
circulation transports heat from the equator to high latitudes (see chapter 1). As a con-
sequence of the reduction of the circulation, the meridional heat transport in the North
Atlantic Ocean is weaker in the SRESb2G simulation than in the other two runs (figure
4.25b).

All these elements indicate reduction of the North Atlantic thermohaline circulation in
intensity and in depth. Two other questions arise: “why does it change 7", “what are the
climatic impacts of this 7” The first question is tackled in the next section, the second just
after.

4.2.2 Why does the oceanic circulation change 7

In the SRESbH2 simulation, whereas the North Atlantic branch of the thermohaline circu-
lation decreases, it does not collapse. On the contrary, the deep convection in the high
latitude North Atlantic Ocean shuts down at the end of the SRESb2G simulation. As the
only difference in their experimental design is the Greenland ice-sheet runoff and calving,
we can expect a link between the melting of the Greenland ice sheet and the collapse of
the thermohaline circulation. First, the Greenland contribution to the freshwater flux is
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Figure 4.25: a) Time evolution of the overturning in the North Atlantic Ocean (Sv),
computed as the maximum of the annual mean meridional streamfunction. The red curve
is the difference between the SRESb2 and the CONT simulation, while the blue one is the
SRESb2G run compared to CONT. Both have been smoothed by a 10-year running mean.
b) Meridional Atlantic heat transport (PW). The CONT, SRESb2 and SRESb2G results
are shown for the last five years (2095-2099) in black, red, and blue, respectively.

plotted to get an idea of its intensity. The exceeding freshwater input in the ocean should
influence the salinity field and thus the density. These two parameters as well as temper-
ature are thus analyzed near Greenland and in the surrounding of the convective areas:
horizontally and vertically.

The starting point of this analysis is the fact that the design of the SRESb2 and
SRESb2G experiments is identical except the Greenland runoff and calving. The SRESb2
experiment uses the same freshwater input from the Greenland ice-sheet into the ocean
as the one used in the CONT simulation. This freshwater flux has been computed by
GISM under present-day conditions. Consequently, this experiment investigates the im-
pact of greenhouse-gas and sulphate-aerosol modifications assuming that the Greenland
ice sheet goes on releasing the same amount of freshwater. On the other hand, LMD5-
CLIO2 and GISM are coupled in the SRESb2G simulation. As explained in chapter 2,
LMD5-CLIO2 provides temperature and precipitation anomalies to GISM, and conversely
GISM computes modified runoff and calving from the Greenland ice sheet under perturbed
climatic conditions. The SRESb2G experiment therefore takes into account the impact of
greenhouse-gas and sulphate-aerosol modifications but also the influence of the Greenland
ice-sheet melting.

Figure 4.26a displays the Greenland freshwater flux anomalies during the SRESb2G
simulation compared to the CONT and SRESb2 runs, which share the same Greenland
water discharge values. GISM computes similar runoff and calving at the beginning of the
SRESb2G simulation as in the CONT and SRESb2 runs. The temperature and precip-
itation anomalies are indeed small during this period. The anomalies then progressively
increase following the temperature and precipitation changes. Consequently, the North At-
lantic Ocean receives more freshwater flux from the Greenland ice sheet in the SRESb2G
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Figure 4.26: Greenland freshwater flux anomalies in the SRESb2G simulation compared
to the CONT and SRESb2 experiments. The CONT and SRESb2 values are computed by
GISM under present-day climatic conditions. The SRESb2G values are computed by the
GISM in response to the temperature and precipitation anomalies forecasted by LMD5-
CLIO2 under increasing greenhouse-gas and sulphate-aerosol concentrations. a) Time evo-
lution of the spatial mean. b) Geographical distribution of the time average between 2065
and 2089.

simulation. Furthermore, some major positive peaks occur during the first 50 years and
two others near the collapse of the thermohaline circulation (2071 and 2086). The geo-
graphical distribution of these anomalies forecasted by GISM between 2065 and 2089 is
shown in figure 4.26b. The most important water discharge occurs in the south of Green-
land: between 60°N and 70°N along the eastern coast of Greenland and between 65°N and
75°N in the Baffin Bay.

This enhanced freshwater input at the top of the ocean seems to slightly decrease the
surface salinity in the Baffin Bay and Greenland Sea. This flux remains too small to
strongly influence the salinity in the surface layer. Nonetheless, local freshening can occur
especially during year of great Greenland freshwater peaks.

One can bring up against this that the Greenland freshwater discharge is not the only
contribution to the surface water budget of the North Atlantic Ocean. Consequently other
terms could influence the surface salinity and therefore the thermohaline circulation. To es-
timate the relative weight of these terms, the water budget at the top of the North Atlantic
Ocean (from 50°N to 80°N and from 60°W to 30°E) has been analyzed. For the period
2070-2080, the annual mean surface freshwater flux due to precipitation, evaporation, and
river runoff is increased by 0.017 Sv in the SRESb2G experiment compared to the CONT
run. At the same time, the Greenland freshwater flux increases by 0.015 Sv. It comes out
that Greenland contributes to about 50% of the long-term change in total freshwater flux
simulated by LMD5-CLIO2 over this region. Similar conclusions stand for other periods.
The Greenland ice sheet is thus a key component to explain the strong reduction of the
intensity of the thermohaline circulation in the SRESb2G simulation.
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Figure 4.27: Surface salinity (g/1) and surface oceanic velocity in the SRESb2G simulation.
Panel a shows annual means for year 2060, panel b for 2077, and panel c for 2088.
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Figure 4.28: March vertical profiles of temperature (panel a) and salinity (panel b) at
the model grid point located at (36.42°W, 60.01°N) in the SRESb2G simulation. Three
profiles are shown at different years: 2085, 2088, and 2091.

We now focus on the eastern coast of Greenland and on the time slice 2060-2090. We
are looking for the parameters that induce the deep-convection shutdown. Convection is
driven by local vertical instability. We therefore pay more attention to the salinity and
temperature fields south-east of Greenland. Furthermore, the shutdown of the deep con-
vection in the North Atlantic Ocean occurs around year 2087 (see above), time evolutions
are thus examined for the 4 preceding decades (2060-2090). The surface salinity and the
surface oceanic velocities are displayed in figure 4.27 for three periods, namely 2060, 2077,
2088. Until year 2075, the SRESb2 and SRESb2G simulations share common features
around Greenland. Salty and warm water flows northwards in the Denmark Strait (figure
4.27a,b) like in the CONT simulation. A steep salinity gradient is simulated near 65°N,
with fresh (32 g/1) and cold water (slightly above the freezing point) northward of a line
linking Greenland and Iceland, and with salty (34g/1) and warm water (around 8°C) south-
wards. This front line agrees more or less with the sea-ice margin. The grid point marked
by a grey dot in figure 4.26b (32.62°W, 67.08°N) is located on this boundary. It receives
a lot of freshwater from the Greenland ice sheet and its salinity progressively decreases.
While its density is reduced, the oceanic current turns westwards (figure 4.27c) probably
because geostrophic equilibrium compels the velocity to be parallel to isodensity contours.
Indeed, the surface velocity field is influenced by the density gradient, the Coriolis force,
and the wind stress. The wind stress remains similar, and sea-ice progressively expanding
southwards shelters the ocean from the wind influence. Thus, the oceanic current seems
mostly governed by the density gradient and the Coriolis force. This westward current
brings fresher water towards the Greenland coast leading to a positive feedback. Finally,
as displayed in figure 4.27d, fresh and cold Arctic water flows southwards through the
Denmark Strait. Since 2075 until the end of the simulation, a tongue of fresh Arctic water
propagates along the eastern coast of Greenland due to oceanic advection. This freshening
spreads from 65°N in 2076 to the southern tip of Greenland in 2091.
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Figure 4.29: Time evolution of the surface-density anomalies at (36.42°W, 60.01°N)
(kg/m?). The blue curve is the difference between the SRESb2G and SRESb2 simulations.
A new density has then been computed using the SRESb2 salinity and the SRESb2G tem-
perature to quantify the influence of temperature changes. The green curve is the difference
between this new density and the SRESb2 values. Conversely, the orange curve shows the
impact of salinity changes when the SRESb2 temperature and the SRESb2G salinity are

used.
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We now focus on the convective area. The CLIO2 grid point located at (36.42°W, 60.01°N)
marked by a black cross in figure 4.23 convects down to the sea floor until 2087. After-
wards, deep convection shuts down. Vertical profiles of temperature and salinity simulated
by LMD5-CLIO2 in March (month of deep convection) confirm this evolution (figure 4.28).
Temperature and salinity are initially well mixed from the surface to the bottom of the
water column. This is a fingerprint of deep convection. In 2088, a break appears below
300m. To find the reason of this change, it may be interesting to look at the time evolution
of density under the influence of temperature and salinity because convection is governed
by the density profile. Density has thus been computed using salinity from the SRESb2
simulation and temperature from SRESb2G to get an idea of the impact of temperature
on density, and conversely the SRESb2G salinity and the SRESb2 temperature have been
used to quantify the salinity effect (figure 4.29). At the surface (figure 4.29a), the water
density seems mainly controlled by salinity. The southward spread of fresh and cold water
through the Denmark Strait leads to a reduction of the surface density around 2088 (the
reduction by decreasing salinity over-compensates the effect of decreasing temperature).
Lighter water at the surface inhibits deep convection, so that the temperature and salinity
profiles are well mixed only down to 220 m. Furthermore, when convection collapses, warm
water masses located southwards are advected by the horizontal circulation. As long as
deep convection mixes the water column, the horizontal velocity field is “altered” by verti-
cal motion. But when this perturbation disappears, the larger scale horizontal advection
strongly influences the grid-point salinity and temperature. Consequently, the tempera-
ture increases between 300 m and 1225 m. This process explains the break that arises
in 2088. The phenomena goes on and the surface salinity and temperature significantly
diminish (figures 4.28 and 4.29a), while the “mid-depth” temperature and salinity rise (fig-
ures 4.28 and 4.29b). The impacts on density are as follow: decrease near the surface and
at “mid-depth”. At this point, the density reduction at the surface remains always greater
than the one at “mid-depth” so that convection never comes back. Moreover, at greater
depths, near the sea floor, density increases after the convection shuts down (figure 4.29c¢).
It seems that AABW (Antarctic Bottom Water) spreads northwards filling space deserted
by NADW (North Atlantic Deep Water). As AABW are colder than NADW, temperature
decreases at the bottom of the water column. Consequently, heavier water near the bottom
inhibits deep convection.

The time evolution of the density profiles are not so straightforward at all grid points.
For example (see figure 4.30), southwards at (35.14°W, 57.71°N), the surface density is
reduced earlier (2079) by freshwater coming from the Baffin Bay. This inflow is intermittent
depending on climate variability. Nevertheless, lighter surface water masses have shut down
deep convection. Temperature and salinity are still well mixed above 850m. At this depth,
warm water penetrates by horizontal advection (see above). The impact on density of
temperature anomalies are bigger than salinity influence at 850 m (see figure 4.30b), so
that density decreases. This sketch mimics what happens at (36.42°W, 60.01°N):

e fresh water inflow near the surface shuts down deep convection;
e at mid-depth (850 m), warm water penetrates from the south;

e 50, both the surface and mid-depth densities decrease.
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Figure 4.30: Time evolution of the surface density anomalies at (35.14°W, 57.71°N)
(kg/m?). The blue curve is the difference between the SRESb2G and SRESb2 simulations.
A new density has then been computed using the SRESb2 salinity and the SRESb2G tem-
perature to quantify the influence of temperature changes. The green curve is the difference
between this new density and the SRESb2 values. Conversely, the orange curve shows the
impact of salinity changes when the SRESb2 temperature and the SRESb2G salinity are
used
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Figure 4.31: Time evolution of the annual mean Arctic sea-ice extent and volume in the
scenario runs (SRESb2 and SRESb2G) compared to the CONT simulation.

At (36.42°W, 60.01°N), the surface freshening is strong and lengthy enough to win this
competition. As a consequence, the vertical profiles are well mixed only down to 220m. At
(35.14°W, 57.71°N), the freshwater inflow at the surface is more sporadic, and it sometimes
comes from the Baffin Bay and sometimes (later) from the Denmark Strait. Consequently,
the density reduction at the surface is not as important as south-west of Iceland. Vertical
mixing thus sometimes goes down to 850 m (depth of the density reduction that triggers
mixing) and is sometimes constrained to the upper 400 m. This induces strong oscillations
in the surface and mid-depth water characteristics. Nonetheless, deep convection never
comes back, only “surface” mixing occurs. Furthermore, in both cases, AABW spreads
northwards near the sea floor. The water temperature decreases at the base of the water
column, which further inhibits deep convection.

4.2.3 Impacts on climate

The climate response to the collapse of the North Atlantic thermohaline circulation is
mainly local until the end of the simulation. This is not surprising. Deep convection disap-
pears around year 2087, i.e., 10 years before the end of the simulation. This is long enough
to modify the component of the climate system with the shortest time-scales, namely the
atmosphere, but the other components would need a greater delay to significantly react to
this change. Nonetheless, the atmosphere is not the only component that undergoes rapid
modifications. As the NADW convection areas are close to the sea-ice margin, the sea-ice
pack is very sensitive to any modification of the oceanic convection.

The time evolution of the annual mean Arctic sea-ice extent and volume (figure 4.31) ex-
hibit significant changes between the three simulations (CONT, SRESb2, and SRESb2G).
The sea-ice pack is progressively reduced by additional melting in both scenario runs (see
section 4.1.4), but the response is altered by the enhanced Greenland freshwater discharge.

e First, the sea ice of the SRESb2G integration regains regions that were previously
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Figure 4.32: Seasonal cycles of Arctic sea-ice extent on the left and Arctic sea-ice volume
on the right. The results of the three simulations (CONT, SRESb2, and SRESb2G) have
been averaged from 2095 to 2099.

lost. This increase of the sea-ice extent is significant from 2081 in the SRESb2G
simulation compared to the SRESb2 experiment.

e Sea-ice volume in SRESb2G needs some more time to go out of the confidence interval
around the SRESb2 results (the signal becomes significant in 2086).

e Focusing on the last 5 years (2095-2099), the seasonal cycles of sea-ice extent and sea-
ice volume are shown in figure 4.32. The sea-ice volume is enhanced in the SRESb2G
simulation by about 7.5 x 103km?® throughout the year, but it is still strongly reduced
compared to the CONT simulation. On the other hand, the sea-ice extent increase is
more obvious in summer: the increase remains below 1 x 108 km? from November to
March, but reaches 2.4 x 10°km? in August and September. Consequently, the winter
extent forecasted by the SRESb2G experiment is closer to the SRESb2 simulation,
whereas the summer extent comes back to the present-day values (CONT run).

To get more precise information, the geographical thickness distribution is displayed in
figure 4.33 for both climate change experiments. The small increase in the winter extent,
observed on the seasonal cycle when the simulation takes into account the impact of the
Greenland runoff and calving, results from partial cancellation of the reduction of the sea-
ice pack in the Pacific Ocean and the expansion in the Atlantic Ocean. In summer, the
sea-ice margin is similar to the one simulated under present-day conditions (see chapter
3). Sea ice has disappeared in the Baffin Bay and drawn back northwards in the GIN Seas
around 2080 in both SRESb2 and SRESb2G simulations, but since then, it spreads back
southwards in both regions if the Greenland freshwater changes are taken into account
(SRESb2G). Nonetheless, the impact of the greenhouse gases during the beginning of the
simulation has already strongly melted sea ice, so thinner sea ice is found in the Arctic basin
at the end of the SRESb2G simulation compared to the CONT simulation. This thickness
difference reaches 3 m in the Kara Sea, 2 m in the central Arctic. The thickest sea ice
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Figure 4.33: Arctic sea-ice thickness (m) in March and September in the SRESb2 (panels
a, b) and SRESb2G simulations (panels c, d).
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is simulated north of Greenland in the CONT simulation (see chapter 3) in reasonable
agreement with observations. It remains at the same place in the SRESb2 simulation (see
section 4.1.4) but decreases from 6.7m to 4.8m. On the other hand, the maximum thickness
is shifted westwards to the Northwest Passage at the end of the SRESb2G experiment, but
remains close to 4.3 m.

In the Southern Hemisphere, no clear modification of the sea-ice pack is observed
between the SRESb2 and SRESbHb2G simulations.

The modifications of the Arctic sea ice, retreat in the North Pacific Ocean and extension
in the North Atlantic Ocean, are connected to changes in the surface conditions. The
ground and the surface air are significantly cooled over most of the Arctic ice pack (figure
4.34). A significant warming is also forecasted by LMD5-CLIO2 in the North Pacific
Ocean. No other relevant signal on surface air temperature is simulated by LMD5-CLIO2
at any other place of the Earth between the SRESb2 and SRESb2G experiments. One can
propound the following scenario to explain these temperature and sea-ice changes. The
shutdown of the deep convection in the North Atlantic ocean induces a cooling of the surface
layer. Consequently, sea ice invades this region and expands southwards in the Atlantic
ocean. Sea ice furthers lower surface temperature and alters the air temperature. This
local cooling in the North Atlantic modifies the atmospheric dynamics, which involves a
warming in the North Pacific. Warmer atmospheric conditions then induce sea-ice melting
in this region.

The winter response (figure 4.34a) is stronger getting to +4°C for more than 10 points
near Bering Strait and —14°C north of Iceland (with a peak at —23°C). Over land, the
signal is smaller except over the north and central Canada, which undergoes a —6°C cooling
in winter. The time evolution of the surface air temperature exhibits significant anomalies
between the SRESb2 and SRESb2G simulations around 2082 when averaged between 60°N
and 90°N (over other regions, no significant signal is obtained).

The SRESb2G anomalies (compared to the CONT simulation, figure 4.34e) can be
contrasted with those of the SRESb2 experiment (figure 4.34d). While the SRESb2 run
leads everywhere to a warming, the SRESb2G results indicate a strong cooling over the
North Atlantic Ocean (especially near Greenland) and a smaller cooling over North Amer-
ica. Conversely, the temperature rise over the North Pacific ocean is enhanced in the
SRESb2G simulation. Over Europe, the warming is slightly reduced in the SRESb2G ex-
periment. Nevertheless, one should keep in mind that not all these features are significant
as shown in figure 4.34c.

As expected, the surface air humidity anomalies (figure 4.35) are highly correlated to
the surface air temperature changes. Indeed, Claudius-Clapeyron law links humidity at
saturation and temperature: warmer air is able to keep more water vapour before satu-
ration. Over the North Atlantic Ocean, less water vapour is simulated in the SRESb2G
simulation as the surface is colder. On the contrary, warmer air over the North Pacific
Ocean stores more humidity. These anomalies remain throughout the year. The modifica-
tions are not confined to the surface: the water content decrease near Iceland is obvious
throughout the atmosphere and leads to significantly reduction of precipitable water and
clouds. Over the North Pacific Ocean, precipitable water anomalies are also significant,
but no cloud signal is detected.

This decrease of the atmospheric humidity near Iceland but also south of Greenland
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Figure 4.34: Surface air temperature anomalies (°C) between the two climate change
experiments (SRESb2G-SRESbH2) north of 40°N. Panels a and b respectively correspond
to December-January-February and June-July-August. Panel ¢ displays the annual mean.
Zones where the signal is significant are surrounded by the blue curve. Panel d displays the
anomalies in the SRESb2 simulations compared to the CONT simulation. Panel e shows
the SRESb2G anomalies compared to the CONT simulation. All these results have been
averaged over the last 5 years of the simulations (2095-2099).
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Figure 4.35: Surface air humidity anomalies (g/kg) between the two climate change exper-
iments (SRESb2G-SRESb2) north of 40°N. Panel a displays the annual mean, and zones
where the signal is significant are surrounded by the blue curve. Panels b and ¢ correspond
to December-January-February and June-July-August respectively. All these results have
been averaged over the last 5 years of the simulations (2095-2099).
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Figure 4.36: Annual mean evaporation anomalies (mm/day) and precipitation anomalies
(mm/day) between the two climate change experiments (SRESb2G-SRESb2) north of 40°N
are displayed respectively on panel a and b. The zones where the signal is significant are
surrounded by the blue curve. All these results have been averaged over the last 5 years
of the simulations (2095-2099).

and off Newfound Land is related to lower evaporation rate (figure 4.36). Near Iceland,
extension of sea ice in winter insulates the atmosphere from the free ocean surface and
therefore inhibits evaporation. South of Greenland, southward shift and weakening of
North Atlantic Drift bring less warm tropical water off Newfound Land. Consequently,
the westward atmospheric winds transporting dry and cold continental air from America
towards the Atlantic Ocean overflows colder oceanic surfaces, reducing evaporation. Both
phenomena mainly occur in winter, so the summer signal is much smaller than the winter
one.

Precipitation is significantly reduced near Iceland (northward and westward of the
island) and enhanced along a latitude band south of Iceland towards north of United
Kingdom (figure 4.36). This pattern is related to modifications of the winter atmospheric
circulation. The Icelandic Low is not as deep in the SRESb2G simulation and extends
more eastwards. Consequently, surface winds bring humidity more zonally towards the
United Kingdom (figure 4.37) where precipitation increases, and less towards Greenland
and to the north where precipitation decreases. Over the North Pacific Ocean, the Aleu-
tian Low is less pronounced in the SRESb2G than in the SRESb2 experiment and its
eastward extension is further reduced. The high pressure zone centered near 35°N expands
more northwards. Consequently, the westerlies blowing between these two pressure centers
slightly shift northwards leading to positive precipitation anomalies over South Alaska and
negative anomalies around the Vancouver area.

As all significant modifications of the hydrological cycle are located over the ocean, no
clear change of the soil moisture is simulated by LMD5-CLIO2 in a response to the runoff
and calving of the Greenland ice sheet.
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Figure 4.37: Winter precipitation (mm/day) simulated during the last 5 years (2094-
2099) of the SRESb2 (panel a) and SRESb2G (panel b) experiments. Surface winds are
superimposed.

Southwards, expansion of sea ice in the North Atlantic Ocean leads to the expected
modifications of the surface heat fluxes. First, as sea ice insulates the oceanic surface
from the atmosphere, the turbulent fluxes (sensible and latent heat fluxes) are reduced.
Secondly, the surface does not absorb as much shortwave radiation because more solar
radiation is reflected over sea ice than over free ocean (according to their albedo). Thirdly,
the sea-ice surface temperature is lower than the free ocean temperature. Consequently,
the longwave radiation emitted upwards by the surface is reduced (according to Stefan-
Boltzmann’s law). The atmospheric water content is cut down over most of this zone (see
above). The overlying atmosphere is thus less efficient to trap radiation and less radiation
comes back to the surface. These opposite influences lead to a reduction of the net upward
longwave heat flux at the surface in the SRESb2G simulation.

4.3 Conclusion

The SRESbH2 experiment analysis brings information about the future climate evolution
as projected by LMD5-CLIO2. The surface air temperature rise is almost linear over the
21st century. It leads to a 2.4°C warming in 2100 compared to the CONT simulation.
This value is in the middle range of those predicted by other AOGCMs using the same
IPCC scenario. In the atmosphere, a maximum reaching 9°C in winter is simulated over
the Northern Hemisphere high latitudes. A second maximum (about 5°C) is predicted
in the high tropical troposphere as in most increasing greenhouse-gas simulations. The
warming is also obvious in the ocean but it is mainly constrained to the surface mixed
layer. Associated to this temperature increase, the hydrological cycle is amplified as a
warmer atmosphere contains more humidity. Precipitation is stronger in the ITCZ and
the summer Asian Monsoon is enhanced. The deep convection is more intense and brings
more water vapour into the tropical atmosphere. Nevertheless, as the enhanced water
condensation in the high tropical troposphere releases more latent heat (leading to the
second warming maximum), the relative humidity is reduced at the top of the upward
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branch of the Hadley cells and in the downward branches. Consequently, evaporation
increases over the subtropical oceans. Whereas clear signals are forecasted for the thermal
and hydrological variables, no significant modification occurs in the atmospheric dynamics,
except perhaps a reduction of the Southern Hemisphere westerlies. This weakening of the
wind stress implies a decrease of the ACC intensity. Most significant changes in the oceanic
dynamics deal with the thermohaline circulation, which is forced by modifications of the
atmospheric heat and freshwater fluxes. The deep convection around Antarctica is less
intense. Less cold and fresh surface water is thus brought to great depth. Furthermore,
the additional heat available at the surface owing to the enhanced greenhouse effect is
distributed by deep convection over the whole water column. Subsequently, the AABW is
warmer and saltier. The NADW formation is also reduced.

Most of these changes are consistent with those predicted by other AOGCMs in similar
studies. LMD5-CLIO2 in the SRESb2 experiment corroborates most expected features
of future climate change. More surprising results arise from the SRESb2G simulation.
This is the first time to our knowledge that an AOGCM coupled to a Greenland ice-sheet
model forecasts an abrupt reduction of the intensity of the North Atlantic thermohaline
circulation by the end of the 21st century.

In the SRESbH2G simulation, the Greenland ice-sheet freshwater flux increases. It leads
to the collapse of the NADW formation at the end of this run (around 2087). The freshen-
ing of the surface water between Greenland and Iceland where deep convection takes place
in the CONT and SRESb2 simulations is linked to the Greenland ice-sheet water discharge.
Indeed, it comes out that Greenland contributes to about 50% of the long-term change
in total freshwater flux simulated by LMD5-CLIO2 over the North Atlantic ocean. The
abrupt weakening of the NADW formation influences the Earth climate. Most impacts
remain local in this simulation as this event occurs at the end of the run. Sea ice regains
regions that were previously lost (due to the warming induced by greenhouse gases) in
the North Atlantic ocean. On the contrary, the sea-ice margin moves polewards in the
Pacific basin. These modifications of the sea-ice distribution are associated to the sur-
face air temperature changes. A significant warming occurs over the North Pacific ocean
while a cooling takes place over the North Atlantic ocean. As atmospheric humidity is
altered by temperature changes, the surface specific humidity increases in the North Pa-
cific. The North Atlantic response also involves the vertically integrated precipitable water
and cloudiness. Furthermore, the Iceland Low location is modified. It implies more zonal
winds near 60°N over the North Atlantic ocean. This brings more precipitation over and
north of England and less south of Iceland. The North Pacific westerlies are slightly shifted
northwards decreasing precipitation over Vancouver and increasing it over south Alaska.

The coupling of LMD5-CLIO2 with GISM enables us to investigate the potential col-
lapse of the NADW formation and its impact on the global climate. The results of this
simulation is by any way a prediction of what will happen in the future. It is only a possi-
bility which is of course model-dependent and the projection would be different in another
run which slightly different initial conditions. Nevertheless, it is a good opportunity to
study this kind of event and to show up this possible future.
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Conclusion

The aim of this work was to investigate the climate response to future increases in greenhouse-
gas and sulphate-aerosol concentrations. To achieve this end, a coupled atmosphere-ocean
general circulation model (AOGCM) called LMD5-CLIO2 has been integrated from 1970 to
2100 using the IPCC SRES B2 scenario (the SRESb2 and SRESb2G experiments). Prior
to such climate-change simulations, a control run (CONT) had to be performed under
present-day conditions in order to assess the ability of the model to simulate a realistic
climate. As many other non-flux corrected AOGCMs, LMD5-CLIO2 diverges from the
observed climate. The first years of any coupled simulation are characterized by a drift. In
an AOGCM where processes at the air-sea interface are allowed to reach their own equi-
librium, systematic errors can amplify: the atmospheric shortcomings on the surface heat
fluxes alter the simulation of the sea-surface temperature by the oceanic component, which
in turn alters the surface heat fluxes forecasted by the atmospheric component. Feedbacks
can amplify initial errors.

Before performing long simulations, sensitivity experiments have thus been performed
to improve the simulated climate, and reduce the initial drift. LMD5-CLIO2 is made up of
three components: an atmospheric model (LMD5), a sea-ice and oceanic model (CLIO2),
and a coupler which orchestrates the exchanges. All three components have been adapted
to improve the model results. For example, the atmospheric vertical resolution has been
increased, atmospheric parameters have been tuned. The atmospheric radiative scheme has
been updated. The direct effect of the sulphate aerosols has been included in the model
though modification of the surface albedo. Furthermore, a new version of the oceanic
model has been adopted with a better representation of the vertical mixing and a new
topography with an open passage between North America and Greenland. New fields
are also transfered from CLIO2 to LMD5: the sea-ice and ocean albedos and the sea-ice
thickness.

Thanks to all these modifications, the CONT simulation leads to acceptable results.
Comparing the LMD5-CLIO2 simulated climate to observations, some deficiencies appear.
The Antarctic sea ice melts rapidly at the beginning of the simulation. This is a com-
mon feature to many non-flux corrected models. The Arctic sea-ice extent and volume
are slightly overestimated. Nevertheless, the thickness pattern is almost realistic and the
seasonal cycle amplitude is correctly reproduced by the model. The main features of the
tropical atmospheric and oceanic circulations are present in the LMD5-CLIO2 results:
Trade Winds, the ITCZ and the SPCZ in the atmosphere; the North and South Equatorial
Currents, the Equatorial Countercurrent and the Equatorial Undercurrent in the ocean.
Nevertheless, inaccuracies in their location leads to temperature and salinity anomalies in
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the oceanic upper mixed layer. For example, the northward shift of the Pacific ITCZ mod-
ifies the precipitation pattern and consequently alters sea surface salinity. Moreover, this
shift gives more place for the Equatorial Countercurrent which extends too far westwards
into the Warm Pool. Sea-surface temperature anomalies are generated which moderate
the SPCZ and the associated convective rainfall. In another respect, the North Atlantic
deep convection zones are shifted to the south-west of Iceland. The underestimation of the
Gulf Stream and the North Atlantic Drift in LMD5-CLIO2 does not bring enough warm
water into the GIN seas. Consequently, the Barents, Kara and GIN Seas are covered by
sea ice in the CONT simulation. At the same time, deep convection shuts down in this
region. Nevertheless, while reduced, the NADW (North Atlantic Deep Water) formation
does not collapse, it moves to another region. Furthermore, most LMD5-CLIO2 results
stand within the range of the inter-model deviation deduced from the non-flux corrected
AOGCMs participating to the first phase of the Coupled Model Intercomparison Project
(CMIP1; Lambert and Boer [2001]). This assertion applies at least for sea-level pressure,
surface air temperature, the net surface heat flux, the global oceanic heat transport, and
precipitation.

The analysis of the CONT simulation concludes to the ability of LMD5-CLIO2 to sim-
ulate a realistic climate under present-day conditions. The next step is the climate-change
experiments. The SRES B2 scenario has been used by other modeling teams to force their
own AOGCMs. Consequently, LMD5-CLIO2 results could be compared to them. It comes
out that the projection of the 21st climate in the SRESb2 simulation stands in the middle
of the other model estimates. Indeed, LMD5-CLIO2 projects a global mean surface air
temperature increase of 2.4°C in 2100, while the range suggested in Cubasch et al. [2001]
is 0.9°C to 3.4°C. Furthermore, the surface air warming is also linear with time. The
continental surface warming exceeds the increase of the sea-surface temperature. Two lo-
cal maxima of temperature anomalies are simulated, one in the Northern Hemisphere high
latitudes near the surface, the other in the tropics near the tropopause. There seems to be
consensus today in the scientific community about these features. Moreover, the SRESbH2
results show a strong meridional asymmetry with a strong warming in the Northern Hemi-
sphere high latitudes and almost no significant warming over the Southern Ocean. This
point has also been noted by the IPCC (Cubasch et al. [2001]) as most AOGCM projec-
tions share this characteristic. In another respect, the hydrological cycle is amplified in a
warmer climate. LMD5-CLIO2 is able to trap this behaviour. The SRESb2 simulation un-
dergoes a more or less linear increase in global mean precipitation. The relative anomalies
(compared to the CONT run) reaches 3.3% at the end of the 21st century. This is again in
the middle range of the values projected by other models. Deep convection in the tropics
and especially in the ITCZ is enhanced leading to heavier precipitation and freshening of
the underlying ocean (in its mixed layer). The downward branches of the Hadley cells are
dryer (their relative humidity is lower in the SRESb2 experiment than in the CONT sim-
ulation). Consequently, evaporation over the subtropical oceans is enhanced. The spatial
distribution of precipitation changes is more noisy than for temperature changes. This is a
well known characteristic of precipitation fields. It is thus difficult to compare the LMD5-
CLIO2 predictions to those obtained with other AOGCMs as the inter-model deviation is
large. By contrast, modifications of the atmospheric and surface oceanic circulations are
small. The main response of the LMD5-CLIO2 dynamics to the increasing levels of green-
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house gases and sulphate aerosols is the reduction of the NADW formation. Looking at the
freshwater flux at the top of the ocean, it comes out that this flux increases in the SRESb2
simulation compared to the CONT simulation over the North Atlantic Ocean. This ocean
also releases less heat into the atmosphere. Both effects contribute to the stabilization of
the water column and to the reduction of the deep convection in this area. Finally, the
sea-ice response is spectacular. Melting of Arctic sea ice leads to a net freshwater flux of
0.0056 Sv into the ocean. Both its thickness and its effective area change (—1.1 cm/y and
—20.6 x 103 km?/y in average). Near the sea-ice margin, the ice/albedo feedback plays a
leading role in the reduction of the sea-ice concentration. Further north, water feedback
dominates and implies a strong reduction of the sea-ice thickness (about 1.5 m near the
North Pole). Whereas these two feedbacks occur in summer, it has been explained that
the maximum temperature anomalies take place in winter.

The last stage in this work studies the sensitivity of the simulated climate change to the
Greenland ice-sheet water discharge. Consequently, the SRESb2G experiment is performed
with LMD5-CLIO2 coupled to GISM. To our knowledge, it is the first simulation performed
with such a coupling between an AOGCM and a Greenland ice-sheet model. Furthermore,
it highlights the potential impact of the Greenland ice sheet on the oceanic thermohaline
circulation during the 21st century. Indeed, it suggests that, by the end of the 21st century,
the enhanced freshwater discharge by the Greenland ice sheet into the North Atlantic Ocean
can shut down the NADW formation. While the two climate-change simulations (SRESb2
and SRESb2G) lead to similar results until 2075, they diverge during the last 25 years.
The North Atlantic branch of the thermohaline circulation collapses at the end of the
SRESb2G run. It has been shown that the origin of this event can be found in the increase
of freshwater flux from Greenland.

Nevertheless, caution must be exercised when drawing conclusions from these exper-
iments. Firstly, the present-day climate is not perfectly reproduced by LMD5-CLIO2.
In particular, the main sites of deep convection are located east of the southern tip of
Greenland and not in the GIN Seas and Labrador Sea as observed. This has certainly an
influence on the sensitivity of the model to changes in the freshwater flux from Greenland.
Owing to the analysis of the CONT simulation, it seems that the solution has to be found
in a better representation of the Gulf Stream and the North Atlantic Drift. This dynamic
problem in the ocean is linked to deficiencies in the atmospheric wind stress associated
to the westerlies in the Northern Hemisphere mid-latitudes. The only suggestion we can
formulate is to increase the atmospheric model resolution at mid- and high latitudes. This
could help the model to simulate more accurately the main dynamic features.

A second element implies caution. Only one experiment has been conducted with an
interactive ice sheet component and one without this component. Recent studies performed
with Earth system models of intermediate complexity (e.g. Knutti and Stocker [2002];
Schaeffer et al. [2002]) have shown that evolution of the thermohaline circulation close to
a transition point is quite unpredictable. Therefore, a large number of experiments would
be necessary to demonstrate that the difference of behaviour between the SRESb2 and
SRESb2G simulations is robust and does not arise by chance. Due to time limitation,
this has not been done during this thesis because LMD5-CLIO2, as any AOGCM, requires
large amounts of CPU time. It would be easier to perform such ensemble experiments
with intermediate complexity models like ECBILT-CLIO (, also developed at the Institut
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d’Astronomie et de Géophysique G. Lemaitre at the UCL).

By the end of the SRESb2G simulation, the shutdown of the NADW formation implies
modifications of the climate. Among them, temperature and precipitation decrease in the
vicinity of the Greenland ice sheet. This could lead to a negative feedback. Increasing
temperature and precipitation induced by the greenhouse-gas and sulphate-aerosol modifi-
cations enhance the Greenland ice-sheet runoff and calving into the North Atlantic Ocean.
This freshwater discharge alters oceanic salinity and therefore the thermohaline circulation
leading to the collapse of the NADW formation. Reduction of convection enables sea ice
to spread southwards in the North Atlantic. Consequently, temperature and precipitation
are reduced in the surrounding of Greenland. This closes the feedback loop. Should this
occur in the SRESb2G simulation ? To provide a response to this issue, the experiment
should be continued.

As explained above, it would be interesting to perform ensemble experiments with and
without coupling between LMD5-CLIO2 and GISM. This would give a stronger basis prior
to conclude on the potential impact of the Greenland ice sheet during the 21st century.

The same study could be held with an Antarctic ice-sheet model. The AABW (Antarc-
tic Bottom Water) formation can be sensitive to changes in the freshwater flux from Antarc-
tica. However, the current version of the model is unable to simulate realistic Antarctic sea
ice. It seems thus rash to undertake such an investigation. The LMD5-CLIO2 results in
this region should first be improved. A track is the inclusion of the Gent and McWilliam’s
scheme (Gent and McWilliams [1990]) and the isopycnal diffusion scheme (Redi [1982]) in
the oceanic component. This has already been done in another version (Mathieu [1998]).
Goosse et al. [2001] has shown in forced mode that this modification in the CLIO model
leads to a reduction of the open-water deep convection. Furthermore, de Montety [2003]
identifies processes which links the Antarctic sea-ice extent to deep convection. In her
work, sensitivity experiments to parameters involved in those two parameterizations were
performed. The AOGCM used in that context was LMDZ-CLIO. That AOGCM is made
of the new generation LMD’s model and of a new version of the CLIO model. We could
expect that similar conclusions could be drawn with LMD5-CLIO. However, the expected
warming over Antarctica for the 21st century would probably not be strong enough to
significantly increase the freshwater flux from the ice sheet. Consequently longer simu-
lations would be needed to investigate this impact of Antarctica on the future climate.
Currently, such long runs are hardly achieved with the CPU-time consuming AOGCMs
and intermediate complexity models could be a good alternative.
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AABW Antarctic Bottom Water

AAIW Antarctic Intermediate Water

ACC Antarctic Circumpolar Current

AFORC Atmospheric forced simulation performed with LMD5
AGCM Atmosphere General Circulation Model
AOGCM Atmosphere Ocean General Circulation Model
ARPEGE AGCM developed at Météo-France (Toulouse)
CLIO2 OGCM developed at the UCL

COADS Comprehensive Ocean-Atmosphere Data Set
CONT Control simulation performed with LMD5-CLIO2
CMIP Coupled Model Intercomparison Project

CSM1 AOGCM developed at the NCAR

CPU Central Processing Units

DIC Dissolved Inorganic Carbon

DJF December-January-February

DOC Dissolved Organic Carbon

ECMWF European Center for Medium Range Weather Forecasts, Reading, United King-
dom

ENSO El-Nino Southern Oscillation

ERBE Earth Radiation Budget Experiment

GIN Greenland-Iceland-Norway

GISM Greenland Ice-Sheet Model developed at the VUB
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IPCC Intergovernmental Panel on Climate Change

IPSL Institut Pierre-Simon Laplace in Paris.

ISCCP International Satellite Cloud Climatology Project

ITCZ Inter-Tropical Convergence Zone

JJA June-July-August

LMD Laboratoire de Météorologie Dynamique in Paris.

LMD5 AGCM originating from the LMD and improved at the UCL.
LWC Liquid Water Content

NADW North Atlantic Deep Water

NASA National Aeronautics and Space Administration, USA
NCAR National Center for Atmospheric Research in Boulder, Colorado
NCEP National Centers for Environmental Prediction, USA
OFORC Forced oceanic simulation performed with CLIO2

OGCM Ocean General Circulation Model

OPAICE OGCM developed at the IPSL in Paris

PBL Planetary Boundary Layer

PRISM Program for Integrated Earth System Modelling

PVM Parallel Virtual Machine

SAT Surface air temperature

SECHIBA Vegetation and soil parameterization in LMD5

SPCZ South Pacific Convergence Zone

SRES Special Report on Emissions Scenarios, IPCC, Cambridge university press.

SRESb2 Climate change simulation performed with LMD5-CLIO2 using the IPCC SRES
B2 scenario

SRESb2G Climate change simulation performed with LMDb5-CLIO2-GISM using the
IPCC SRES B2 scenario

SSS Sea-surface salinity

SST Sea-surface temperature
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TKE Turbulence kinetic energy
TOA Top of the atmosphere
UCL Université catholique de Louvain, Louvain-la-Neuve, Belgium

VUB Vrije Universiteit Brussel, Belgium
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