Universita
Ca'Foscari
Venezia












CO;

CO;

CO;






CO,






CO,



CO;

CO;

CO,

CO,

CO,

CO;

CO,



CO,

CO,

CO, co,

CO,

CO;






CO;



CO,









CO,

CO,

CO;

CO;

CO;

CO;

CO,

CO,

CO,



CO,

CO,

CO,

CO,

CO,

CO;

CO,

- CO,



2.2 Setup of the experiments

11

(s16) aum

Figure 2.1: Time series of (a) net surface heat flux (W/m?), computed as
SWR (Short Wave Radiation) + LWR (Long Wave Radiation) + SHF (Sens-
ible Heat Flux) + LHF (Latent Heat Flux) over the ocean, and of (b) net
heat flux at the top of troposphere (TOA) (W/m?), computed as the sum
of the TOA net SWR and LWR, for CTRL (green line), 4xCO; (black line),
8xCO, (red line) and 16xCO; (blue line) experiments. Surface and TOA
fluxes are globally averaged A filter of ten years has been applied to the time
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18 3. Simulated mean state: sensitivity to CO; forcing
a) a'n  SSTCTRL(deg Q) b) s'n  $ST4c02(degC)
75" N = et 75 N '
60° N 60° N | :
45’ N 45" N e
307 N s b g 2 30N
15" N 15" N i
o 0
15°s 158
a0’ s 307§
45’ s 4s’s
60°S B0° S
?so S T A :,‘50 G T A
Vi w eo'w ao'w o VHw eo'w 0w o
c) d)
90" N SST 8CO2 (deg C) 30" N
: 75N
60° N
45 N
30’ N
15N
o
15°8
s
45’ s
60’ S
75's
Boosﬁ' w osl'w a'w o 3009 ‘wos0'w 30w 0

Figure 3.1: Annual mean SST ( C) for (a) CTRL, (b) 4xCO;, (c) 8xCO;,
and (d) 16xCO; experiments.
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28 3. Simulated mean state: sensitivity to CO; forcing
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Figure 3.7: Annual mean SSS (psu) computed for (a) CTRL, (b) 4xCO,, (c)

8xCO, and (d) 16xCO, experiments.
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3.2 Change at ocean-atmosphere interface
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Figure 3.11: Time series of Arctic sea-ice volume computed for the first
86 years of 4xCO, (black line), 8xCO; (red line) and 16xCO, (blue line)

experiments

in the CO; simulations at high latitudes in the Altantic Ocean would have

been greater. Estimating the Greenland ice-sheets melting in response to

the increased CO, concentration applied in our simulations, considering the

Greenland melting rate close to the one observed in the present days under

global warming conditions (Zachos et al, 2008), in our CO, simulations we

would obtain an additional freshwater input of 0.02 Sv, 0.05 Sv and 0.1 Sv

in 4C0O,, 8CO, and 16CO, experiments, respectively, if calculated over the

time period needed to the North Pole sea-ice cap to stabilize.
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3.3 Ocean vertical structure mean state 37
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Figure 3.13: Annual mean meridional overturning streamfunction (Sv) com-
puted in the Atlantic Ocean longitudes for (a) CTRL, (b) 4xCO;, (¢) 8xCO;
and (d) 16xCO; experiments.
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3.4 Tropospheric mean state

41

HT Atlantic Ocean (PW)

Figure 3.15: Annual mean heat transport (PW) computed in the Atlantic
Ocean longitudes for CTRL (green line), 4xCO, (black line), 8xCO; (red

5

line) and 16xCO; (blue line) experiments.

3.4 Tropospheric mean state

The temperature distribution in the atmosphere is fundamental to define
the thermodynamic state and the wind structure in the atmosphere. Fig. 3.16
shows the temperature mean vertical structure for the CTRL and CO, sim-
ulations. The CTRL shows the highest temperatures in the inter-tropical
regions depending on the largest amounts of solar radiation. The lowest
temperatures occur over the polar regions with a strong pole-to-equator tem-
perature gradient at the tropospheric bottom. The influence of the continents
and oceans diminishes with height and at mid-tropospheric levels (500 mb
— 50000 Pa) the isotherms are more uniform along a latitude circle. The
fig. 3.16 shows, at the Equator, a rapid decrease of the temperature with
height in the troposphere with a temperature difference between the ground
and the tropopause (at 100 mb) of about 100 C (fig. 3.17) in the CTRL
case. The tropopause varies in altitude from about 300 mb at the poles (not

shown) to 100 mb at the equator where its height increases among the CO,
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4. The Atlantic Thermohaline circulation under extreme climate
conditions
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Figure 4.2: Vertical profile (0-500m) of annual mean sigma density (Kg/m?)
averaged in the Atlantic Ocean longitudes for (a) CTRL, (b) 4xCO,, (c)
8xCO; and (d) 16xCO, experiments.
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4. The Atlantic Thermohaline circulation under extreme climate
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Figure 4.3: Max Atlantic THC intensity (Sv) at 25 N versus annual mean
density gradient (Kg/m?®) computed between (a) 60 N and Equator and (b)
60 N and 30 S for CTRL, 4xCO,, 8xCO, and 16xCO; experiments (from top
to bottom). The density gradients have been integrated in different oceanic

depths as evidenced in the legend.
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4. The Atlantic Thermohaline circulation under extreme climate
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Figure 4.4: North Atlantic (averaged between 60 N-80 N) DJF mean vertical
diffusivity ( 10 ® m?/s) integrated between 100-2000m depth, versus ATHC
max intensity computed at 25 N for CTRL (green diamond), 4xCO, (black
square), 8xCO; (red triangle) and 16xCO, (blue circle) experiments.

the occurrence of the maximum water column overturning while the depth
level considered includes the location of the maximum Atlantic overturning

circulation.

As the CO; radiative forcing increases the vertical diffusivity through
the ocean interior decreases. The mechanism acting may be explained in
the following way: global warming, induced by the positive radiative forcing
applied, induces the Atlantic water column to become lighter over the upper
2000m as response to heat and freshwater fluxes anomalies. In the whole
basin, temperature and salinity changes tend to compensate each other with
an overall decrease in density. In particular, between 60 N to 80 N there
is an increase in stratification of the water column (as suggested by the
Atlantic vertical density profile (fig. 4.2)), which causes a decrease in vertical

diffusivity.

In agreement with the above discussion the linear relationship found
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4. The Atlantic Thermohaline circulation under extreme climate

66 conditions
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Figure 4.5: Southern Ocean zonal wind stress (averaged between 30 S and
80 S) annual mean ( 10 2 N/m?) versus ATHC max intensity computed at
25 N at steady state for CTRL (green diamond), 4xCO, (black square),
8xCO; (red triangle) and 16xCO; (blue circle) experiments.

Southern Ocean wind stresses should lead to a stronger Atlantic overturn-
ing circulation and viceversa. Our findings show instead an Atlantic THC
strength that does not show a linear response to the strength of the wind
stress at the Southern Ocean (fig. 4.5).

In the figure, the relationship is shown in terms of annual mean wind
stress averaged between 30 S and 80 S versus the maximum ATHC strength
at 25 N. The 4CO, experiment shows a weaker ATHC in response to an
intensification of the wind stress over the Southern Ocean, while in the 8CO,
simulation a great decrease of the ATHC is associated with a little decline
of SO winds intensity. The 16CO; experiment instead shows a decreased
Atlantic THC strength accompanied by a strong wind stress reduction over
the Southern Ocean. The theory according to the Southern Ocean wind
stress influences the ATHC intensity (Gnanadesikan, 1999) hence seems to
hold among the sensitivity simulations only in the 16CO, experiment. The

reason may lie in the meridional density gradients changes since the influence
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4.5 The effect of Mediterranean Outflow on the Atlantic
Thermohaline Circulation
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Figure 4.7: Vertical profile (0-3000m) of annual mean salinity (psu) com-
puted for (a) 16xCO; and (b) 16xCO,M experiments averaged in the Atlantic

Ocean longitudes.
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5. A preliminary study of the energy balance in extreme climate
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regimes
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Figure 5.2: Zonal and vertical mean of atmospheric a) total energy, b) APE,
¢) IE, d) PE, e) LE, f) KE (10° J/Kg) computed as reported by the Eq.s 5.1-
5.5 for annual-mean conditions for CTRL (green line), 4xCO, (black line),
8xCO; (red line) and 16xCO; (blue line).
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Figure 5.5: Zonal-mean cross section of the atmospheric kinetic energy (10
m? /s?) for annual-mean conditions for (a) CTRL, (b) 4xCO,, (¢) 8xCO; and

(d) 16xCO; experiments.
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5. A preliminary study of the energy balance in extreme climate
regimes

Vertically integrated meridional transport of atmospheric total energy (PW)
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Figure 5.6: Annual mean atmospheric total energy transport (PW) computed
for CTRL (green line), 4xCO, (black line), 8xCO; (red line) and 16xCO;

(blue line) experiments.

applied does not influence the total heat transport of the system since it re-
mains almost constant among the experiments. Nevertheless, the individual
components are subjected to changes. While the atmospheric heat transport
increases in response to global warming, the ocean heat transport decreases.
It seems that the two climate system components balance to maintain a glob-
ally balanced energy transport. In particular, in the northern hemisphere
the atmospheric heat transport increases while the oceanic component de-
creases possibly because of one mainly due to the weakening of the ATHC
(fig. 3.13). In the 16CO, experiment a density front forms at 40 N (fig. 4.1d),
and north of it the oceanic circulation is mainly wind driven and the atmo-
sphere provides the transport of heat. In this extreme case the role of the

atmosphere therefore becomes crucial to convey heat at high latitudes.



5.2 The atmospheric energy budget

95

Figure 5.7: Annual mean global atmospheric (green line), oceanic (blue line)
and total (violet line) heat transport (PW) computed for (a) CTRL, (b)
4xCOy, (c) 8xCO; and (d)16xCO; experiments.



