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Abstract

The present study investigates the sensitivity of the Atlantic Thermohaline Cir-
culation (ATHC) to extreme external radiative forcing with the aim to contribute
to the understanding of the mechanisms at work. A set of long experiments per-
formed with a state of the art atmosphere-ocean coupled general circulation model
under strong atmospheric C'Oy forcing has been used to study the mechanisms
controlling the ATHC changes, their effects in the North Atlantic climate and in
the energetics of the climate system. The ATHC weakens in response to a warming
of atmosphere and ocean affecting the northward heat transport and leading to its
decrease into the basin. The most extreme case shows distinctive features with an
equatorward shift of ATHC convective sites and a salinity front formation at mid-
latitudes. The analysis of the mechanisms at work shows a positive relationship
between the high latitudes ocean vertical diffusivity and the circulation intensity.
The Southern Ocean wind stress seems to influence the ATHC only when the me-
ridional density gradients between high and low latitudes in the basin are kept
fixed with a weaker Southern Ocean wind stress leading to a weaker ATHC. The
meridional density gradients between high and low latitudes have been found in-
versely related to the ATHC intensity in the CO5 simulations with the exception of
the most extreme case. The high-density Mediterranean Outflow waters influence
the ATHC as well: the ocean circulation decreases and shifts to mid-latitudes in
response to a salinity input at the Gibraltar Strait latitude. The weakening of the
ATHC under increasing C'O- atmospheric concentration has been found associated
with a large decrease of the kinetic energy input, mainly by the pressure-gradient
work in the convective site areas in the North Atlantic. On the other hand, the
atmospheric kinetic energy increases because of the intensification and poleward
shift of the mid-latitudes jet-streams, the troposphere tends to be more stable and

the Hadley circulation weakens.
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Chapter 1
Introduction

The Atlantic thermohaline circulation (THC) is an important part of the
Earth’s climate system being responsible for most of the oceanic northward
heat transport in the North Atlantic. It is an oceanic circulation that involves
warm, saline surface water flowing northward and cold, dense water flowing
southward at depth in the Atlantic basin (Wunsch, 2002). Tropical surface
water, in particular, flows into high latitudes where it is cooled and sinks to
depth. The water hence flows southward at about 3000m depth through the
Atlantic Ocean, mainly as a deep western boundary current, until it reaches
the Southern Ocean where it mixes with the rest of the World Ocean (Stouffer
et al, 2006).

The ATHC is driven by global density gradients, hence it is largely in-
fluenced by surface heat and freshwater fluxes. Geological evidences suggest
that the past abrupt climate changes are a result of rapid reorganizations of
the ATHC (Clark et al, 2002). Modeling studies indicate that the ATHC is
potentially sensitive to changes in surface buoyancy fluxes induced by global
warming (Dixon et al, 1999; Cubash et al, 2001; Gregory et al, 2005) and
that in the future there could be the risk of significant changes in the ocean
circulation (Manabe and Stouffer, 1994; Wood et al, 1999; Zickfeld et al,
2007). Global warming conditions in the past were associated primarily with

high atmospheric CO, concentration and proxy data indicate that maximum
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carbon dioxide values were reached in the Paleocene with 5.000 p.p.m.V.
(Zachos et al, 2008).

The response of the ATHC to heat and freshwater inputs has been widely
studied using numerical simulations. Ocean general circulation models (OGCMs)
both forced by atmospheric fluxes and coupled to atmospheric general cir-
culation models or to simplified atmospheric component, as well as earth
system models of intermediate complexity (EMICs) in IPCC scenario exper-
iments or idealized water-hosing simulations or sensitivity C'O, experiments
(Stouffer et al, 2006) have been used showing that results are highly model
dependent.

The so-called "hosing experiments", where a large uniform freshwater
input is applied to the North Atlantic, have been used to simulate the mag-
nitude of the freshwater discharge predicted for a large C'Os-induced climate
change (i.e. 0.1 Sv in 4COy (Wood et al, 1999; Stouffer et al, 2006)). Lar-
ger freshwater input (i.e.1.0 Sv (Stouffer et al, 2006)) is extremely unlikely
under realistic C'O, scenarios, but it is within the range envisaged for events
driven by meltwater release during the last glacial era and the deglaciation
(Clarke et al, 2003). Such large forcing may weaken or even shutdown the
ATHC, depending on the freshwater input applied and the model used to

perform the analysis.

Differently from the hosing experiments, the set of simulations used in
this thesis permits to investigate changes in the ATHC due to density field
variations associated with heat fluxes changes. The imposition of an in-
creased radiative forcing, as the enhanced atmospheric C'Oy concentration,
leads in fact to changes in the ocean properties through changes in the dens-
ity because of warmer temperature and of the freshwater input in the North
Atlantic latitudes,as a consequence of the sea-ice melting. The advantage
of the present study is hence the possibility to evaluate the overall impact
of strong C'O, forcing over the climate system considering the atmosphere-
ocean interaction using a global coupled general circulation model. Further,

the 16C' Oy experiment represents a new particularly extreme case study in



the literature.

Simulations with increased atmospheric C'Oy show changes in the surface
heat fluxes at high latitudes, accompanied by a slow down or collapse of the
ATHC depending on the model used (Manabe and Stouffer, 1994; Thorpe et
al, 2001; Schmittner et al, 2005). However, to date it is not clear whether the
heat or the freshwater fluxes at high latitudes dominate the Atlantic THC
response to the radiative forcing (Manabe and Stouffer, 1999; Dixon et al,
1999; Gregory et al, 2005; Weaver et al, 2007) and further analysis should

be done in order to answer to this question.

The aim of the present study is to analyze the sensitivity of the ATHC to
extreme external radiative forcing to contribute to the understanding of the

mechanisms at work. In particular, the main objectives of this study are:

1. the analysis of the response of the North Atlantic and the ATHC
to a large, but within the range of observed values in past climates, C'O,

atmospheric forcing;
2. the understanding of the mechanisms controlling the ATHC changes;
3. the analysis of the effects of the changes in the North Atlantic circu-

lation to the energetics of the climate system.

The study compares a set of experiments forced with high atmospheric
C'O, concentration (4, 8, 16 times the present day mean value) to a long con-
trol simulation (with C'Oy present day mean value) performed with a state
of the art atmosphere-ocean coupled general circulation model (CGCM). A
further experiment has been performed with the aim to analyze the influence
of the high-density Mediterranean Outflow waters on the ATHC applying a
salinity input at Gibraltar Strait latitude in the most extreme C'O; experi-
ment.

This set of experiments (except for the 8C O, experiment) has been ana-
lyzed in previous studies focused on changes in the Pacific Ocean and on
implication for the monsoon hydrology (Cherchi et al, 2008, 2011). Build-
ing on those studies, this thesis intends to investigate the role of the surface

heat and freshwater fluxes in the ATHC changes when the greenhouse gas
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increases. The CGCM experiments allow to identify the resultant feedbacks
between atmospheric and oceanic processes.

The thesis is organized as follows:

- Chapter 2 describes the model used to perform the simulations and the
setup of the sensitivity experiments.

- Chapter 3 analyzes the impact of the radiative forcing over the Atlantic
Ocean mean state.

- Chapter 4 investigates some possible mechanisms influencing the At-
lantic THC intensity.

- Chapter 5 explores the climate system energetics related to the above
changes.

- Chapter 6 summarizes and discuss the main results of the study.



Chapter 2

Model description and setup of

the experiments

2.1 SINTEX-G Model

The SINTEX-G global coupled model (Gualdi et al, 2008) has been
used to build experiments with modified C'O, conditions, following previous
studies by Cherchi et al. (2008). SINTEX-G represents an improved version
of the SINTEX model (Gualdi et al, 2003b) with the inclusion of a module
for the interactive sea-ice. The model consists of four parts: Atmosphere,
Ocean, Sea-Ice and Coupler. The land-ice is not included.

The atmospheric component is Echam4.6 (Roeckner et al, 1996). It
represents the fourth generation of the ECHAM model developed at the Max-
Planck Institute fur Meteorologie in Hamburg. The resolution used for this
analysis is a spectral T30 horizontal resolution with 3.75° x 3.75° grid-points
and 19 vertical sigma levels with top level at 10hPa, 7 layers above 200 hPa
and 5 layers below 850 hPa. The numerical scheme is a semi-implicit leap-
frog time stepping and the prognostic variables are: vorticity, divergence,
temperature, logarithm of surface pressure, water vapor and mixing ratio of

total cloud water. Major parameterizations concern:

a. clouds: a prognostic scheme for optical cloud properties (Sundquist,
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1978) with cloud water determined by Mie theory (Rockel et al, 1991; Roeck-
ner, 1995);

b. tracer advection: transport of water vapor, cloud water and (option-

ally) tracers by a semi-lagrangian scheme (Williamson and Rasch, 1994);

c. convection: shallow, mid-level and deep cumulus convection with mass
flux scheme by Tiedke (Tiedtke, 1989) and adjustment closure for deep con-
vection as described by Nordeng (1996);

d. boundary layer and vertical diffusion: surface fluxes of momentum,
heat, water vapor and cloud water calculated with Monin-Obukhov theory
(Luis, 1979), with eddy diffusivity coefficients depending on roughness length
and Richardson number. Above the surface layer, the coefficients depend on

wind shear, thermal stability and mixing length;

e. radiation scheme: narrow-band model (Morcrette, 1984; Morcrette
and Fouquart, 1985). Despite the high concentration of carbon dioxide con-
sidered, the scheme has been found to be robust and free from saturation

even in the extreme C'Oy case (Cherchi et al, 2011).
f. orographic gravity wave drag.

The oceanic component is OPA8.2, the global ocean general circulation
model developed at LODYC in Paris (Madec et al, 1998) used in ORCA2
configuration. It is a primitive equation model with a spatial resolution of
2° x 2° and a refinement up to 0.5 degrees in the proximity of the Equator.
The grid is quasi-isotrope and tri-polar (2 poles in the northern hemisphere,
one over Canada and the other over Siberia). Vertical resolution includes
31 vertical levels in z-coordinates with 14 levels lying in the top 150 meters
and a free surface. The prognostic variables are the three dimensional ve-
locity field and the thermohaline variables. The Mediterranean Sea salinity
and temperature are relaxed to Levitus (1998) climatology values every year
since the high salinity Mediterranean waters can lead to computational er-
rors if left without constraints. The distribution of the variables is over a
three-dimensional Arakawa-C-type grid with a leap-frog scheme except for

a lateral diffusion (forward) and vertical diffusion (backward). Major para-
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meterizations are:

a. eddy parameterization: isopycnal mixing on tracers (no horizontal
background) with a constant coefficient of 2000 m?/s. Eddy induced velocity
with a coefficient varying in function of the growth rate of baroclinic instabil-
ity (ranges 15 m?/s to 2000 m?/s). The coefficient is set to 0 in the vicinity
of the Equator;

b. bottom boundary layer treatment and sill overflow treatment diffusive

bottom boundary layer (Beckmann and Dorscher, 1997);

c. mixed-layer treatment: TKE scheme (Blanke and Delecluse, 1993);

d. sunlight penetration with 2 master lengths (Blanke and Delecluse,
1993) ;

e. no tidal mixing;

f. no river mouth mixing;

g. mixing isolated seas with the ocean: no mixing (Red Sea and Medi-
terranean Sea are explicitly connected to the remaining ocean). For closed
"seas" (Black Sea, Great lakes, Caspian Seas) the mean sea level remain con-
stant, excess (deficit) of water been either redistributed over the world ocean
(Caspian Sea) or in St Laurent river mouth (Great lakes) or Dardanel strait
area (Black Sea);

h. treatment of North Pole "singularity": semi analytical tri-polar grid,
no singular point in the ocean domain (Madec and Imbard, 1996; Murray,
1996).

The OPA OGCM includes the Louvain-laneuve sea-Ice systeM (LIM)
module for the interactive sea-ice (Fichefet and Morales, 1997; Timmer-
mann et al, 2005). The LIM model has been developed at the "Institut
d’Astronomie et de Geophysique Georges Lemaitre" (Universite Catholique
de Louvain). It is a large-scale thermodynamic-dynamic sea-ice model with
3-layers (one for the snow and two for the ice). The ice momentum equa-
tion is solved on the ocean horizontal grid. The horizontal resolution is the
same as the ocean model and the equations for ice motion and transport are

written in curvilinear, orthogonal coordinates. The heat-diffusion equation
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is based on a fully implicit scheme while the momentum equation is a semi-
emplicit scheme (combination of a modified Euler time step scheme and a
point successive relaxation procedure). Advection equations is based on a
forward time marching scheme which conserves the second-order moments of
the spatial distribution of the advected quantities. The prognostic variables
are snow and ice thickness, ice concentration, ice velocity, internal temper-
ature of snow and ice and heat content of brine reservoir. The model does

not include a coupling with a land-ice component.

The atmospheric and oceanic components are coupled with Oasis2.4 (Val-
cke et al, 2000). OASIS main tasks are the synchronization of the models
being coupled and the treatment and interpolation of the fields exchanged

between the models at the land-sea interface.

The models are integrated in parallel. The communication between mod-
els occurs, through the coupler, at each coupling time step (96 minutes)
which correspond to 1 time step for the ocean model and 8 time steps for
the atmospheric model. The ice model communicates with the ocean at each

ocean time step.

The fields sent from the ocean model to the atmospheric model are the
Sea Surface Temperature (SST) and the information about the Sea Ice Cover
(SIC). The fields sent from the atmosphere to the ocean are solar and non
solar heat fluxes, water flux, snow fall, zonal and meridional wind stress. The
air-sea fluxes and the SST are exchanged every 3h. No flux corrections are

applied to the coupled model.

In the hydrological cycle, the computation of the water fluxes does not
consider the river runoff. This constraint may negatively impact the res-
ults as it influences the ocean salinity and it avoids the contribution of the

precipitation excesses, if any, from the continents.
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2.2 Setup of the experiments

The present study focuses on the comparison between a control experi-
ment (CTRL) and a set of sensitivity experiments with increased atmospheric
carbon dioxide concentration. In the CTRL the carbon dioxide concentra-
tion is 353 ppmV, corresponding to the present’s day mean value. It has been
multiplied by a factor of 4, 8 and 16 to build 4 x CO,, 8 x CO, and 16 x
C' O, experiments, respectively.

This kind of experiments follows from a previous analysis focused on the
impact of extreme C'O, levels in the tropical climate (Cherchi et al, 2008,
2011). In all the experiments, the oceanic initial conditions are the same,
and they correspond to the mean climatology from Levitus temperature and
salinity datasets (Levitus et al, 1998). The C'O, forcing has been applied at
the beginning of each simulation and maintained for the whole length of the
experiments. All the simulations are 600 years long.

In the C'Oy experiments, the forcing applied drives the system toward
an equilibrium with different adjustment times depending on the forcing
intensity. The net heat flux globally averaged at the ocean surface (fig. 2.1a),
computed as the sum of the shortwave and longwave radiation and the latent
and sensible heat fluxes, show very slow variations toward the end of each
experiment indicating an almost stable climate. In the 16 C'Oy experiment,
for example, the global mean of net surface heat flux shows striking changes
within the first 100 years (56% of reduction with respect to the initial value)
and very slow variations during the last 100 years (4% of reduction).

Similarly, the balance at the top of the atmosphere (TOA), computed
as the sum of the TOA net shortwave radiation and longwave radiation
(fig. 2.1b), shows climate stability both in the CTRL and in the last 100
years of the C'Oy simulations. The perturbative experiments show an in-
creased TOA net heat flux due to the greater absorption of longwave radi-
ation by the C'O, through the atmosphere. The net heat flux not closed
balance in the CTRL case is due to a common bias in climate models, as

suggested by several coupled model studies (Luo et al, 2004)
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In the following chapters, mean climate fields refer to the average over the
last 100 years of integration of each experiment, unless differently specified.

To simplify and quantify the description of the differences between C'O,
and CTRL experiments a number of Global or Atlantic mean parameters
have been defined and summarized in table 3.1

To study the effect of the Mediterranean Outflow (MOW) waters, mainly
in terms of salinity input, on the Atlantic THC intensity a further experiment
(hereafter 16xC'O,M) has been performed. The 16COsM experiment has the
same initial condition of 16 C'O, experiment and it differs for a salinity input
applied at the Gibraltar Strait latitude (close to 40°N). In fact, in 16xCOsM
the relaxation to Levitus climatology is applied only to the temperature
field, while the salinity changes responding to the C'O; forcing without any
constraint. The temperature relaxation has been held in order to avoid model
numerical instability due to high temperature and salinity values reached
by the Mediterranean waters under C'Oy extreme forcing. Even this last
experiment is 600 years long and the comparison between the 16x CO,M and

16xC'O4 is done comparing the last 100 years of simulation.
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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), 4xCO5 (black line),
8xC Oy (red line) and 16xC'Oy (blue line) experiments. Surface and TOA
fluxes are globally averaged A filter of ten years has been applied to the time

1410

series

ueaw [eqols xny jeay ¢OL I8N

(9

(s16) auny

mmmmmmmm

M 7uLo

ueaul [eqo|l xny yeay aoeuns JaN






Chapter 3

Simulated mean state: sensitivity

to C'O9 forcing

3.1 Introduction

The Atlantic thermohaline circulation (THC) is an important part of the
Earth’s climate system being responsible for most of the oceanic northward
heat transport in the North Atlantic, peaking at about 1.2 PW at 24°N
(Ganachaud and Wunsch , 2000). It is an oceanic circulation that involves
warm, saline surface water flowing northward and cold, dense water flowing
southward at depth in the Atlantic basin (Wunsch, 2002). Tropical surface
water flows into high latitudes where it is cooled and then it sinks to depth
mainly in the Labrador Sea and in the Nordic Seas. At about 3000m depth
the water flows southward through the Atlantic Ocean, mainly as a deep
western boundary current, until it reaches the Southern Ocean where it mixes
with the rest of the World Ocean waters (Stouffer et al, 2006).

No such deep overturning occurs neither in the North Pacific, where the
surface waters are too fresh to sink (Weaver et al, 1999), nor in the Southern
Ocean, where the lack of a meridional land barrier precludes the existence
of strong east-west pressure gradients needed to balance a southward geo-
strophic surface flow (Clark et al, 2002).

13
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Geological past evidences suggest that reorganizations of the Atlantic
THC were involved in climatic temperature changes of several degrees in a
few decades (Clark et al, 2002; Rahmstorf, 2002) and there is the risk, in
the future, that significant changes in ocean circulation could result from a
global warming (Manabe and Stouffer, 1994; Wood et al, 1999; Schaeffer et
al, 2002; Zickfeld et al, 2007).

Paleo data strongly suggest that latitude shifts of convection (between
the Nordic Seas and the region south of Iceland) have occurred (Alley and
Clark, 1999) and that at certain times NADW formation was interrupted
(Keigwin et al, 1994). The most pronounced abrupt climate changes have
been identified as the Dansgaard-Oeschger (D/O) warm events, with a warm-
ing exceeding 10°C within a decade or so (Severinghaus et al, 2003), during
which the Nordic Seas convection sites shifted to mid-latitudes and the At-
lantic THC weakened.

Others major climatic events, the so-called Heinrich events that occurred
mostly in the latter half of the last glacial (Rahmstorf, 2002), have been asso-
ciated with a large discharge of icebergs into the northern Atlantic (Heinrich,
1988) and a shutdown of NADW formation (Keigwin et al, 1994). The fresh-
water forcing discharged into the Atlantic has been estimated of the order of
0.1 Sv (Hemming, 2004).

At the end of the last glacial period, as the climate warmed and ice sheets
melted, the ocean circulation went through a number of oscillations that may
be explained by meltwater input (i.e., the Younger Dryas and the 8.2 kyr cold
event) (Kuhlbrodt et al, 2007).

Many aspects of the abrupt events found in proxy data have been repro-
duced in model simulations. Large freshwater input, such as that associated
with Heinrich events, has been reproduced in many models and an Atlantic
THC non-linear response with multiple equilibrium states has been found
in response to changed surface fluxes (Stommel, 1961). The ATHC shows a
bistable regime in its parameter space where the deep-water formation can

be "on" (as in the present climate) or "off", depending only on initial condi-
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tions. For increasing freshwater inflow to Atlantic, this bistable regime passes
a saddle-node bifurcation to a monostable regime where the deep waters do
not form (off state) (Rahmstorf, 2002). For lesser freshwater inflow, another

monostable regime exists where the NADW form (on state) (Hofmann and
Rahmstorf, 2009).

This non linear behavior is explained by the positive salt-advection feed-
back first described by Stommel (1961). Higher salinity in the deep-water
formation area enhances the circulation and the circulation in turn trans-
ports higher salinity waters into the deep-water formation regions (Rahm-
storf, 2002).

Furthermore, Rahmstorf (2002) suggested that the salt-transport feed-
back is not the only feedback making the system non-linear. The convective
mixing process at high latitudes is itself a highly non-linear, self-sustaining
process, which at least in models can lead to multiple stable convection pat-
terns. Recent studies suggest that the direction of the net freshwater trans-
port at the southern boundary of the Atlantic by the ATHC, as a measure
of Stommel’s salt-advection feedback, may be a useful physical indicator of
the existence of bistability (Hawkins et al, 2011). If the freshwater trans-
port is positive than the ATHC exports salt; in this case a small decrease in
the strength of the ATHC would export less salt encouraging a recovery of
the ATHC as a higher salinity tends to promote deep mixing and a stronger
ATHC. However if the freshwater transport is negative then there is a posit-
ive feedback, reinforcing any decline in the strength of the ATHC (Hawkins
et al, 2011). The estimates of recent time evolution of the freshwater trans-
port at 34°S in the Atlantic basin show typical negative values indicative of

a bistable regime.

Instrumentals records show a global surface temperature mean increase
of 0.74 °C during the 20th century and climate model projections indicate
that during the 21st century it will rise likely of about 1.5°C to 1.9 °C for
the lowest emissions scenario and of 3.4°C to 6.1°C for the highest (IPCC,

2007). As a consequence of the recent warming, a rapid non linear response
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of the THC,with a concomitant climatic impact in western Europe, would
occur (Ganopolski et al, 1998).

This chapter aims to investigate the changes in the Atlantic Ocean mean
state as a consequence of the changes occurring to density and salinity fields
because of an increase in temperature associated with a C'O, forcing. In
particular, this part of the study aims to answer to the following questions:

1. Which is the impact of the radiative forcing over the Atlantic Ocean
mean state?

2. How do the Atlantic THC respond to the strong C'Oy perturbation?

This chapter is organized as follows: section 3.2 analyzes the influence
of the C'O, perturbation over the processes occurring at the atmosphere-
ocean surface, section 3.3 investigates the mean state of the Atlantic Ocean
circulation, section 3.4 shows the tropospheric response to the radiative for-
cing applied and section 3.5 gives some concluding remarks. As specified in
chapter 2, the analysis is focused on the annual mean state averaged over
the last 100 years of integration for each experiment. A table is inserted
to summarize the intensity of specific metrics, even in terms of differences
between C'Oy experiments and CTRL, characteristics of oceanic and atmo-

spheric properties (table 3.1).

3.2 Change at ocean-atmosphere interface

The annual mean Atlantic sea surface temperature (fig. 3.1) increases in
response to an atmospheric C'O, increase (table 3.1). In the simulations, the
maximum Atlantic Ocean surface temperature increase is located in a belt
confined between 30°S and 50°S, which is the result of a poleward shift of the
subtropical gyre induced by a southward shift of the wind stress maximum
at the Southern Ocean (table 3.1), as proposed by Cai et al. (2003) for global
warming conditions.

The North Atlantic is as well subject to a warming and the temperat-

ure gradient between the low and the high latitudes, computed as the SST
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CTRL | 4 x CO2 | 8 x CO2 | 16 x CO2

Global atm T (°C) - +7 +11 +17
Atlantic SST (°C) - +4 +7 +12

Atlantic SST gradient (°C) 27 26 25 24
Labrador SST (°C) - +2 +4 +6

Atlantic SSS (psu) - +1 +2 +4

Labrador SSS (psu) - -0.5 -1 -2
Freshwater input due to sea-ice melting (Sv) - 0.01 0.02 0.06
Arctic ice stabilization time period (yrs) - 86 69 17
Atlantic THC max (Sv) 32 27 24 15
Atlantic THC max 25°N (Sv) 31 25 21 13
Atlantic HT max (PW) 1.16 1.12 1.03 0.72
Atlantic HT 30°S (PW) 0.36 0.53 0.53 0.32

26 Kg/m3 Atlantic isopycnal depth (m) 120 130 160 180
NA vertical diffusivity (m?/s) 1.44 1.43 1.33 1.20

SO wind stress (1072N/m?) 7.7 8 7.6 5.9

SO wind stress max (N/m?) 0.15 0.16 0.15 0.13
SO wind stress max lat 46°S 51°S 53°S 55°S

Table 3.1: From top to bottom the values refer to annual mean differences
(C'Oy experiments minus CTRL) of global 2m height air temperature and of
SST averaged in the Atlantic Ocean, annual mean meridional SST gradient
in the North Atlantic (difference between 0° and 80°N), differences (C'Os
experiments minus CTRL) of SST averaged in the Labrador Sea and of SSS
averaged in the Atlantic basin and in the Labrador Sea, freshwater input
due to sea-ice melting, time period necessary to reach the Arctic ice stabil-
ization, annual mean Atlantic THC maximum, Atlantic THC maximum at
25°N, Atlantic heat transport maximum, Atlantic heat transport at 30°S,
depth of the 26 Kg/m? Atlantic isopycnal computed at the Equator, North
Atlantic (20°N-80°N) vertical diffusivity computed between 100-2000m for
MJJA, Southern Ocean (30°S-80°S) wind stress, Southern Ocean wind stress
maximum and latitude of the Southern Ocean wind stress maximum, North
Atlantic (30°N-90°N) wind stress, North Atlantic wind stress maximum and

latitude of the North Atlantic wind stress maximum
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difference between the Equator and 80 °N, decreases among the simulations
(table 3.1). The Labrador Sea is one of the regions showing the weakest
temperature increase: in 4C'Os, 8C'O, and 16C' O,y experiments the surface
water temperature is 2°C, 3°C and 4 °C, respectively, lower than the North
Atlantic warming (fig. 3.1b,c,d).

The simulated climatology of the Atlantic net surface heat fluxes field
(computed as sum of net surface shortwave radiation, net surface longwave
radiation, surface sensible and latent heat fluxes) shows as well a non-linear
behavior in the Labrador Sea for all the simulations (fig. 3.2). In the CTRL
experiment (fig. 3.2a) along the western boundary currents the ocean loses
heat to the atmosphere being warmer then the air above. In the most extreme
CO, experiment (fig. 3.2d) the net heat flux reverses sign in the Labrador
Sea and the ocean gains heat from the atmosphere. The Atlantic basin also
shows an alternation of zonally oriented regions where the ocean gains or
loses heat which are also visible in the SST pattern (fig. 3.1d).

Fig. 3.3 shows each component of the net surface heat flux averaged in
the Atlantic Ocean longitudes for the CTRL and CO, simulations. The
net surface shortwave radiation (SW) shows a symmetric inter-hemispherical
pattern with highest values in tropical and subtropical latitudes, where the
insolation is maximum, and weakest at the poles (fig. 3.3a). Its intensity
decreases as the C'O, increases at the tropical latitudes since more solar ra-
diation is reflected back to the space by the increased water vapor concentra-
tion. The net surface longwave (LW) radiation depends from the difference
between the upward emission from the Earth’s surface and the downward
emission from clouds and greenhouse gases (GHGs) in the atmosphere and
it shows decreased intensity among the experiments due to the GHG’s effect
(fig. 3.3b). The net surface latent heat (LH) flux is associated with evapor-
ation of water at the surface and subsequent condensation of water vapor in
the troposphere. In the C'O, simulations, the LH flux increases in the Tropics
because of a greater evaporation (fig. 3.3d). The net surface sensible heat

flux is influenced by wind velocity and air-ocean temperature differences. In
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fact, as the C'O, concentration increases, the Labrador Sea surface waters
become colder than the air above leading to reduced heat loss in the north-
ern latitudes. In the 16C'Oy experiment it reverses sign (fig. 3.3¢) becoming
positive in the Atlantic high latitudes (between 45°N and 80°N).

Fig. 3.4 shows the map of geopotential height (gph) of 1000 mb pressure
level which is equivalent to a sea-level pressure map where high (low) gph
values indicate HP (LP) areas. The suptropics near 30° latitude are domin-
ated in both hemispheres by semipermanent HP cells bordered by a LP zone
near the equator (ITCZ) and poleward by a LP belt. In the C'O, simulations,
the HP zone at 30°N shifts westward decreasing in intensity, while the LP
belt at 60°N widens and intensifies (fig. 3.4b,c,d). On the other hand, in the
Southern Hemisphere the HP zone shifts poleward and weakens. The new
distribution of HP and LP areas leads in the North Atlantic to a strengthen-
ing of pressure gradient at high latitudes and a weakening at mid-latitudes

(not shown).

Fig. 3.5 shows the Atlantic annual mean winds field computed at 850
mb for all the simulations. In the CTRL experiment the arrows show the
subtropical anti-cyclonic circulation (around 30°N) characterized by a high
pressure zone (fig. 3.4a), westerly winds on the northern side of the anti-
cyclone and the trade winds on the southern side (fig. 3.5a). The cyclonic
circulation is visible around 60°N in the Labrador Sea with an anticlockwise
circulation around a low pressure area (fig. 3.4a). The main features present
in the CTRL experiment persist in all C'O, simulations, although the center
of the subtropical anti-cyclone shifts slightly westward (fig. 3.5b,c,d). In
16C O, experiment (fig. 3.5d) the westerlies close to 40°N become more
zonal and less intense (-4 m/s) with respect to the CTRL case. The subpolar
cyclone seems to vanish in this latter experiment while the winds intensify
over the Nordic Seas as the atmospheric CO, increases (+2 m/s, + 4 m/s

and +6 m/s in 4C Oy, in 8C O and 16C O, experiments, respectively).

At the Southern Ocean latitudes (30°S-80°S) there is a clear poleward
shift of the westerlies. This shift has been related to the effects of global
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warming in previous studies (Cai et al, 2003). Toggweiler (2009) suggested
the occurrence of a poleward shift and strengthening of the westerlies over
the past 50 years and 17.000 years ago, at the end of the last ice age, as a
response to the warming experienced by the planet. In our experiments there
is a poleward shift of the westerlies over the Southern Ocean with increased
perturbation (fig. 3.5) but the response is nonlinear: westerlies strengthen in
4C' O, remain largely unchanged in 8 C'O; and decrease in 16C'O, experiments
(table 3.1) (discussed also in section 4.4).

Surface winds influence the ocean surface currents. In CTRL, 4C'Oy and
8C' O, experiments (Fig. 3.6a,b,c) the maximum velocities in the North At-
lantic are located along the Gulf Stream pathway, but a further increase
in COy concentration leads to a complete disappearance of that current
(Fig. 3.6d). The Gulf Stream is mainly wind-driven and it decreases in in-
tensity in the 16C' O, case in response to weakened surface winds. However,
many model studies have shown a weakening of strength of the Gulf Stream
as response to a North Atlantic freshening induced by global warming (Cai
et al, 1996; O'Hare et al, 2005) mainly due to changes in the thermohaline
circulation (Greatbatch et al, 1991; Cai, 1994).

The large decrease of the westerlies’s northward component at mid-latitudes
causes the warm and salty surface tropical waters to stop at about 40°N al-
lowing the Labrador Current to spread more southward (with respect to the
CTRL), as it is not anymore obstructed by the Gulf Stream northward flow.
Hence a convergence zone forms in mid-latitudes where tropical warm surface

waters meet cold surface waters originated in the Labrador Sea (Fig. 3.6d).

The changes in surface winds and ocean currents reflect also in the sur-
face salinity pattern(fig. 3.7). The CTRL experiment has a salinity pat-
tern 1psu generally saltier than the Levitus XX century climatology since
the hydrological cycle computed by the model lacks the contribution of the
river runoff (as it is climatological, as described in chapter 2) an important
source of freshwater input into the ocean. As for the SST field, the Labrador

Sea shows a peculiar behavior compared to the North Atlantic in all C'Os
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Figure 3.5: Annual mean 850 mb winds computed for (a) CTRL experi-
ment (arrows give direction and shaded the intensity (m/s)) and differences
between (b) 4xCOy, (c) 8xCO, and (d) 16xCO, and the CTRL simula-
tion (arrows give wind direction in 4xCO,, 8xCOq, 16xC Oy experiments
and shaded the intensity differences 4xCO,-CTRL, 8xC'O,-CTRL, 16xCO,-
CTRL (m/s)).



26 3. Simulated mean state: sensitivity to C'O, forcing

90°N
b ) North Aflantic surface currents 4CO2 (cmis)

d)

Figure 3.6: Annual mean surface currents (arrows give direction and shaded
the intensity (cm/s)) computed for (a) CTRL (b) 4xCOs,, (¢) 8xCO4 and (d)
16xC'O5 experiments.



3.2 Change at ocean-atmosphere interface

27

simulations: there is a significant SSS decrease with respect to the CTRL
(table 3.1) (fig. 3.7b,c,d) . Except for the area north of 45°N, the SSS in-
creases everywhere inside the Atlantic basin (fig. 3.7b,c,d) due to an excess
of the evaporation over the precipitation, as shown in fig. 3.8. The case of
16C O, experiment is different (fig. 3.7d) since it shows the formation of a
salinity front close to 45°N with fresher waters to the north and saltier to
the south. Surface waters less saline than in the CTRL could be due, as for
the SSTs, to the changed surface currents (fig. 3.6d). Manabe and Stouffer
(1994) in their 4C'O4 simulation found a marked SSS increase over the trop-
ical Atlantic and a pronounced reduction of surface salinity at high latitudes

as a result of increased supply of fresh water.

The surface freshwater fluxes, computed as the difference between evap-
oration minus precipitation (E-P), influence the ocean sea surface salinity
(fig. 3.8). The pattern shows an increased (decreased) freshwater flux at the
Tropics (high latitudes) and a poleward shift of the regions with positive
fluxes (fig. 3.8b,c,d). Positive (negative) freshwater flux tends to increase

(decrease) the surface water salinity.

The areas where the surface salinity reaches its maximum (minimum)
correspond to areas with maximum (minimum) evaporation (figs. 3.9, 3.10).
The maximum evaporation values in the CTRL case are located in the sub-
tropical band and along the Atlantic Ocean western boundary where the
surface waters are warmer than the air above (fig. 3.9a). The 4CO, and
8C' O, experiments do not show any striking difference with respect to the
CTRL case except for the Labrador Sea where the evaporation decrease with
increasing radiative forcing (-0.5 mm/d in 4CO; experiment and -1 mm/d
in 8C'Oy experiment) (fig. 3.9b,c). In 16C Oy experiment the decrease in
evaporation becomes larger (-2 mm/d) (fig. 3.9d). Southward of 30°N instead
the evaporation largely intensifies (about 2mm/d more with respect to the

CTRL value, fig. 3.9d ) influencing the SSS (fig. 3.7d).

Fig. 3.10 shows for the CTRL case the maximum precipitation values

associated with the strong convection in the ITCZ while lower values reflect
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the distribution of high pressure areas (fig. 3.4a). Over the polar regions
the atmospheric moisture content is very low and the amount of precipita-
tion is small. As response to the forcing, the precipitation over the ocean
increases at high latitudes and decreases at sub-tropical band. The increased
precipitation over the land in response to the enhanced C'O; concentration
does not influence the ocean density through an increased freshwater input
since the hydrologycal cycle lacks the river runoff contribution. In the trop-
ical Pacific a more stable tropospheric column combined with a more stable
ocean-atmosphere interface (with SST colder than the air above) and a cloud
feedback drastically decreases the convective component of the precipitation
(Cherchi et al, 2008).

The low latitude increase in evaporation and the high latitudes precipita-
tion enhancement are in good agreement with several global warming studies
suggesting a changed hydrological cycle in a warmer world (Kattemberg et
al , 1996; Thorpe et al, 2001; IPCC, 2007).

The freshwater input due to Arctic sea-ice melting influences as well the
salinity pattern at high latitudes. In the present simulations the enhanced
radiative forcing leads the North Pole sea-ice cap to melt, as mentioned
above, although with different melting rate. The 4C'O; experiment shows
a stabilization of Arctic sea ice volume after 86 years of simulation with a
volume reduction of 99% with respect to the CTRL. In the 8 CO, and 16C' O,
experiments the North Pole is completely free of ice after 69 and 17 years,
respectively (fig. 3.11). The sea ice melting in northern latitudes releases
freshwater at the rates of 0.01 Sv , 0.02 Sv and 0.06 Sv in 4CO,, 8CO,
and 16COy experiments , respectively (table 3.1). It is important to note
that in 4COy and 8C'O, experiments the freshwater input due to sea-ice
melting is much smaller than the freshwater forcing used in the classical 0.1
Sv hosing experiments (Stouffer et al, 2006), while in the 16 C'O5 experiment
is almost comparable being the 60% of 0.1 Sv. As described in chapter 2,
the coupled model used does not include a land-ice component. In the event

that the land-ice melting had been considered, the freshwater input obtained
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experiments

in the C'Oy simulations at high latitudes in the Altantic Ocean would have

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

the increased C'Oy 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 C'O, simulations we

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

in 4CO,, 8C Oy and 16C'0O, 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

Salinity and temperature fields also show changes in their vertical profile
with increasing forcing. Fig. 3.12 shows the Atlantic temperature and salin-
ity zonal mean pattern for all experiments (Fig. 3.12). The water column
tends to become warmer and more saline as the C'O, atmospheric concentra-
tion increases. The maximum of both warming and salinification is located
within the upper 4000m in 4C'O, experiment, 3000m in 8C'Oy experiment and
2000 in 16C'O4 experiment. The greatest warming is at depth in the tropical
areas since the surface does not warm up as much as the subsurface due to
the evaporation by winds blowing over the ocean surface. This subsurface
warming is a feature that develops in all the experiments but with different
intensities (+5°C in 4CO, , +10°C in 8C'Oy, +20°C in 16C'O4 experiments).
The salinity vertical profile (fig. 3.12b,d,f,h) follows the temperature profile
with saltier (fresher) waters in correspondence of warmer (colder) waters and
the salinity maximum is located in correspondence of the temperature max-
imum (+1 psu in 4COs , +3 psu in 8COy, +7 psu in 16C' Oy experiments).
As Manabe and Stouffer (1994) pointed out, the enhanced subsurface warm-
ing and salinification may be due to a reduction in the upward advection
of cold and fresh water in low latitudes as response to a weakened Atlantic
deep circulation. The increased water cooling and freshening at depth (below
4000m, 3000m and 2000m in 4C' Oy , 8C'O5 and 16C' Oy experiments respect-
ively) suggest changes in deep ocean circulation and deep waters formation
at high latitudes (fig. 3.13).

The Atlantic thermohaline circulation is measured by the meridional over-
turning streamfunction (fig. 3.13) . Its mean pattern shows an ATHC intens-
ity of about 30 Sv in the CTRL experiment, with the maximum value of 31
Sv at 1400m depth (fig. 3.13a). The ATHC obtained in the CTRL case shows
an overturning cell overly strong if compared with the existing estimates of
the present climate ATHC strength (about 21 Sv). This difference can be
attributed to the anomalous large SSS in the convective areas of the North

Atlantic due to the lack of river runoff contribution in the model hydrologycal
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cycle which leads the waters to become more dense and to sink more vigor-
ously. The northward flow in the upper 1400m transports warm and salty
seawater to the high latitudes where it is cooled sinking to the deep ocean.
The cold salty water then flows southward at 1500-3500m depth. The 30 Sv
flow across 30°S indicates an intense inter-hemispheric water mass exchange.
The anticlockwise cell beneath the ATHC cell is associated with Antarctic
Bottom Water formation, while cells in the upper tropical Atlantic are wind-
driven Ekman circulations. In response to increased atmospheric C'O,, the
entire ATHC cell weakens and becomes shallower with respect to the CTRL
(fig. 3.13b,¢,d). The streamfunction max value lies between 40°N and 60°N in
4C0O;y and 8C'O; experiments as in the CTRL (fig. 3.13a,b,c) (table 3.1). In
16C'O4 experiment the maximum is located between 20°N and 40°N and the
circulation at mid-latitudes weakens up to 12 Sv with respect to the CTRL
case (fig. 3.13d).

The weakening of the ATHC in the C'O, simulations is associated with a
shift and a a weakening of the convective sites. Fig. 3.14 shows the mixed
layer depths indicative of the water column depth over which the overturning
happens. It has been computed for the winter time (JEM) when the mixed
layer depth should reach its maximum value. The CTRL case shows the
active convective sites in the Nordic Seas (close to 75°N) and in the Lab-
rador Sea (close to 60°N). As the radiative forcing increases, the mixed layer
becomes shallower and the convective sites weaken both in the Nordic Seas
and the Labrador Sea (fig 3.14b,c,d). In particular, the 16xC'Oy experiment
shows a collapse of the old convective sites and the formation of a new one,

even though very shallow, south-east of Greenland (fig 3.14d).

The ATHC weakening under increasing C'O, forcing is in agreement with
several coupled model results (Dixon et al, 1999; Wood et al, 1999; Mikola-
jewicz and Voss, 2000; Thorpe et al, 2001; Schmittner et al, 2005; Gregory
et al, 2005; Weaver et al, 2007). However, the ATHC response to a COs
forcing is highly model dependent: while some simulations show a weakening,

others do not show significant reduction in the circulation strength (Latif et
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Figure 3.13: Annual mean meridional overturning streamfunction (Sv) com-

puted in the Atlantic Ocean longitudes for (a) CTRL, (b) 4xCOs, (¢) 8xCOy
and (d) 16xC'Oy experiments.
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al, 2000) or simulate its complete shutdown under a 4C'O, forcing (Manabe
and Stouffer, 1999). To date it is not clear whether heat or the freshwater
fluxes at high latitudes dominate the Atlantic THC response to the radiative
forcing (Manabe and Stouffer, 1999; Dixon et al, 1999; Gregory et al, 2005;
Weaver et al, 2007). In the present study, because of experimental design
and model configuration, we may consider that changes in heat flux domin-
ate. In fact the freshwater input, due to sea-ice melting and precipitation, is
weak, but anyway able to influence the salinity pattern making the waters
lighter. Only in the most extreme case is the freshwater input due to sea-ice
melting (0.06 Sv) may be considered comparable to the values used in the
traditional hosing experiments (Stouffer et al, 2006). As the river discharge
into the ocean is not taken into account in our C'Oy simulations a further

likely small contribution of freshwater input is lacking.

Despite the extreme radiative forcing applied, the ATHC seems to be
in a monostable equilibrium since the overturning cell undergoes to a pro-
gressive reduction and spatial reorganization but it never shows a complete
shutdown. Many mechanisms may be responsible for this behavior. A reason
may resides into an high latitudes freshwater input due to sea-ice melting not
great enough to leads the ATHC over the "Stommel bifurcation point", the
threshold beyond which no NADW formation can be sustained (Rahmstorf,
2000; Rahmstorf et al , 2005). The freshwater input due to sea-ice melting
are smaller than the ones used in previous traditional water-hosing experi-
ments. In our C'Oy simulations the consideration of the Greenland ice-sheet
melting in the model could influence greatly the freshwater input at high lat-
itudes leading the ATHC close to a collapse, in particular in the most extreme
case. In the 16C'O, in fact the sum of the freshwater input due to sea-ice
melting and the one due to Greenland ice-sheet melting (i.e. considering a
Greenland ice-sheet melting rate close to the one observed in present-day
global warming conditions, as discussed in the previous section) can reach
likely the 0.16 Sv input. However, the analysis of the freshwater transport

at 34°S in the Atlantic Ocean, as a measure of the salt-advection feedback
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through the basin (Hawkins et al, 2011), shows always positive values for
all our experiments (0.51 Sv, 0.50 Sv, 0,47 Sv and 0.57 Sv in CTRL,4COsx,
8C' O, and 16C' O, experiments, respectively) suggesting a monostable regime
of the ATHC. A continuous salt advection is in fact guaranteed through the
southern boundary of the Atlantic basin feeding the formation of NADW
at high latitudes. Nevertheless, more simulations with different C'O, forcing
are necessary to confirm the THC mono- or bi-stable behavior through an
hysteresis curve, for example. This finding is in agreement with the one
found by Hawkins et al.(2011) which shows using a coupled model study
under present- climate conditions a positive freshwater transport (0.5 Sv) at
34°S for values of the hosing lower than 0.35 Sv in the North Atlantic (a
stable ATHC). However, when the freshwater input exceeds that threshold

the ocean shows a bistable regime.

The Atlantic heat transport depends on changes in the circulation and
temperature pattern and it will changes in our experiments (fig. 3.15). The
input of heat in the basin increases with respect to CTRL in 4COy and
8C'O5 experiments. On the contrary it is similar to CTRL in the 16 CO4 case
(table 3.1,fig. 3.2). Since there is a large reduction in the heat transported
by the ocean in the 16C'O, experiment, a balanced heat budget requires a
reduction in the uptake of heat across the surface. The Atlantic cold tongue
is not well represented in these simulations, a common bias of many GCM,
and the ocean can not reduce its heat uptake by deepening the thermocline
(Barreiro et al, 2008). Instead, the ocean decreases its surface heat absorp-
tion more or less uniformly between 15°S and the Equator (fig. 3.2). Due to
a diminished vertical diffusivity through the water column (discussed in sec-
tion 4.3) the magnitude of the maximum heat transport in the basin is 1.16
PW, 1.12 PW, 1.03 PW and 0.72 PW for CTRL, 4CO,, 8C Oy and 16C O,
cases, respectively, and it is located between 10°N and 25°N, the latitudes

where the water column achieves its maximum warming (fig. 3.12a,c,e,g).
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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), 8xCOy (red

5

line) and 16xC' O, (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 C'O5 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 C'O,
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Figure 3.16: Zonal-mean cross sections of the global annual mean atmo-
spheric temperature (oC) computed for (a) CTRL, (b) 4xCOy , (¢) 8xCOs
and (d) 16xC'Oy experiments

simulations (fig. 3.17).

In response to the enhanced greenhouse effect induced by increased at-
mospheric C'O,, the troposphere shows a global warming (fig. 3.16b,c,d) and
a diminished meridional temperature gradient at the surface between high
and low latitudes depending on the retreat of sea-ice. The polar ice-cap in
fact acts reflecting back to the space the solar radiation at high latitudes
keeping the atmospheric temperature relatively low. When the sea-ice melts,

the albedo decreases, more sunlight is absorbed and the temperature tends
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Figure 3.17: Vertical profile of the global mean atmospheric temperature
(oC) computed at the Equator for CTRL (green line), 4xCOy (black line),
8xC'Oy (red line) and 16xC'Oy (blue line)experiments.

to increase. In the C'Oy experiments the high latitudes warm more than the
tropics while in the upper troposphere the situation reverses (fig. 3.16b,c,d).
As result of the global warming, the tropopause height rises (fig. 3.17), in
accordance with both observations and climate model simulations (Kushner

et al, 2001; Santer et al, 2003) .

In addition to a rise in the tropopause height, the C'Os; simulations
show an intensification and a poleward shift of the mid-latitude jet streams
(fig. 3.18b,c,d) as a consequence of thermal wind balance in the presence
of stratospheric cooling and tropospheric warming, as suggested by sev-
eral climate model simulations under IPCC scenarios (Kushner et al, 2001;
Raisanen , 2003; Williams, 2006; Lorenz et at, 2007).

Fig. 3.19 shows the vertical velocity in the troposphere for CTRIL and
CO, simulations. The annual mean strongest rising motions are centered
near 10°N associated with the mean position of the ITCZ. The equatorial
belt is flanked in each hemisphere by sinking motions between about 20°
and 40° latitude, followed by rising motions between 50° and 70° latitude,

and weak sinking motions poleward 70° latitude. As the forcing increases,
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Figure 3.18: Zonal-mean cross sections of the zonal wind component (m/s)
for global annual-mean conditions for (a) CTRL, (b) 4xCOs, (¢) 8C O, and
(d) 16CO4 experiments .
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so do the vertical velocities at all latitudes (fig. 3.19b,c,d). The vertical
velocity plays a key role in the vertical transport of the water vapor, with
the maximum upward transport over the equatorial region, associated with
the ascending branches of the Hadley cells, and the centers of maximum
downward flux occurring in the subtropics where subsidence prevails.

The highest water vapor concentration is found in the equatorial regions
(fig. 3.20) while it decreases strongly with latitude down to very low values
over the polar regions. The global pattern of humidity reflects the temper-
ature pattern (fig. 3.16) since the capacity of the atmosphere to retain water
vapor depends strongly on the temperature. The water vapor decreases rap-
idly with the height. In the CTRL case, more than 50% of the water vapor is
concentrated below the 850 mb surface, while more than 90% is confined to
the layer below 500 mb (fig. 3.20a). The C'O, simulations show an increased
tropospheric water vapor concentration which extends upward and poleward,
in agreement with the changes described in the vertical and meridional cir-
culations.

Previous studies done using the same set of experiments revealed a precip-
itation rate increase not proportional to the water vapor increase, in agree-
ment with the so-called "suppressant effect of C'Os5" described by Allen and
Ingram (2002), showing distinct contribution of thermodynamic and purely
dynamic processes to the precipitation changes in the monsoon areas (Cher-
chi et al, 2011).

3.5 Conclusions

This chapter analyses the sensitivity of the North Atlantic Ocean and of
the Atlantic THC to different C'O, increase in the atmosphere. Increased at-
mospheric C'Oy concentration leads to warmer global climate with a warmer
and more saline Atlantic Ocean. The Labrador Sea shows a distinctive be-
havior since it is subject to a freshening caused by changes in surface heat

and freshwater fluxes.
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Figure 3.20: Atmospheric global annual mean specific humidity (g/Kg) com-
puted for (a) CTRL, (b) 4xCO,, (¢) 8xCO5 and (d) 16xCO, experiments
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The sea-ice Arctic cap completely melts under global warming conditions
in the two more extreme experiments, while it stabilizes at 1% of its initial
volume in 4COs experiment. This melting induces a freshwater input in
the North Atlantic of 0.01 Sv, 0.02 Sv and 0.06 Sv in 4CO,, 8C' Oy and
16C'O4 simulations, respectively, which is far enough from the freshwater
forcing of the hosing-experiments, except for the 16C'Oy where the value is
almost comparable. As a land-ice component is missing, the model does
not simulate the freshwater input of the land-ice melting which could be an
important source of freshwater at high latitudes. Similarly, the river runoff
contribution lacks in the hydrologycal cycle computation, possibly reducing

the total input of freshwater into the ocean.

In response to the C'O, forcing, the Atlantic THC weakens and becomes
shallow, in agreement with previous studies (Dixon et al, 1999; Wood et al,
1999; Mikolajewicz and Voss, 2000; Thorpe et al, 2001; Schmittner et al,
2005; Gregory et al, 2005; Weaver et al, 2007). It never shows a collapse not
even in the most extreme case since the freshwater input at high latitudes
is probably far from the "Stommel bifurcation point", the threshold beyond
which no NADW formation can be sustained (Rahmstorf, 2000; Rahmstorf
et al , 2005). The ATHC shows in fact a monostable regime influenced
by the continuous salt-advection through the southern boundary of the At-
lantic basin. To analyze the ATHC hysteresis behavior a larger number of

experiments with increasing C'O, levels would be necessary.

In the most extreme case, the ATHC shows also a spatial reorganization,
with the collapse of the convective sites in the Labrador Sea, because of
a stratification of the water column and inhibition of NADW formation,
but the creation of new convective sites southeast of Greenland. In the
16C' Oy experiment the maximum overturning shifts at mid-latitudes. The
heat transport is affected as well by the weakening of the ATHC and the

stabilization of the water column with a decreased northward heat transport.

The decreasing heat advection into the high latitudes in response to the

increasing C'Oy concentration is influenced by the weakening of the Gulf
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Stream as well. The most extreme case shows an extinction of that current
directly connected with the decreased wind stress over the ocean surface
in the North Atlantic. Our finding is not in agreement with several studies
suggesting the weakening of the Gulf Stream under global warming conditions
mainly related to the weakening of the ATHC (Cai et al, 1996; O'Hare et al,
2005). According to the mentioned studies, the Gulf Stream can be created
without explicit wind forcing being generated by bottom pressure torque
effect (Gill and Bryan, 1971; Greatbatch et al, 1991). Although our analysis
shows a Gulf Stream intensity directly connected with the wind forcing over
the North Atlantic sector, we can not exclude a possible dependence of that
current from the ATHC. Further studies should be done in order to evaluate
the barotropic and the baroclinic components of the ATHC.

In the atmosphere the greenhouse gas properties of the water vapor, com-
bined with that of the C'O,, influence the tropospheric temperature, subjec-
ted to a warming at all levels and latitudes, and the Earth’s surface radiative
balance. A changed tropospheric temperature pattern causes a tropopause
height increase and a wind pattern variation, as suggested by several stud-
ies (Kushner et al, 2001; Raisanen , 2003; Williams, 2006; Lorenz et at,
2007). In the upper troposphere, the jet-streams intensify and shift pole-
ward while at the atmosphere-ocean surface the westerlies become weaker

and more zonal at mid-latitudes.






Chapter 4

The Atlantic Thermohaline
circulation under extreme climate

conditions

4.1 Introduction

The understanding of the physical mechanisms driving the Atlantic THC
is an important theme in the scientific community and the main results are
still controversial. Historically, the first candidate as driving mechanism
for the thermohaline circulation has been identified in the meridional dens-
ity gradient between low and high latitudes. Stommel (1961), using a box
model, was the first to define the Atlantic THC as essentially a gravity-
driven current system facilitated by meridional density gradient in the North
Atlantic. The density contrast between the Northern and Southern Hemi-
spheres has been taken into account later(Rooth, 1982; Scott et al, 1999;
Klinger et al, 1999). With the aid of an ocean GCM, Rahmstorf (1996)
identified a linear relationship between thermohaline overturning circulation
and the inter-hemispheric meridional density difference. Similar results were
obtained by Thorpe et al. (2001) using a coupled ocean-atmosphere general

circulation model in a range of climate change simulations: a good linear

o1
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relation was found between the Atlantic THC strength and the meridional
gradient of steric height (equivalent to column-integrated density) between
30°S and 60°N.

Later on, the relation between meridional density gradients and Atlantic
THC strength has been widely investigated by many studies (Nilsson and
Walin, 2001; Nilsson et al, 2003; Kuhlbrodt et al, 2007; De Boer et al, 2010;
Wang et al, 2010) but with controversial results. Among them, Wang et al.
(2010), using the SODA reanalysis from 1974 to 2005, found that the ATHC’s
strength is strongly related to the meridional density gradient between the
sub-polar and sub-tropical North Atlantic Ocean, with a positive correlation
coefficient of 0.52 (above the 99% significance level). On the contrary, De
Boer et al. (2010), using a set of experiments with the MOM4 OGCM coupled
to an energy-moisture balance model, found a negative correlation between
the ATHC and the meridional density gradient in the Atlantic regardless of
whether the density difference was computed at the surface or averaged over

the upper ocean and from the Equator or 30°S.

The ocean vertical stratification influences the vertical diffusivity since
more turbulent kinetic energy is required to displace water across a strong
vertical density gradient (Gargett and Holloway, 1984). The vertical dif-
fusivity in turn is strictly connected with the vertical mixing in the ocean
interior (Welander, 1986; Nilsson and Walin, 2001; Nilsson et al, 2003). A
strongly stratified ocean shows a smaller vertical mixing when the total rate
of small scale mixing energy supply (from winds and tides) is kept constant
(Kuhlbrodt et al, 2007). The majority of the current climate models uses
constant diffusivities in the ocean interior, while others employ parameter-
izations for vertical diffusion (Gnanadesikan et al, 2006; Jungclaus et al,
2006b). The analysis of Nilsson et al. (2001,2003), conducted with a one-
hemisphere ocean circulation model, shows a decreasing vertical diffusivity
with an increasing water column stratification and a THC slow down in re-
sponse to an increased equator-to-Pole density difference. Similar results

were found in a box model by Marzeion and Drange (2006). The importance
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of the influence of where the ocean stratification occurs on the Atlantic THC
stability is an open matter of discussion. While previous studies focused on
the main role of low latitude mixing (Munk and Wunsch, 1998), Marzeion
et al. (2007) showed that high latitude mixing may be critical in controlling
the vertical propagation of buoyancy anomalies imposed at the surface, and

thereby influence stratification and circulation in the Nordic Seas.

Another distinct mechanism discussed as a driver for the thermohaline
circulation is the wind-driven upwelling at the Southern Ocean. The At-
lantic THC changes due to modifications in energy supply by the surface
wind stress over the Southern Ocean were analyzed by many studies (Togg-
weiler and Samuels, 1995; Gnanadesikan, 1999; Saenko and Weaver, 2004;
Gnanadesikan, 2007; Hirabara et al, 2007). In their numerical experi-
ments, Toggweiler and Samuels (1995) found that the increased westerly
wind stresses over the Southern Ocean enhance the remote northern sink-
ing meridional overturning in the North Atlantic (i.e. Drake Passage effect).
At the latitudes of Drake Passage (about 56°S-63°S) the westerlies induce a
northward Ekman transport compensated by the southward flow primarily
below the sill depth as a geostrophically balanced flow. However, Saenko
and Weaver (2004) showed that there is not a direct relation between the
input of mechanical energy by the wind and the ocean heat transport and
that the same mechanical energy supply may results in different ocean heat
transports. Furthermore, they found that the mechanical energy provided
by the westerly winds in the Southern Ocean is important to drive the circu-
lation cell associated with the formation of bottom water around Antarctica,
rather than in driving the deep water flow and heat transport in the North
Atlantic. Hirabara et al. (2007) then demonstrated that the Drake Passage
effect should be understood through the global buoyancy flux changes. An
enhancement of wind stress at the Southern Ocean surface leads to an in-
creasing buoyancy gain hence to buoyancy anomalies which propagate into
the North Atlantic. These anomalies intensify the zonal density gradient at

high latitudes and enhance the North Atlantic overturning cell (Hirabara et
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al, 2007).

The Southern Ocean wind stress, the ocean density and vertical diffusivity
may by influenced by global warming conditions. Several studies analyze the
response of the Atlantic THC to an increased radiative forcing (Manabe and
Stouffer, 1994; Wood et al, 1999; Thorpe et al, 2001; Schmittner et al,
2005; Weaver et al, 2007; Marzeion et al, 2010) and, under 21st century
scenarios based on IPCC criteria. Most of coupled models show a weakening
of the North Atlantic deep water formation as mainly due to surface heat
and freshwater fluxes (Cubash et al, 2001; Gregory et al, 2005). Some
model simulations suggest, in fact, that the increased GHGs concentration
causes a reduction of heat loss and an enhanced freshwater input at high
latitudes making the surface waters less dense in the northern sinking regions
(Gregory et al, 2005; Weaver et al, 2007). The warming anomaly, due to
enhanced C'O, atmospheric concentration, penetrates the ocean and increases
the stratification at pycnocline depth. The stratification hence leads to a
decreased diffusivities affecting the Atlantic THC strength (Marzeion et al,
2010). Furthermore, Cai et al. (2003) showed a poleward shift of the westerly
winds and an increase of the buoyancy gain over the Southern Ocean as
response to a global warming. The buoyancy flux changes at the Southern
Ocean affect hence the enhancement of the Atlantic THC overturning in the

context of the Drake Passage effect.

Among the mechanisms influencing the ATHC intensity, the effect of the
Mediterranean Outflow (MOW) waters has been considered by many studies
(Rahmstorf, 1998; Candela, 2001; Artale et al, 2003, 2006; Wu et al, 2007).
In the Mediterranean Sea high-density waters form into the basin since there
is an excess of evaporation over precipitation plus river runoff (Da Silva et
al, 1994; Mariotti et al, 2002; Wu et al, 2007). Light waters from the
Atlantic Ocean enter the basin through the Gibraltar Strait in the surface
layers while dense and saline waters flow into the Atlantic Ocean at deeper
layers. The MOW produces a tongue of very salty water (1psu saltier than
the Atlantic inflow in the Mediterranean (Gerdes et al, 1999)) in the entire
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North Atlantic at intermediate depths, identified throughout the whole North
Atlantic at depth of about 1100m (Candela, 2001). This input is able to
precondition the surface water column of the convective cells in the northern

North Atlantic (Artale et al, 2006).

Rahmstorf (1998), with the aid of a global ocean circulation model coupled
to a simple atmospheric energy balance model, investigated the impact of a
more saline MOW, due to a reduced freshwater input of 0.0027 Sv by the
Nile, in the Mediterranean basin, on the ATHC intensity. He showed that
the change in MOW was far too small to have have any noticeable effect.
However, the comparison between experiments with and without the MOW
input at the Gibraltar Strait showed the ATHC influenced by the Mediter-
ranean salty waters. In particular, the Atlantic THC increased its strength
with the maximum streamfunction variation located below the surface at
the Gibraltar Strait latitude (Rahmstorf, 1998). The overall maximum of
the (zonally integrated) overturning was therefore not affected, in contrast
to what happens when freshwater is added at the North Atlantic surface.
However, there is a substantial uncertainty covering the path of MOW in
the North Atlantic (Bower et al, 2002; Sparrow et al, 2002) and its im-
pact on deep water formation occurring in the North Atlantic (Reid, 1979;
McCartney et al, 2001).

The increasing freshwater input at high latitudes as result of the global
warming has been simulated by many studies with the aid of the water-hosing
experiments performed with models of intermediate complexity (EMICs), in-
cluding ocean general circulation models (OGCMs) coupled to highly simpli-
fied atmosphere (Stouffer et al, 2006; Barreiro et al, 2008). The sensitivity
of the THC to an external freshwater input has been analyzed applying to
the North Atlantic a uniformly water flux forcing between 50°N-70°N. The
freshwater perturbation of 0.1 Sv has been taken to represent the expected
freshwater input in a largeC'Os-induced climate change, for instance at 4
times the present-day’s C'O, atmospheric concentration (Wood et al, 1999;

Dixon et al, 1999). The 1.0 Sv freshwater forcing instead, used in some sim-
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ulations, is comparable to the meltwater release during the last glacial era
and the deglaciation (Clarke et al, 2003). The response of the THC to the
freshwater perturbation was found to vary among the models in dependence
of the magnitude and the duration of the perturbation (Stouffer et al, 2006).
A strong weakening, by about 30%, or a total collapse of the North Atlantic
overturning cell resulted when the freshwater input applied was equal to 0.1
Sv or 1.0 Sv, respectively (Stouffer et al, 2006), being anyway the THC
response highly model dependent.

In our experiments, the freshwater input associated to sea-ice melting is
small and large changes in the density properties are driven by increased
temperature and associated changes in the heat fluxes. The only simulation
showing a freshwater flux due to Arctic ice melting not negligible is the most

extreme one, as already discussed in section 3.2.

The aim of this part of the study is to investigate the details of the
processes at work in the simulated ATHC changes. In particular we have
focused on three important mechanisms: the meridional density gradient
between high and low Atlantic latitudes, the ocean vertical diffusivity and
the Southern Ocean wind stress. The influence of the MOW on the ATHC is

investigated as well in order to answer to the following scientific questions:

1. Which mechanisms control the oceanic circulation under extreme cli-

mates?

2. Which is the effect of the Mediterranean Outflow waters over the
Atlantic THC intensity?

This chapter is organized as follows: section 4.2 analyzes the influence of
the meridional density gradients over the Atlantic THC, section 4.3 investig-
ates the relation between the Atlantic THC strength and the ocean vertical
diffusivity, section 4.4 studies the impact of the Southern Ocean wind stress
over the Atlantic THC intensity, section 4.5 analyzes the effect of the high-
density MOW on the ATHC intensity and section 4.6 gives some concluding

remarks.
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4.2 Influence of density gradients

The North Atlantic annual mean surface sigma density field, calculated
for each experiment, is shown in fig. 4.1. In 4C' Oy and 8C'O, experiments, as
well as in CTRL, denser waters are confined at high latitudes while lighter
to the tropics. The comparison of sensitivity experiments with the CTRL
shows that there is a uniform decrease of the sigma density inside the basin
with the increase in atmospheric carbon dioxide (fig. 4.1a,b,c). In the 16 C'O,
experiment the sigma density pattern assumes a distinctive shape with the
presence of a front close to 40°N with lighter waters (with sigma density
less than 25Kg/m?) northward of this latitude and denser waters southward
(fig. 4.1d). At middle latitudes, between 40°N and 60°N, precipitation lar-
ger than evaporation (fig. 3.8d) helps in decreasing the surface water sigma
density in addition to the contribution of freshwater from sea-ice melting.

The evaporation pattern (fig. 3.9) influences mainly the mid-latitudes
leading to more dense waters between 15°N-40°N where the evaporation in-
creases under global warming conditions. The sigma density changes are
related as well to changes in the surface heat fluxes (fig. 3.2): the areas
where lighter waters are located correspond to the regions of ocean heat up-
take. As indicated by many studies, the Labrador Sea is a susceptible region
to increasing C'O, and the changes in heat and freshwater fluxes consequence
of the global warming act to reduce the water column density and hence the
formation of deep waters south of Greenland (Mikolajewicz and Voss, 2000;
Weaver et al, 2007). Further, Wood et al. (1999) suggested that convection
sites in the Labrador Sea and the Nordic Seas respond differently to global
warming showing in their 4C'O, simulation a convection collapse in the Lab-
rador Sea and a preservation of convection, or even reinforced, in the Nordic
Seas. In the present study, the weakening of the Atlantic THC with increas-
ing CO, (fig. 3.13) is mainly the result of the shut-down of the convective
sites in the Labrador Sea (fig. 3.14) due to a decreased sigma surface density
in the region of Labrador Sea Waters (LSW) formation. In 16C'Oy simula-
tion, the convective sites of Nordic Seas (fig. 3.14d) are still active, although
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Figure 4.1: Annual mean surface sigma density (Kg/m?) for (a) CTRL, (b)
4xC Oy, (¢) 8CO4 and (d) 16xCO;y experiments.
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with a diminished intensity. The warm and salty tropical waters, which do
not reach the high-latitudes, stop close to the density front at 40°N and sink
there. Only a weakened branch of the ATHC, not influenced by the upper
level sigma density front at mid-latitudes, flows further north and sink in the
Nordic Seas (fig. 3.13d).

Fig. 4.2 shows the Atlantic annual mean sigma density vertical profile
for all the simulations computed for the first 500m. In CO, experiments,
the water column becomes lighter than in the CTRL case, since it is sub-
jected to a strong warming (fig. 3.12¢,g,e), and the isopycnals hence deepen
(table 3.1). At high latitudes, the sigma density decrease can be identified,
between 60°N to 80°N, with the deepening of the 28 Kg/m? isopycnal in
4C' Oy and 8C Oy experiments and its totally absence within the uppermost
400m in the 16C'O5 simulation. The latter case suggests that no dense and
deep waters form north of 60°N, as indicated by the meridional overturn-
ing streamfunction changes (fig. 3.13d) and the mixed layer depth pattern
(fig. 3.14d). The surface freshening between 40°N and 60°N deepens to about
50-100m (fig. 4.2d). The surface sigma density front is also visible close to
40°N with lower sigma density values northward of this latitude (25Kg/m?)
and higher southward of it (26Kg/m?).

The changes in the sigma density pattern lead to changes in the meridi-
onal density gradient between high and low latitudes. Fig. 4.3a shows the
maximum value of the overturning streamfunction for all the simulations in
the Atlantic basin, computed at 25°N, as a function of the meridional sigma
density difference between 60°N and the equator. The Atlantic THC intensity
has been computed at 25°N in order to take into account the streamfunc-
tion maximum value for all the simulations, since the ATHC maximum shifts

equatorward in the 16C'O, experiment.

The choice of the latitudinal end-points of sigma density was made based
on the model study made by Stommel (1961) which related the THC intensity
to the meridional density difference in one hemisphere (i.e. North Atlantic).

Fig. 4.3b differs from fig. 4.3a as the meridional sigma density gradients have
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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)
8xC'Oy and (d) 16xC' O, experiments.
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been calculated between 60°N and the 30°S as done by many studies (Hughes
and Weaver, 1994; Rahmstorf, 1996; Scott et al, 1999; Thorpe et al, 2001;
De Boer et al, 2010).

The comparison between fig. 4.3a and fig. 4.3b evidences that the res-
ults are not sensitive to the choice of the southern end-point. In fig. 4.3
the sigma density has been vertically integrated over different water column
depths (300m, 500m, 700m and 1000m) to test the sensitivity of the rela-
tionship between density gradients and the northward flow of the Atlantic
circulation. As the radiative forcing increases, the Atlantic waters are sub-
jected to a differential lightening with the tropical waters showing a bigger
sigma density decrease than the northern ones. This leads to meridional
density gradients that increase with respect to the CTRL values in the 4C'O,
and 8CO, simulations (fig. 4.3) independently of the depth of the considered
water column and the southern end point. The 16 C Oy simulation shows in-
stead meridional density gradients almost equal to the CTRL ones, because
the sigma density at high and low latitudes changes by similar amounts.
Thus, we found an inverse relationship between the ATHC intensity and the
meridional density gradients in 4C'O, and 8C' O, cases: as the COy concen-
tration is enhanced, the meridional density gradients increase and the ATHC
weakens. This relation breaks in 16C O, experiment since the meridional
density gradients do not change significantly with respect to the CTRL case
but the Atlantic THC shows a large weakening by more than half of its initial
value. The similar meridional density gradients between the CTRL case and
the 16C'O4 experiment could be index of an hysteresis in the ATHC response
to the radiative forcing, nevertheless to confirm this more simulations with

different C'O, forcing would be necessary.

Our findings differ from those of many other ocean general circulation
model simulations that suggest a linear relationship between the Atlantic
maximum overturning streamfunction and the meridional density gradients
(Rahmstorf, 1996; Thorpe et al, 2001). Nevertheless this relationship can

be reversed if the advective-diffusive balance in the thermocline is taken into
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Figure 4.3: Max Atlantic THC intensity (Sv) at 25°N versus annual mean
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60°N and 30°S for CTRL, 4xC'Oy, 8xCO5 and 16xC'O; experiments (from top
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account (Bryan, 1987). The results obtained in the present study are in
good agreement with De Boer at al. (2010) although the authors found in
the meridional pressure gradient a better indicator of the overturning instead
of the meridional density gradient since it is proportional to zonal currents

by geostrophy.

4.3 Vertical diffusivity and ATHC strength

The anti-correlation found between the ATHC intensity and the meridi-
onal density gradients in 4C'Oy and 8C'O, simulations suggests to consider
the diffusive processes in the ocean interior as a possible mechanism influ-
encing the oceanic circulation strength (Bryan, 1987; Nilsson et al, 2003).
Many studies showing a positive relation between density gradients and the
ATHC strength use models with a constant vertical diffusivity in the ocean
interior (Rahmstorf, 1996; Thorpe et al, 2001; Wang et al, 2010). Welander
(1986), assuming an advective-diffusive balance in the thermocline, found,

instead of a linear scaling law,

Y~ ApBEE (4.1)

where 9 is the strength of the ATHC, Ap the equator-to-Pole density
difference and k the ocean vertical diffusivity. In agreement with this law,
if the vertical diffusivity is kept constant, the oceanic circulation enhances
as a response to an increasing meridional density gradient. However, the
vertical diffusivity is strongly influenced by the vertical density stratification
and Nilsson et al. (2001) have shown that, if the vertical diffusivity decreases
due to an enhanced ocean vertical stratification, the Atlantic THC weakens.

Fig. 4.4 shows the relation between the maximum value of the Atlantic
THC at 25°N and the vertical diffusivity coefficients for the sensitivity exper-
iments. The vertical diffusivity values are calculated as an annual mean over
the North Atlantic basin (60°N-80°N) and over the first 2000m of the water

column for the winter months (DJF). The time period was chosen to consider
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Figure 4.4: North Atlantic (averaged between 60°N-80°N) DJF mean vertical
diffusivity ( 107 m?/s) integrated between 100-2000m depth, versus ATHC
max intensity computed at 25°N for CTRL (green diamond), 4xC'Oy (black
square), 8xC'Oy (red triangle) and 16xC O, (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 C'O, 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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between vertical diffusivity and the Atlantic THC strength (fig. 4.4) implies
that as the vertical diffusion decreases with increased C'Os forcing so does the
circulation intensity into the ocean basin (table 3.1). The increased stratifica-
tion at high latitudes, associated with a decreased vertical diffusivity, leads to
less dense water forming (mainly in the Labrador Sea, as already discussed)
and to a reduced Atlantic overturning. In our simulations the mixing at high
latitudes is the critical parameter that controls the propagation of buoyancy
anomalies from the ocean surface to depth and that influences the circulation
in the Nordic Seas. This result agrees with Marzeion et al. (2007) as opposed
to the finding by Munk and Wunsch (1998) showing a more crucial role to
the mixing at low latitudes. Our findings are in agreement with Nilsson et
al. (2001) who showed in their conceptual and single-hemisphere model an
increasing overturning with a decreasing north-south density gradient, in op-
position to the Stommel feedback (Stommel, 1961). However, the study of
Nilsson et al. (2001) has the deficiency of referring to processes acting only
in one hemisphere and not considering possible mechanisms involving the

Southern Ocean and which could affect the strength of the Atlantic THC.

4.4 The Southern Ocean winds

As already discussed, the westerly winds blowing over the Southern Ocean
respond to the increased temperature, with a poleward shift (fig. 3.5), in
agreement with Cai et al. (2003). The wind intensity is influenced as well
showing a non linear response with the applied perturbation. This beha-
vior reflects in the Southern Ocean wind stress intensity and in the poleward
shift of its maximum value (table 3.1). The westerly wind stress maximum
increases in the 4C'Oy experiment, does not change in the 8CO, experi-
ment and weakens in the 16C'O5 experiment with respect to the CTRL value
(table 3.1).

As suggested by several studies (Toggweiler and Samuels, 1995; Saenko
and Weaver, 2004; Gnanadesikan, 2007; Hirabara et al, 2007), increased
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Figure 4.5: Southern Ocean zonal wind stress (averaged between 30°S and
80°S) annual mean ( 1072 N/m?) versus ATHC max intensity computed at
25°N at steady state for CTRL (green diamond), 4xCO, (black square),
8xC' Oy (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 8 CO,
simulation a great decrease of the ATHC is associated with a little decline
of SO winds intensity. The 16C'O; 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 16 C'Oy experiment. The

reason may lie in the meridional density gradients changes since the influence
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of Southern Ocean wind stress anomalies over the Atlantic THC intensity, as
indicated by Gnanadesikan (1999), holds assuming constant the meridional
density gradients. Our results however show that in 4CO; and in 8C'O,
simulations the meridional density gradient changes as response to global
warming and only in the 16C'O4 experiment the meridional density differences
are held fixed being close to the CTRL ones. Furthermore, the disconnection
of the strength of the Atlantic THC from the westerly wind stress in the
Southern Ocean in 4C 0Oy and 8C'O, experiments could be also due to the
ocean vertical diffusion. As suggested by Sevellec and Fedorov (2011), if
the North Atlantic ocean vertical diffusivity is strong enough to sustain the
maximum part of the overturning, the Atlantic THC becomes less sensitive

to the wind stress over the Southern Ocean.

4.5 The effect of Mediterranean Outflow on the

Atlantic Thermohaline Circulation

The set of experiments discussed above does not consider the effect of
the Mediterranean Outflow Waters (MOW) on the Atlantic THC since a
relaxation of temperature and salinity to Levitus XX century climatology
(Levitus et al, 1998) was applied every year to the Mediterranean waters.

In order to evaluate the impact of higher MOW salinity over the ATHC
intensity, a new experiment has been performed (16CO;M) without salinity
relaxation of the Mediterranean waters. The temperature relaxation has been
maintained in order to avoid model numerical instability due to very high
temperature and values reached by the Mediterranean waters under extreme
CO, forcing.

The model hydrological cycle, which considers a XX century climatologic
river runoff contribution, allows the Mediterranean waters in the 16 COyM
experiment to become more saltier and denser than those in the 16 C'O, sim-
ulation. The salinity difference among the two experiments is mainly due to

an increased evaporation over the basin in the 16C'O;M experiment (fig. 4.6)



68

4. The Atlantic Thermohaline circulation under extreme climate
conditions

Evaporation 16C02M - 16CO2 (fmid)

Figure 4.6: Annual mean evaporation difference (mm/d) between 16x CO,M

and 16xC'O, simulations.

in turn enhanced by an increased surface winds intensity (not shown), being
the temperature gradient between surface waters and the air above kept fixed
through the temperature relaxation.

In the Atlantic Ocean hence an high input of salinity has been obtained by
the Mediterranean Outflow waters through the Gibraltar Strait. Comparing
16CO3M and 16C'O, experiments, the annual mean salinity pattern, averaged
over the upper 3000m in the Atlantic longitudes, increases by about 2 psu at
1800m depth close to the Gibraltar Strait latitude (about 40°N; see fig. 4.7b
versus 4.7a). The high salinity anomaly then spreads southward along the
Atlantic latitudes with decreasing intensities. At upper levels the salinity
decreases, in particular at high latitudes (of about 0.5 psu) suggesting an
influence on the density of NADW.

The vertical sigma density pattern in the Atlantic basin (fig. 4.8) is
strongly influenced by the salinity input. At 40°N a strong density front
forms in the water column (between 250m and 2500m) with higher density
waters (maximum increase of 0.5 Kg/m?) in the 16xCO;M simulation. The
positive anomaly then widens equatorward at depth leading to a generally
denser water column below 1000m depth. At mid-high latitudes (between
45°N and 90°N) the upper levels (0-500m) show a negative density anomaly
of about 0.25 Kg/m?. The northern North Atlantic waters hence become less
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Figure 4.7: Vertical profile (0-3000m) of annual mean salinity (psu) com-
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Figure 4.8: Vertical profile (0-3000m) of annual mean sigma density (Kg/m?)
averaged in the Atlantic Ocean longitudes for (a) 16C'Oy and (b) 16CO,M

experiments.

dense and lighter influencing the formation of the NADW at high latitudes.
On the other hand, at low latitudes (between 40°S and 30°N) the upper layer
(0-1000m) density does not show striking differences.

The water column density front in the 16COs;M experiment is generated
by an enhanced input of denser waters through the Gibraltar Strait. The
salinity increase in the Mediterranean Sea leads to a stronger zonal density
gradient (1.3 Kg/m3 in 16CO, experiment and 3.5 Kg/m? in 16CO,M case)
between the Alboran Sea and the Gulf of Cadiz (GoC), the part of the At-
lantic Ocean close to Gibraltar Strait. In response to the increased density
contrast between the two basins, the water transport from the Mediterranean
Sea through the Gibraltar Strait increases (1.19 Sv in 16 C'O5 experiment and
3.12 Sv in 16COsM case).

At the Gibraltar Strait the intense mixing in the GoC increases the trans-



4.5 The effect of Mediterranean Outflow on the Atlantic
Thermohaline Circulation

71

port of the MOW by a factor of 3 by entraining the overlying North Atlantic
Central Water (NACW), as suggested by several studies (Ambar and Howe,
1979; Ochoa and Bray, 1991; Baringer and Price, 1997). In the case of 16 CO,
experiment the MOW transport in the GoC increases to 2.91 Sv while in the
16C'Os;M simulation to 8.31 Sv with respect to the transport through the
Gibraltar Strait. This entrainment process in the GoC introduces a sink
at the Atlantic ocean eastern boundary capable of inducing and influencing

strong zonal flows such as the Azores Current (Jia, 1999).

The Azores Current (AC) is the southern branch of the Gulf Stream
split southeast of the Grand Banks of Newfoundland. The AC heads south-
eastward across the Mid-Atlantic Ridge to the south of the Azores then
flowing mainly eastward at a latitude of about 35°N to the GoC. The eastward
flow is mostly in the latitudinal band between 35°N and 50°N in the upper few
hundred meters but can deepen to 2000m. The water mass transformation
associated with the Mediterranean overflow in the GoC may influence the
AC intensity (Jia, 1999). Fig. 4.9 shows the path of the AC computed at
100m for 16C'O, and 16COsM experiments mainly included between 15°N
and 35°N. In the 16C'OsM the sink of denser waters with respect to 16C'Os
simulation in the GoC leads to an intensification of the AC, computed over
the upper 1000m of water column, to 10.31 Sv versus the 8.86 Sv of the 16 C'O,
experiment. The increased transport leads in the 16 CO;M simulation to the

recirculation at mid-latitudes of the dense MOW reinforcing the density front.

The density changes through the water column in response to the salinity
input at the Gibraltar Strait influence the Atlantic THC. The streamfunc-
tion of the meridional overturning circulation into the basin (fig. 4.10) shows
in fact a different pattern of the oceanic circulation in the 16xCOsM ex-
periment. The ATHC stops at 40°N, becomes weaker with its maximum
value decreasing by 0.5 Sv (from 13.2 Sv in 16xCOs to 12.7 Sv in 16xC'OsM)
and deepening to 3000m depth (fig. 4.10b). Northward of 40°N the ATHC
strongly decreases with its maximum weakening of 4 Sv at the Gibraltar

Strait latitude.
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Figure 4.9: Annual mean ocean currents (arrows give direction and shaded

the intensity (cm/s)) computed at 100m depth for (a) 16xCOs and (b)
16xC'OyM experiments.
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The salinity input of 2psu provided by the MOW into the Atlantic basin
acts hence creating a strong density front through the water column at the
latitude of the Gibraltar Strait obstructing the northward flow of the Atlantic
THC. The tropical warm waters reaching the front and the high density
waters are constrained to sink at that latitude and they are not allowed to
reach the high latitudes. On the other hand, in the North Atlantic the waters
become lighter and the NADW stop to form. A further contribution to the
ATHC stop at mid-latitudes in 16xC'O;M experiment may be given by the
zonal intensification of the AC preventing the meridional northward flow.

Our findings show hence that a salinity input by the MOW may strongly
influence under extreme C'O, forcing the ATHC intensity and the North
Atlantic hydrography.

4.6 Conclusions

The mechanisms involved in the response of the Atlantic THC to the
radiative forcing have been investigated and specific attention has been posed
to changes in meridional density gradients between high and low latitudes, in
water column vertical diffusivity and in Southern Ocean wind stress as main
factors influencing the ocean circulation intensity.

The density pattern, influenced by changes in temperature and salinity
anomalies, shows a lighter water column when the C'O, atmospheric concen-
tration is enhanced. We found an anti-correlation between the strength of
the Atlantic THC at 25°N and the meridional density gradient: the circu-
lation weakens as the density gradient increases.This result is not sensitive
to integrating the density difference over different ocean depths or to using
the Equator or 30°S latitude as the southern endpoint. However the 16 C'O,
experiment behaves differently since even though the computed meridional
density gradient is close to the CTRL one, the Atlantic THC strongly weak-
ens. The distinctive behavior of the 16C'O, experiment with respect to the

4C'0Oy and 8CO, simulations may suggest the reaching of a threshold beyond
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which the climate system responds to the radiative forcing in a different way.
An hysteresis of the system could exist, but to confirm this hypothesis several

experiments with different C'Oy atmospheric forcing would be necessary.

The anti-correlation found in the 4C'O5 and 8 C'O5 between the meridional
density differences and the ATHC strength suggests the importance to take
into account other mechanisms influencing the oceanic circulation. Bryan et
al. (1987) indicated the vertical diffusivity processes in the ocean interior as
controlling the strength of the ATHC (Bryan, 1987). In the present study,
a close to linear relationship is found in all the C'O; simulations between
the circulation intensity and the North Atlantic vertical diffusion: when the
forcing applied increases, the vertical mixing through the water column de-
creases at high latitudes, as response to vertical density stratification, and
the Atlantic THC weakens. This finding is in agreement with Nillsson et
al. (2001,2003) who showed a decreased vertical diffusion, linked to an in-
creased stratification of the water column, as the cause of a weakened ocean

circulation.

Another mechanism considered as a possible driver for the Atlantic THC
is the wind stress over the Southern Ocean surface. Despite many studies
stress the strong dependence of the ocean circulation intensity from the wind
forcing at the Southern Hemisphere (Toggweiler and Samuels, 1995; Saenko
and Weaver, 2004; Gnanadesikan, 2007; Hirabara et al, 2007), with an in-
creasing wind forcing leading to an increasing overturning in the Atlantic
Ocean, our set of experiments does not show any particular relation between
the two variables. The intensity of the Atlantic THC seems indeed discon-
nected from the forcing acting over the Southern Ocean surface, except for
the 16C'Oy simulation where a reduction in the Atlantic THC is related to
a weakening of the westerlies stress (in addition to changes in diffusivity).
The reason may lie in the meridional density gradients changes since the
theory according to which the Southern Ocean wind stress affects the ATHC
intensity assumes that the meridional density differences between high and

low latitudes are kept fixed (Gnanadesikan, 1999). Furthermore, in the 4CO;
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and 8C'O, simulations an important role may be played by vertical diffusion
being strong enough to sustain the maximum part of the overturning and
leading to a less sensitive Atlantic THC to the Southern Ocean wind stress,

as suggested by Sevellec and Fedorov (2011).

The analysis of the Atlantic THC mechanisms shows that, under an ex-
treme radiative forcing, a good indicator of the Atlantic THC strength resides
in the high latitudes vertical diffusivity: as the latter decreases as response to
a global warming so does the former. Our results suggest that only after the
ocean vertical diffusion has strongly decreased due to large vertical density
stratification that it can not longer sustain the maximum overturning, other
mechanisms may play a role to maintain the Atlantic THC. The energy sup-
ply by the Southern Ocean wind stress could represent a further circulation
driving mechanism when the meridional density gradients between high and
low latitudes do not suffer variations in response to a global warming: if the
meridional density differences are held fixed, the Atlantic THC may weaken
as response to a decreasing wind stress over the Southern Ocean, as shown

for the most extreme case (16CO,).

Another factor influencing the ATHC is represented by the water mass
properties of the MOW. The input of very high density waters through the
Gibraltar Strait, as shown in 16C'O,M simulation, leads to an intensifica-
tion at mid-latitudes of the Azores Current which, recirculating zonally the
high density MOW, forms a density front close to 40°N involving the whole
Atlantic water column. That front acts over the ATHC obstructing the
northward flow and leading the warm and salty tropical waters to sink at
mid-latitude. As a consequence, the high latitudes surface waters become

lighter preventing the NADW formation.

Nevertheless, it is worth pointing out some shortcomings of this study.
We used a coupled model with relatively low ocean resolution, which may
overrepresent the importance of diffusive processes compared to those in the
real ocean. Moreover, the freshwater input due to land-ice melting and river

runoff changes, not considered in the present study, could affect our results
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acting over the high latitudes water column stratification and hence over
the ocean vertical diffusivity. A stronger Atlantic THC weakening should be
expected in the C'O, simulations if this process is taken into account. Fur-
thermore, given the influence of the MOW property on the North Atlantic
hydrography and its effect on ATHC, a better representation of the Mediter-
ranean waters, without relaxation in temperature and salinity fields, should

be considered into the model.






Chapter 5

A preliminary study of the energy
balance in extreme climate

regimes

5.1 Introduction

The energetics properties of the climate system have been analyzed by
several authors (Carissimo et al, 1984; Kiehl and Trenberth, 1997; Trenberth
and Caron, 2001; Trenberth et al, 2009; Lucarini and Rangone, 2011) and
the atmospheric and oceanic energy budget components have been widely
investigated in order to understand which of them mostly contribute to the
climate system total energy (Lorenz, 1955; Munk and Wunsch, 1998; Wunsch
and Ferrari, 2004).

Kinetic energy (KE), potential energy (PE) and internal energy (IE) are
the main intrinsic forms of the energy of the climate system and they can be

written as:

1
KE = §p(u2 +v?) (5.1)

PE = pgz (5.2)
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IE = pe,T (5.3)

where p is the fluid density, v and v are the velocity horizontal compon-
ents, g the gravity acceleration (9.81 m/s?), z the geometric height in the
ocean or geopotential height in the atmosphere , ¢, the specific heat at con-
stant volume (717 J/KgK for atmosphere and 4187 J/KgK for the ocean),
and T the temperature.

In the atmosphere an additional contribution to the total energy is given
by the latent energy (LE), coming from the evaporation and condensation of

water vapor

LE = pLq (5.4)

where L is the latent heat of evaporation (2501 J/g) and ¢ the specific
humidity. The total energy of the atmosphere is hence given by:

E=IE+PE+LE+KE (5.5)

The heat absorbed by the atmosphere leads to an increase of IE and
PE which is partially (less than 1%) converted into KE to maintain the
atmospheric and oceanic general circulations against friction (Peixoto and
Oort, 1992). Only a part of the total potential energy (sum of IE and PE,
as defined by Lorenz, 1955) is involved in the transformation process and is
thus available to be converted into KE.

In the atmosphere, the smaller energy contribution is due to the KE
(0.05%), while the largest forms of energy are the IE (70.4%), PE (27.1%)
and LH (2.5%) (Peixoto and Oort, 1992). Nevertheless, KE represents a
considerable part of the energy available for the atmospheric general circu-
lation and plays an important function in the general circulation energetics.
The destruction of the atmospheric KE can be induced by the work done
by the atmospheric circulation against the frictional forces which acts con-

verting KE in IE in an irreversible process. The KE zonal energy transport
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in the atmosphere is delivered mainly by the jet stream in the upper tro-
posphere and a well-defined convergence of total kinetic energy is found at
mid-latitudes (Peixoto and Oort, 1992). The most important mechanism of
meridional energy transport in the atmosphere is the mean meridional cell
circulation (Hadley cell) between 20°S and 20°N.

The available potential energy (APE) is defined, following the so-called

"approximate" expression of Lorenz (1955), by

1 (T —T)?
2pcp < d(rd — F)T) (5.6)
where
oT
I'=——+ .
5 (5.7)

is the vertical lapse rate of temperature, I'y=g/c, is the dry-adiabatic
lapse rate and c, the atmospheric specific heat at constant pressure. The ~
denotes an average over an entire isobaric surface.

From eq. 5.6, it follows that the APE may be approximated by a weighted
average of the horizontal variance of temperature. Furthermore, KE is pro-
duced when cold air sinks and warm air rises at the same level. In order to
have such a process, there must be different temperatures at the same level.
If the stratification is stable, the temperature at a fixed elevation will rise in
the sinking air and fall in the rising air and the process will thereby reduce
the horizontal temperature contrast. Moreover, the less stable the stratific-
ation, the farther the cold air must sink and the warm air must rise in order
to eliminate the temperature contrast. Thus more KE is attainable and so
more APE is present when the horizontal temperature contrast is greater and
when the stratification is less stable.

In the ocean, as in atmosphere, the maximum part of total energy comes
from IE and PE (or total potential energy, as defined by Lorenz, 1955). KE
is very small if compared with the total energy. However, the availability

of energy can be described in terms of the potential and internal energy
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changes with respect to a reference state. According to Reid et al. (1981),
the gravitational potential energy in the oceans is the dominant term in
the total available energy while the available internal energy can at most
contribute 10% to 20% to the total. Furthermore, the contribution of the
internal energy to the total available energy seems to be negative, contrary to
what is observed in the atmosphere. This can be attributed to the different
compressibility as a function of temperature in the oceans and atmosphere.

In agreement with Oort et al. (1989) the contribution of the available
internal energy in the ocean can be neglected and the available (gravitational)

potential energy is given by

1 (p—p)*

where p is the local density, p is the reference density obtained by the
horizontal average of the local density in the basin of interest and % is the
vertical gradient of the local potential density.

The APE represents the energy stored in the horizontal variations of the
density field and it is the relevant form of potential energy in a stratified
fluid (Lorenz, 1955). The highest values of APE in the world’s ocean are
observed in mid to high latitudes. At the Southern Ocean, in particular,
the strong westerly winds blowing over the surface hold up the dense water
around the Antarctic continent facilitating the storage of APE. In the event
of a decline of wind stress over the Southern Ocean, the relaxation of the
currents should give a slump of density fronts resulting in a large amount of
mechanical energy released (Huang, 2005).

The ocean’s mechanical energy is continuously dissipated through fric-
tion. To maintain a steady state circulation an energy source is required to
overcome friction. In such state the pressure gradient forces must do work
against friction in order to balance frictional energy dissipation. Any extra
positive work by pressure gradient forces contribute to accelerate the fluid.
As concluded by Sandstrom (1908,1916), the work by the pressure forces

against frictional forces is produced only if heating (expansion) takes place
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at larger pressure (i.e.depth) rather than cooling (compression). This implies
that heat flowing into the system is converted into work.

The ocean is heated at the tropics and cooled at high latitudes at the
surface with the heating and cooling sources roughly at the same depth, but
heating and cooling are not the sole forcing. The ocean is forced at its surface
by atmospheric winds which result in turbulent mixing capable of driving the
flow (Munk and Wunsch, 1998; Huang, 1999). In addition, the wind forcing
directly contributes to the large-scale kinetic energy of the ocean.

The turbulent kinetic energy induced by the winds is considered one of the
main energy source needed to sustain THC. When internal waves generated
by winds break, turbulent KE is supplied to the ocean. Since the ocean
is stably stratified, a part of the dissipated turbulent KE is converted into
available (gravitational) potential energy which is then converted into KE
and used to compensate viscous dissipation (Urakawa and Hasumi , 2009).

The budget of globally integrated oceanic KE is thus given by (Toggweiler
and Samuels, 1998):

dK

— =B+W+D 5.9
o + W (5.9)

where

oP

z
is the rate at which KE is added (or removed, if negative) by the pressure-
gradient work, with wu; the ocean horizontal velocities. B represents the sum
of the work done by pressure gradients (—u - VP) plus the conversion term
between APE and KE (w%—f) (Toggweiler and Samuels, 1998; Gregory and
Tailleux, 2010). When globally integrated, the work done by the pressure
gradients vanishes and B represents the rate of conversion of APE to KE

only.
The work done by the wind to change KE is defined as

W = /uh~7'dz4 (5.11)
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Figure 5.1: Schematic depiction of the wind- and buoyancy-driven routes for
energy conversion. Bis the conversion between kinetic energy (KE) and avail-
able potential energy (APE), G is generation, D is dissipation (from Gregory
et al, 2010)

where 7 is the wind stress vector while

2

D=D,+D,= p/khuviudv + p/kvu%dv (5.12)

represents the dissipation of KE (sum of the horizontal and vertical dissip-
ation) by viscous forces with kj, and k, the horizontal and vertical diffusivity
coefficients, respectively.

Integrated over the global ocean, the work done by the pressure gradi-
ents force becomes zero hence B < 0 indicates that APE is produced and
KE decreases mainly in the Southern Ocean, and generally in near-surface
layers where the wind stress leads to the outcrop of the isopycnals (Gregory
and Tailleux, 2010). Fig. 5.1 illustrates the paths of energy conversion as
indicated by Toggweiler and Samuels (1998) and Hughes et al. (2009).

Worldwide the oceanic KE is generated by the pressure-gradient work
mainly within the western boundary currents, including the Atlantic Ocean,

and in deeper layers. On the other hand at almost all longitudes in the South-
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ern Ocean APE is generated. The maximum KE production is accounted for
by the regions where North Atlantic Deep Water is formed meaning that in
the Atlantic the pressure-gradient work supply KE to the ATHC driving the
circulation (Gregory and Tailleux, 2010).

The studies of the ocean energetics under C'Os-forced climate have shown
a very good correlation between the Atlantic THC strength and the rate of
KE generation by pressure-gradient work between 50°N-70°N in the Atlantic
basin (Gregory and Tailleux, 2010). The analysis of the kinetic energy bal-
ance of the circulation, in experiments with C'O, increasing at 1% per year,
indicates in fact that the largest change is the weakening of the KE produc-
tion by the pressure-gradient work in the North Atlantic, which correlates
strongly in time with the declining strength of the Atlantic THC and is
matched by a decrease in dissipation of KE (Gregory and Tailleux, 2010).
Under increased C'Os, the changes in the rate at which KE is increased by the
pressure-gradient work (Gregory and Tailleux, 2010) seem to contradict the
pump/valve mechanism proposed by Samelson (2004) in which the southern
winds control the strength of the Atlantic THC by pumping APE into the
system, which is then released by high-latitude cooling, an idea supported by
the model experiments of Urakawa and Hasumi (2009). However, Gregory
et al. (2010) found that the sink of KE in the Southern Ocean increases as
the climate warms, while the Atlantic THC strength decreases. Some other
studies agree that changes in wind stress are not responsible for weakening
the Atlantic THC in climate change simulations (Dixon et al, 1999; Gregory
et al, 2005).

As response to global warming conditions, the atmospheric energy in-
creases as well. At low latitudes the potential energy stored can be converted
into kinetic energy by atmospheric vertical motions, as suggested by Lorenz
(1955).

As climate warms, the planetary and atmospheric energy imbalance en-
hances providing more available potential energy in the atmosphere, since

the upper troposphere in the tropics warms up more than that at higher lat-
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itudes. The strong horizontal temperature gradient causes the mid-latitude
jet streams to intensify and to shift towards the poles (Kushner et al, 2001;
Williams, 2006; Lorenz et at, 2007).

The tropical atmosphere shows a stabilization (Sugi et al, 2002) and a
weakening of the circulation due to an increase in the tropical precipitation
lower than the rate of increase in the atmospheric moisture (Betts, 1998; Allen
and Ingram, 2002; Held and Soden, 2006). The differential rate of response
to surface warming of water vapor and precipitation implies a weakening of
the boundary layer/troposphere mass exchange reflecting into a reduction of
the Hadley circulation (Vecchi et al, 2006). The Hadley circulation shows
as well a vertical displacement and a poleward expansion (Bengtsson et al,
1996; Gastineau et al, 2009; Schneider et al, 2010) due to the tropopause
upward displacement (Santer et al, 2003).

The weakening of the ATHC associated to a diminished kinetic energy in-
put into the ocean in warmer conditions suggests to investigate the energetic
properties of the climate system in order to answer to the following scientific
questions:

1. How do the energetics of the Earth’s system respond to an extreme
C O, radiative forcing?

2. Which is the relation between the sources and sinks of KE into the
ocean and the Atlantic THC strength?

This chapter is organized as follows: section 5.2 focuses on the energetics
budget of the troposphere, section 5.3 analyzes the relation between the
generation and removal of KE into the ocean and the Atlantic THC changes

in C'Os-forced simulations and section 5.4 gives some concluding remarks.

5.2 The atmospheric energy budget

Table 5.1 summarizes the value of the total atmospheric energy and
its components in the CTRL and in the C'O; experiments computed as in

Eq.s 5.1 - 5.5 for the last 100 years of integration. In the atmosphere the
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CTRL | 4x CO2 | 8 x CO2 | 16 x CO2
Internal energy (10%3J) 7.42 7.61 7.74 7.99
Potential energy (10%3J) 2.33 2.39 2.44 2.52
Latent energy (10%3.J) 0.37 0.54 0.70 1.09
Kinetic energy (102°J) 2.63 3.20 3.70 4.85
Total atmopheric energy (1022J) 10.12 10.54 10.89 11.61
APE (10%°) 5.33 5.49 5.75 6.51

Table 5.1: Atmospheric total energy components and available potential en-
ergy (APE), computed as reported by the Eq.s 5.1- 5.5, integrated over the

global domain for all simulations for the last 100 years of each simulation

(7).

total energy (eq. 5.5) increases by about 4%, 8% and 15% in 4CO,, 8CO,
and 16C'O, experiments, respectively, from the CTRL experiment.

Fig. 5.2a shows the zonal and vertical mean profile of the atmospheric
total energy. It consists of the sum of the different energy components (IE,
PE, LE, KE) and in terms of intensity the largest (more than 70%) contri-
bution comes from the IE (fig. 5.2¢). Because of its large values, most of
the increase of total energy in the C'O, sensitivity experiments is given by
the increase of the internal energy. Its increase is related with large tropo-
spheric warming in response to the increased C'O, forcing (fig. 5.3). In fact,
maximum values of IE are found in the Tropics where the troposphere shows
its maximum warming (fig. 5.3). As the low latitudes (equator) warm more
than the high latitudes (North Pole), the meridional temperature gradient
increases in response to the radiative forcing applied (4°C, 9°C, 1 9°C and
26°C as difference between Tropics and North Pole latitudes in CTRL, 4COs,
8C' O, and 16C' O, experiments, respectively).

The PE (fig. 5.2d) increases as well, showing an increasing rate among
the experiments similar to the IE (about 3%, 5% and 8% in 4CO,, 8CO,

and 16C' Oy experiments, respectively) (tab. 5.1). The maximum increase
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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),
8xC' Oy (red line) and 16xC'Oy (blue line).
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Figure 5.3: Zonal and vertical annual mean tropospheric temperature (°C)
computed for CTRL (green line), 4xCO, (black line), 8xCO, (red line) and
16xC'O4 (blue line).

is at the Tropics following the changed pattern of geopotential height (not
shown).

The different warming at low and high latitudes, in particular in the upper
troposphere (fig. 3.16), provides more APE. Fig. 5.2b shows the meridional
profile of mean atmospheric APE, computed as in eq. 5.6, with differences
between the Northern and Southern Hemispheres. Poleward of 50° latitude
the contribution of APE is greater in the SH than in the NH. This is because
the temperatures are lower over the Antarctic continent than over the Arctic
Ocean, leading to a larger meridional temperature gradient in the SH. The
APE globally integrated shows an increase by 3%, 8% and 22% in 4CO,, CO,
and 16C' O, experiments with respect to the CTRL case (tab. 5.1) possibly
due to stronger horizontal temperature contrast in the upper troposphere.

The atmospheric energy component which is subjected to the greatest
variation in response to the applied radiative forcing is the LE (fig. 5.2¢).
It increases by 46% and 89% in the 4C'O, and 8C'O, experiments and more
than doubles in the 16C'Oy case. The huge increase is linked with larger
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water vapor available because of increased ocean-surface evaporation in the
warmer tropical latitudes (fig. 3.9), increased amount of specific humidity in
the lower troposphere associated with both larger evaporation and increased

atmospheric temperature (fig. 3.20).

The lower-tropospheric water vapor, besides being important for the
Earth’s radiative balance, plays an active role in the dynamic of the global
atmospheric circulation through the latent heat released when it condenses
(Schneider et al, 2010). In this set of experiments, the increase in the trop-
ical precipitation is much less than the rate of increase in the atmospheric
moisture (Cherchi et al, 2008, 2011), in agreement with previous studies
(Betts, 1998; Allen and Ingram, 2002; Held and Soden, 2006), leading to im-
portant consequences for the atmospheric circulation. In fact, the differential
rate of response to surface warming of water vapor and precipitation implies
a stabilization of the tropical atmosphere and the energy balance is achieved

by a weakening of the atmospheric circulation (Sugi et al, 2002; Chou and
Neelin, 2004; Vecchi et al, 2006; Vecchi and Soden, 2007).

Fig. 5.4 shows the meridional atmospheric stream-function for the CTRL
experiment and the C'O, simulations. The Hadley cell dominates the tropical
atmosphere with rising motion near the equator, poleward flow in the upper
troposphere, descending motions in the subtropics and equatorward flow near
the surface. The stream-function corresponding to a clockwise circulation
is positive, whereas the stream-function corresponding to a counterclockwise
circulation is negative. As the climate warms, the Hadley circulation weakens
with its 15°N maximum decreasing by 14%, 29% and 43% in 4CO,, 8CO,
and 16C'O, experiments with respect to the CTRL. It experiences a vertical
displacement as well since the tropopause is displaced upward (fig. 3.17),
coherently with several studies (Bengtsson et al, 1996; Santer et al, 2003;
Gastineau et al, 2009; Schneider et al, 2010).

The upward displacement of the tropopause influences the location of the
mid-latitude jet streams, as well. In fact, they intensify and expand upward

and poleward (fig. 3.18), in agreement with previous studies (Kushner et

3
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Figure 5.4: Zonal-mean cross sections of the mass stream-function (101°
Kg/s) for annual-mean conditions for (a) CTRL and (b) 4xCO,, (c¢) 8xCO,
and (d) 16xC'O; experiments.
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al, 2001; Bengtsson et al, 2006; Williams, 2006; Lorenz et at, 2007). The
increase in the KE component (fig. 5.2f) is of the order of +22%, +41% and
+84% in 4CO,, 8C Oy and 16C' O, experiments, with respect to the control
simulation, and it seems to be strictly connected with the intensification of
the upper tropospheric jet streams (fig. 5.5). In response to the C'O, increase,
the energy in correspondence of the jet-streams intensifies with a southern
jet more energetic than the northern one. That difference may be related to

the presence of stronger zonal winds in the Southern Hemisphere (fig. 3.18).

Fig. 5.6 shows the vertically integrated meridional transport of the total
tropospheric energy approximately symmetric with respect to the equator.
The changes in the atmospheric total energy transport in the C'Oy experi-
ments compared with the control simulation (green line in fig. 5.6) are very
small but little differences exist among the two hemispheres. The SH in fact
shows greatest variations of the energy transport in response of the radiat-
ive forcing applied with its maximum close to 15°S increasing by 5%, 17%
and 23% with respect to the CTRL case in 4CO,, 8C Oy and 16C O, exper-
iments, respectively. In the NH instead the maximum at 15°N increases by
2%, 5% and 9% in 4CO,, 8C O, and 16C O, experiments, respectively. The
difference among the Hemispheres is associated mainly with an asymmetry
in the response of the Hadley cell to the forcing applied. The Hadley cell, in
fact, shows in all the experiments a southern cell stronger than the northern
one and the rate of decrease of their maximum differs among the C'O; ex-
periments with the strength of the cell in the NH decreasing more (fig. 5.4).
Further the increase in the subtropical sectors (both in the northern and
southern hemisphere) may be related to the increased internal energy influ-
enced by the increased tropospheric temperature. The internal energy is in
fact the energy giving the greatest contribution to the total balance of the
atmospheric energy and it is associated with the heat transport trough the

troposphere.

Fig. 5.7 shows the atmospheric and oceanic global meridional heat trans-

ports and the sum of the two components for all the simulations. The forcing
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Figure 5.6: Annual mean atmospheric total energy transport (PW) computed
for CTRL (green line), 4xC'Oy (black line), 8xC'Oy (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 16C' O, 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.



FW

Fw

5.2 The atmospheric energy budget 95

a) b)
Global heat transport CTRL (PW) Global heat transport 4CO2 (PW)

f—r—r—T T T 7T T ——r—— f—r—r— 1T T T T T——r—r—
7 : HT3tm H 7+ HT3m

g e ’ o
4 HT3M 7o || 4 e T et ]
3 3 :

2 2

L R A T ERE- - v T 1t

0 z g

a
o p -1
-2 -2
-3 -3
-4 -4
-5 -5
-6 -6
I 1 spbandabunninas i ddandnirnistinsiassianivitad
-8 1 i i i 1 " i i i 1 1 i i i i -8 1 i i H L 1 i i H H 1 i i i H
-0 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 S0 60 70 80 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 SO 60 70 80
lat lat
c) d)
Global heat transport 8CO2 (PW) Global heat transport 16C0O2 (PW)

8 —— T 8 — T T ——T—1—
7+ : 2 Hyetm H 7t : i e

L H 6

: | :

4 e WM T || 4

3 3

Pl divroar koo v sei st e Bl S e NI e e 7

1+ 1

e = o}
-1 -1
-2 -2
-3 -3
-4 -4
-5 -5
-6 -6
STped - : Sy S J S - : : : :
N N [N S (N[N S | SN (S FU (S [N (- Y S S (N S TN S SN SN SN SN SO TR H S S
-B0 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 S0 60 70 80

lat lat

Figure 5.7: Annual mean global atmospheric (green line), oceanic (blue line)
and total (violet line) heat transport (PW) computed for (a) CTRL, (b)
4xC Oy, (¢) 8xCO4 and (d)16xCO; experiments.
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CTRL | 4 x CO2 | 8 x CO2 | 16 x CO2
Internal energy (10%7J) 1.47 1.49 1.49 1.50
Potential energy (1027J) 0.04 0.04 0.04 0.04
Kinetic energy (10'7J) 3.99 3.70 3.34 2.89
Total oceanic energy (1027J) 1.52 1.53 1.54 1.54
Global APE (10%°J) 4.21 5.67 5.08 2.86
Atlantic APE (102°J) 0.49 0.64 0.56 0.21

Table  5.2: Oceanic  energy  components, computed as in

eq.s 5.1, 5.2, 5.3, 5.5, 5.8, integrated over the global domain and available
potential energy (APE) integrated over the Global and the Atlantic oceans
for the last 100 years of all simulations (J)

5.3 The energetics of the ocean circulation

The weakening of the ocean heat transport among the C'O; simulations
suggests a less energetic ocean in response to the radiative forcing applied.

The table 5.2 summarizes the amounts of the oceanic energetic compon-
ents computed, as reported in Eq.s 5.1, 5.2, 5.3, 5.5, 5.8, for the last 100
years of each experiment integrating over the global domain.

The oceanic total energy, sum of IE, PE, and KE remains almost constant
under global warming conditions, as shown in fig. 5.8a by the meridional
profile of the zonal and vertical mean total energy.

As for the atmosphere, the largest contribution to the total energy is
given by the internal energy (tab. 5.2).

IE reflects the pattern of the oceanic waters temperature (fig. 3.12a,c,e,g)
and density. The highest values are located at the Southern Ocean latitudes
(40°S-60°S) in response to high density waters (fig. 5.8b).

The potential energy contributes for about 3% to the total energy and
the global integrals evidence that it remains almost unchanged in response

to the increased C'Oy forcing applied.




10°J/m?

5.3 The energetics of the ocean circulation 97

105 J/m?

Zonal and vertical mean oceanic total energy b) Zonal and vertical mean oceanic internal energy
10000 ! : : : ; : 3000 T : T T y 1
D i : CTAL : g : i CTRL
3000 BOGD b ooviesvvanfes soakuesiin A K T S B OB RRR SY R T
8000 f=-veeeev 7000
7000
: 6000
8000 fsiissvidfsaiinsuisassasininginsd m
E 5000
5000 =
S a0
4000 —
3000 3000 -
2000 2000
11 00 AN NN SO RPN P I 1000
0 0
-80 -8
lat lat
d) . )
x10®  Zonal and vertical mean oceanic kinetic energy x107 Zonal and vertical mean oceanic APE
2 T T T T T T I 1 T T T T T T I
: : : : CTRL : : : CTRL
18- . e : . - : i 4002 08k R T P SR - S 4c02
T ORIV FRRESRSP: MOTHCTRNIN: [ MNRRRNES. |SPMMDPIIE ETOTne M e =7 i
14
12+ -
E
r =
0
[=]
08+ x
06
04+
0zt
0
Bl

Figure 5.8: Zonal and vertical mean of atmospheric a) total energy, b) IE, ¢)
KE, d) APE (105 J/m?) computed as reported by the Eq.s 5.1, 5.3, 5.5 5.8 for
annual-mean conditions for CTRL (green line), 4xCO, (black line), 8xC'O,
(red line) and 16xC' Oy (blue line).
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Although TE and PE represent the maximum part of the total oceanic
energy, most of such a huge energy is dynamically inert and only a very small
fraction, the APE, is dynamically active and participates in the conversion
into and from KE. As suggested by Oort et al. (1989), the contribution of IE

to APE can be neglected and the availability of energy is mainly gravitational.

Table 5.2 shows the APE computed as in eq. 5.8 integrating over the
global domain in each experiment. The global-mean density over each model
depth level has been taken as the reference state. The APE shows a non linear
behavior in response to the global warming. It globally increases by 35% and
21% in 4C' Oy and 8C'O, experiments, respectively, with respect to the CTRL,
while it decreases by 32% in 16 C'O, simulation. The increase of APE in 4CO,
and 8C'Oy experiments is due to an increased horizontal density-difference
mainly at high latitudes and in particular in the Southern Ocean, as suggested
by fig. 4.2 for the Atlantic Ocean sector. The Westerlies, blowing over those
latitudes and outcropping the isopycnals, help to increase the APE. As shown
in fig. 5.8d, the global APE in 16CO, experiment decreases northward of
40°N in response to an increasing stratification and stabilization of the water
column, as shown in fig. 4.2d for the Atlantic basin. The APE shows a
maximum within high-latitudes (60°N-80°N)(fig. 5.8d) in correspondence of
the location of convective sites in the North Atlantic (fig. 3.14). This finding
is in accordance with the physical process happening in the ocean where the

potential energy is released when dense water sinks into deep ocean.

The APE computed in the CTRL has a comparable value to previous APE
estimates (Oort et al, 1989), i.e. 4.21%10%°] versus 1.55%10%°J. Furthermore,
the APE computed for the Atlantic Ocean (tab. 5.2), using as the reference
state the Atlantic horizontal mean density over each model depth level, in
the CTRL experiment is closer to previous estimates (i.e. 0.49%¥102°J versus
0.52%10%°J in Oort). The APE in the Atlantic Ocean, as in the global domain,
does not show a linear response to the increased forcing. It increases by
31% and by 14% with respect to the CTRL case in the 4COy and 8CO,

experiments, respectively, while it decreases by 57% in 16CO, case with
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respect to the CTRIL.

The APE represents a great source of energy available to be converted into
KE. The total KE computed as in eq. 5.1 is indeed only a minute fraction of
the total oceanic energy. In response to the forcing applied the KE decreases
by 7%, 16% and 28% in 4CO,, 8CO, and 16C' O, experiments with respect
to the CTRL case (tab. 5.2). Fig. 5.8¢ shows the KE mean meridional profile
with the maximum values in the equatorial regions and secondary maxima
in the Southern Ocean region mainly due to the KE generation by the wind
work on the ocean surface. The weakening of the wind stress in response
to the global warming leads to a decreased supply of KE into the ocean
(tab. 5.3).

An important contribution to the total KE is given by the amount of
energy converted between APE and KE, identified by B when globally integ-
rated as in eq. 5.10. Locally B takes into account the work done by pressure
gradients as well, nevertheless, due to time deficiency, in our analyses we do

not differentiate the two terms of eq. 5.10.

B computed for the Global and the Atlantic Ocean is reported in tab. 5.3.
Globally B<0, meaning that KE is converted to APE. Fig. 5.9 shows [ —uy,-
VnPdz computed for all the experiments. In the CTRL case the negative
values are located mainly at the equator and at the Southern Ocean latitudes
indicating a removal of KE by the pressure-gradient work partly balanced by
the KE input by the wind.

Even if in response to C'O, forcing the wind stress over the Southern
Ocean weakens and less work has to be done against the wind stress, B be-
comes globally more negative, mainly due to the areas around the equatorial
latitudes and to a decreased KE generation by pressure-gradient work along
the western boundary currents. Over the Indian and the Pacific Ocean in
fact B becomes more negative within the Tropics since the surface winds
intensify and more work has to be done against the pressure- gradient force

(not shown).

The areas where KE is generated by the pressure-gradient work are con-
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CTRL | 4 x CO2 | 8 x CO2 | 16 x CO2
B (Glob. 0O.) (TW) -0.050 -0.120 -0.240 -0.380
B (Atl. O.) (TW) 0.050 0.031 -0.001 -0.014
W (Glob. O.) (TW) 1.266 1.276 1.224 1.040
W (Atl. 0.) (TW) 0.143 0.126 0.112 0.088
Dh (Glob. 0.) (TW) 0423 | -0.414 -0.402 -0.384
Dh (Atl. O.) (TW) -0.037 -0.030 -0.027 -0.026
Dv (Glob. 0O.) (TW) -0.898 -0.818 -0.796 -0.770
Dv (Atl. O.) (TW) -0.030 -0.022 -0.020 -0.012
Q (Glob. 0O.) (TW) 0.105 0.077 0.214 0.495
Q (Atl. 0.) (TW) -0.126 -0.106 -0.064 -0.035

Table 5.3: Kinetic energy budget components integrated over the Global and
the Atlantic Ocean computed for all the simulations (TW) for the last 100
years of all simulations (J). B is the KE change by the pressure-gradient
work, W the KE change by the wind work, Dh and Dv the dissipation by
horizontal and vertical (viscous) diffusion of momentum, respectively, @ the
loss of the KE due to other processes influencing the KE budget not taken

into account. Positive terms tend to increase KE.
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fined along the Gulf Stream and the Kuroshio currents and in the area of
NADW formation indicating that KE is supplied to the Atlantic THC, in
accordance with Gregory et al. (2010).

When B is computed for the Atlantic Ocean, a positive pressure-gradient
work is found in the CTRL case (tab. 5.3), with a value in agreement with
Gregory et al. (2010). As the CO, forcing increases, B becomes less positive
in the 4C'O, experiment and it reverses sign in the 8C' Oy and 16C'O, exper-
iments. Less KE is converted from APE by the pressure-gradient work and,
in particular, in 8C'Oy and 16C' O, experiments KE is converted to APE in
the Atlantic Ocean.

Nevertheless, KE is mostly supplied to the ocean by the surface wind
stress and its dissipation through the water column decreases as the KE input
diminishes, as shown by values reported in tab. 5.3. The horizontal ( Dh) and
vertical (Dwv) dissipations, defined as in eq. 5.12, have been calculated for the
Global and the Atlantic Oceans and reported in tab. 5.3. In addition to the
terms in eq. 5.10, a residual term @) has been computed for the geographical
domains considered and it is reported in tab. 5.3. This term includes the
source of errors due to the discretization of continue variables and to the
approximation to single precision variables. In the residual term another
uncertainty included is the time average of the energy budget terms done
over monthly means rather over the model time step (96 minutes). Since our
analyses consider a stable climate in all the simulations, the ) term has been

computed in order to have the KE balance closed.

In response to the increased C'O, forcing, W, computed as in Eq. 5.11 for
the global domain, reflects the variations of the Southern Ocean wind stress
(tab. 3.1) indicating the importance of that region for the global supply of
KE by the winds. Fig. 5.10 shows the KE changes associated to the wind
work over the ocean surface and computed as uy, - 7 for all simulations. The
largest KE input is near the equator and in the Southern Ocean latitudes
(Atlantic and Indian sector) due to strong westerly winds. In the 4CO,

experiment there is an intensification of the global W in response to increased
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westerly winds over the Southern Ocean (fig. 5.10b) , in the 8 C'O5 and 16C O,
experiments there is a little decrease in the input of KE associated with the
global weakening of the wind stress over the ocean surface (tab. 5.3). The

reduced input of KE is then reflected into reduction in its vertical dissipation
(tab. 5.3).

A large W decrease is found among the simulations in the Atlantic Ocean
(tab. 5.3). It decreases by 12%, 22% and 39% with respect to the CTRL
in 4CO,, 8CO5 and 16C'O, experiments, respectively, indicating a smaller
supply of KE to the ATHC circulation. Fig. 5.11 shows the KE change
(W) associated to wind work in the North Atlantic where it is evident the
maximum value of KE input along the Gulf Stream pathway. As the wind
intensity decreases at mid-latitudes in response to the global warming, so does
the KE input by the winds integrated over the Atlantic basin (fig. 5.11b,c,d).

Although Wis the term giving the largest contribution to the KE balance,
in the Atlantic basin it shows relative small reduction in response to the C' Oy
forcing if compared to the changes occurring to B in the same basin. In
fact, B computed in the Atlantic Ocean decreases by 38% with respect to
the CTRL in the 4C'O, experiment and becomes negative in the 8 C'O, and
16C' O, experiments.

Fig. 5.12 shows [ —uy - VL, PdV versus the ATHC maximum at 25°N
computed for all simulations. B has been obtained integrating the eq. 5.10
in the Atlantic basin between 15°N-60°N, in order to consider the latitudes
of maximum ATHC overturning in each simulation (fig. 3.13), and in the
water column below the Ekman layer, to avoid the negative contribution in

upper layers from work done against the sea-surface slope, associated with
the northward flow of the ATHC, as already done by Gregory et al. (2010).

B, computed over this domain, shows a positive sign in all the experi-
ments suggesting a KE conversion by pressure-gradient work. In response
to the C'O, forcing, B decreases by 29%, 57% and 90% in 4CO,, 8C Oy and
16C'O5 experiments, respectively. The decreased B matches with the de-

creased ATHC showing a strong linear relation, as already found by Gregory
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Figure 5.11: Annual mean kinetic energy changes into the North Atlantic
Ocean by the winds work (uy, - 7) (1072 W/m?) for (a) CTRL, (b) 4xCOs,,
(c) 8xC'O4 and (d) 16xCO4 experiments .

50" N

KE changes by wind work 4CO2 (1 02 mee)

05



5. A preliminary study of the energy balance in extreme climate

106 regimes
32
28
E [ ]
z 24
L
%‘ 20 A CTRL
£ m 4C02
Y16
E A 8C02
< )
12 @ 16C02
8 ‘ ‘ ‘ . |
0 5 10 15 20 25

KE generation by P-grad work (GW)
North Atlantic (15°N-60°N)

Figure 5.12: Max Atlantic THC intensity (Sv) at 25°N versus annual mean
KE generation (GW) by the pressure-gradient work ( [ —uy, - Vi, PdV) integ-
rated over the Atlantic latitudes between 15°N-60°N and below the Ekman
layer and above the southward flow of the ATHC for CTRL (green diamond),
4xC' Oy (black square), 8xCO, (red triangle) and 16xC'Oy (blue circle) exper-

iments .

et al. (2010) under C'Os-forced simulations. The positive sign of B indicates
that the KE input by the pressure-gradient work drives the Atlantic circu-
lation, as suggested by Gregory et al. (2010). The KE generated by the

pressure-gradient work is then dissipated by the viscosity at all latitudes.

The result above indicates that when the KE input into the ocean by
pressure-gradient work as well as the wind work decreases in response to
the C'O, forcing applied, so does the Atlantic THC in order to match the
decreased mechanical energy provided into the ocean system. Under global
warming conditions then the term which shows greatest variation is the one
associated with the pressure-gradient work which provides less KE to the
ocean circulation in the North Atlantic latitudes leading to ATHC weakening,

in agreement with Gregory et al. (2010).
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5.4 Conclusions

The Earth’s climate system in response to warming conditions induced
by large C'O, atmospheric forcings shows an almost constant total energy
budget.

The two components, atmosphere and ocean, respond to the radiative
perturbation in a different way: while the atmospheric total energy increases
in dependence on the intensity of the forcing applied (by 4%, 8% and 15%
in 4C0O,, 8C Oy and 16C O, experiments, respectively), the ocean does not
show striking variations in its total energy balance due to its great thermal
capacity.

The radiative forcing applied influences the atmospheric budget leading
to a more energetic troposphere where the greatest contribution to the total
balance is given by the internal energy. The atmosphere in response to the
global warming shows increasing temperature through all the air column
with the maximum values at the tropics. At that latitudes in the upper
troposphere the warming is greater than that at higher latitudes and the
strong zonal temperature gradient leads to more available potential energy
provided in the atmosphere. Part of that available potential energy may be
converted in kinetic energy intensifying the mid-latitudes jet streams which
further expand upward and shift poleward, in agreement with previous stud-
ies (Kushner et al, 2001; Williams, 2006; Lorenz et at, 2007).

The atmospheric energy component experiencing the greatest variations
under global warming condition is the latent energy, in particular at low
latitudes, mainly in response to the greater water vapor concentration due
to an enhanced evaporation in the C'O, simulations. However, the rate of
increase of water vapor in the atmosphere is not associated with the same
rate of increase in precipitation leading to a stabilization of the tropical
atmosphere and a weakening of the Hadley circulation, as already found
by Sugi et al. (2002). The weakening of the circulation is associated to a
reduction and an upward expansion of the Hadley circulation although with

an asymmetry among the cells in the two hemispheres which influences the
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meridional transport of the total atmospheric energy.

Since the internal energy is the form of energy that more contributes to
the total atmospheric budget and it depends on the temperature field, the
energy transport is mainly associated with the atmospheric meridional heat
transport. That transport globally increases among the C'Os simulations in

order to balance the decreased oceanic northward heat transport mainly due
to the weakening of the ATHC.

The reduction of the oceanic circulation strength is related to a large de-
crease in kinetic energy input into the ocean. The kinetic energy is supplied
to the ocean by the wind work at the surface, in particular by the Westerlies
over the Southern Ocean, which decreases in response to the global warming.
In the C'O, simulations the KE time rate change that shows the greatest
variations is the pressure-gradient work term, which contains the conversion
between APE and KE. In the large C'O, experiments the pressure work term
becomes globally more negative indicating an increased of KE conversion
to APE in the areas of strong surface winds. The APE, on the other hand,
does not show a linear response to the forcing applied since it increases in
4C Oy and 8C' O,y experiments and decreases in 16(C'Oy simulation in relation
to changed meridional density differences in the water column. The latitud-
inal distribution of the APE shows that it is stored in the Southern Ocean
latitudes in response to the large wind stress work. In the North Atlantic,
KE is instead generated by conversion from APE which is in turn destroyed

by the deep water formation processes.

In the Atlantic Ocean, as in the global domain, the energy term showing
the greatest variations is the one associated with the pressure-gradient work,
which is positive in the CTRL indicating a conversion from APE to kinetic
energy. However, in the sensitivity experiments the conversion term decreases
strongly in 4C'O4 experiment and reverses the sign in the 8C'O, and 16C' O,
simulations indicating a stabilization of the water column in response to
the increasing forcing with less APE converted into kinetic energy. This is

because less deep water is formed and APE is not converted as efficiently
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to KE. A linear relationship then has been found between the maximum
variations of the conversion term in the area between 15°N-60°N where it
is always positive and the strength of the ATHC maximum. This suggests
that the pressure-gradient work term in this region drives the circulation
converting from APE: this input decreases among the C'O, simulations when
the Atlantic THC intensity decreases. A similar result has been found by
Gregory et al. (2010) under C'Oy-forced simulations.

The analysis of the Earth’s system energetics under global warming con-
ditions is an actual topic of research.

The present study gives a preliminary contribution to widen the present
day knowledge on the energy cycle involved in the climate system and on the
relationship between the Earth’s system energetics and the atmospheric and

oceanic large scale circulation.






Chapter 6
Conclusions

The present study examines the sensitivity of the climate system, with a
focus on the North Atlantic Ocean and on the Atlantic THC, to strong, but
nonetheless within the range of observed values in past climates, C'O, atmo-
spheric forcing as well as the consequences for the energetics of the Earth’s
climate system. The analysis is done using a set of long experiments (600
years) obtained with a state of the art coupled climate model at low resol-
ution. In particular we analyze a control experiment (CTRL) and a set of
sensitivity experiments with increased atmospheric carbon dioxide concen-
tration. In the CTRL the carbon dioxide concentration is 353 ppmV, corres-
ponding to the present’s day mean value. It has been multiplied by a factor
of 4, 8 and 16 to build 4CO,, 8C'O5 and 16C'Oy experiments, respectively.

Increased atmospheric C'Oy concentration leads to a warmer global cli-
mate with a warmer and more saline Atlantic Ocean. However, the Labrador
Sea shows a distinctive behavior since it is subjected to a freshening caused
by changes in surface heat and freshwater fluxes.

The sea-ice Arctic cap completely melts under global warming conditions
in the two more extreme experiments while stabilizes at 1% of its initial
volume in the 4C'O, experiment. This melting induces a freshwater input
in the North Atlantic of 0.01 Sv, 0.02 Sv and 0.06 Sv in 4C'O,, 8COy and

16C' Oy simulations, respectively, which is far enough from the freshwater
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forcing of the traditional hosing-experiments (Stouffer et al, 2006), except
for the 16C'O4 case which has an almost comparable value. Furthermore, the
model does not simulate the freshwater input of the land-ice melting and the
river runoff contribution which could be an important source of freshwater

at high latitudes.

Differently from the hosing experiments, the set of simulations used in
this thesis permits to investigate changes in the ATHC due to density field
variations associated with heat fluxes changes. The imposition of an in-
creased radiative forcing, as the enhanced atmospheric C'Oy concentration,
leads in fact to changes in the ocean properties through changes in the dens-
ity because of warmer temperature and of the freshwater input in the North
Atlantic latitudes,as a consequence of the sea-ice melting. The advantage of
the present study is hence the possibility to evaluate the overall impact of
strong C'O, forcing over the climate system considering the atmosphere-ocean

interaction using a global coupled general circulation model.

One of the most important effects obtained in the climate system in re-
sponse to the application of C'O, radiative forcing is the increase of the
tropospheric temperature. The global warming conditions cause a tropo-
pause height increase and a wind pattern variation, as suggested by several
studies (Kushner et al, 2001; Raisanen , 2003; Williams, 2006; Lorenz et
at, 2007). In the upper troposphere, the jet-streams intensify and shift pole-
ward while at the atmosphere-ocean surface the westerlies become weaker
and more zonal at mid-latitudes leading the Gulf Stream to vanish in the

most extreme case.

In response to the C'O, forcing, the Atlantic THC weakens and becomes
shallow, in agreement with previous studies (Dixon et al, 1999; Wood et al,
1999; Mikolajewicz and Voss, 2000; Thorpe et al, 2001; Schmittner et al,
2005; Gregory et al, 2005; Weaver et al, 2007). It never shows a collapse not
even in the most extreme case since the freshwater input at high latitudes
is probably far from the "Stommel bifurcation point", the threshold beyond
which no NADW formation can be sustained (Rahmstorf, 2000; Rahmstorf
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et al, 2005). The ATHC shows in fact a monostable regime influenced by
the continuous salt-advection through the southern boundary of the Atlantic
basin, as suggested by Hawkins (2011). Nevertheless, to analyze the ATHC
hysteresis behavior a larger number of experiments with increasing C'O, levels

would be necessary.

In the most extreme case, the ATHC shows also a spatial reorganization,
with the collapse of the convective sites in the Labrador Sea, because of
a stratification of the water column and inhibition of NADW formation,
but the creation of new convective sites southeast of Greenland. In the
16C' Oy experiment the maximum overturning shifts at mid-latitudes. The
heat transport is affected as well by the weakening of the ATHC and the

stabilization of the water column with a decreased northward heat transport.

The mechanisms involved in the response of the Atlantic THC to the
radiative forcing have been investigated and specific attention has been posed
to changes in meridional density gradients between high and low latitudes, in
water column vertical diffusivity and in Southern Ocean wind stress as main

factors influencing the ocean circulation intensity.

We found an anti-correlation between the strength of the Atlantic THC

maximum value at 25°N and the meridional density gradient computed between

high and low latitudes: the circulation weakens as the density gradient in-
creases. However, the simulation subjected to the largest radiative forcing
(16CO4) behaves differently since, even though the computed meridional
density gradient is close to the CTRL one, the Atlantic THC strongly weak-
ens. The 16C O, experiment differences with respect to the 4C'Oy and 8C'O,
simulations and the reason may lie in a freshwater input amount at high
latitudes comparable with the one used in the hosing experiments (i.e. close

to a threshold beyond which the system may show an hysteresis regime).

The anti-correlation found in the 4C'O5 and 8 C'O4 between the meridional
density differences and the ATHC strength suggests the importance of the
vertical diffusivity processes in the ocean interior controlling the strength of

the ATHC (Bryan, 1987). A relationship close to linear is found in all the
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CO, simulations between the circulation intensity and the North Atlantic
vertical diffusion: when the forcing applied increases, the vertical mixing
through the water column decreases at high latitudes, as response to vertical
density stratification, and the Atlantic THC weakens. This finding is in
agreement with Nillsson et al. (2001;2003) who showed a decreased vertical
diffusion, linked to an increased stratification of the water column, causing

a weakened ocean circulation.

Despite many studies stress the strong dependence of the ocean circula-
tion intensity from the wind forcing at the Southern Hemisphere (Toggweiler
and Samuels, 1995; Saenko and Weaver, 2004; Gnanadesikan, 2007; Hirabara
et al, 2007), with an increasing wind forcing leading to an increasing over-
turning in the Atlantic Ocean, our set of experiments does not show any
particular relation between the two variables. The intensity of the Atlantic
THC seems indeed disconnected from the forcing acting over the Southern
Ocean surface, except for the 16C'Oy simulation where a reduction in the
Atlantic THC is related to a weakening of the westerlies stress (in addition

to changes in diffusivity).

Another factor influencing the ATHC is represented by the water mass
properties of the Mediterranean Outflow Waters (MOW). Previous studies
suggest that the MOW is a source of warm and saline water at depth, but
it has also a strong dynamic impact on the upper-layer circulation in the
subtropical eastern North Atlantic (Jia, 1999). The input of very high density
waters through the Gibraltar Strait, as shown in the 16C'O;M simulation,
which is identical to thel6C' O, experiment apart from an extra salinification
of the Mediterranean waters, leads to an intensification at mid-latitudes of
the Azores Current which, recirculating zonally the high density MOW, forms
a density front through the Atlantic water column close to 40°N (not only
at the surface as in the 16C'O, experiment described). That front acts over
the ATHC obstructing the northward flow and leading the warm and salty
tropical waters to sink at mid-latitude. As a consequence, the high latitudes

surface waters become lighter preventing the NADW formation.
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The weakening of the Atlantic THC under increasing C'O, atmospheric
concentration and the related decreased northward heat transport are asso-
ciated with a large decrease of oceanic kinetic energy, even though the total

oceanic energy slightly increases in the sensitivity experiments.

The global kinetic energy budget performed indicates that the largest en-
ergy input is supplied mainly by the wind work, in particular the westerly
winds over the Southern Ocean, which slightly decreases in response to the
global warming. In the C'Oy simulations the term of the KE budget that
shows the greatest variations is the pressure-gradient work term, which con-
tains the conversion between APE and KE. In the large C'Oy experiments
the pressure gradient work term becomes globally more negative indicating

an increased conversion of KE to APE in the areas of strong surface winds.

The APE, on the other hand, does not show a linear response to the for-
cing applied since it increases in 4C' Oy and 8C'O, experiments and decreases
in 16C'O4 simulation in relation to changed meridional density differences in
the water column. The latitudinal distribution of the maximum values shows
the APE mainly stored at the Southern Ocean latitudes, due to the great
wind stress which leads to strong meridional density differences through the
outcrop of the isopycnals, and in the North Atlantic, associated with the

areas of deep convection.

In the Atlantic Ocean, as in the global domain, the energy term showing
the greatest variations is the one associated with the pressure-gradient work,
which is positive in the CTRL case indicating a conversion from APE to
KE. However, in the sensitivity experiments the conversion term decreases
strongly in 4C'O, experiment and reverses the sign in the 8C'O, and 16C'0O,
simulations indicating a stabilization of the water column in response to the

increasing forcing with less APE converted into KE.

In the sensitivity experiments, the maximum variations of this term have
been found in the regions of ATHC maximum overturning. A linear relation-
ship then has been found between the maximum variations of the conversion

term in the North Atlantic and the strength of the ATHC maximum sug-
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gesting that the pressure-gradient work drives the circulation through the
input of KE: as this input decreases among the C'O, simulations so does the
Atlantic THC intensity. A similar result has been reported by Gregory et al.
(2010) under C'Os-forced simulations.

Differently from the global ocean, the atmosphere becomes significantly
more energetic. The greatest contribution to the total atmospheric energy
balance is given by the internal energy, with the maximum values at the
tropics in correspondence of the maximum warming. Since the upper tro-
posphere in the tropics warms up more than that at higher latitudes, more
available potential energy is provided in the atmosphere. The strong hori-
zontal temperature gradient in the atmosphere causes an increase of kinetic
energy and the mid-latitudes jet streams to intensify, to expand upward and
to shift poleward (Kushner et al, 2001; Williams, 2006; Lorenz et at, 2007).

However, the atmospheric energy component which is subjected to the
greatest variation is the latent energy at low latitudes mainly in response to
the greater water vapor concentration in the C'O, simulations. The increased
latent heating in the atmosphere, in response to greenhouse warming, is as-
sociated with an increase of the global averaged precipitation at the tropics
and at high-latitudes. Nevertheless, the increase in the tropical precipitation
is much less than the rate of increase in the atmospheric moisture, in agree-
ment with several studies (Betts, 1998; Held and Soden, 2006; Cherchi et al,
2011), leading to a stabilization of the tropical atmosphere and a weakening
of the atmospheric circulation (Sugi et al, 2002). The differential rate of
response to surface warming of water vapor and precipitation implies in fact
a weakening of the boundary layer/troposphere mass exchange (Held and
Soden, 2006) which reflects into a reduction and an upward expansion of the
Hadley circulation (Vecchi et al, 2006) which shows an asymmetry among
the cells in the two hemispheres influencing the meridional transport of the

total atmospheric energy.

That energy transport is mainly associated with the meridional heat

transport since the energy component giving the most contribution to the
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total atmospheric energy is the internal energy. Under global warming con-
ditions the heat transport by the atmosphere increases, mainly at high lat-
itudes, in order to balance the decreased oceanic northward heat transport,
due to the weakening of the ATHC, and to maintain almost constant the
Earth’s system total energy budget even under extreme regimes.

The understanding of the physical mechanisms driving the Atlantic THC
is an hot topic in the scientific community and the main results are still
controversial. A lot of interest is posed over the response of the ATHC to a
CO,4 forcing since this oceanic circulation transports a huge amount of heat
to the North Atlantic latitudes. Here we found that even under an extreme
radiative forcing, as the 16 times the present’s day atmospheric CO, concen-
tration, the ATHC never collapses but it subject to a spatial reorganization
due to the shift of the North Atlantic convective sites. Nevertheless, this
finding may be affected by a salinity bias due to the model configuration
used which computes the hydrological cycle not considering the runoff con-
tribution, hence leading to more saline and dense waters that can easily sink
at high latitudes reinforcing the ATHC strength. Further, a better repres-
entation of the Mediterranean waters, without any relaxation in temperature
and salinity, would be necessary in order to have a better evaluation of the
MOW impact over the ATHC.

According to the TPCC scenarios (IPCC, 2007), the global warming due to
increased GHGs in the atmosphere will increase in the future and the actual
ATHC could be subjected to reorganization because of heat and freshwater
flux changes in a warmer world. This study advances the knowledge of the
mechanisms influencing the Atlantic THC under extreme C'O, radiative for-

cing and the energetics of the Earth system under global warming conditions.
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