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Abstract

Although an increase in greenhouse gas concentrations warms the troposphere, it is unclear if
this changes the atmospheric energetics, i.e., the generation of available potential energy, its
conversion into kinetic energy, and its further dissipation. The Lorenz Energy Cycle describes
these energy processes and concisely summarizes the atmosphere’s behavior as a heat engine
from which other properties may be inferred. In order to study the response of the atmospheric
energetics to an increase in greenhouse gas concentrations, we evaluate changes in the
Lorenz Energy Cycle due to increased atmospheric CO2 in the coupled atmosphere-ocean
ECHAM5/MPI-OM model.

Globally, doubling of CO2 results in a 4% to 7% weakening of the Lorenz Energy Cycle,
since less available potential energy is converted into kinetic energy per unit of time, indicating
a reduction in energetic activity. This global weakening is the result of two opposite responses:
a strengthening in the upper troposphere and a weakening in the lower andmiddle troposphere.
The latter dominates the globally-integrated response. These two responses result from the
simulated 2xCO2 warming pattern that consists of a strong warming in the tropical upper-
troposphere and in the high-latitudes near the surface. By performing additional experiments
in which these two features of the 2xCO2 warming pattern are simulated separately, we find that
the strengthening (a 4% increase) of the energetic activity is a consequence of the high-latitude
surface warming, whereas the weakening (a 10% decrease) is a consequence of the tropical
upper-tropospheric warming. Furthermore, both responses are accompanied by corresponding
changes in baroclinicity—the main process responsible for the conversionof available potential
energy into kinetic energy—as well as in extratropical storm activity, as measured by the global
reservoir of eddy kinetic energy.

We show that the dominant aspect of the warming pattern that alters the globalatmospheric
energetics is not its horizontal temperature distribution but its mean static stability.This stands
in contrast to the expectations based on Held (1993), which consider onlyeffects of changes
in the horizontal temperature distribution. We expand these expectations by pointing out that
changes in the temperature stratification are more important. The response ofstatic stability
is the driving mechanism for changes in the atmospheric energetics, as wellas in baroclinic
activity from a global point of view. This means that the tropical upper-tropospheric warming,
which increases mean static stability, causes a weakening in the energetic activity, whereas the
high-latitude surface warming, which decreases mean static stability, causesa strengthening in
the energetic activity. The combined response to a CO2 doubling is dominated by the tropical
upper-tropospheric warming effect, which explains the overall weakening in energetic activity.
In terms of the reservoir of eddy kinetic energy, the two opposite responses—6% decrease due
to the tropical upper-tropospheric warming and 5% increase due to the high-latitude surface
warming—nearly cancel each other in the 2xCO2 case. This may explain the current lack of
consensus regarding global changes in extratropical storm activity in awarmer climate.



4



Contents

1 Introduction 7

1.1 Motivation and research questions . . . . . . . . . . . . . . . . . . . . . . . .7
1.2 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Energetics responses to increases in greenhouse gas concentrations 11

2.1 Responses obtained with the low resolutionECHAM5/MPI-OM coupled model . 11
2.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.1.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.1.4 Conclusions and discussion . . . . . . . . . . . . . . . . . . . . . . . 27

2.2 Responses obtained with the higher resolutionECHAM5/MPI-OM coupled model 29
2.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.2.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.2.3 Results - 2xCO2 response . . . . . . . . . . . . . . . . . . . . . . . . 31
2.2.4 Conclusions and discussion . . . . . . . . . . . . . . . . . . . . . . . 47

2.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3 Understanding the energetics response: effects of different warming patterns 51

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.2.1 Model and experiments . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.2.2 Spectral nudging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.2.3 Procedure for temperature nudging . . . . . . . . . . . . . . . . . . . 55

3.3 Energetics response of the temperature-nudged experiments . . . . . .. . . . . 58
3.3.1 2xCO2-like warming pattern (FULL) . . . . . . . . . . . . . . . . . . 58
3.3.2 FULL as a linear combination of UP and SFC . . . . . . . . . . . . . . 64
3.3.3 The tropical upper-tropospheric warming (UP) . . . . . . . . . . . . . 73
3.3.4 The high-latitude, surface warming (SFC) . . . . . . . . . . . . . . . . 84

3.4 Conclusions and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4 Conclusions and outlook 93

4.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5



CONTENTS

A Lorenz Energy Cycle terms 99

B Transient and stationary eddy decomposition 103

C Equilibrium conditions in the T63L31 2xCO2 run 107

D Supplementary material for Section 3.3 109

Bibliography 117

Acknowledgement 121

6



Chapter 1

Introduction

1.1 Motivation and research questions

From a global thermodynamic point of view, the earth’s atmosphere can be considered as a heat
engine that converts part of the incoming solar radiation into kinetic energy.By doing so, it
maintains the global circulation of the atmosphere against frictional dissipation.Based on this
simple but fundamental approach, Lorenz (1955) developed a global energy cycle, currently
known as theLorenz Energy Cycle. It describes how available potential energy is generated
due to differential heating, converted into kinetic energy by the rising of relatively warm air
and sinking of relatively cold air, and further dissipated by friction. Herewe use this Lorenz
Energy Cycle to describe theenergetics of the atmosphere, i.e., the operation of the atmosphere
as a heat engine.

The Lorenz Energy Cycle is based on the concept ofavailable potential energy. This quan-
tity measures the fraction of the total potential energy that is actually available for conversion
into kinetic energy. Lorenz (1955) derives an approximate formula for available potential en-
ergy that expresses it as the variance of temperature on constant pressure surfaces divided by
the mean static stability. This formula, from which a complete set of equations describing
the different terms of the Lorenz Energy Cycle can be derived, provides a good insight into
the physical properties of the available potential energy, and is convenient for computations. It
shows that available potential energy depends on the horizontal and vertical distribution of tem-
perature: the larger the horizontal temperature differences and the weaker the static stability,
the larger the amount of available potential energy.

The most prominent horizontal temperature difference in the earth’s atmosphere is between
the poles and the equator. This is illustrated by Figure 1.1, which shows the mean pre-industrial
surface temperature simulated by a coupled atmosphere-ocean general circulation model. Al-
though temperature differences induced by topography and land-sea contrasts are also impor-
tant, globally the most prominent pattern in the horizontal temperature distributionis this pole
to equator contrast. This feature results from the net heating at low latitudesand the net cool-
ing at high latitudes—the largest contribution to the generation of available potential energy—
and constitutes the main energy source for the atmosphere’s heat engine (Lorenz, 1955, 1967;
Peixoto and Oort, 1974, 1992). In particular, this temperature difference is the driver for baro-
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CHAPTER 1 INTRODUCTION

clinic disturbances, which is the main process behind the conversion of available potential
energy into kinetic energy (e.g., Peixoto and Oort, 1992; Holton, 2004).

Figure 1.1: Mean surface temperature (in K) obtained
from a 50-year average of a coupled atmosphere-ocean
ECHAM5/MPI-OM model run with pre-industrial condi-
tions (experiment CTRL used in Chapter 3).

On the other hand, the vertical distribu-
tion of temperature in the atmosphere de-
termines static stability. Static stability is
important for available potential energy be-
cause it determines how prone the atmo-
sphere is for vertical movements. Avail-
able potential energy can only be converted
into kinetic energy through vertical move-
ments with or against the force of gravity
(Lorenz, 1967). Hence, in a very stable
atmosphere—in which vertical movements
are suppressed—available potential energy
looses its ”availability” because it cannot
be converted into kinetic energy.

In thermodynamics, the conceptual heat engine consists of a warm thermalbath from which
the engine extracts heat, and a cold thermal bath to which it dumps the excess of heat after
having performed work. The larger the temperature difference, the larger the efficiency of the
engine, i.e., more work is done with the same amount of heat extracted per unitof time. Making
a simple analogy with the climate system, one could associate the warm and cold thermal baths
with the low and high latitude regions, and the performed work with the conversion of available
potential energy into kinetic energy that takes place as heat is transferred from the low to the
high latitudes. Of course, the complexity of the atmosphere is such that this analogy is too
simple to describe the atmosphere’s behavior realistically. However, with someadditional
considerations, such an analogy can be carried out rigorously, and one can formally define an
efficiency for the climate system (Lucarini, 2009). Although our study does not go in that
direction, the idea of visualizing the atmosphere as a heat engine illustrates thefundamental
nature of the energetics of the atmosphere, and in particular of the LorenzEnergy Cycle.

Initially, the Lorenz Energy Cycle was used to obtain an estimate of the energetics of the
atmosphere based on the available observations. The objective was to understand and quantify
the amount of energy and the rate at which it is generated, converted, and dissipated in the
atmosphere. The most representative study was carried out by Peixoto and Oort (1974) and
Oort and Peixoto (1974), whose results are still cited in widely used textbooks (e.g., Peixoto
and Oort, 1992; Holton, 2004). With a relatively sparse observation dataset they were able
to characterize the main features of the energetics of the atmosphere, so that still today their
results are of great value from an understanding point of view. Using better sets of observa-
tions and reanalysis data, recent studies have quantified more precisely the energetics of the
atmosphere (e.g., Li et al., 2007; Boer and Lambert, 2008). This has proven to be useful in
order to evaluate and compare different reanalysis data sets, and also different atmospheric
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1.1 MOTIVATION AND RESEARCH QUESTIONS

models among themselves and with observations. Furthermore, recent studies on current or
future changes in storm activity use the Lorenz Energy Cycle (Boer, 1995) or specific elements
from it (O’Gorman and Schneider, 2008; Wu et al., 2010) as a fundamental tool.

In this thesis we want to investigate, using the Lorenz Energy Cycle, how theenergetics
of the atmosphere respond when we ”warm up” the atmosphere’s heat engine. It is clear that
higher CO2 concentrations warm the troposphere, but it is not clear how this may affect the
energetics of the atmosphere. For example, if the atmosphere warms up homogeneously, avail-
able potential energy should not change, so that probably the whole energetics would as well
remain unchanged. However, the expected warming is far from being homogeneous (Meehl
et al., 2007) so that changes in available potential energy and in the whole atmospheric ener-
getics would in principle be expected. This brings us to our first researchquestion:

1. What is the response of the atmospheric energetics to higherCO2 concentra-
tions?

We are not only interested in finding out what is the atmospheric energetics response, but also
in understanding it. This leads to our second research question:

2. What are the mechanisms that cause the atmospheric energetics response to
higher CO2 concentrations?

Although we will study changes in all the components of the Lorenz Energy Cycle, i.e.,
reservoirs of energy and energy conversion rates, we are most interested in changes in the
energy conversion rates. These measure theenergetic activityof the atmosphere, i.e., the rate
at which the atmosphere performs work by converting available potential energy into kinetic
energy. In particular, we want to know if the energetic activity strengthens or weakens in a
warmer climate. A strengthening would imply a higher rate of conversion of available potential
energy into kinetic energy, which would suggest more baroclinic activity, and probably more
(or stronger) extratropical storms. A weakening would indicate the opposite response.

Previous studies are related to our research questions. Boer (1995) studied the changes in
the Lorenz Energy Cycle in the Northern Hemisphere winter season due to doubling of CO2

concentrations. He found a reduction in energetic activity, while the reservoir of kinetic energy
remained unchanged. He attributed this to the reduced pole-to-equator temperature difference
and land-sea contrasts during winter. Using an atmospheric model with specified sea surface
temperatures and a local formulation of the energy cycle, Marquet (2005, 2006) also focuses on
the Northern Hemisphere winter. He obtains a similar weakening in the energeticactivity, but
with an additional local strengthening in the upper troposphere. In contrast to these studies, we
use here a fully coupled atmosphere-ocean general circulation model (ECHAM5/MPI-OM),
and we consider the global, annual mean response of the energetics. Instead of using the
Lorenz Energy Cycle to study changes in the energetics of specific regions of the globe, we use
it to study the global energetics response, and by doing so, we expect toachieve a better under-
standing of the dynamical response of the global atmosphere to higher CO2 concentrations.
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CHAPTER 1 INTRODUCTION

On the other hand, if the global response to higher CO2 concentrations is a weakening in
the energetic activity (Boer, 1995; Marquet, 2005, 2006), one would expect that extratropical
storms should also decrease. Recent studies about extratropical stormactivity do not offer yet a
conclusive statement in this matter. With one atmospheric model, Geng and Sugi (2003) found
that the total frequency of extratropical storms decreases, but the frequency of strong storms
increases. Yin (2005) found a strengthening and poleward shift of thestorm tracks in several
climate models, suggesting an intensification of extratropical storms. Bengtsson et al. (2009),
using a high-resolution atmospheric model, found a small reduction in the number of storms,
but no significant changes in the extremes of wind and vorticity. O’Gorman and Schneider
(2008) pointed out an important connection that further motivates our study: they found that
eddy kinetic energy scales approximately with available potential energy. This suggests that we
can expect that by studying the energetics response, we can obtain somefundamental informa-
tion about the response of extratropical storms, even without studying extratropical storms in
detail. At least, we may be able to understand why other detailed studies have not yet succeeded
in obtaining a consensus about the response of extratropical storms to a warmer climate.

1.2 Outline of the thesis

Including this introductory chapter, this thesis comprises 4 chapters and 4 appendixes. Chap-
ters 2 and 3 bring together the main results. The first section of Chapter 2 hasalready been
published in theJournal of Climate(Herńandez-Deckers and von Storch, 2010).

In Chapter 2 we answer our first research question. There we describe the response of
the Lorenz Energy Cycle in several coupled model experiments. We do thiswith transient
experiments in which CO2 concentrations increase with time, as well as with experiments in
which CO2 is doubled and held constant for a long period of time. The 2xCO2 experiments are
analysed with two different resolutions of the model.

In Chapter 3 we study the 2xCO2 response of the Lorenz Energy Cycle by carrying out
experiments in which, instead of changing the CO2 concentrations, we artificially force the
model towards two different warming patterns. These patterns reflect thetwo main features
of the 2xCO2 warming pattern. With these experiments we are able to isolate and track spe-
cific energetic responses of the 2xCO2 case, making it possible to understand the mechanisms
behind these responses. Therefore, in this chapter we answer our second research question.

Appendixes A and B present the equations that describe the Lorenz Energy Cycle, which
we have used for the different computations. Appendix C presents a short discussion about the
quality of one of the 2xCO2 experiments in terms of its equilibrium conditions, and Appendix D
contains figures that constitute supplementary material for Section 3.3.2.

Finally, chapter 4 presents the main conclusions and the outlook of this thesis.
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Chapter 2

Energetics responses to increases in

greenhouse gas concentrations

2.1 Responses obtained with the low resolution ECHAM5/MPI-OM

coupled model∗

2.1.1 Introduction

The study of the energetics of the atmosphere provides a fundamental approach to the un-
derstanding of the dynamics of the atmosphere. Here we use it to investigate the dynamical
responses of the atmosphere to higher greenhouse gas concentrationssimulated by an ocean-
atmosphere coupled GCM.

It is clear that higher greenhouse gas concentrations imply an increase inglobal mean tem-
perature, but it is not clear how this may affect the energetics of the atmosphere. One way
of addressing this problem is through the Lorenz Energy Cycle (LEC) (Lorenz, 1955), which
deals with the maintenance of the circulation in terms of the generation (G) of available poten-
tial energy (P ), its conversion into kinetic energy (K), and its further frictional dissipation (D),
derived using the usual Eulerian mean decomposition. Here,P depends on the spatial variance
of temperature over constant pressure levels, and onγ, the inverse mean static stability. Hence,
P is not affected by a homogeneous temperature increase, but by changes in horizontal or ver-
tical temperature gradients. These could trigger changes in the whole LEC.Diagnosing these
changes can provide us with fundamental clues for understanding the dynamical changes in the
circulation of the atmosphere of a warmer planet.

In principle, the LEC provides a global view of the dynamics of the atmosphere from an
energetic point of view. However, the decomposition of theP andK reservoirs into zonal-
mean and eddy components reveals also certain relationships of the LEC-terms with specific
processes. One should not pretend to obtain a complete and detailed description of these pro-
cesses through the LEC, but in order to gain some understanding of the mechanisms behind the
energetics of the atmosphere, it is useful to have them in mind. To begin with, zonal mean avail-
able potential energy (Pm) is generated due to net heating at low latitudes and net cooling at
∗ The content of this section has been published in the Journal of Climate (Hernández-Deckers and von Storch,
2010).
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CHAPTER 2 ENERGETICS RESPONSES TO INCREASES IN GREENHOUSE GAS CONC.

high latitudes (heating of warm regions and cooling of cold regions). The conversion fromPm

into eddy available potential energy (Pe) and then into eddy kinetic energy (Ke) results from
baroclinic instability. It is related to the meridional heat transport by the eddies. The conversion
betweenKe and zonal-mean kinetic energy (Km) is related to wave-mean flow interactions. On
the other hand, the direct conversion betweenPm andKm is related to the zonal-mean merid-
ional overturnings. This involves processes like the Hadley cell, where mostly Pm is converted
into Km, but also the indirect Ferrel cells, where mostlyKm is converted intoPm. The net
result of this conversion term turns out to be quite small compared to the conversions following
the pathPm → Pe → Ke → Km. The latter is therefore considered to be the main path for
the generation ofK in the atmosphere, which implies that the eddies play a crucial role in the
energetics (Peixoto and Oort, 1992).

Changes in energetics due to CO2-doubling have been studied by Boer (1995). He focused
on the Northern Hemisphere winter season, using output from an atmospheric GCM coupled
to an interactive ”slab” ocean. His results for a 2xCO2 simulation show a reduction in strength
of the LEC (measured by the total conversion fromP to K), consistent with reduced equator
to pole temperature gradients and land-sea contrasts during winter. The kinetic energy is found
to remain unchanged. Although the winter season is when the LEC shows its strongest activity
due to the larger equator to pole and land-sea temperature contrasts, herewe consider the
global and annual-mean conditions simulated by a coupled atmosphere-ocean GCM in order
to capture the responses of both hemispheres and to have a complete view ofthe energetic
changes due to higher CO2 concentrations.

The next subsection describes the model we use, the analyzed experiments, the LEC equa-
tions, and their computational procedure. The third subsection presents our results, followed
by the conclusions and discussion subsection. A full description of the expressions used for
the computation of the different terms is presented in Appendix A.

2.1.2 Method

Model and experiments

We use integrations of the coupled ECHAM5/MPI - OM atmosphere-ocean sea-ice general
circulation model developed at the MPI for Meteorology in Hamburg. The atmosphere com-
ponent (ECHAM5) is described by Roeckner et al. (2003) and the ocean/sea-ice component
(MPI-OM) by Marsland et al. (2003). The coupling is done without flux adjustments. We use
a low resolution version (T31,≈ 3.80 × 3.80, with 19 vertical levels for the atmosphere, and
≈ 30 × 30 with 40 vertical levels for the ocean), and daily mean outputs for the computations.
Jungclaus et al. (2006) describe a higher resolution version of this coupled model, which was
used to perform the scenario runs for the IPCC fourth assessment report.

As a reference climate we use a 100 year control run with a 1×CO2 concentration of 280
ppm. In order to analyze the transient response, we consider two 50-member ensembles of
climate change runs starting from different years of the control run: one from the even years
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2.1 RESPONSES WITH THE LOW RESOLUTION COUPLED MODEL

and the second from the odd years of the control run. The forcing of each run is a 3% increase
in CO2 concentration per year, and each run is 10 years long, leading to a finalCO2 factor of
1.34. A detailed description of these integrations is given by von Storch (2008). The transient
ensemble is used to qualitatively assess the way of approaching the equilibrium changes. We
are not aiming at a description of realistic changes that have happened in the past. For the latter
purpose, one needs a sufficiently big ensemble of realistic simulations of the past climate,
which was not available for the present study. For the stationary response we use the last 100
years of a stabilized 2×CO2 run from Seiffert and von Storch (2008), performed with the same
coupled model.

Lorenz Energy Cycle equations

The basic equations for the two-component LEC, integrated over a volume,are:

dP

dt
= −C(P, K) + G + B(P )

dK

dt
= C(P, K) − D + B(K),

(2.1)

whereC(P, K) is the conversion rate ofP into K, G is the generation rate ofP , D is the
dissipation rate ofK, B(X) is the flux ofX across the boundaries of the volume (zero for
global integrals), andt is time. However, as pointed out earlier in the introduction, zonal-
mean and eddy decomposition provides a more detailed description of the energetics because
it separates better the different processes behind the LEC. Based on this decomposition, the
equations of the four-component LEC, integrated over a volume, are:

dPm

dt
= −C(Pm, Pe) − C(Pm, Km) + Gm + B(Pm)

dPe

dt
= C(Pm, Pe) − C(Pe, Ke) + Ge + B(Pe)

dKe

dt
= C(Pe, Ke) − C(Ke, Km) − De + B(Ke)

dKm

dt
= C(Ke, Km) + C(Pm, Km) − Dm + B(Km),

(2.2)

where the subscriptm denotes the zonal mean ande the eddy component (including both
transient and stationary eddies). The expressions used for the calculation of the different terms
of the LEC are included in Appendix A. They are based on the formulation ofPeixoto and Oort
(1974), and resemble the expressions of Boer and Lambert (2008), which use theβ function
(described in Appendix A). Different from Boer and Lambert (2008), we calculateC(P, K)

from the vertical velocity and specific volume rather than from the gradientof geopotential
height. However, the only mayor difference between the formulations of Peixoto and Oort
(1974) and Boer and Lambert (2008) is the correction for topographyachieved with theβ
function.

13



CHAPTER 2 ENERGETICS RESPONSES TO INCREASES IN GREENHOUSE GAS CONC.

The strength of the LEC is given by the total conversion rate ofP into K, i.e.,C(P, K) =

C(Pm, Km) + C(Pe, Ke) (see Fig. 2.1), which controls the rate of work of the atmosphere
as a heat engine. For a stabilized climate, the reservoirs ofP andK are assumed to remain
constant so that the total conversion rate must equal the generation and dissipation rates. In this
case the generation or the dissipation rate could also serve as a measure ofthe LEC-strength.
However, these rates are difficult to calculate directly, and are usually obtained as residuals of
the conversion terms. Therefore, the total conversionC(P, K) is the most direct and reliable
measure of the LEC-strength.

Decompositions

The formulation we use here is based on the Eulerian mean decomposition, whereX = 〈X〉+

X ′ and〈X〉 = [〈X〉] + 〈X〉∗, so that

X = [〈X〉] + 〈X〉∗ + X ′. (2.3)

Here,〈X〉 represents the ensemble mean of the quantityX. It is the mean ofX over all en-
semble members for each day in the transient experiments, and is replaced bythe time mean of
X in the equilibrium runs (1xCO2 and 2xCO2) under the ergodicity assumption. Consistently,
X ′ denotes the deviation from the ensemble (or time) mean,〈X〉. [〈X〉] denotes the zonal
mean of〈X〉, and〈X〉∗ its deviation. Additionally, the decomposition into global mean over
a constant pressure level (denoted byX̃) and its deviation (denoted byX ′′) is also used, for
it appears in Lorenz’s approximation equation for available potential energy (see Appendix).
One has[〈X〉]′′ = [〈X〉] − 〈X̃〉.

LEC computations

The LEC-terms we compute here are the reservoirsPm, Pe, Ke andKm, the conversion rates
C(Pm, Pe), C(Pe, Ke), C(Ke, Km) andC(Pm, Km), and, when splitting the atmosphere into
upper and lower regions, the boundary flux termsB(Pm), B(Pe), B(Ke), andB(Km). The
generation and dissipation ratesGm, Ge, De, andDm are estimated as residuals for the stabi-
lized 1xCO2 and 2xCO2 runs, assuming constant reservoirs (see Appendix).

As mentioned before, the LEC computations of the CO2-stabilized runs are based on time
means instead of ensemble means. These time means are calculated as multi-year daily means,
so that the output is one year of daily values for each LEC-term. This is reduced to single mean
values by averaging over all days. The calculations in the transient runsare based on ensemble
averages, so that the output of the computations consists of 10 years of daily values. This is
averaged to a series of 10 yearly values for each LEC-term.

14



2.1 RESPONSES WITH THE LOW RESOLUTION COUPLED MODEL

2.1.3 Results

2xCO2 response

The LEC’s for the equilibrium climates with 1xCO2 and 2xCO2 are shown in Figure 2.1.
The 2-box diagram (Fig. 2.1a) shows a 7% decrease inC(P, K), a 1% decrease inP , and
a 10% increase inK. The decrease inC(P, K) suggests that the cycle is weaker in the 2xCO2

case. Nevertheless, the 2xCO2-atmosphere has a larger reservoir ofK. The 4-box diagram
(Fig. 2.1b) reveals that the weaker LEC results from a decrease in the conversion due to both
the mean and the eddy components,C(Pm, Km) andC(Pe, Ke). The latter, accompanied by a
weaker conversion of mean to eddyP , C(Pm, Pe), indicates a reduction in baroclinic activity.
On the other hand, the strong increase inK comes from an increase of 19% in Km, while Ke

has decreased by 2%. The increase inKm is accompanied by a strengthening of the conversion
termC(Ke, Km). Thus, the 4-box diagram further confirms the weakening of the LEC andthe
increase inK. However, the global results shown in Figure 2.1 do not give any information
about the cause of these two opposite changes.
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Figure 2.1: (a) 2-box diagram and (b) 4-box diagram of the LEC-terms for the 1xCO2 control run
(above, gray) and the 2xCO2 equilibrium run (below, black). Generation and dissipation terms (in
parenthesis) are obtained as residuals. Units are 105 J m−2 for reservoirs and W m−2 for conversion,
generation and dissipation terms. Arrows show the direction corresponding to positive values; negative
values imply opposite direction.
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Figure 2.2: Mean LEC-terms for the 1xCO2 control run (horizontal line) with an estimate of its 90% variability
(dashed lines), and time series (in years) of the two transient ensembles(connected circles). Counterclockwise,
starting from the upper left:Pm, C(Pm, Pe), Pe, C(Pe, Ke), Ke, C(Ke, Km), Km, andC(Pm, Km). Units
are 105 J m−2 for reservoirs and W m−2 for conversion terms.

Transient response

The transient ensembles allow us to track the changes in the different LEC-terms due to an
increasing CO2 concentration, to compare them with the 2xCO2 changes, and to assess their
robustness.

Figure 2.2 shows the time series of the LEC-terms obtained from the two transient ensem-
bles (empty and filled circles), together with the mean value in the 1xCO2 control run and an
estimate of its 90% variability (horizontal lines), obtained by the Bootstrapping technique (von
Storch and Zwiers, 1999). Using this technique, 100 random combinationsof 50 years were
generated from the 100 available years of the 1xCO2 equilibrium run. For each combination,
all the LEC-terms were computed. From this sample of 100 different ’realizations’ of the LEC,
we obtain an empirical distribution, which provides an estimate of the lower and upper bounds
of the 90% variability of each LEC-term under the 1xCO2 condition.

The changes in the transient runs are consistent with those in the equilibrium2xCO2 run.
However, the magnitudes of the changes are smaller, partly because of thesmaller forcing,
and partly because of the non-equilibrium conditions. ForPm andC(Pe, Ke), the changes in
year 10 are not yet larger than the 90%-variability. On the contrary, the increase ofKm and
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C(Ke, Km), and the decrease ofC(Pm, Pe), Pe, Ke, andC(Pm, Km), are statistically signifi-
cant in year 10, or even earlier. Here, statistical significance means thatthe Null-hypothesis of
no change can be rejected at a 10% significance level. The empirical distribution of the boot-
strapped ensemble serves as the distribution of the test variable. One can conclude that the two
opposing changes, the weakening in the cycle and the strengthening inKm, are statistically
significant transient responses.

Different from the equilibrium runs, which reveal only the equilibrium balances, the transient
runs can provide evidence about which terms influence the increase ofKm. The terms that can
directly affectKm are the conversion termsC(Ke, Km) andC(Pm, Km). Figure 2.2 suggests
that Km increases because of the increase in the conversion fromKe to Km, C(Ke, Km).
The conversion termC(Pm, Km) is related to meridional overturnings, which work in both
directions. For instance, under normal conditions, the thermally direct Hadley cell converts
Pm into Km, while Km is generally converted intoPm in the indirect Ferrel cells at mid-
latitudes. The observed decrease inC(Pm, Km) can be due to a reduced conversion from
Pm to Km in one region, to a higher conversion fromKm to Pm in another region, or to a
combination that ends up with a net decrease. However, all these combinations would tend
to decreaseKm, not to increase it. Therefore, the increase inKm must be mostly driven by
changes in thePm → Pe → Ke → Km side of the cycle, and not by changes in the directPm

to Km conversion.

The above consideration suggests also that the weakening of the LEC is not caused by a
reduction inC(Pm, Km). Instead, Figure 2.2 shows that the weakening is associated with a
decrease in the reservoirs ofPe andKe, and the conversion termsC(Pm, Pe) andC(Pe, Ke).
Although the latter does not show a statistically significant decrease in year 10, a negative trend
is already visible, and the 2xCO2 results suggest that this trend would produce statistically sig-
nificant changes in a longer transient run. Overall, the transient time series suggest a decrease
in eddy activity, with the strongest decrease in the conversion termC(Pm, Pe), implying a
reduction in baroclinicity.

The transient experiments allow us to identify two branches, which are consistent with the
2xCO2 observed changes. One is characterized by an increase inKm, and the other by a
decrease in the eddy components. However, the connection between the two branches and the
causes of each of them are not clear.

Vertical cross-sections

To understand the results shown in subsections 2.1.3 and 2.1.3, vertical cross sections of the
integrands of each LEC-term are shown in Figure 2.3. Contours show themean distribution
in the 1xCO2 control run, while color shaded are the 95%-significant changes for the 2xCO2

run. The 95%-significance is tested using the bootstrapped empirical distribution of the 1xCO2

LEC-terms. Only changes that are outside this 95% variability of the 1xCO2 control run are
shaded. These vertical cross sections do not give a complete description of the energetics

17



CHAPTER 2 ENERGETICS RESPONSES TO INCREASES IN GREENHOUSE GAS CONC.

Figure 2.3: Vertical cross sections of the LEC terms for the 1xCO2 control run (contours), and change in the
2xCO2 run relative to the 1xCO2 control run (color shaded, 95% significance). Counterclockwise, starting from
the upper left:Pm, C(Pm, Pe), Pe, C(Pe, Ke), Ke, C(Ke, Km), Km, andC(Pm, Km). Units are J Kg−1

for reservoirs, and×10−5 W m−2 for conversion terms.
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2.1 RESPONSES WITH THE LOW RESOLUTION COUPLED MODEL

because internal flux terms, which are only zero for global integrals, are not included. Nev-
ertheless, these plots give a good idea about the zonal and vertical distribution of the actual
contributions to each LEC-term.

The first striking result is the pattern in the 2xCO2-change ofPm (upper left diagram of
Figure 2.3). There is a strong increase ofPm in the upper troposphere and lower stratosphere
(between 150 hPa and 350 hPa), whereas throughout the middle and lower tropospherePm

decreases. This pattern is very well defined inPm, but can also be seen inC(Pm, Pe), Pe,
C(Pe, Ke) andKe. However, it does not extend intoC(Ke, Km) or Km, where the increase-
response dominates. A possible explanation for this comes from the verticaldistribution of
these terms (line contours). BothKm andC(Ke, Km) are more concentrated in the upper
levels of the troposphere with maximum values located above 300 hPa (they are related to
the jet streams), whereas the other terms (Pm, Pe, Ke and the conversions between them)
are widely spread throughout the troposphere, with maximum values locatedbelow 300 hPa,
partly centered near 400 - 500 hPa. Because of these different vertical distributions, the global
response ofC(Ke, Km) andKm is dominated by the values in the upper troposphere, where
the increase-response is detected, while the global response of the other terms is dominated by
the values in the middle and lower troposphere, where the decrease response is strong.

Figure 2.4: Vertical cross-section ofPm for the 1xCO2

control run (contours), and change in year 10 of one tran-
sient ensemble relative to the 1xCO2 control run (color
shaded, 95% significance).

Figure 2.4 shows the changes in the
vertical distribution ofPm in year 10 of
one transient ensemble (color shaded) rela-
tive to the 1xCO2 run distribution (contour
lines). The corresponding plot for the other
transient ensemble (not shown) is almost
identical to the one shown in Figure 2.4.
Also, the patterns of the other LEC-terms
in both transient ensembles (not shown)
are very similar but with smaller amplitude
than the patterns of the 2xCO2 run shown
in Figure 2.3. The vertical cross-section of
Pm (Fig. 2.4) differs from that obtained for
the equilibrium runs (Fig. 2.3). In partic-
ular, there are larger differences between
the Northern Hemisphere and the Southern
Hemisphere in year 10 of the transient ex-
periments than in the 2xCO2 run. Although the upper troposphere shows a similar pattern to the
2xCO2 case, in the middle and lower tropospherePm decreases in the Northern Hemisphere,
but increases in the Southern Hemisphere. This asymmetry ofPm in the Northern Hemisphere
and Southern Hemisphere is strong in the transient warming, but becomes less pronounced in
the 2xCO2 equilibrium run, where the responses in the two hemispheres are similar.

The analysis of the vertical cross-sections suggests a strengthening ofthe LEC-terms in the
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upper levels and a weakening in the lower levels. However, as we noted before, it does not
provide a rigorous description of the energetics. In particular, these vertical cross-sections do
not tell us anything about possible exchanges or fluxes within the upper and lower levels. To
explore the different behaviors in the upper and lower levels in a more rigorous manner, a
splitting of the atmosphere is carried out in the next subsection.

Splitting the atmosphere

In order to obtain a more rigorous picture of the different contributions ofthe upper and lower
levels to the global LEC-changes, we split the atmosphere at 350 hPa into theso-called upper
and lower regions. We diagnose then the LEC-terms for each of these regions, plus the bound-
ary fluxes at the isobaric surface of 350 hPa. This level has been chosen because the pattern
of change ofPm (upper left corner of Fig. 2.3) suggests it as the boundary between the region
wherePm increases and the region where it decreases.

With this procedure we do not intend to carry out a local analysis of the LECfor any of these
two regions. This would be incorrect, due to the global formulation of the LEC. To carry out a
local analysis, a different energetic formulation, such as that given byMarquet (1991), should
be used. However, the aim of this section is not a local analysis of the LEC inthe upper or
lower regions. We split the global LEC in order to identify two contributions to the global LEC
in a more rigorous way than just looking at vertical cross-sections. The added value of this
splitting procedure comes from the calculation of the boundary fluxes of thereservoirs, which
allows us to estimate (as residuals) the generation and dissipation rates in eachregion.

The 2-box diagram of the LEC with the split atmosphere (Fig. 2.5) reveals that most of the
generation ofP occurs in the lower region, as well as the conversion intoK and its further
dissipation, i.e., most of the energetic activity takes place here. The reservoir of P has also a
higher contribution from the lower region, whereas kinetic energy is mostly stored in the upper
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Figure 2.5: 2-box LEC computed for the atmosphere split at 350 hPa (dashed line),
including boundary fluxes (dashed arrows). Values are for the 1xCO2 control run (gray,
above) and for the 2xCO2 equilibrium run (below, black). Generation and dissipation
terms (in parenthesis) are obtained as residuals. Units are 105 J m−2 for reservoirs and
W m−2 for conversion, generation, dissipation, and boundary flux terms. Arrows show
the direction corresponding to positive values; negative values imply opposite direction.
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region, where little dissipation takes place. The boundary fluxes ofK andP go upward, from
the region with a stronger energy conversion to the region with a weaker energy conversion.
The fact that the boundary fluxes are small compared to the generation, conversion, and dissi-
pation terms in the lower region indicates that the annual-mean energy exchange between the
upper and lower region is small.

Under a CO2 doubling (bold numbers in Fig. 2.5), the LEC-terms of the 2-box diagram in-
crease in the upper region and decrease in the lower region. The strength of the cycle (measured
by C(P, K)) increases from 0.28 W m−2 to 0.38 W m−2 (about 36%) in the upper region, and
decreases from 2.38 W m−2 to 2.09 W m−2 (about 12%) in the lower region. In order to visual-
ize better how the changes in generation, conversion and dissipation take place in each region it
is useful to focus only in the changes in these terms and the boundary fluxes, leaving the reser-
voirs aside. The changes in generation, conversion, dissipation, and boundary fluxes in each of
the regions (Fig. 2.6) reveal that the largest changes show up in the generation rates. Due to the
change in the boundary fluxB(P ), these strong changes in generation are balanced by weaker
changes in the conversion rateC(P, K) in each region. In other words, the strong change in
generation—increase in the upper region and decrease in the lower region—is followed by a
weaker change in the conversion termC(P, K). Going one step further, the lower region de-
crease ofC(P, K) is balanced by a decrease in the dissipation termD—although again of less
magnitude—and a decrease in the upward boundary fluxB(K). On the contrary, the upper
region increase ofC(P, K) is not followed by an increase in dissipation, as one would ex-
pect, but rather by a slight decrease. This is because the reduction in theupward fluxB(K)

—probably driven by the decrease in energetic activity in the lower region—exceeds the in-
crease in the conversion rateC(P, K) of the upper region. However, this reduction in dis-
sipation is very small. Summing up, the strong changes that start in the generation rates are
followed by weaker changes in the conversion ofP into K, and finally only the lower region
decrease is followed by a decrease in the dissipation rate. The upper region increase of the con-
version rate is mostly balanced by a decrease in the upward fluxB(K), instead of an increase
in the dissipation rate.
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Figure 2.6: 2xCO2 changes in generation, conversion, dissipation and boundary flux
terms in the 2-box LEC for the atmosphere split at 350 hPa (dashed lines). Generation
and dissipation terms (in parenthesis) are obtained as residuals. Units areW m−2.
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Figure 2.7: 4-box LEC computed for the atmosphere split at 350 hPa (dashed lines),
including boundary fluxes (dashed arrows). Values are for the 1xCO2 control run (gray,
above) and for the 2xCO2 equilibrium run (below, black). Generation and dissipation
terms (in parenthesis) are obtained as residuals. Units are 105 J m−2 for reservoirs and
W m−2 for conversion, generation, dissipation and boundary flux terms. Arrows show
the direction corresponding to positive values; negative values imply opposite direction.

To get a closer look into the split-LEC responses, we also computed the 4-box LEC diagram
for the split atmosphere (Fig. 2.7). A similar response is seen here: in general, LEC-terms in
the upper region increase, while they decrease in the lower region. Regarding the reservoirs,
the only exception isKm, which increases in both regions. However, it only increases by 4%

in the lower region, while it increases by 24% in the upper one. Just as for the 2-box LEC,
we have computed the changes in generation, conversion, dissipation andboundary flux terms
of each region, in order to track better the changes in energetic activity. These are shown in
Figure 2.8.

Just as in the 2-box case, the strongest changes are in the generation rates, in particular for
Gm, the generation rate ofPm. Focusing now on the upper region, we see that the strong in-
crease inGm (+0.20 W m−2) is followed by an increase of 0.05 W m−2 in C(Pm, Pe), while
the rest is balanced by a reduction in the upward fluxB(Pm). This increase inC(Pm, Pe),
combined with an additional increase of 0.07 W m−2 in Ge, is followed by an increase of
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Figure 2.8: 2xCO2 changes in generation, conversion, dissipation and boundary flux
terms in the 4-box LEC for the atmosphere split at 350 hPa (dashed lines). Generation
and dissipation terms (in parenthesis) are obtained as residuals. Units areW m−2.

0.11 W m−2 in C(Pe, Ke). This is followed by a small increase of 0.01 W m−2 in the dissi-
pation termDe and an increase of 0.04 W m−2 in C(Ke, Km). The remaining 0.06 W m−2

are balanced by a decrease in the upward fluxB(Ke). However, no increase in the upper re-
gion dissipation termDm is obtained, but rather a decrease of 0.04 W m−2. The increase in
C(Ke, Km) is exceeded by an increase in the downward fluxB(Km), so thatDm must slightly
decrease in order to reach balance. However, the increase in LEC-strength in the upper region
is quite consistent throughout the whole cycle.

The strongest response in the lower region is a decrease inGm of 0.55 W m−2. C(Pm, Pe)

decreases by 0.31 W m−2, and combining this with an increase of 0.09 W m−2 in Ge, C(Pe, Ke)

decreases then by 0.21 W m−2. This decrease inC(Pe, Ke) is then completely compensated
by a decrease of 0.15 W m−2 in the dissipation rateDe and a decrease of 0.06 W m−2 in
the upward fluxB(Ke). This implies that the weakening response disappears when we look
further into the conversion termC(Ke, Km), which does not change in the 2xCO2 run. This
shows why the weakening response does not reach further thanKe. It is compensated by less
dissipation and less upward fluxB(Ke), but the conversion rate ofKe into Km remains un-
changed. On the other hand, even though the weakening response onlyreaches up toKe, it
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takes place in the region of more energetic activity and shows larger changes than the strength-
ening response of the upper region. This explains why the weakening response dominates the
globally integrated LEC.

It seems very reasonable that such a strong pattern of increase and decrease in the generation
of Pm, which is usually considered as the starting point of the LEC, is driving the strenthening
and weakening responses of the cycle. In this case, the pattern of temperature change is crucial
for understanding the changes inGm and inPm. The next section examines the role of the
warming pattern.

Patterns of temperature change and mean static stability

We know thatP is closely related to the temperature distribution. More specifically,P , as
computed for the LEC, is proportional to the variance of spatial temperatureanomalies, i.e., to
the mean square of temperature difference relative to the global mean temperature, and toγ,
the inverse mean static stability(see Appendix A). Hence, a statically more stable atmosphere
has lessP . Evaluating changes in horizontal temperature variance, and changes inmean static
stability may help us to understand the changes inP .

Figure 2.9: Zonal and annual mean temperature change in the 2xCO2 run (left) and in year 10 of one transient
ensemble (right) relative to the 1xCO2 control run.

We will first focus on the changes in the horizontal variance of temperature onP . The equi-
librium climate change signal (Fig. 2.9, left panel) is characterized by a stronger warming in
the tropics than in the high-latitude region in the upper troposphere, but a stronger warming in
the high-latitude region than in the tropics in the lower troposphere. Given that the temperature
decreases poleward throughout the troposphere, the climate change signal implies an increase
in equator-to-pole temperature difference in the upper troposphere, and a decrease in the same
temperature difference in the lower troposphere. Figure 2.10 summarizes these two opposite
responses of temperature. This plot shows the zonally-averaged temperature change at 250 hPa

24



2.1 RESPONSES WITH THE LOW RESOLUTION COUPLED MODEL

and at 2 meters height. At 250 hPa (empty circles) the temperature change increases the merid-
ional temperature gradient at all latitudes. At 2 meters height (filled circles), the warming is
stronger at high latitudes than at low latitudes, causing a decrease in the meridional tempera-
ture gradient. As a result,Pm increases in the upper troposphere, but decreases in the lower
troposphere. The decrease ofPm is stronger in the Northern Hemisphere than in the Southern
Hemisphere due to a stronger warming at northern high-latitudes.

Figure 2.10: Differences in zonally averaged 2-meter
temperature (filled circles) and zonally averaged tem-
perature at 250 hPa (empty circles) between the 2xCO2

run and the 1xCO2 control run, in K.

Having this relationship between temper-
ature changes andPm-changes in mind, it
is also possible to understand the difference
between the response ofPm in the transient
ensemble and in the 2xCO2 run. The right
panel in Figure 2.9 shows that the warming
in year 10 is much smaller than in the 2xCO2

run. In year 10, the warming occurs mainly
in the upper tropical troposphere and in the
Northern high latitudes, and does not exceed
1K (except for a very small region near the
surface of the Northern Hemisphere). In the
2xCO2 run it is always above 3K, and even
above 7K in the large regions of stronger-
warming. This explains the smaller ampli-
tudes in the changes of the LEC-terms in the
transient runs. On the other hand, no warm-
ing is yet visible in year 10 at the southern high latitudes (in neither the upper nor the lower
region). This means thatPm should slightly increase there throughout the whole troposphere.
This increase is not only due to the tropical warming. More importantly, it is dueto a feedback
process in and over the Southern Ocean that keeps the temperature overthe Southern Ocean
nearly unchanged in the transient runs (von Storch, 2008). Such a process is missing in the
Northern Hemisphere. The initial increase ofPm in the Southern Hemisphere (Figure 2.4) is
therefore related to the faster warming of the Northern Hemisphere in comparison to the South-
ern Hemisphere warming. Once the warming is more symmetric, as in the stabilized 2xCO2

run, this transient response disappears.Pm decreases in the middle and lower troposphere
of both Southern and Northern Hemispheres, although not with complete symmetry (Pm in
Fig. 2.3).

Consider now the effect of changes inγ in thePm response.γ is an inverse measure of the
mean static stability, and therefore has variations only in the vertical. Hence, itcannot cause
any latitudinal pattern in thePm-response. Only mean vertical changes inP may be caused by
changes inγ. From Figure 2.11 we see thatγ decreases throughout the layer between 300 hPa
and the surface, with a maximum decrease of about 15% at 400 hPa. It increases in the region
above 300 hPa, but never more than 9%. This means that on average the atmosphere becomes
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Figure 2.11: Mean value of gamma (γ) in 1xCO2 run (left) and its relative change (right) in the
2xCO2 run (difference divided by the 1xCO2 value).

more stable below 300 hPa, and less stable above this level. This affectsPm by increasing it
above 300 hPa, and decreasing it below.

Figure 2.12: Global mean vertical profile of the
relative change ofPm in the 2xCO2 run (differ-
ence divided by the 1xCO2 value).

However, changes inPm are due to the com-
bination of both effects (γ and temperature vari-
ance). In order to evaluate the relative impact of
each of the two effects on the changes inPm, we
show the vertical profile of the relative change in
Pm due to doubling of CO2 (Figure 2.12). Com-
paring this plot with the relative change ofγ (Fig-
ure 2.11) gives an idea of the contribution of the
changes inγ to the mean changes ofPm. The re-
maining changes, not explained by the changes in
γ, must be due to horizontal temperature variance
changes.

Starting from the surface and until about
700 hPa,Pm decreases by about 10%. Near the
surface it even decreases by almost 20%. On the
other handγ-changes start from almost zero at the
lowest level, to about 7-8% decrease at 700 hPa.
This suggests that in this region, changes inPm

are dominated by changes in temperature variance and not by changes inγ. However, from
700 hPa up to about 450 hPa, the relative changes ofPm and ofγ are similar in magnitude,
and they both show a relative minimum at 650 hPa. This suggests that in this region, which is
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roughly speaking the ”free troposphere”, changes inγ are the main reason for the changes in
Pm. This is also consistent with the fact that in this region the warming is rather homogeneous
(see left panel of Figure 2.9), and therefore does not change the horizontal temperature variance
significantly.

In the remaing upper levels,γ starts with a strong decrease of about 15% at 450 hPa, to an
increase of about 6-9% at 200 hPa and above. However,Pm is already increasing at 350 hPa,
and reaches a maximum increase of 140% at 200 hPa (out of scale in Figure 2.12). This strong
increase ofPm in the upper levels cannot be explained by the small changes inγ. Instead, the
Pm-changes above 400 hPa must be due to the changes in temperature variance because of the
strong tropical upper-troposphere warming, as mentioned above.

2.1.4 Conclusions and discussion

The LEC-changes due to CO2-increases reveal fundamental aspects of the dynamical responses
of the atmosphere in a warming climate. These changes are studied using the coupled
ECHAM5/MPI-OM atmosphere-ocean-sea-ice model. We analyzed a 1xCO2 control climate,
a stabilized 2xCO2 climate, and two ensembles of transient experiments with 3%-CO2 increase
per year for 10 years. Two main conclusions are obtained.

First, the LEC-changes result from a dual role of the warming pattern, characterized by the
strongest warming in the tropical upper-troposphere and in lower-levelhigh-latitudes. This
pattern causes an increase ofPm in the upper troposphere (upper region), and a decrease ofPm

in the lower troposphere, near the surface. In the free troposphere—roughly between 700 hPa
and 400 hPa—where the warming is approximately homogeneous, the increase in mean static
stability is responsible for a decrease inPm. The result is a decrease inPm throughout both
the lower and middle troposphere (lower region), and an increase in the upper region. Our
calculations also show that an increase in CO2 concentration leads to a greater generation of
P in the upper troposphere and a reduced generation ofP in the lower troposphere. This,
together with the expected response of baroclinic activity due to the changes in temperature
gradients and static stability—and therefore to the changes inPm—, explains why we find a
general strengthening of the LEC in the upper region (of about 36% in C(P, K)) and a general
weakening of the LEC in the lower region (of about 12% in C(P, K)) in the 2xCO2 climate.
However, the total dissipation decreases in both regions (although only slightly in the upper
one). When integrated globally, the weakening of the LEC in the lower regiondominates, and
leads to decreases in the part of the LEC that linksPm to Pe to Ke. The strengthening of the
LEC in the upper region, on the other hand, appears together with a significant increase inKm.

The second conclusion is that the transient responses are less north-south symmetric than
the equilibrium responses. In the transient runs, the weakening of the lower tropospheric LEC
is stronger in the Northern Hemisphere than in the Southern Hemisphere. In fact, the available
potential energy has even increased in the southern lower and middle troposphere in year 10.
This transient feature is likely due to a coupled feedback process that tends to maintain the
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latitudinal temperature gradient over the Antarctic Circumpolar Current (von Storch, 2008).
This process is much less pronounced in the Northern Hemisphere, leadingto a faster and
stronger high-latitude warming there.

The weakening of the LEC in the middle and lower troposphere is consistent with earlier
studies (Boer, 1995; Marquet, 2005, 2006). It is expected from the reduced equator to pole
temperature gradients (because of high-latitude warming) and the reducedland-sea contrasts
during the winter season (because of stronger warming over continents). It reflects a reduction
in baroclinic activity. However, we show that this weakening reflects only one prominent
change in the global LEC. The other prominent feature is the increase inKm in the upper
troposphere.

The strong increase inKm is not only seen in the ECHAM5/MPI-OM runs, but also found
in climate change experiments using other GCM’s. For example, Lorenz and DeWeaver (2007)
found that the IPCC-AR4-climate models show a strengthening and polewardshifting of the
tropospheric zonal jets, of transient kinetic energy and of momentum flux in response to global
warming. Fyfe and Saenko (2006) report 12 GCM’s that show a consistent strengthening and
poleward shifting in zonal wind stress in the Southern Hemisphere extra-tropics. Although
these quantities are not exactly the same we use here, they do suggest thatthe increase in
Km, which is dominated by the tropospheric zonal jets, is not just an ECHAM5-feature, but
is likely a robust signal in global warming simulations of the IPCC-AR4 climate models. In
our results, the poleward shifting of the tropospheric zonal jets is visible in the increase ofKm

in the southern hemisphere in the poleward-side of the jet throughout the whole troposphere.
On the other hand, the increase in LEC-strength in the upper region is consistent with results
from Marquet (2006). Using a local energetics formulation for the winterseason of the North
Atlantic region, he observed an increase in the energetic activity in the jet regions, as well as a
reduction in the energetic conversions in the low troposphere.

The pattern of tropical warming in the upper troposphere and high-latitude warming in the
lower troposphere represents the typical warming signal, and is also found in the IPCC-AR4
climate change runs (Meehl et al., 2007). Held (1993) pointed out the dual role of this warming
pattern for baroclinic eddies: baroclinic eddies can be strengthened by an increase in pole to
equator temperature gradient in the upper troposphere, but weakenedby the decrease in this
gradient in the lower troposphere. Our results confirm this dual role of the warming pattern.
Moreover, we are able to quantify the dual role in terms of the strengtheningand weakening of
the LEC in the upper and lower troposphere.

The tropical upper-troposphere warming is known to be related to moist convection within
the tropics (Held, 1993). This would suggest that moisture is an important factor in the upper-
level strengthening of the LEC. Lorenz and DeWeaver (2007) argue that the strengthening
of the polar jets, which they find in all IPCC-models, is mostly driven by the rising of the
tropopause rather than by the increase in moisture content. However, onecould also argue
that the tropopause rises mostly due to the strong tropical upper-troposphere warming, which
is caused by moisture effects. Furthermore, part of the weakening response of the LEC in the
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lower and middle troposphere can be related to the increase in mean static stability, which is
also related to water vapor effects (Schneider et al., 2010). We will be able to reach more
conclusive statements regarding this matter in the remaining text.

2.2 Responses obtained with the higher resolution

ECHAM5/MPI-OM coupled model

2.2.1 Introduction

The coupled model runs used for the previous section show a clear energetics response due to
higher CO2 concentrations. However, they correspond to relatively coarse resolution model
runs (T31L19 for the atmosphere and GR30L40 for the ocean). In this section we analyse the
energetics response when doubling CO2 concentrations in a coupled model run with T63L31
spectral resolution for the atmosphere and GR15L40 resolution for the ocean. We have two
main objectives:

• To verify if the equilibrium energetics response described in the previous section is also
valid for higher resolution model runs.

• To perform an additional decomposition of the eddy terms of the LEC into transient and
stationary eddy components, in order to study their independent responses to a doubling
of CO2.

Regarding the first objective, verifying our previous results with higher resolution model
output provides valuable information on its own. Regarding the second objective, we want to
separate the eddy components because a warmer climate may affect each ofthem in a different
way. For example, the stronger warming over the continents could affect the stationary wave
activity. It is not clear whether this is the case, and if yes, to what extent these changes con-
tribute to the global energetics response. It is well known that the transient eddies have a larger
contribution to the global energetic activity than the stationary eddies (Oort and Peixoto, 1974;
Holton, 2004). On the other hand, we do not know if this is the case in terms oftheir response to
a warmer climate. We want to obtain a clear answer to this. Furthermore, the second objective
can be better addressed with a higher resolution model, as the eddy components are expected
to be better described than with the lower resolution model.

2.2.2 Method

Model and experiments

The model setup of the coupled runs we use here is the same as the one usedin the previ-
ous section (ECHAM5/MPI-OM atmosphere-ocean general circulation model), except for the
resolution. The atmospheric component, ECHAM5.2.02a, has a T63L31 spectral resolution
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(≈ 1.875◦ × 1.875◦ and 31 vertical levels), and the ocean component, MPI-OM version 1.0, a
GR15L40 resolution (≈ 1.5◦×1.5◦ and 40 vertical levels). We use two integrations performed
for the IPCC fourth assessment report:

• The last 50 years (from a total of 505 years) of the pre-industrial control experiment
PIcntrl (Roeckner et al., 2006), with a constant 1xCO2 concentration of 280 ppm.

• The last 50 years of the 1%/year CO2-increase experiment to doubling (run no.1) (Roeck-
ner, 2004). In this run, the CO2 concentration is doubled after 70 years, and kept constant
for 150 additional years (see Fig. C.1 in Appendix C).

Lorenz Energy Cycle equations

We consider here the same LEC equations as in the previous section (equations 2.1 and 2.2),
but we also go one step further in the decomposition of the LEC. We considernow the transient
and stationary eddy components separately, so thatPe = Pse +Pte andKe = Kse +Kte. Here
the subscriptse denotes stationary eddy component, andte denotes transient eddy component.
The LEC equations in expression (2.2) become now

dPm

dt
= −C(Pm, Pse) − C(Pm, Pte) − C(Pm, Km) + Gm + B(Pm)

dPse

dt
= C(Pm, Pse) + C(Pte, Pse) − C(Pse, Kse) + Gse + B(Pse)

dPte

dt
= C(Pm, Pte) − C(Pte, Pse) − C(Pte, Kte) + Gte + B(Pte)

dKse

dt
= C(Pse, Kse) − C(Kse, Kte) − C(Kse, Km) − Dse + B(Kse)

dKte

dt
= C(Pte, Kte) + C(Kse, Kte) − C(Kte, Km) − Dte + B(Kte)

dKm

dt
= C(Kse, Km) + C(Kte, Km) + C(Pm, Km) − Dm + B(Km).

(2.4)

There are only two entirely new terms that correspond to the conversion rates between the
stationary and transient components of each eddy reservoir:C(Pte, Pse) and C(Kse, Kte).
The other ”new” terms are only a decomposition of old terms:

C(Pm, Pe) = C(Pm, Pse) + C(Pm, Pte)

C(Pe, Ke) = C(Pse, Kse) + C(Pte, Kte)

C(Ke, Km) = C(Kse, Km) + C(Kte, Km).

(2.5)

The exact expressions for each of the new terms are given in AppendixB. They are fully
consistent with the previous expressions given in Appendix A, as well aswith the formulations
of Peixoto and Oort (1974) and of Boer and Lambert (2008).
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Decompositions

Regarding the decomposition of the different variables, we base our equations and compu-
tations on the same Eulerian mean decomposition described in the previous section (equa-
tion (2.3)).

Note that the stationary and transient eddy decomposition separates quadratic terms of the
form

[
〈X〉∗2

]
for the stationary eddy terms, and

[
X ′2

]
for the transient eddy terms. The sta-

tionary eddy components describe departures from thezonal-meanfield that are persistent in
time, and the transient eddy components describe the zonal mean of departures from thetime-
meanfield. In the atmosphere, stationary eddies appear due to spatial inhomogeneities like
topography and the position of continents; transient eddies result from dynamical instabilities
and are related to storm activity.

LEC computations

The computations are done according to the equations given in Appendix A and B. Because
we consider here only the equilibrium cases (1xCO2 and 2xCO2), the computations are based
on time means and not on ensemble means, just as we did for the low-resolution equilibrium
runs. For details about these computations, please refer to Section 2.1.2.

As opposed to the previous section, we cannot use here the Bootstrapping technique in order
to estimate the statistical significance of the results. Each of the two equilibrium runs we use
here is 50 years long, and provides us with only one ”realization” of the LEC. In order to apply
the Bootstrapping technique we would need longer integrations so that we could generate a
large number of ”realizations”. Unfortunately, this is not possible with thesehigh-resolution
runs. However, we have an estimate of the significance of the low-resolution response, which
we can use as a reference for comparison. The features of the LEC-response in the low reso-
lution 2xCO2 case proved to be statistically significant with at least a 90% confidence interval.
Therefore, as long as the high resolution response we obtain here is similarto the previous low
resolution response, we can infer that it is also statistically significant.

2.2.3 Results - 2xCO2 response

Warming pattern

Before showing here the LEC-response of the T63L31 resolution runs, we will first look at
the zonal-mean temperature response of this new 2xCO2 run, and compare it to the lower
resolution runs. This should be a first indicator of any possible differences between the two
resolutions, and, as we learned in the previous section, it will also help us tounderstand the
energetics response that will be presented in the next subsections.

Comparing the zonal and time mean temperature change due to CO2 doubling in the higher
resolution runs (Fig. 2.13) with the coarse resolution runs (Fig. 2.9, left panel), we find that
the high resolution 2xCO2 run shows a smaller warming amplitude, but with a very similar
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Figure 2.13: Zonal and annual mean temperature change in the 2xCO2 run
with T63L31 resolution, relative to the 1xCO2 pre-industrial control run.

pattern. The regions with more than 6 K warming are smaller in the higher resolution runs,
but the overall pattern, with the strongest warming in the upper tropical troposphere and in the
surface high-latitude regions (mostly in the Northern Hemisphere) is the same.Several factors
may be responsible for the difference in warming amplitude in the 2xCO2 response. First of all,
the two integrations were carried out not only with different resolutions, but also with different
versions of the model. However, the main reason for this difference is probably related to the
period of time in which the 2xCO2 concentration is held constant in both experiments. The
T63L31 2xCO2 run was obtained by increasing the CO2 concentration by 1% per year during
70 years, and then holding it constant for 150 years. We use here the last 50 years, but in
order to obtain a fully equilibrated deep ocean, 100 years is certainly not enough. The low
resolution 2xCO2 run that was used for the previous section has 880 years of integration with
constant 2xCO2 concentration (Seiffert and von Storch, 2008), of which we use the last 100
years. This longer equilibrium integration certainly accounts for some further warming as the
deep ocean approaches its equilibrium temperature. Nevertheless, the fact that the warming
pattern in both cases is the same, suggests that the temperature response in the atmosphere in
both cases is consistent, although with slightly different amplitudes. In Appendix C we show
a more detailed description of the equilibrium conditions of this 2xCO2 run. Although there is
still a positive trend in surface temperature, it is very small compared to its natural variability.
We conclude that its atmosphere is sufficiently equilibrated so that the remainingtrends should
not affect the main energetics response. For further details, please refer to Appendix C.

Lorenz Energy Cycle

In order to visualize the changes in the energetic activity, we use the valuesobtained for the 2-
box and 4-box LEC terms (Fig. 2.14) to calculate the changes in energy generation, conversion
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Figure 2.14: (a) 2-box, (b) 4-box, and (c) 6-box diagram of the LEC-terms for the 1xCO2 control run
(above, gray) and the 2xCO2 equilibrium run (below, black) with T63L31resolution. Generation and
dissipation terms (in parenthesis) are obtained as residuals. Units are 105 J m−2 for reservoirs and
W m−2 for conversion, generation and dissipation terms. Arrows indicate the direction corresponding to
positive values; negative values imply opposite direction.

and dissipation rates due to CO2 doubling (Fig. 2.15), leaving the changes in reservoirs aside
(just as we did for the split-LEC in the previous section). First of all, we do not expect that
the values of the LEC-terms in this case are exactly equal to the ones obtainedwith the lower
resolution runs. This is evident when comparing Figures 2.14 and 2.1. Forexample, the total
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Figure 2.15: (a) 2-box, (b) 4-box, and (c) 6-box diagram of the changes in energy generation, conversion
and dissipation rates in the LEC due to CO2 doubling, evaluated from Figure 2.14. Units are W m−2.
Arrows indicate the direction corresponding to positive values; negativevalues imply opposite direction.

conversion termC(P, K) in the T63L31 1xCO2 pre-industrial run is of 2.37 W m−2, while
it is 2.66 W m−2 in the T31L19 1xCO2 control run, even though both describe similar states
of the atmosphere. These differences can be due to numerous reasonsrelated to the model
parametrizations, numerical resolution, etc. Tracing the causes of these differences can be
useful in terms of model development, but it is not the aim of this work. Only in the case of a
very large inconsistency should we worry about this. What we do expect is that the response
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of the LEC-terms to a CO2-doubling is similar.

The numbers in Figure 2.14(a) reveal a reduction of 4% in C(P, K) (the total strength of the
LEC), compared to a 7% reduction in the low resolution runs.K increases by almost 9% andP

increases by 1%. In the low resolution runs,K increases by 10%, andP by 1% (Section 2.1.3).
In other words, regarding the reservoirs of the 2-box LEC, the higherresolution response is very
similar to the lower resolution response. The LEC-strength, i.e., the totalP to K conversion
rate (C(P, K)), decreases by 4.2%, compared to a 6.8% decrease in the low resolution runs.
Thus, the response of the LEC-strength in the higher resolution runs is consistent with the
response of the low resolution runs, but slightly weaker.

Regarding the 4-box LEC (Figure 2.14(b)), we find some small differences with respect
to the low resolution runs, but no inconsistencies. In the following we describe these small
differences in terms of percentual changes:Ke remains almost constant (only increases by
0.1%) in the high resolution runs; in the low resolution runs it decreases by 2.2%. Pe decreases
in both cases, but only by 2% in the high resolution runs; it decreases by 5.6% in the low
resolution runs.Pm increases by 1.3% in the high resolution runs, but it decreases by 0.8%

in the low resolution runs. Regarding the reservoirs, the change inKm is again the strongest
of all: it increases by 17% in the high resolution runs. In the low resolution runs, it increases
by 18.7%. The conversion terms show changes consistent with the low resolution runs, but
with some small differences in magnitude:C(Pm, Pe) weakens by 7% in the high resolution
runs, and by 11% in the low resolution runs.C(Pe, Ke) weakens by 1.6%, compared to 3.9%
in the low resolution runs, andC(Ke, Km) strengthens by 9.3%, compared to 5.1% in the
low resolution runs.C(Pm, Km)—a number always very close to zero—decreases by 60%,
compared to 72% in the low resolution runs.

In conclusion, looking at Figures 2.14 and 2.15, we observe the same overall response as
in the low resolution runs (Figure 2.1), but slightly less pronounced. We find, as in the low
resolution runs, a weakening in the pathPm → Pe → Ke, followed by a strengthening in
C(Ke, Km) and a strong increase inKm.

Vertical cross-sections

We show here the vertical cross-sections of the 4-box LEC-terms (Fig. 2.16) in order to visu-
alize the zonal and vertical distribution of their response, just as we did in the previous section
for the T31L19 resolution runs. For comparison with the previous results,this does not include
yet the transient and stationary eddy decomposition.

In general terms, the plots in Figures 2.3 and 2.16 are very similar. Regarding the zonal
mean distribution of the terms in the 1xCO2 control runs (contoured lines), the main difference
between the low and the high resolution runs is that there are slightly more detailed structures
in the high resolution plots, specially in the lower levels, while the overall patterns remain the
same. This is attributable to the increase in both horizontal and vertical resolution. Second,Ke

has larger maximum values in the higher resolution runs, as well as larger global values. This
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Figure 2.16: Vertical cross-sections of the 4-box LEC terms for the 1xCO2 pre-industrial control run (con-
tours), and their change in the 2xCO2 run (color shaded). Counterclockwise, starting from the upper left:Pm,
C(Pm, Pe), Pe, C(Pe, Ke), Ke, C(Ke, Km), Km, andC(Pm, Km). Units are J Kg−1 for reservoirs, and
×10−5 W m−2 for conversion terms.
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is not surprising, because the higher resolution model is expected to resolve smaller eddies. On
the other hand,Km has smaller maximum values in the high resolution runs, especially in the
Southern Hemisphere, and also a smaller global value. This could be seen as a ”compensation”
for the difference inKe so that total kinetic energy remains approximately constant in both
resolutions. However, we do not find any clear reason for the difference inKm other than a
different tuning in both resolutions.

Regarding the changes due to CO2 doubling, the biggest difference is in the Southern Hemi-
spherePm-response. In the low resolution runs there is a general decrease, except for a small
region between 60◦S and 30◦S near the surface, wherePm slightly increases. This region of
Pm-increase extends higher up in the higher resolution runs, with a maximum around 600 hPa.
It resembles to some extent the transient response in the previous section (Figure 2.4), where
Pm increased throughout the whole tropospher in the Southern Hemisphere.Although not as
strong as in the transient experiments, this feature might be due to the fact that the system is
not yet fully equilibrated (as noted above and in Appendix C), and because the warming is
weaker than in the low resolution runs. Furthermore, the decrease response inC(Pm, Pe), Pe,
C(Pe, Ke) andKe is slightly less pronounced in the higher resolution runs, especially in the
Southern Hemisphere. This could also be related to the difference in thePm-response in the
Southern Hemisphere. Despite this, the patterns we observe in these vertical cross-sections are
consistent in both resolutions. Just as before, they suggest a strengthening of the LEC in the
region above 340 hPa, and a weakening below.

Transient and stationary eddy decomposition

We will now move to the transient and stationary eddy decomposition of the LEC-terms, which
was not done with the lower resolution experiments. This should enable us to quantify the
individual contribution of these components to the full response of the LECto aCO2-doubling.

The values of the corresponding LEC terms in this case (Fig. 2.14c) show that regarding
both the reservoirs and the conversion terms, the eddy activity is dominated by the transient
eddy terms, and the stationary eddy terms have smaller contributions, as expected. We find
the same predominance of the transient eddy terms over the stationary eddy terms regarding
the 2xCO2-changes ofPe, C(Pm, Pe) andC(Ke, Km). Their responses are clearly dominated
by the changes inPte, C(Pm, Pte) andC(Kte, Km), respectively (Figure 2.15(c)). Only in
the conversion termC(Pe, Ke) we observe the global response similarly distributed in both
C(Pse, Kse) andC(Pte, Kte). In general, this decomposition suggests that the eddy activity
and its response due to CO2 doubling are dominated by the transient eddy response.

The vertical cross-sections of the decomposed reservoirs are shownin Figure 2.17, and of the
decomposed conversion rates in Figure 2.18. Regarding the reservoirs, the pattern of increase in
the upper troposphere and decrease further below is mainly due to the response of the transient
componentsPte andKte. The main pattern of change ofPe to which we have refered to, comes
from the pattern of change ofPte. The pattern of change ofPse reveals some particular features,
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the 1xCO2 pre-industrial control run (contours), and their change in the 2xCO2 run (color shaded). Units are
J Kg−1.
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Figure 2.18: Vertical cross sections of the stationary and transient eddy conversion terms (C(Pm, Pte),
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but these do not contribute to the main global energetics response. We deal with these in the
next subsection. RegardingKe, the main upper-strengthening and lower-weakening response
is coming from theKte response. The contribution of the change ofKse to theKe-response is
much smaller (note the different scale used in the plots ofKse andKte).

Regarding the conversion rates (Figure 2.18), it is also very clear that the response to a
CO2-doubling is dominated by the response of the conversions related to the transient eddy
reservoirs, i.e,C(Pm, Pte), C(Pte, Kte), andC(Kte, Km). The other conversion terms show
much weaker responses, and the pattern we have observed inC(Pm, Pe), (C(Pe, Ke), and
C(Ke, Km) is clearly a feature of the conversions along the pathPm → Pte → Kte → Km.
Both the energy conversions and their response to a CO2-doubling are dominated by the terms
related to the transient eddy components; the conversions related to the stationary eddy com-
ponents are small, as well as their change in the 2xCO2 case.

Summing up, the transient eddy reservoirs and conversion rates clearly dominate the global
energetics response. The energetics response we find when considering the stationary and tran-
sient eddy components together corresponds to the response of the transient eddy components,
whereas the stationary components have a very small contribution. Knowingthis, we can re-
turn to the previous 4-box LEC, having in mind that the responses of the eddy components
reflect mainly the transient eddy responses. This, in order to avoid an unnecessary complexity
of our figures. Before proceding with the remaining features of the energetics response, we
will disscuss the particular features observed in the reservoir ofPse.

The stationary eddy response

There is one feature of thePse-response that, although not related to the main energetics re-
sponse, stands out and is worth a brief analysis.Pse has two symmetric regions of increase
near the surface at around 30◦N and 30◦S, which contribute to the vertical cross-section of
Pe in Figure 2.16. Figure 2.19 (above) shows a plot of the change in the integrand ofPse

(before applying the zonal mean),(cp/2)γ〈β〉〈T 〉∗2, at 900 hPa. It shows that the increase
region around 30◦S is due to an increase inPse over Australia, central-South America and a
region over the Eastern Pacific. The increase region around 30◦N is related to an increase in
Pse over the Saharan and the Arabian Deserts. This is clearly related to the 2xCO2 temperature
change in these regions. The 2xCO2 temperature change at 900 hPa (Fig. 2.19, bottom) shows
that the regions that are causing changes inPse correspond to regions where the warming cre-
ates a temperature field such that it has stronger deviations from the zonalmean temperature
field than their corresponding latitudinal belts. For example, the mean temperature field at
900 hPa in the 1xCO2 run (not shown here) reveals that the Australian continent has a higher
mean temperature than its corresponding zonal-belt. On the contrary, the Eastern Pacific has a
lower mean temperature compared to its zonal belt. By doubling CO2, the Australian continent
warms up to 3.5 K and the Eastern Pacific warms about 1-1.5 K. The zonal mean warming
at this latitude-belt is around 2 K. Therefore, both deviations from the zonal mean tempera-
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ture field are enhanced by the 2xCO2 warming, implying an increase ofPse in these regions.
The Amazon basin, and the Sahara and Arabian Deserts are also on average warmer than their
zonal-belts, and the 2xCO2 warming enhances these contrasts.

The opposite happens in the Atlantic between Greenland and Northern Europe. This region
is on average warmer than its latitudinal-belt, causing the largest contribution toPse globally.
The 2xCO2 warming pattern reduces this difference in temperature, because (a) the continental

Figure 2.19:Pse-change (above) and temperature change (below) at 900 hPa due to CO2 doubling.
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warming is stronger, and (b) the weakening of the Atlantic meridional overturning reduces the
sea surface temperature in this region (Meehl et al., 2007). This explainsthe strong decrease
in Pse in Figure 2.19 around 60◦N. These features of the 2xCO2 warming pattern are not new.
Most current climate models predict such a warming pattern (Meehl et al., 2007).

Although these changes inPse stand out and are clearly related to the 2xCO2 warming, they
do not affect the global energetics response of the atmosphere. In order to do so, these changes
in Pse would also have to cause changes in the conversion rate intoKse, C(Pse, Kse). There
is indeed a contribution around 30◦N and 30◦S in this conversion rate, but it is very small.
Actually, we expect this conversion to be small in these regions, because inorder to convert
Pse into Kse, a good correlation between〈ω〉∗ and〈α〉∗ is needed (see Appendixes A and B).
Intuitively, this can be seen as rising of relatively warm air and sinking of relatively cold air
in the stationary eddies. However, these regions are mostly subtropical deserts where there
is relatively warm air, but very little or no rising of air. Therefore,C(Pse, Kse) has a very
small contribution from these regions, and the global energetics is not affected much by such
features inPse. Regarding the decrease ofPse in the North Atlantic region, this does not have
any effect on the conversion rateC(Pse, Kse) either. In this case, the only reason we find is
that the contribution ofC(Pse, Kse) to the totalC(Pe, Ke) in this region is so small already
that a further reduction in the reservoir ofPse makes no difference.

Splitting the atmosphere

Just as with the T31L19 resolution runs, the vertical cross-sections suggest a strengthening
response of the LEC in the upper troposphere and a weakening response below. In order to
verify this in a more rigorous way, we split the atmosphere at an isobaric surface of 340 hPa
and evaluate the LEC terms of each region, plus the corresponding boundary fluxes, calculated
according to Appendix A. We use the 340 hPa instead of 350 hPa level because due to the new
resolution, this level corresponds to a model-level, which facilitates the computations.

We have computed the LEC-terms for the upper and lower regions (Fig. 2.20) as well as
the corresponding changes in the generation, conversion, dissipation rates and boundary fluxes
(Fig. 2.21) for the split atmosphere. Overall, we do observe a strengthening of the LEC terms
in the upper region and a weakening in the lower region, just as with the lowerresolution
runs. If we compare Figures 2.6 and 2.8 with Figures 2.21(a) and 2.21(b)respectively, we
see a clear consistency, with only one remark: the weakening response of the lower region
is less pronounced in the higher resolution runs, but the strengthening response of the upper
region has a similar magnitude in both resolutions. This could be due to the differences in the
amplitude of the warming pattern. Nevertheless, the overall response is consistent with our
conclusions from the low resolution runs. Clearly, the response ofGm is the strongest in both
regions, suggesting once more that this term is driving the whole energeticsresponse.
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Figure 2.20: (a) 2-box and (b) 4-box diagram of the LEC-terms for the 1xCO2 control run (above,
gray) and the 2xCO2 equilibrium run (below, black) with T63L31 resolution, split at 340 hPa (dot-
ted line). Generation and dissipation terms (in parenthesis) are obtained asresiduals. Units are
105 J m−2 for reservoirs and W m−2 for conversion, generation and dissipation terms. Arrows
indicate the direction corresponding to positive values; negative values imply opposite direction.

Mean static stability

In the analysis of the low resolution experiments, plotting the responses ofγ (the inverse mean
static stability), and of the vertical profile ofPm (Figures 2.11 and 2.12) revealed that the
changes in meridional temperature gradient are driving the increase inPm in the upper tropo-
sphere (due to the tropical, upper-tropospheric warming) and its decrease from the surface up
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to about 700 hPa (due to the high-latitude surface warming). The decrease of Pm in the ”free
troposphere”, from 700 hPa to 450 hPa was found to be related to the enhancement of mean
static stability (decrease inγ). We argued that these changes inPm, could be the drivers for the
dual pattern of strengthening and weakening of the LEC via changes in baroclinicity. Here we
will (a) repeat this same analysis but now with the high resolution runs, and (b) discuss why
understanding the causes for the changes inGm, the generation rate ofPm, may be a more
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Figure 2.22: Mean vertical profile of gamma (γ) in 1xCO2 run (left) and its relative change
(right) in the 2xCO2 run (difference divided by the 1xCO2 value) using T63L31 resolution.

direct way of explaining the dual pattern in the energetics response, instead of doing it through
changes inPm only.

Due to the higher vertical resolution we observe now a smoother profile forγ and its relative
change when doubling CO2 concentrations (Fig. 2.22), compared to the low resolution plots
(Fig. 2.11). We also find a more pronounced boundary layer, from the surface up to about
900 hPa, whereγ has higher values than above (less stable conditions). The relative change of
γ (right panel) shows the same profile as the low resolution runs, but with a smoother profile
and some better defined structure in the upper levels, due to the increased vertical resolution.
Even the magnitude of the relative change ofγ is very similar in both cases. It starts with almost
no change at the surface, and decreases with height up to about 700-750 hPa where it reaches a
(local) maximum decrease of about 7-8%. Higher up, between 600 and 650 hPa, there is a local
minimum in the relative decrease ofγ that reaches about 4% decrease. The maximum decrease
of about 15% is located around 400 hPa, and the zero crossing is near 250 hPa. Above this
level, γ increases up to 10-11%. In conclusion,γ exhibits a relative decrease throughout the
whole troposphere of the same magnitude and with a very similar profile in both resolutions.

The vertical profile of the relative change ofPm (Figure 2.23) is also very similar to the one
obtained with the low resolution runs (Figure 2.12), although the magnitude of the change is
slightly smaller. Between roughly 900 hPa and 700 hPa it decreases now byalmost 5%; in
the low resolution it decreases in this region by about 10%. The relative minimum at about
650 hPa reaches now a slight increase; in the low resolution runs it reaches a decrease of about
5%. In any case, the profile reveals again that the strong decrease inPm near the surface must
be due to changes in horizontal temperature variance, and the decreaseof Pm above 600 hPa
is clearly driven by the relative decrease ofγ, i.e., the increase in global mean static stability.
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Above 250 hPa,Pm reaches an increase of about 140% (out of scale in Figure 2.23), which
must be related to horizontal temperature variance changes, because therelative changes ofγ
are never as large.

Figure 2.23: Global mean vertical profile of
the relative change ofPm in the 2xCO2 run
(difference divided by the 1xCO2 value) using
T63L31 resolution.

We reach then the same conclusion we obtained
for the low resolution experiments. The effects of
the changes in static stability and horizontal tem-
perature variance cause the dual pattern of change
in Pm, and this response ofPm can, via changes in
baroclinic activity, explain qualitatively the dual re-
sponse in strength of the LEC. Baroclinic activity is
what allows us to make a connection between the re-
sponse ofPm—a reservoir of energy—and the con-
version ratesC(Pm, Pe) andC(Pe, Ke). Pm can
be seen as the energy source for baroclinic instabil-
ities. Therefore, we are assuming that changes in
baroclinicity will result from changes in its energy
source, which of course makes sense, but we cannot
verify this with certainty.

We can also assess this without having to rely
upon this assumption regarding changes in baroclin-
icity and changes in thePm-reservoir.Gm, the gen-
eration rate ofPm is the term that drives the whole

LEC (Lorenz, 1955, 1967; Peixoto and Oort, 1974, 1992). Futhermore, in terms of energetic
activity, we found that it is also the term which suffers the strongest changes due to CO2 dou-
bling (see subsection 2.2.3 and Section 2.1.3). We can therefore understand the strengthening
and weakening of the LEC if we understand whyGm increases in the upper region and de-
creases below. Unfortunately, we cannot obtain vertical profiles ofGm, which we could use in
a similar way as we did withPm. This is becauseGm has been estimated as a residual of the
corresponding conversion terms, rather than directly computed from the model output. A full
6-hourly 3D-field of diabatic heating rates, which is not a standard output of the model, would
be necessary for a direct calculation ofGm. However, by analysing the expression forGm

(equation (A.6) from Appendix A), we can infer several properties. First of all, the expression
for Gm is very similar to the expression forPm. It is also proportional toγ, so changes in mean
static stability could affectGm in a similar way as they affectPm. The difference withPm is
that instead of being proportional to[〈T 〉]′′[〈T 〉]′′, the horizontal variance of temperature, it is
proportional to[〈T 〉]′′[〈Q〉]′′, the ”correlation” between deviations of temperature and diabatic
heating. In other words,Gm has positive contributions from relatively warm latitudes that have
net diabatic heating, or from relatively cold latitudes that have net diabatic cooling. Negative
contributions would imply relatively warm latitudes with net diabatic cooling, or relatively cold
latitudes with net diabatic heating. We know that on average, the relatively warm latitudes—
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the low latitudes—have an excess of diabatic heating, while the relatively cold latitudes—the
high latitudes—have an excess of diabatic cooling (e.g., Peixoto and Oort, 1992). Hence,Gm

is by far positive, because[〈T 〉]′′ and[〈Q〉]′′ are strongly correlated. This is not the case ofGe,
for example. In terms of deviations from the time and zonal-means, there is no such strong
correlation between〈T 〉∗ and〈Q〉∗, or betweenT ′ andQ′. Most of the processes leading to
the generation ofPe cancel each other, such that globally, this term ends up being very closeto
zero, or even slightly negative (Lorenz, 1955; Romanski, 2009).

The fact that[〈T 〉]′′ and [〈Q〉]′′ are so highly correlated implies thatGm should have a
distribution similar toPm. For example, the vertical profile ofGm should have characteristics
very similar to those ofPm, although with different units. We do not find any reason for
this high correlation to change significatively in a 2xCO2 climate. The pattern of change of
Gm must be very similar to the pattern of change ofPm due to CO2-doubling. This means
that we can extend our analysis regardingPm to Gm: having in mind thatGm should behave
in a very similar way toPm, we can conclude that the increase inGm in the upper region
is related to the strong increase in horizontal temperature variance due to thetropical upper-
tropospheric warming. This assumes that in this upper region, the correlation between[〈T 〉]′′

and[〈Q〉]′′ becomes stronger due to the larger meridional temperature gradient. The decrease
of Gm in the lower region is related to a combination of the increased mean static stability due
to the upper tropospheric warming, and the decreased meridional temperature gradient due to
the high-latitude surface warming, which should decrease the correlation between[〈T 〉]′′ and
[〈Q〉]′′ near the surface. This dual response ofGm drives then the strengthening of the LEC in
the upper region and the weakening in the lower region.

2.2.4 Conclusions and discussion

In relation to the two main objectives of this section, we now present the corresponding con-
clusions:

• The energetics response to a CO2-doubling of the higher resolution runs is consistent
with the results obtained with the lower resolution runs. The amplitude of the response is
slightly smaller in the higher resolution runs. This is not surprising because the warming
pattern has also a smaller amplitude. Therefore, the conclusions regardingthe equilib-
rium 2xCO2-response from Section 2.1.4 are also valid for the higher resolution runs.
Further, we can add that the dual role of the warming pattern, which we know affectsPm

due to changes in horizontal temperature variance and mean static stability, should also
affectGm in a similar way. This explains, without considering other conceptual models,
how the warming pattern can cause the whole energetics response, giventhat changes in
Gm drive the changes in strength of the LEC.

• The additional transient and stationary eddy decomposition of the LEC revealed that the
main energetics response is determined by the response of the transient eddy reservoirs
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Pte andKte and by the corresponding energy conversion rates (C(Pm, Pte), C(Pte, Kte)

and C(Kte, Km)). The response of the stationary eddy reservoirsPse and Kse, and
of their corresponding energy conversion termsC(Pm, Pse), C(Pte, Pse), C(Pse, Kse),
C(Kse, Kte) andC(Kse, Km) is very small compared to the transient component re-
sponse. The response ofPse reflects some features due to the regional warming pattern
over several subtropical deserts, but this does not involve or influence at all the main
energetics response. We argue that the main energetics response obtained without the
transient and stationary decomposition corresponds to the transient eddyresponse. In
order to avoid adding too much complexity to our figures, we will not carry out the full
transient and stationary decomposition in the remaining chapter. Instead, wewill stay
with the standard 4-box LEC, but now having in mind that the main 2xCO2-response is
related to changes in transient, and not stationary, eddy activity.

2.3 Conclusions

In this chapter we investigated the global energetics response of the atmosphere in the coupled
ECHAM5/MPI -OM atmosphere-ocean model due to higher CO2 concentrations. We do this
by diagnosing changes in the Lorenz Energy Cycle (LEC) (Lorenz, 1955).

Using a coarse resolution (T31L19 for the atmosphere and GR30L40 forthe ocean) we
examined two 50-member ensembles, each consisting of 10-year transient experiments with
3% CO2-increase per year, and one equilibrium 2xCO2 run, comparing these to a pre-industrial
1xCO2 experiment. Then, we used a higher resolution version of the same coupledmodel
(T63L31 for the atmosphere and GR15L40 for the ocean) to verify the equilibrium 2xCO2

response of the coarse resolution runs, and to perform an additional transient and stationary
eddy decomposition of the LEC.

We obtained three main conclusions:

• Globally, the LEC weakens with higher CO2 concentrations. There is less conversion
of available potential energy into kinetic energy. For a doubling of CO2, this reduction
is of approximately 7% and of 4% in the coarse and higher resolutions, respectively.
By splitting the atmosphere at an isobaric level near 350 hPa, we find that there is a
consistent pattern of strengthening of the LEC in the upper region and a weakening
below. This dual response is related to the zonal-mean warming pattern that consists
of a maximum warming in the tropical upper-troposphere and at high latitudes near the
surface. Changes in horizontal temperature variance cause an increase of Pm in the
upper troposphere and a decrease near the surface. In the free troposphere (roughly
between 700 and 400 hPa)Pm decreases due to changes in mean static stability caused
by the upper tropospheric warming. These changes inPm can explain qualitatively, via
changes in baroclinic activity, the strengthening of the whole LEC in the upper region—
accompanied by a strong increase inKm—and its weakening below—characterized by
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a decrease in the eddy reservoirs and their conversion terms. Alternatively, one can
understand this dual pattern in strength of the LEC from the point of view ofGm, whose
changes clearly drive the changes in strength of the whole LEC.Gm behaves in a very
similar way toPm, so the warming pattern affects it accordingly. This provides a clear
link between the warming pattern and the changes in strength of the LEC withouthaving
to include assumptions about baroclinic activity.

This conclusion applies to both resolutions of the coupled model. The few differences
that exist between the two resolutions concern mainly the amplitude of the response,
which follows from the difference in the warming pattern amplitude.

• Due to the weaker warming in the transient (coarse resolution) experiments, the tran-
sient response to increasing CO2 concentrations is less pronounced than the equilibrium
2xCO2 response, but consistent with it. The transient response is less north-south sym-
metric than the equilibrium response, mainly because of the stronger north-south as-
symetry in the warming pattern of the transient runs. The Northern Hemisphere warms
much faster than the Southern Hemisphere, likely due to a coupled feedbackprocess that
tends to maintain the latitudinal temperature gradient over the Southern Ocean (Fyfe and
Saenko, 2006; von Storch, 2008).

• The decomposition of the eddy reservoirs into transient and stationary eddies show that
the energetics response we describe above affects mainly the transient and not the station-
ary eddy components. In order not to increase the complexity of the LEC in terms of the
number of terms to consider, we will continue with the 4-box LEC (without the transient
and stationary eddy decomposition), but having now in mind that the main energetics
response to higher CO2 concentrations involves mainly the transient eddy components
and not the stationary ones.
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Chapter 3

Understanding the energetics response:

effects of different warming patterns

3.1 Introduction

The previous chapter describes how the energetics of the atmosphere, interms of the Lorenz
Energy Cycle (LEC), respond to higher CO2 concentrations in the coupled atmosphere-ocean
model ECHAM5/MPI-OM. We found that the main response is closely related tothe zonal
mean warming pattern that has two main features: a tropical upper-tropospheric warming,
and a high-latitude surface warming. This relationship holds if one assumes that changes in
horizontal temperature variance and in mean static stability can drive the strengthening and
the weakening of the LEC in the atmosphere. We came to this conclusion because we found
two opposite responses that are spatially separated: the strengthening ofthe LEC in the up-
per troposphere, and its weakening below. One could naively interpretthis as a separation
of the effects of the two main features of the warming pattern, because thesefeatures show
up in the same separate regions where the net effects are found (the tropical warming in the
upper troposphere, where the LEC strengthens, and the high-latitude warming below, where
the LEC weakens). However, this is not necessarily true because the effects of each feature
of the warming pattern may extend beyond the region where the warming takes place. For
example, the upper-tropospheric warming enhances the mean static stability throughout the
lower and middle troposphere, but not in the upper troposphere. Furthermore, the high-latitude
surface warming reduces the pole to equator temperature gradient near the surface, but the con-
sequences of this in terms of changes in baroclinic activity could extend throughout most of the
extratropical troposphere. Hence, we only made a qualitative connectionbetween the warming
pattern features and the energetics response.

The separation of the energetics response that we carried out in Chapter 2 does not imply a
separation of the effects of the two main features of the warming pattern. Using a global climate
model, the most direct way of determining the effects of each feature of the warming pattern is
by imposing each of these features to the coupled model separately, and then evaluating their
response. By taking this approach we expect to understand in more detailhow the warming
pattern causes the energetics response to doubling of CO2 described in the previous chapter.
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We carry out experiments in which we artificially produce specific warming patterns by using
spectral nudging—instead of increasing CO2 concentrations—and then analyse their energetics
response. These experiments are not realistic in the sense that the imposedwarming patterns are
not anatural responseof the system. The natural response of the atmosphere to a CO2-doubling
of the temperature field results from a complex combination of processes andfeedbacks, and
consists, according to our coupled model (and to most climate models), of a tropical upper-
tropospheric and a high-latitude surface warming. In order to simulate thesetwo features of the
2xCO2 warming pattern separately, we need to include in each experiment different artificial
diabatic heating and/or cooling terms. Using such a complex and realistic coupled model as
we do, this is the only way to achieve a steady state with such warming patterns different
from the ”natural” one. However, the fact that the warming patterns we aimat are part of the
”natural” warming pattern facilitates this task. Furthermore, by showing that the responses of
these separate warming patterns combine linearly to produce the responsesof the full warming
pattern, it follows that the separate responses are a valid and useful way of understanding the
combined (and intrinsic) 2xCO2 response.

To our knowledge, there have been no previous attempts to study the atmospheric response
due to specific warming patterns in terms of the global energetics. Nevertheless, several studies
are closely related. O’Gorman and Schneider (2008) use an idealized moist general circulation
model to which they apply two radiative forcings that simulate (a) the total effect of higher
greenhouse gas concentrations or (b) changes in meridional temperature gradient. They find
that eddy kinetic energy in mid-latitude baroclinic zones scales approximately linearly with
available potential energy, and can therefore be related to changes in thethermal structure of
the atmosphere. This is consistent with our results from the previous chapter, but it does not in-
clude the response of the energy conversion rates. In another study,Lim and Simmonds (2009)
conclude that the tropical upper tropospheric warming is the main cause forthe reduction in
frequency and depth of the Southern Hemisphere winter extratropical cyclones, due to changes
in static stability. They find this by using an atmospheric general circulation model with a rela-
tively coarse resolution to which they introduce idealized warm anomalies thatmimic specific
warming patterns. Other studies (e.g., Geng and Sugi, 2003; Bengtsson etal., 2009; Sienz
et al., 2010) analyse in detail the responses of extratropical cyclones towarmer climates, but
without separating the different features of the warming pattern as we or Lim and Simmonds
(2009) do. Furthermore, although the behavior of extratropical cyclones is closely related to
the energetics response, it is only one specific feature of it (mainly relatedto the eddy kinetic
energy reservoir). We do not aim at studying specific events in detail here, but rather to obtain
a general view of the global energetics response. This could in turn offer further fundamental
support to previous (and future) studies that deal with the response ofextratropical cyclones.

In the following section we describe the model runs we use and the temperature nudging
method we apply in order to produce the specific warming patterns. Section 3.3describes the
energetic responses of the forced experiments, followed by the last section, where we discuss
the results and present the main conclusions of this chapter.
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3.2 Method

3.2.1 Model and experiments

For this chapter we have carried out 4 integrations with the coupled atmosphere-ocean
ECHAM5/MPI-OM general circulation model developed at the MPI for Meteorology in Ham-
burg. The atmosphere component is ECHAM5.4.01 (Roeckner et al., 2003) with T63L31 reso-
lution (≈ 1.875◦×1.875◦ and 31 vertical levels), coupled —without flux corrections— via the
coupler OASIS3 (Valcke et al., 2004) to the ocean component, MPI-OM version 1.3.1 (Mars-
land et al., 2003), running with GR15L40 resolution (≈ 1.5◦ × 1.5◦ and 40 vertical levels).
Therefore, both components of the coupled model we use here are newer versions of the ones
used in Section 2.2. CO2 concentrations are fixed to preindustrial levels (280 ppm) in all inte-
grations. They differ only in the forcing applied to the temperature field, achieved by means of
spectral nudging (see subsection 3.2.2). The experiments are:

• CTRL : The control integration with no forcing (comparable to the 1xCO2 runs from the
previous chapter).

• FULL : An integration with a forcing such as to produce a ”2xCO2-like” zonal-mean
warming pattern according to the simulated pattern from Section 2.2. This includes the
tropical upper-tropospheric warming, and the high-latitude surface warming. This run
is expected to reproduce the 2xCO2 energetics response as in Chapter 2, serving as a
validation of our nudging method.

• UP: An integration with a forcing such as to produce a zonal-mean warming pattern
where only the tropical upper-tropospheric warming is present.

• SFC: An integration with a forcing such as to produce a zonal-mean warming pattern
where only the high-latitude surface warming is present.

All experiments start with a spin up run (see subsection 3.2.3) and are followed by a 50-
year integration with equilibrated temperature field. This 50-year period of each experiment is
analysed below. The aim when applying the temperature-nudging to the modelis to reach a
certain time and zonal-mean warming pattern relative to the control run (CTRL), as indicated
above. Therefore, a plot of such a warming pattern for each of the forced runs characterizes
their forcing. Figure 3.1 shows the time and zonal-mean warming patterns of thethree forced
runs, FULL (upper panel), UP (lower left panel) and SFC (lower rightpanel). In the three plots
the time and zonal mean temperature field of CTRL is shown as contour lines. Further details
about these integrations are given in subsection 3.2.3.

3.2.2 Spectral nudging

The forcing we apply in order to produce the warming patterns in the different model integra-
tions is achieved by using a nudging module developed for the atmospheric model ECHAM5.
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Figure 3.1: Time and zonal-mean temperature change (color shaded)in FULL (upper panel), UP (below,
left panel) and in SFC (below, right panel) relative to CTRL (contours).

This module is based on the methodology used by Krishnamurti et al. (1991).It uses newtonian
relaxation of temperature, vorticity, divergence, surface pressure and sea surface temperature
(SST), and is originally intended for adjusting the model output to observations. There is one
nudging coefficient assigned to each variable, which determines the relative weight given to the
observations and to the model on each timestep. Krishnamurti et al. (1991) apply the nudging
according to

X(t + dt) =
X1(t + dt) + 2NdtX2(t + dt)

1 + 2Ndt
, (3.1)

whereX1(t + dt) is the predicted value ofX(t + dt) prior to nudging, andX2(t + dt) is
the future value towards which the nudging is aimed at.N is the nudging coefficient. This
is implemented in the ECHAM5 nudging module with a slight modification of the nudging
coefficient (I. Kirchner, personal communication):

X(t + dt) = AX1(t + dt) + BX2(t + dt), (3.2)
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where

A =
1

1 − 2Ndt
and B =

2Ndt

1 − 2Ndt
. (3.3)

The inverse of the nudging coefficientN reflects the relaxation time. Typical values used
to match reanalysis data correspond to relaxation times of 6 to 48 hours, depending on the
considered variable. Additionally, because the nudging is done in spectral mode, it is also
possible to nudge only specific wave numbers.

3.2.3 Procedure for temperature nudging

In this study we are not interested in matching observations, but rather in producing a specific
atmospheric warming pattern. Therefore, the way we use the nudging module isslightly dif-
ferent to the ”standard” way of nudging. Before describing the steps carried out to produce the
temperature-nudged experiments, we will describe the main differences ofour method with the
”standard” one:

• Only the temperature field needs to be nudged. The idea is to introduce a diabatic forcing
consistent with a chosen warming pattern, and at the same time to allow the atmospheric
dynamics to freely adjust to this forcing. Therefore, the nudging coefficients of diver-
gence, vorticity and surface fields are set to zero. From here on, ”thenudging coefficient”
refers to ”the temperature nudging coefficient”.

• We nudge to a constant temperature field, as opposed to the usual case where time vary-
ing observations are used. This implies that the nudging coefficient must besmall enough
not to constrain the natural variability of the model. After several tests, we found that a
nudging coefficient ofN = 0.01 × 10−5 s−1 (relaxation time of≈ 116 days) is small
enough not to constrain the natural variability in the model. We verified (not shown here)
that the variability from daily to inter-annual timescales is not affected by the nudging
procedure when we use such a long relaxation time and nudge only zonal wave numbers
0 and 1 (see below).

• The forcing we want to apply is a zonally symmetric temperature field. Therefore, we
must only nudge wave number 0 (global mean) and wave number 1 (zonal mean). Higher
zonal wave numbers are not nudged. This also avoids unnecessary constraining of higher
frequency variability in the model.

The whole nudging procedure is based on the 2xCO2 warming pattern obtained with the
T63L31 resolution in the previous chapter (Fig. 2.13). The temperature fields that we use as
nudging fields are obtained by adding a warming pattern to the time and zonal-mean temper-
ature field of CTRL. The warming pattern we add is constructed from the 2xCO2 warming
pattern obtained from the last 50 years of the 1%/year CO2-increase experiment to doubling,
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described in Section 2.2.2. For example, the nudging field for FULL would bejust the zonal-
mean temperature field of CTRL plus the 2xCO2 warming pattern. However, such a tempera-
ture nudging-field does not produce enough warming because of the small nudging coefficient.
In order to obtain the desired warming pattern, we must add a ”modified” 2xCO2 warming
pattern to the CTRL temperature field. This modification is an amplification (or reduction) of
the warming, level by level. That is, we multiply the warming pattern by ”amplificationcoef-
ficients”, which are numbers assigned to each vertical level. The values of these amplification
coefficients are determined by trial and error, until the desired time and zonal-mean warming
pattern is achieved (and in equilibrium) for at least 50 years.

For the FULL integration, we obtained the warming pattern (Fig. 3.1, above) using an ampli-
fication coefficient of 5.9 at the lowest level, then decreasing this number up to zero at 250 hPa,
and increasing it again up to 3.5 at the upper most level (10 hPa). The remaining two nudged
integrations (UP and SFC) are obtained in the same way, but using different amplification co-
efficients. For UP we use an amplification coefficient of -3.8 at the lowest level, 8.1 at 250 hPa,
and 3.0 at 10 hPa in order to obtain the warming pattern in the lower left panel of Figure 3.1.
For SFC, we used 11.2 at the lowest level, -7.5 at 250 hPa and 0.0 at 10 hPa, obtaining then
the warming pattern in the lower right panel of Figure 3.1. Note that we use negative values in
certain regions, which imply a cooling forcing. This is due to the strong link between the two
features of the warming pattern. It is well known (Held, 1993; Held and Soden, 2000; Bengts-
son and Hodges, 2009; Sherwood et al., 2010) that the tropical upper-tropospheric warming is
an amplification of the surface warming due to deep convection. Therefore, in order to warm
only the lower levels, we must apply a strong cooling forcing in the upper troposphere. Sim-
ilarly, warming the upper troposphere tends to warm the lower levels of the atmosphere, but
not as strongly as the previous case. Therefore, the cooling forcing we apply at the surface in
UP (-3.8) is not as strong as the cooling forcing we apply at 250 hPa in SRFWRM (-7.5). At
the end, the amplification coefficients result from a large number of integrations with different
values to match the warming pattern.

Note that these coefficients, which amplify differentially the warming pattern in the temper-
ature nudging field, are the ones that allow us to achieve theartificial warming patterns that
are different from thenaturalwarming pattern of the system, despite the small values we must
use for the nudging coefficients. As we noted in the introduction of this chapter, the fact that
the warming patterns we aim at are derived from the natural 2xCO2-warming pattern makes it
easier to obtain them with the help of these amplification coefficients. Obtaining other, much
different warming patterns, like for example a completely homogeneous one, would be almost
impossible because the model reacts with strong inhomogeneities. The ”tuning”process of the
amplification coefficients for such a warming pattern would be far too complicated and time
consuming.

The annual time series of the complete integration time of the four experiments (Fig. 3.2)
give a good idea of the temporal evolution of the different experiments. Weshow time series
of global mean surface temperature and global mean temperature at 250 hPa because these two
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quantities are closely related to the two main features of the 2xCO2 warming pattern that we
want to study—the tropical upper-tropospheric and the high-latitude surface warmings. The
plots in Figure 3.1 are computed from the last 50 years of each integration (thick lines in
Fig. 3.2). The largest trend in these periods of the 4 experiments is found int250 of CTRL and
SFC, estimated by simple linear regression to be 0.003 K/year, i.e., an increaseof only 0.15 K
in 50 years. Such a trend is small enough so that these 50-year periods can be considered as in
equilibrium.
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Figure 3.2: Annual time-series of global mean surface temperature (above) and global mean temperature at 250 hPa
of the CTRL, FULL, UP and SFC experiments. Thick lines correspond to the 50 years used for the computations in
this chapter, in which the desired steady state was reached. Dashed lines correspond to the period prior to reaching
the desired warming pattern and/or when the atmosphere is not yet in equilibrium.
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3.3 Energetics response of the temperature-nudged

experiments

In this section we analyse the energetics response of the three temperature-nudged experiments,
FULL, UP and SFC with respect to CTRL. Due to the large number of plots andfigures related
to this section, some plots are included as supplementary material in Appendix D.

3.3.1 2xCO2-like warming pattern (FULL)

Figure 3.3: Difference in the zonal-mean warming
patterns of FULL and 2xCO2, in K (upper panel of
Figure 3.1 minus Figure 2.13). Positive values indi-
cate stronger warming (or weaker cooling) in FULL
compared to the 2xCO2 case.

The last 50 years of the FULL experiment pro-
vide a zonal-mean warming pattern that is very
similar to the 2xCO2 one. Figure 3.3 reveals
how similar the warming patterns of FULL and
the 2xCO2 experiment are. The only differences
in the troposphere between the two warming pat-
terns are located near the surface at high lati-
tudes. North of 60◦N and below 700 hPa, FULL
is slightly warmer, but with less than 1 K differ-
ence. The bias south of 60◦S has opposite sign,
is slightly larger in amplitude near to the surface,
but is restricted to the region below 900 hPa. Ap-
plying a stronger temperature nudging could de-
crease the bias in the Southern Hemisphere, but
would increase it in the Northern Hemisphere,
unless we use latitude-dependent amplification
coefficients (see Section 3.2.3). Anyway, these differences are not large enough to justify this
additional complication.

There is also a difference in the upper levels between the two warming patterns. The strato-
spheric cooling of the 2xCO2 run is not as strong in FULL. This is not a serious problem for our
study. We have not invested much effort in trying to match this feature of the 2xCO2 warming
pattern because (a), our study focuses in the troposphere; (b), the model does not have enough
vertical resolution in the stratosphere in order to describe detailed processes there; and (c),
because trying to do this would introduce an unnecessary complication to the ”tuning” of the
nudging procedure.

We consider FULL’s warming pattern sufficiently similar to the 2xCO2 warming pattern so
that we can use it as our ”2xCO2-like” integration. With FULL we want to verify if the 2xCO2
energetics response from Chapter 2 can be reproduced by adding a diabatic forcing to the
atmospheric component of the coupled model—via temperature-nudging—towards the 2xCO2
zonal-mean warming pattern, instead of increasing CO2 concentrations. If this is possible,
we can use this temperature-nudging method to investigate the effect of different warming
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patterns with confidence that the results will have physical meaning, even though they might not
represent realistic situations (such warming patterns may not show up naturally in the Earth’s
atmosphere). Nevertheless, they can be very useful in order to understand the dynamical effects
of the 2xCO2 warming pattern.

Lorenz Energy Cycle response

We analyse here the energetics response of FULL relative to CTRL in termsof changes in the
Lorenz Energy Cycle (LEC), in the same way we did it for the 2xCO2 energetics response in
Section 2.2. We use the same methodology, computations and notation as in Chapter 2. Here
we do not decompose the eddy components into transient and stationary eddies. Instead, we
consider them together, having in mind that the main 2xCO2 energetics response is given by
the transient eddy components.

Comparing the LEC values in Figure 3.4 with the ones in Figure 2.14 reveals a strong sim-
ilarity between the CTRL experiment and the 1xCO2 control run from Section 2.2, as well as
between the FULL experiment and the 2xCO2 equilibrium run. The first similarity is expected,
since both runs have the same external forcings and use similar versions of the same coupled
model. The second similarity is a first indication that the energetics response of doubling CO2
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concentrations can be reproduced with our temperature-nudging method. The largest differ-
ence between two corresponding generation terms is of 0.02 W m−2 in C(Pm, Pe), in both
pairs of experiments (CTRL and 1xCO2, and FULL and 2xCO2). That is a relative difference
of less than 1%. The reservoirs differ slightly more, but still, their largest relative difference is
of 1.2% (inPe). Furthermore, it is the energy conversion rates that best describe theenergetic
activity of the atmosphere, and not the reservoirs.

Of course, if the two integrations (CTRL and FULL) are very similar in terms ofthe LEC
to the previous 1xCO2 and 2xCO2 integrations, the energetic response due to the warming of
FULL relative to CTRL (Fig. 3.5) will be also very similar to the one due to a CO2 doubling.
The overall weakening of the cycle in FULL is slightly stronger, of -0.12 W m−2, compared
to -0.10 W m−2 due to CO2-doubling (Fig. 2.15a). That is the largest difference we can find.
Clearly, in both cases the global LEC-response is the same.

Vertical cross-sections

We expect that also the vertical cross-sections of the changes in each LEC-term in FULL are
similar to the 2xCO2 ones. Clearly, there is no important difference between these vertical
cross-sections (Fig. 3.6) and the ones corresponding to the 2xCO2 case (Fig. 2.16). Every
LEC-term shows the same patterns of change when increasing the temperature by the nudging
method, or when doubling CO2 concentrations. Along the pathPm → Pe → Ke → Km we
find the same patterns of increase in the upper troposphere and decrease below, just as in the
2xCO2 case. Even the two symmetric regions wherePe increases around 30◦N and 30◦S, which
correspond to changes inPse due to specific regional warming patterns (see Section 2.2.3), are
also present here.

In fact, the similarities we have found until here between the FULL energeticsresponse and
the 2xCO2 energetics response in terms of the global LEC and the vertical cross-sections could
be enough to ”validate” the temperature-nudging method we use here. However, we want
to compare the other temperature-nudged experiments (UP and SFC) with this one (FULL)
because these three runs are fully consistent in terms of model version and setup. The 2xCO2
run was carried out with an older version of the coupled model. Therefore, and for the sake
of completeness we will also analyse the split-LEC and the changes related to the mean static
stability, as we did with the 2xCO2 run in Section 2.2.
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Figure 3.6: Vertical cross sections of the 4-box LEC terms for the CTRLintegration (contours), and their change
in FULL (color shaded). Counterclockwise, starting from the upper left:Pm, C(Pm, Pe), Pe, C(Pe, Ke), Ke,
C(Ke, Km), Km, andC(Pm, Km). Units are J Kg−1 for reservoirs, and×10−5 W m−2 for conversion terms.
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Splitting the atmosphere

Following the same steps as with the 2xCO2 analysis, we now split the atmosphere with a
horizontal boundary at 340 hPa, and evaluate the LEC-terms in the upperand lower region.
Additionally, we must compute the corresponding fluxes at the boundary (see Chapter 2 and
Appendix A). The values for this split-LEC (Fig. D.3 in Appendix D) are very similar to the
2xCO2 split-LEC values (Fig. 2.20). However, we will focus on the energetics response as
measured by the changes in the energy generation, conversion and dissipation rates (Fig. 3.7).
Once again, comparing this response with the 2xCO2 response (Fig. 2.21) reveals that both
experiments show the same features: a strengthening of the LEC in the upperregion, and a
weakening below. Furthermore, the magnitude of these responses is roughly identical in FULL
relative to CTRL as due to the doubling of CO2 concentrations.

Static stability

The last quantities we would like to compare between the FULL integration and the2xCO2

integration are the changes in the vertical profiles of the inverse mean static stability, gamma
(γ), and of zonal-mean available potential energy (Pm).

Regarding the relative changes ofγ in FULL (left plot in Figure 3.8), a comparison with
the 2xCO2 relative change (Fig. 2.22) reveals how similar they are. From the surface up to
500 hPa the two profiles are identical. Above this level, the profiles reach a minimum (or
maximum decrease) around 400 hPa. This minimum is about 1% weaker in FULL(≈-14%,
and≈-15% in the 2xCO2 case). Higher up it reaches a maximum increase around 200 hPa,
which is also by about 1% stronger in FULL (around +12%, and≈+11% in the 2xCO2 case).
In other words, the profile of FULL in this region has the same shape as in the2xCO2 case, but
slightly displaced towards higher values. Nevertheless, this is a very small difference. Higher
up in the stratosphere above 100 hPa, the profiles differ more. FULL reaches an increase of
about 1.5% in the uppermost level; this level in the 2xCO2 case reaches an increase of 6%.
This is due to the cooling in the stratosphere, which we have not tried to reproduce as precisely
as the tropospheric warming. The stronger stratospheric cooling in the 2xCO2 case above the
tropopause accounts for a stronger reduction in static stability in the stratosphere (or a stronger
increase inγ) compared to the change in FULL. Although this difference is clear, it appears
in a region that we are not considering as important as the troposphere for this study. The fact
that even with this difference in the stratospheric temperature change we stillobtain the same
energetics response in the troposphere, corroborates this.

The profile of the change ofPm has in general the same shape in FULL (Fig. 3.8, right panel)
and in the 2xCO2 case (Fig. 2.23). However, in FULL the profile from the surface up to just
above 400 hPa is slightly displaced towards lower values, compared to the 2xCO2 run. Again,
this is a very small difference. For the rest, there is no significant difference. The analysis of
these two plots would lead us to the same conclusion as with the 2xCO2 run. The decrease in
Pm near the surface, up to about 750 hPa can be attributed to changes in temperature variance,
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Figure 3.8: Relative change of the vertical profile ofγ (left panel) andPm (right panel) in FULL relative
to CTRL (difference divided by CTRL value).

because the relative change inγ is not strong enough. From this level up to about 400 hPa
the decrease inPm can be attributed to the increase in mean static stability (decrease inγ).
The strong increase ofPm above 350 hPa and below 150 hPa is clearly due to changes in
horizontal temperature variance. Once again, we assume that the response ofGm, which, from
the point of view of the LEC is the driver of the energetics responses, must be very similar to
thisPm-response.

In conclusion, we have verified that the 2xCO2 energetics response can be reproduced with
a temperature-nudged integration where we force the atmosphere with the zonal-mean 2xCO2
warming pattern, instead of explicitly increasing the CO2 concentrations. The temperature -
nudged response resembles so much the 2xCO2 response, that we are confident that (a) the
nudging method works as expected, without introducing any different effects than the physical
effects of the warming pattern, and (b) the 2xCO2 energetics response is a consequence of the
zonal-mean warming pattern. Having achieved this, we can analyse the energetics response of
the two remaining integrations, UP and SFC, and compare them with the response of FULL.

3.3.2 FULL as a linear combination of UP and SFC

In order to understand the response due to the 2xCO2 warming pattern by studying the re-
sponses of the experiments with the decomposed warming pattern (UP and SFC), we must
first verify that adding these decomposed responses results indeed in aresponse similar to the
FULL one. That is, that they combine approximately linearly. If we cannot verify this, by
understanding the separate UP and SFC responses we will not gain much understanding about
the combined, 2xCO2-response (here represented by the FULL-response). In this subsection
we will emphasise on the verification of the linearity in the combination of the two responses,
while we describe the main features of each response in terms of the global LEC-response, the
vertical cross-sections of the LEC-terms, and the split-LEC response. This is a necessary step
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before deepening in the analysis and understanding of the separate responses of the UP and
SFC experiments.

Lorenz Energy Cycle response

We start by looking at the global LEC-response. We are interested in the energetics response,
i.e., the changes in energy generation, conversion and dissipation rates of these integrations
relative to CTRL, and in comparing this with the energetics response of FULL(Fig. 3.9). The
figure corresponding to FULL was already shown in the previous section, but we show it again
here to facilitate the comparison. For further reference, the values of theLEC-terms in each
experiment (not just the changes relative to CTRL) are shown in Appendix D (Figures D.1
and D.2).

First of all, UP and SFC have opposite energetics responses. We noted inChapter 2 how
Held (1993) pointed out the possible dual role of the warming pattern in terms of strengthen-
ing or weakening baroclinic eddies. The strengthening would be due to the tropical, upper-
tropospheric warming that enhances the meridional temperature gradient, and the weakening
due to the high-latitude surface warming, which does the opposite. Here, in terms of the LEC,
we indeed see a pronounced dual role of these warming patterns, but exactly the other way
around. The tropical upper-tropospheric warming (UP) causes a weakening of the LEC, and
the high-latitude, surface warming (SFC) causes a strengthening of the LEC. This is true for
the 2-box LEC and for the pathPm → Pe → Ke in the 4-box LEC, which is related to baro-
clinic instabilities. On the other hand, the conversion termC(Ke, Km), which is related to the
barotropic processes, behaves differently. Instead of decreasingin UP, it increases, whereas in
SFC it does not change significantly. This response ofC(Ke, Km) explains whyKm increases
strongly in UP, but not in SFC (see Figures D.1 and D.2 in Appendix D). We will return to this
later in this chapter.

Second, it is the energetics response of UP the one that best resembles FULL’s energetics
response. Furthermore, if we add the energetics responses of UP andSFC, we obtain a response
even more similar to FULL’s response. We can reproduce the FULL response by adding the
energetic responses of the decomposed warming pattern. Figure 3.10 shows the result of adding
the UP and SFC responses. This suggests that the 2xCO2 energetics response behaves rather
linearly with respect to the two main features of the warming pattern. Though witha slightly
stronger weakening effect, this is very similar to the FULL energetics response (Fig. 3.9, upper
panel). In conclusion, we find that regarding the global LEC, the UP warming pattern causes a
weakening of the LEC, whereas the SFC warming pattern causes a strengthening of the LEC.
Additionally, the sum of these two responses is very similar to the FULL response.
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Figure 3.9: 2-box (above) and 4-box (below) diagrams of the changes in energy generation, conversion,
dissipation rates, and boundary fluxes in the LEC for FULL (upper panel), UP (lower left panel) and SFC
(lower right panel) relative to CTRL. Units are W m−2. Arrows indicate the direction corresponding to
positive values; negative values imply opposite direction.
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Figure 3.10: Energetics response of UP (left panel, Fig. 3.9 plus the energetics response
of SFC (right panel, Fig. 3.9. Units are W m−2. Arrows indicate the direction corre-
sponding to positive values; negative values imply opposite direction.

Vertical cross-sections

Here we analyse the vertical cross-sections of the changes in the LEC-terms in UP and SFC
(Figures 3.11 and 3.12), and compare them to the FULL experiment (Fig. 3.6). In both cases we
observe a dual response of the LEC-terms: a decrease below, and anincrease above. Neverthe-
less, the magnitudes are different in each experiment, as well as the altitudes. In UP (Fig. 3.11)
the decrease response is stronger than the increase response, whereas in SFC (Fig. 3.12) the
increase response is stronger than the decrease response. Furthermore, the increase response
in UP shows up at a higher altitude than the increase response in SFC. Actually, the altitude
of the increase response in SFC roughly coincides with the altitude of the decrease response
in UP. Visual inspection of the patterns in figures 3.6, 3.11 and 3.12 suggests that the increase
response in the upper troposphere is due to both the SFC and the UP responses, but predomi-
nantly due to SFC. On the other hand, the decrease response below is dueto the UP response,
and partly compensated by the SFC response. This suggests again that UPand SFC combine
approximately linearly to produce the FULL response.

We have verified this by plotting the differences between the FULL-plots andthe UP and
SFC-plots in Appendix D. Figure D.4 depicts how much of the FULL responseis not repro-
duced by the UP response. In terms of the decrease-response in FULL, except for the northern
high-latitudes inPm andPe, the UP response reproduces it rather well. However, in terms of
the increase-response in the upper troposphere, the UP-response isnot as strong as the FULL-
response. Finally, note the strong resemblance between the patterns in Figure D.4 and the
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U
P
R

Figure 3.11: Vertical cross sections of the 4-box LEC terms for the CTRL integration (contours), and their
change in UP (color shaded). Counterclockwise, starting from the upper left: Pm, C(Pm, Pe), Pe, C(Pe, Ke),
Ke, C(Ke, Km), Km, andC(Pm, Km). Units are J Kg−1 for reservoirs, and×10−5 W m−2 for conversion
terms.
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S
F
C

Figure 3.12: Vertical cross sections of the 4-box LEC terms for the CTRL integration (contours), and their
change in SFC (color shaded). Counterclockwise, starting from the upper left: Pm, C(Pm, Pe), Pe, C(Pe, Ke),
Ke, C(Ke, Km), Km, andC(Pm, Km). Units are J Kg−1 for reservoirs, and×10−5 W m−2 for conversion
terms.
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patterns in Figure 3.12. This means that the fraction of the FULL-response that is not repro-
duced by the UP-response is captured by the SFC-response. An analogous conclusion results
from the difference between the vertical cross-sections of FULL and SFC (Fig. D.5). Note now
how similar these vertical cross-sections are to the ones of the UP-response (Fig. 3.11). This
means now that the fraction of the FULL-response that is not reproduced by the SFC-response
is captured by the UP-response. This would imply that adding the UP and SFCresponses
should reproduce the FULL-response, and indeed, this is the case: plotting the difference be-
tween the FULL-response and the sum of the UP and SFC-responses (Fig. D.6) reveals almost
no patterns. Clearly, considering the sum of the two responses not only captures the global
LEC-response of FULL, as seen in Figure 3.10, but also the pattern of change in the vertical
cross-sections of each LEC-term. The plots in Figure D.6 show very small amplitudes com-
pared to any of the other vertical cross-sections plots, and the pattern ofincrease in the upper
troposphere and decrease below has disappeared. We can concludethat, in terms of the vertical
cross-sections of the LEC-terms, the responses of UP and SFC combine approximately linearly
to produce the FULL response.

Splitting the atmosphere

The next step, given that both UP and SFC show a pattern of increase ofthe LEC-terms in the
upper-troposphere and decrease below, is to analyse the split-LEC. Just as we did with FULL,
we split the atmosphere at the isobaric level of 340 hPa. The values of the 2-box and 4-box
split-LEC diagrams of UP and SFC are shown for further reference in Appendix D (Figures D.7
and D.8), but we analyse here the changes relative to CTRL (Figures 3.13 and 3.15).

Regarding the 2-box LEC (Fig. 3.13), the response ofC(P, K), which is the one we calculate
directly from the model output, is a weakening in both regions—above and below 340 hPa—in
UP, although much more pronounced in the lower region. In SFC it strengthens in the upper
region, and slightly weakens below. Adding up these two responses, UP and SFC, gives a
response that is remarkably similar to the FULL response (see Figure 3.14). This confirms
again the strong linearity in the combination of the two effects of the warming patterns.

Regarding the 4-box LEC diagrams (Figures 3.15 and 3.16), we find againthat the response
of FULL seems to be decomposed into the UP and SFC responses. When adding these two re-
sponses (Fig. 3.16), we obtain once more a response remarkably similar to the FULL response.
From figure 3.15 we can conclude that the strengthening response in the upper region through-
out the pathPm → Pe → Ke is caused by the SFC warming pattern, whereas the weakening
response in the lower region throughout this same path is mainly caused by theUP warming
pattern. The contribution to this weakening by the high-latitude surface warming, although not
zero, is much smaller. On the other hand, the strengthening of the conversion termC(Ke, Km)

in the upper region is caused by the tropical, upper-tropospheric warming, as we saw before in
the globally integrated LEC. This suggests that UP has a weakening effectin the lower region
in the terms related to baroclinic instability, but a strengthening effect in the upper region in the
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Figure 3.13: 2-box diagrams of the changes in energy generation, conversion, dissipation rates, and boundary fluxes
in the LEC split at 340 hPa for FULL (upper panel), UP (lower left panel)and SFC (lower right panel) relative to
CTRL. Units are W m−2. Arrows indicate the direction corresponding to positive values; negative values imply
opposite direction.
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Figure 3.14: 2-box LEC diagram of the changes in energy generation,conversion, dissipation
rates and boundary fluxes in the LEC split at 340 hPa for UP + SFC relative to CTRL. Units are
W m−2. Arrows indicate the direction corresponding to positive values; negative values imply
opposite direction.
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Figure 3.15: 4-box diagrams of the changes in energy generation, conversion, dissipation rates, and boundary fluxes
in the LEC split at 340 hPa for FULL (upper panel), UP (lower left panel)and SFC (lower right panel) relative to
CTRL. Units are W m−2. Arrows indicate the direction corresponding to positive values; negative values imply
opposite direction.
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Figure 3.16: 4-box LEC diagram of the changes in energy generation,conversion, dissipation rates and
boundary fluxes in the LEC split at 340 hPa for UP + SFC relative to CTRL.Units are W m−2. Arrows
indicate the direction corresponding to positive values; negative values imply opposite direction.

conversion related to barotropic processes. On the other hand, SFC has a strengthening effect
in the upper region in the terms related to baroclinic instability, and very little effect elsewhere,
except for a small contribution to the weakening ofC(Pe, Ke) in the lower region.

Thus, we can conclude that also in terms of the split-LEC, adding the responses of UP and
SFC provides a very good approximation of the FULL response. With this, we have been
able to verify this linear behavior in terms of three different aspects of ourLEC-analysis: the
global LEC-response, the changes in the vertical cross-sections of each term, and the split-LEC
response. Studying the individual responses will therefore help in understanding the combined
FULL energetics response, a good proxy for the 2xCO2 energetics response. This is the aim of
the following subsections.

3.3.3 The tropical upper-tropospheric warming (UP)

In this subsection we analyse in more detail the response of the UP experiment, in which
the warming pattern consists of a strong warming in the tropical upper-troposphere, with its
maximum around 250 hPa (see lower left panel of Figure 3.1). In the previous subsection we
pointed out the principal features of the energetics response of this experiment. We will now
analyse them in 5 steps that correspond to the main changes of the LEC in this case:

1. Change in strength of the 2-box LEC (C(P, K)).

2. Changes in the conversion termsC(Pm, Pe) andC(Pe, Ke) (baroclinic response)

3. Changes inC(Ke, Km) (barotropic response)
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4. Changes inC(Pm, Km) (changes in merdional overturning circulations)

5. Changes in the energy reservoirs, in particularKe, an indicator of extratropical storm
activity.

1. Change in strength of 2-box LEC

There is a clear global weakening of the LEC in the UP experiment relative toCTRL (C(P, K)

decreases by 0.23 W m−2, or 9.7%) (Fig. 3.9, lower left panel.). This weakening in the en-
ergetic activity in UP is the main cause of the weakening in the FULL experiment, hence in
the 2xCO2 case. We can conclude from this that the overall weakening of the LEC due to
CO2-doubling is due to this tropical, upper-tropospheric warming, and not dueto the surface
warming. Actually, the high-latitude surface warming counteracts this weakening partly, be-
cause its global effect is a strengthening of the LEC (we will return to this later). Note that
when splitting the atmosphere at 340 hPa, it is clear that the strongest weakening signal of the
LEC is in the lower region, even though the main feature of this warming pattern islocated
above, around 250 hPa. The fact that the LEC weakens due to this warming pattern suggests
that the mean static stability effects are more important than the horizontal temperature vari-
ance changes for the energetics response.

2. Changes in C(Pm,Pe) and C(Pe,Ke) – baroclinic response

The global weakening of the LEC is a result of a weakening response in both conversion terms,
C(Pe, Ke) andC(Pm, Km), with the former having a larger contribution. The contribution
of C(Pe, Ke) to the weakening is accompanied by a strong decrease in the conversion term
C(Pm, Pe). This combination is an indication of a decrease in baroclinic activity. But before
talking about baroclinicity, we will analyse this response from the point of view of the LEC
itself, as we have done for the 2xCO2 experiments.

Just as in the 2xCO2 experiments, the strongest weakening of the LEC appears inGm, the
generation rate ofPm. In UP, the weakening ofGm is even stronger than in FULL or in the
2xCO2 case: 0.40 W m−2 less, a decrease of almost 17%, compared to 10% in FULL. This
weakening becomes less pronounced as one follows the conversion termsthrough the path
Pm → Pe → Ke, suggesting that the main driver is theGm-response. In the 2xCO2 case we
assumedGm andPm should behave in a similar way because both are proportional toγ (the
inverse mean static stability), and because we expect[〈T 〉]′′ to be highly correlated with[〈Q〉]

(see Section 2.2.3). Therefore, analysing the changes inPm could be useful for understanding
the changes inGm, as long as this assumption remains valid. Figure 3.17 shows the relative
changes of gamma (γ) (left) andPm (right) in the three temperature-nudged experiments.

First of all, note that the relative changes ofγ in UP and FULL are very similar, whereas
the relative change in SFC has a completely different vertical profile. We can infer from this
that the changes in mean static stability in FULL (or in the 2xCO2 experiment) are mainly
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Figure 3.17: Change in the vertical profile ofγ (left) andPm (right) in FULL (filled circles), UP (empty
circles) and SFC (triangles) relative to CTRL. The thick dashed vertical line indicates zero relative change.

due to the tropical, upper-tropospheric warming. However, theγ-relative changes in UP and
FULL differ in magnitude. The decrease ofγ throughout the whole troposphere is about 3-
5% stronger in UP than in FULL. Without the surface warming, the stabilizing effect of the
upper-tropospheric warming is expected to be stronger due to the larger effect on the lapse rate.
Despite this stronger reduction ofγ, Pm decreases less in UP than in FULL from the surface up
to about 500 hPa. This implies that the horizontal variance of temperature,[〈T 〉]′′2, must have
increased enough to overcome the additional decrease inγ. This is not surprising, because the
UP warming pattern increases the horizontal temperature variance due to thestronger warming
in low latitudes at all vertical levels.

Nevertheless, this is not howGm responds.Pm decreaseslessin UP than in FULL through-
out the lower region (below 340 hPa), butGm decreasesmorein UP than in FULL (just asγ
does). This implies that in this case[〈T 〉]′′[〈Q〉]′′ does not respond like[〈T 〉]′′2, andGm here is
more sensitive to the changes inγ thanPm is. In other words, the UP warming pattern causes
a much larger increase in the horizontal temperature variance than in the product[〈T 〉]′′[〈Q〉]′′,
so that theGm-response is more influenced by theγ changes, whereas thePm response is more
influenced by the[〈T 〉]′′2-response. Therefore, in this case the changes inPm are not good indi-
cators of the changes inGm, and hence of the changes in energetic activity. Unfortunately, we
cannot draw any other conclusions regarding the effect of the changes in[〈T 〉]′′[〈Q〉]′′ on Gm

because we have no output data of the diabatic heating rateQ. But the fact thatGm decreases
more in UP than in FULL, just asγ and the conversion termsC(Pm, Pe) andC(Pe, Ke) do,
indicates that the increase in mean static stability is the main cause for the decrease in Gm,
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hence for the weakening of the LEC in UP. This stabilizing effect dominates over the effects
due to changes in horizontal temperature distribution.

An simple way of understanding this response is that such a warming pattern (UP), which
tends to reduce the lapse rate and therefore create more stable conditions inthe atmosphere,
will be less favorable for vertical motions in the atmosphere. This means less conversion of
available potential energy into kinetic energy, becauseC(P, K) consists of rising of relatively
warm air and sinking of relatively cold air (see Eq. (A.3) and (A.5)). Hence, a weaker LEC.

We can also understand this response from the point of view of baroclinicity changes. The
conversion termC(Pm, Pe) represents how the eddies transport heat horizontally along the
meridional temperature gradient (first term on the right side of equation (A.2)), and vertically
along the vertical temperature gradient (second term on the right side of equation (A.2)), with
the horizontal transport being the dominating term. At the same time, rising of relatively warm
air and sinking of relatively cold air in the eddies converts this eddy availablepotential en-
ergy into eddy kinetic energy (C(Pe, Ke)). These processes are related to baroclinic activ-
ity (Peixoto and Oort, 1992). Baroclinic instability is associated to vertical shear in the mean
flow, which due to thermal wind balance, imply horizontal temperature gradients. The latter
provide the energy source through the associated available potential energy (Holton, 2004).
Clearly, changes in baroclinicity due to the warming pattern can provide us withadditional
information about the weakening of these two conversion rates from a different perspective.
In the following, we will provide further support to our results by considering two different
measures, without carrying out a detailed analysis on baroclinicity.

The most widely used indicator for baroclinicity is the maximum Eady growth rate (Eady,
1949; Lindzen and Farrell, 1980; Pedlosky, 1987), given by

σeady = 0.31
|f |∂u

∂z

N
= 0.31

M2

N
, (3.4)

wheref is the Coriolis parameter,u is the zonal wind velocity,z is height, andN is the
Brunt-Väis̈al̈a frequency,

√
(g/θ)(∂θ/∂z), a measure of static stability. Because of the thermal

wind balance, the vertical wind shear term|f |∂u
∂z can be written in terms of the meridional

temperature gradientM2 = |−g∂θ
θ∂y |. According to Lim and Simmonds (2007, 2009),σeady is

dominated by the meridional temperature gradient, and underestimates the static stability effect
so that it does not reproduce well enough the Southern Hemisphere (SH) extratropical cyclone
characteristics. They argue that a more appropriate measure is the non-dimensionalbaroclinic
parameter(BP) (Green, 1960; Held, 1978; Pedlosky, 1987),

BP =
f2 ∂u

∂z

βHN2
=

|f |M2

βHN2
, (3.5)

whereβ is the latitudinal variation off , andH is the density scale height, given by
(

1
ρ

∂ρ
∂z

)−1
.

This parameter results from Charney’s model (Charney, 1947), whichas opposed to Eady’s
model, takes into account the sphericity of the earth (throughβ), and does not consider an
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Figure 3.18: Zonal mean plots ofσeady (left panel) andBP (right panel) in CTRL (contours), and their
change in UP (color shaded). Only differences with 95% significance level are shown, based on a standard
t-test. Units are 10−5 s−1 for σeady, BP is dimensionless.

upper boundary but a finite density scale height. Our focus is global, andtherefore taking
the sphericity of the earth into account seems more appropriate. However,having in mind
that σeady is such a widely used measure, we will also consider it. We investigate here the
changes in both measures, and at the same time we can use this opportunity to compare their
performance in the context of our LEC-results.

The changes in the zonal mean pattern ofσeady in the UP experiment (Fig. 3.18, left panel)
are clearly dominated by the changes in meridional temperature gradientM2 (Fig. 3.19, left

Figure 3.19: Zonal mean plots ofM2 (left panel) andN2 (right panel) in CTRL (contours), and their
change in UP (color shaded). Only differences with 95% significance level are shown, based on a standard
t-test. Units are 10−7 s−2 for M2, and 10−5 s−2 for N2.
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panel), as Lim and Simmonds (2007, 2009) noted. Both plots show roughly the same patterns,
and in general, the increase response dominates. The maximum increases inσeady (and there-
fore in M2 as well) are located between 30-60◦N-S between 100-200 hPa, and at the surface
near 60◦N and S. The increases in the upper region match with the increases in this sameregion
in the conversion termsC(Pm, Pe) andC(Pe, Ke) (see Fig. 3.11). On the contrary, the strong
increases inσeady andBP (Fig. 3.18, right panel) near the surface around 60◦N and 60◦S are
not visible in these conversion terms. These suggest an intensification andpoleward displace-
ment of the regions of stronger baroclinicity near the surface, especiallyin the SH, but are not
visible in the LEC. On the other hand, the weakening of the conversion ratesC(Pm, Pe) and
C(Pe, Ke) below 300-400 hPa, which is their dominant response in this experiment, cannot
be associated to a similar response inσeady. Nevertheless, there is a slight decrease inσeady

around 400-500 hPa in the low latitudes, and in the high northern latitudes. However, based
on this slight weakening in theσeady-plot, one would not expect such a strong decrease in
baroclinic activity in this region, as the conversion terms suggest.

Looking further at the changes inBP (Fig. 3.18, right panel), we see that this parameter
retains the two increase regions in the upper region and near the surfacewhich are visible
in σeady, but now reveals a clear decrease response throughout most of the troposphere both
in mid-latitudes and even stronger in high latitudes, in particular in the Northern Hemisphere
(NH). Hence, the pattern of change ofBP is much more consistent with the pattern of change
of C(Pm, Pe) andC(Pe, Ke). The plot of the changes inN2 (Fig. 3.19, right panel) indicates
that there is a clear and generalized increase inN2 throughout the whole troposphere, except for
two small regions near the surface at high latitudes. This implies an increase instatic stability
that we can now clearly relate to a general weakening in baroclinicity, as measured byBP (note
from expression (3.5) thatBP is inversely proportional toN2). In other words, the measure of
baroclinicity given byBP is more consistent with the changes we find in the conversion terms
C(Pm, Pe) andC(Pe, Ke) thanσeady is, becauseBP takes into account a stronger effect of
static stability. This supports our hypothesis that the increase in mean static stability due to
the strong upper tropospheric warming is the main cause for the weakening of the LEC, and in
particular for the weakening response ofC(Pm, Pe) andC(Pe, Ke). Furthermore, it indicates
that the global effect of the tropical upper-tropospheric warming in termsof baroclinicity is a
decrease, mainly due to the overall increase in mean static stability. This is consistent with the
(more local) results obtained by Lim and Simmonds (2007, 2009).

3. Change in C(Ke,Km) – barotropic response

The conversion rateC(Ke, Km) experiences a clear increase in the UP experiment, as well as
in the FULL experiment. In order to understand the cause of this increase,it is worth going
back to the complete expression for this term (Eq. (A.4), Appendix A). Thecontribution of each
term on the right hand side of equation (A.4) to the total value ofC(Ke, Km) in CTRL, as well
as the corresponding changes in each of the temperature-nudged experiments, are presented in
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Table 3.1: Contribution of individual terms ofC(Ke, Km) in CTRL, and their changes in the temperature-
nudged experiments compared to CTRL. Units are W m2. Only the general form of each term is given. See
equation (A.4) in Appendix A for the complete expressions of each term.

Term General form CTRL ∆ UP ∆ SFC ∆ FULL

1: u′v′
(
∂[u]/∂y

)
0.572 + 0.039 + 0.005 + 0.034

2: v′2
(
∂[v]/∂y

)
-0.043 + 0.010 - 0.006 + 0.002

3: ω′u′
(
∂[u]/∂p

)
0.234 + 0.026 + 0.013 + 0.038

4: ω′v′
(
∂[v]/∂p

)
-0.012 - 0.002 + 0.001 - 0.002

5: −u′2
(
1/a

)
tanφ 0.006 + 0.000 + 0.000 + 0.001

SUM: C(Ke, Km) 0.757 + 0.073 + 0.013 + 0.073

Table 3.1. Clearly, the first and the third terms are the dominating ones, while theothers are
one and two orders of magnitude smaller.

Most authors (e.g., Peixoto and Oort, 1992; Boer and Lambert, 2008) consider this con-
version rate betweenKe andKm as related to barotropic processes. Barotropic instability is
associated to horizontal shear in the mean flow, being the kinetic energy of the mean flow its
energy source (Holton, 2004). Therefore, it does not need horizontal temperature gradients
as baroclinic instability does. Looking at the general form of the terms ofC(Ke, Km) in ta-
ble 3.1, it is clear that they are indeed related to the shear of the mean flow. However, the fact
that they also include momentum eddy fluxes of the formu′v′ indicates that they may be related
to eddy-mean flow interaction as well. Nevertheless, the eddy-mean flow interaction is not well
represented with the conventional Eulerian mean decompositions which we use here (Plumb,
1983; Holton, 2004). For a better representation of this process, one should use a formulation
based on the Transformed Eulerian Mean (TEM), which gives rise to the Elliassen-Palm (E-P)
flux (Holton, 2004). This E-P flux describes the forcing of the zonal mean flow by the eddies in
terms of the divergence of the products〈u′v′〉 and〈v′T ′〉. In our LEC formulation these terms
(and not their divergences) appear distributed inC(Ke, Km) andC(Pe, Pm), so that although
this process of eddy-mean flow interaction is somehow implicitly included, it is notpossible
to obtain here a good description of it. Therefore, changes in the eddy-mean flow interaction
would produce changes inC(Ke, Km) and inC(Pe, Pm), but it would be difficult to obtain a
clear picture of their response using this LEC formulation.

The changes we see inC(Ke, Km) appear to be more related to changes in the wind shear
than to changes in the eddy-mean flow interaction, because they are accompanied by the inten-
sification of the jets (seen here as a 17%-increase inKm), and their location also matches with
this intensification. If this is the case, we can conclude that theC(Ke, Km) response is driven
by changes in barotropic instability and not by changes in eddy-mean flow interaction. We
can verify this by plotting the zonal mean change in the latitudinal shear of[u] in UP relative
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Figure 3.20: Vertical cross-section of the latitudinal shear inu, i.e.,cos φ
∂([〈u〉]/ cos φ)

∂φ
, in CTRL (contours,left

panel), and its change in UP (color shaded, both panels), in m s−1. Vertical cross-section of the changes in
C(Ke, Km) in UP with respect to CTRL (contours, right panel), in 10−5 W m−2.

to CTRL, and comparing this with the changes inC(Ke, Km) (Fig. 3.20). We compute the
latitudinal shear of[u] ascos φ(∂([〈u〉]/ cos φ))/∂φ, but we refer to it simply asd[u]/dφ. Note
thatd[u]/dφ in CTRL (contours in left panel of Fig. 3.20) is always positive in the southward
flank of the jets, zero where the jet is strongest, and negative on the northward flank of the
jets, as expected. This makes this plot antisymmetric with respect to the equator,and therefore
its changes (color shaded), are also antisymmetric. The strongest changes in each hemisphere
are therefore of opposite sign: a decrease in the Southern Hemisphere around 50◦S, and an
increase in the Northern Hemisphere around 50◦N that extends upward and southward. In both
cases they imply a poleward displacement of the jets. The changes inC(Ke, Km) match very
well with these two regions of maximum change ind[u]/dφ (Fig. 3.20, right panel). In other
words, we can be very confident that the response ofC(Ke, Km) in UP and in FULL (in SFC
there is almost no change in this term) is due to changes in the horizontal shearof the mean
flow, hence to changes in barotropic instability.

The fact thatC(Ke, Km) is related to barotropic processes, whereasC(Pm, Pe) and
C(Pe, Ke) are related to baroclinic processes, explains whyC(Ke, Km) responds in a dif-
ferent way. Regarding baroclinicity, the tropical upper-troposphericwarming has two opposite
effects: first, it increases the meridional temperature gradient (which favors baroclinicity), and
second, it increases static stability (which suppresses baroclinicity). We have shown in the
previous subsection that this static stability effect is responsible for the global decrease in
baroclinicity. Regarding barotropic instability, thermal wind balance implies thatthe tropical
upper-tropospheric warming must be accompanied by stronger subtropical jets (seen as a strong
increase inKm in UP and FULL). This strengthening of the jets implies stronger wind shear,
which increase barotropic instability in the jet regions. As opposed to baroclinicity, barotropic
instability does not depend on static stability (Williams, 2006), and thereforeC(Ke, Km) in-
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creases in the UP experiment—and also in the FULL experiment—regardless of a more stable
atmosphere.

The first two terms ofC(Ke, Km) are clearly describing such barotropic processes, where
horizontal momentum eddy fluxes take place along regions of horizontal shear of the mean
flow (see Eq. (A.4) and table 3.1). In fact, the above analysis regards mainly the first term,
which is proportional tod[u]/dφ, and whose response is the largest of all. Combining the
changes of the first two terms accounts for two thirds of the total responseof C(Ke, Km).
The third and fourth terms are related to a vertical shear of the mean flow. Although this does
not imply that they are not related to barotropic processes, we cannot exclude the possibility
that they are also affected by baroclinic processes. In principle, they could reflect a mixture of
baroclinic and barotropic processes. We can focus on the third term, because the fourth one is
very small, and shows practically no change in any of the experiments. Note that the third term
increases by 0.026 W m−2 in UP and by 0.013 W m−2 in SFC. As we will see later, SFC is
characterized by an increase in baroclinic activity, whereas UP is characterized by a decrease in
baroclinic activity. This suggests that the increase in this term in the UP experiment is not due
to changes in baroclinicity. Otherwise, we would find a stronger change in the SFC experiment
and not a weaker change, as we find. Therefore, although we cannot exclude the possibility
that baroclinic processes affect this third term related to vertical wind shear, we can infer from
our results that it is barotropic processes that dominate its response in the UP experiment. The
fifth term, which is the smallest of all, arises from thecurvature effectterm of the momentum
equation (Holton, 2004), and is clearly negligible.

We can conclude that the increase inC(Ke, Km) is a direct consequence of the stronger wind
shear along the intensified subtropical jets. Because barotropic instability does not depend on
static stability, this increase of wind shear along the jets is sufficient to explain this response.

4. Change in C(Pm,Km) – changes in meridional overturning circulations

The importance of the eddies in the atmosphere’s ”heat engine” has been stressed since the
formulation of the LEC by Lorenz (1955), and is confirmed by observations (e.g., Peixoto and
Oort, 1974; Oort and Peixoto, 1974) and model data (Boer, 1995; Boer and Lambert, 2008;
Herńandez-Deckers and von Storch, 2010). That is, the main path for the conversion ofP into
K in the LEC is alongPm → Pe → Ke → Km, where most of the energy conversions take
place. Globally, the direct conversion rate fromPm to Km is very small, and most estimates
indicate that it is slightly negative, indicating a small net conversion ofKm into Pm. This term
describes the conversion betweenPm andKm. It is positive in the case of rising of relatively
warm air and sinking of relatively cold air in zonal mean circulations, i.e., in meridional over-
turning circulations. Therefore,Pm is converted intoKm in the Hadley and polar cells, while
Km is converted intoPm in the indirect Ferrel cells. Despite its small global value, we do
observe changes in this term in our different experiments that are comparable to the changes
in other conversion terms (a decrease of 0.07 W m−2 in FULL and of 0.08 W m−2 in UP rel-
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ative to CTRL). However, the global value ofC(Pm, Km) cannot give us much information
about the cause or causes for this change. The only way to visualize this isthrough the vertical
cross-sections. To facilitate this analysis to the reader, we show here once more the vertical
cross-section ofC(Pm, Km) (Fig. 3.21).

Figure 3.21: Vertical cross-section ofC(Pm, Km) in
CTRL (contours) and its change in the UP experiment
(color shaded). Units are 10−5 W m−2.

The contours in Figure 3.21 reveal that
positive contributions ofC(Pm, Km) are
located at low latitudes—in the upward
branch of the Hadley Cell—with slightly
higher values in the NH, and in very
high latitudes—corresponding to the po-
lar cells—with higher values in the SH.
Negative contributions are seen in the Fer-
rel cells (around 60◦N and 60◦S), and are
much stronger in the SH than in the NH.
There are also two symmetric regions with
slightly negative contributions just equator-
ward of 30◦N and 30◦S, which would cor-
respond to the descending branches of the
Hadley Cell. The net conversion corre-
sponding to the Hadley Cell—between 30◦N-30◦S—is mostly positive. The net negative value
of C(Pm, Km) is due to the strong negative contribution of the SH Ferrel cell.

Regarding the changes in the UP experiment, Figure 3.21 suggests that there is in gen-
eral a strengthening in every feature, i.e., the positive contributions tend toincrease, while
the negative contributions tend to decrease. The dominant response in theUP experiment,
which is responsible for the decrease in the global value ofC(Pm, Km) from -0.09 W m−2 to -
0.17 W m−2, is the strong decrease in the conversion in the SH Ferrel cell, around 60◦S. That is,
more conversion fromKm to Pm. This suggests a stronger Ferrel Cell, which is generally asso-
ciated with stronger baroclinicity (Williams, 2006). This may seem contradictory, considering
the global decrease in baroclinicity in the UP experiment. Nevertheless, this strengthening of
the Ferrel cell may correspond to a more local baroclinic response. We noted that even though
the global baroclinicity decreases, there is an increase in baroclinicity above 200 hPa and also
near the surface around 60◦S and 60◦N. The vertical cross-section ofC(Pe, Ke) (Fig. 3.11)
shows that the increase response around 200 hPa extends downwardalong a narrow band
slightly poleward of 60◦S. This same feature is more pronounced in the plots ofσeady and
BP (Fig. 3.18), and would therefore suggest that although there is a globaldecrease in baro-
clinicity, around 60◦S there is a more localized increase that may manifest in terms of a stronger
Ferrel cell.

Furthermore, this local increase in baroclinicity could be linked to the coupledfeedback
process over the Southern Ocean that tends to maintain the latitudinal gradient over this re-
gion (Fyfe and Saenko, 2006; von Storch, 2008). We had pointed outthis process in Chapter 2
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in the context of the transient experiments. This process explains the slower warming rate of
the SH compared to the NH that causes a stronger north-south asymmetry in thetransient en-
ergetics response compared to the equilibrium 2xCO2 response. Although we are dealing here
with equilibrium and not transient experiments, this process could still be causing a stronger
meridional temperature gradient in this region, but now more locally than in the transient ex-
periments. This possible connection motivates further research regarding this coupled ocean-
atmosphere feedback, but is out of the scope of this work.

We can conclude that the dominating response ofC(Pm, Km) is an increase of theKm-
to-Pm conversion in the SH around 60◦S, which suggests a strengthening of the SH Ferrel
cell. This strengthening could be related to a local increase in baroclinicity around 60◦S. Sur-
prisingly, this would imply that an increase in baroclinicity, which means stronger Pe-to-Ke

conversion and therefore a strengthening of the LEC, would at the same timecause a weak-
ening of the LEC by strengthening theKm-to-Pm conversion in the Ferrel cells. In our case,
however, both effects contribute to the weakening of the LEC because there is alocal increase
in baroclinicity around the SH Ferrel cell embedded in a global decrease inbaroclinicity. Thus,
both features work in the same direction in terms of the global LEC strength. However, without
a detailed knowledge about the exact relationship between the conversionrateC(Pm, Km) and
the meridional overturning circulations, it is not possible to fully verify and understand this
feature.

5. Changes in energy reservoirs, in particular Ke – extratropical storm activity.

Although the energy reservoirs do not provide a measure for energeticactivity as the conversion
rates do, they can provide information about the state of the atmosphere. Inparticular, the eddy
kinetic energy reservoir (Ke) is an indicator of extratropical storm activity because it quantifies
the average amount of energy in the perturbations of the wind field. Several studies quantify
the extratropical storm activity in different situations (e.g., Geng and Sugi, 2003; O’Gorman
and Schneider, 2008; Bengtsson et al., 2009; Lim and Simmonds, 2007, 2009). Their general
approach consists of using specific measures that identify and characterise storms (like their
strength in terms of wind speed, pressure difference, their radius, etc.), and then use them to
track specific events and carry out a statistical analysis. Of course, high resolution data—in
either observations or model output—is important in order to obtain reliable conclusions. Our
methodology, as well as our model runs, were not designed with such an objective. Never-
theless, we provide a global view of the large scale changes inKe due to different warming
patterns, without performing a detailed analysis of storm activity. This should serve as a fun-
damental background for other more detailed studies.

Looking back at our results with the FULL experiment (also valid for the 2xCO2 experi-
ment), we can see that there is not a clear global response inKe. There is an overall weakening
of the LEC, butKe remains almost unchanged. By separating the warming pattern into UP
and SFC, we now find a more consistent response inKe. Figure D.1 in Appendix D shows
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the values of all the LEC terms in CTRL and UP.Ke decreases from 8.05×10−5 J m−2 in
CTRL to 7.56×10−5 J m−2 in UP. Once we isolate the tropical upper-tropospheric warming,
we indeed observe that the weakening of the LEC is accompanied by a reduction in theKe

reservoir. The vertical cross-section ofKe (bottom right panel in Fig. 3.11) shows that this
decrease is happening throughout the whole troposphere. There is only a strengthening above
200 hPa, which would suggest an upward shifting in combination with the overall weakening.

In conclusion, due to the UP warming pattern,Ke decreases globally, suggesting a global
decrease in extratropical storm activity. However, we cannot derivefrom this any detailed char-
acteristics, like changes in frequency, intensity, extreme values, etc. Furthermore, this result
does not necessarily imply that tropical storms would decreaseeverywheredue to this idealized
warming pattern, but only on average. For example, in point 4 above, we found that there is
a region of increased baroclinic activity in the high southern latitudes, in agreement with the
results obtained by Lim and Simmonds (2009) with a similar warming pattern. Nevertheless,
such a local response does not show up here in terms ofKe.

Regarding the reservoir of zonal-mean kinetic energy (Km), it also provides information
about the mean state of the atmosphere, which has specific consequences. For example, we
have described above how the strengthening of the jets, which reflects asa strong increase in
Km, implies stronger barotropic instability, increasing theKe-to-Km conversion. It is also
closely related to the intensity of the tropical upper-tropospheric warming due to thermal wind
balance. In the context of our study, the importance of the changes inKm has been already
highlighted in terms of the barotropic response ofC(Ke, Km).

3.3.4 The high-latitude, surface warming (SFC)

In this subsection we will analyse the response of the SFC experiment, where the warming
pattern consists of a strong warming in the high-latitudes near the surface, with a stronger
warming in the NH (see lower right panel of Figure 3.1). In subsection 3.3.2we have already
mentioned the principal features of the energetics response of this experiment. We will now
analyse them in 4 steps, which correspond to the following responses of the LEC in this case:

1. Change in strength in the 2-box LEC (C(P, K)).

2. Changes in the conversion termsC(Pm, Pe) andC(Pe, Ke) (baroclinic response)

3. Changes inC(Pm, Km) (response of merdional overturning circulations)

4. Changes in the energy reservoirs, in particularKe, an indicator of extratropical storm
activity.

1. Change in strength in 2-box LEC

The global response in SFC in terms of the LEC-strength is a clear increase, as opposed to
the response in FULL and UP. Figure 3.9 shows thatC(P, K) increases by 0.09 W m−2, i.e.,

84



3.3 ENERGETICS RESPONSE OF THE TEMPERATURE-NUDGED EXPERIMENTS

3.8% relative to CTRL. The strengthening in this case is restricted to the upperregion (above
340 hPa), whereC(P, K) increases by 0.14 W m−2 (see Fig. 3.13). In the lower region we find
a slight decrease in strength, of 0.05 W m−2. This dual response reminds us about the FULL
(or 2xCO2) response, but now the strengthening response in the upper region is stronger than
the weakening response in the lower region, and dominates in the global LEC. Knowing now
that the effect of the UP warming pattern is only a weakening of the LEC, we can conclude that
the strengthening of the LEC in the upper region due to the combined, 2xCO2-like warming
pattern is a consequence of the high-latitude surface warming.

2. Changes in C(Pm,Pe) and C(Pe,Ke) – baroclinic response

From the 4-box LEC (Fig. 3.9 lower right panel) we can see that the globalstrengthening
of the LEC in SFC is exclusively due to the increase inC(Pe, Ke), while C(Pm, Km) does
not change. The increase inC(Pe, Ke) is clearly connected to the increase inC(Pm, Pe),
and can be tracked back again to the change inGm. These changes clearly reflect that this
strengthening response is driven by the changes inGm, which then extend toC(Pm, Pe) and
C(Pe, Ke). As opposed to the case of UP, this indicates an increase in baroclinic activity. We
will first understand this response in terms of the LEC, before looking at itin terms of changes
in baroclinicity.

The relative change in the vertical profile ofγ (Fig. 3.17, left panel) reveals that except for
the region between the surface and 900 hPa, whereγ slightly decreases, there is an increase
throughout the whole troposphere. This is a completely different profile of change compared to
FULL and UP, whereγ decreases throughout the troposphere. However, the profile of change
of Pm (Fig. 3.17, right panel) in SFC is closer to the one in FULL than the one in UP is.In
SFC,Pm decreases with a similar magnitude as in FULL from the surface up to about 500 hPa.
This, in contrast with the increase inγ throughout the whole troposphere, implies that the
changes inPm obey more to the changes in the horizontal temperature variance than to the
changes inγ. The profile of relative change inγ seems to modulate slightly thePm-relative
change profile—note how the curvature of both profiles match from the surface up to around
300 hPa—but having a different sign, the main response ofPm must be determined by the
changes in horizontal variance of temperature. On the other hand,Gm, which we know is the
driving term for the changes in strength in the LEC, must be more sensitive tochanges inγ
than to the changes in[〈T 〉]′′[〈Q〉]′′ because it increases in both the upper and the lower region,
instead of decreasing, asPm does. Just as in UP, we can conclude from this that the changes in
γ are the main drivers for the changes in strength of the LEC. In this case, the surface warming
causesγ to increase throughout most of the troposphere, i.e., the atmosphere becomes less
stable. This drives then a strengthening of the energetics that manifests itself mostly in the
upper region, above 340 hPa.

In the same way as with UP, we can intuitively understand why the changes in mean static
stability determine the change in strength of the LEC. Due to the surface warmingin SFC, the
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Figure 3.22: Zonal mean plots ofσeady (left panel) andBP (right panel) in CTRL (contours), and their
change in SFC (color shaded). Only differences with 95% significance level are shown, based on a standard
t-test. Units are 10−5 s−1 for σeady, BP is dimensionless.

atmosphere becomes less stable, favoring vertical motions. These verticalmotions are essential
for the conversion of available potential energy into kinetic energy—risingof relatively warm
air and sinking of relatively cold air.

Coming now to baroclinic activity, we can argue that the strengthening ofC(Pm, Pe) and
C(Pe, Ke) imply an increase in baroclinicity. Just as before, we can evaluate changes inσeady

and inBP (Fig. 3.22) in order to verify this hypothesis. Just as in the vertical cross-sections
of the conversion terms (Fig. 3.12), we find an increase response in the upper troposphere an a

Figure 3.23: Zonal mean plots ofM2 (left panel) andN2 (right panel) in CTRL (contours), and their
change in SFC (color shaded). Only differences with 95% significance level are shown, based on a standard
t-test. Units are 10−7 s−2 for M2, and 10−5 s−2 for N2.
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weakening below in bothσeady andBP . Once again, the pattern ofσeady is clearly determined
by the pattern ofM2 (Fig. 3.23, left panel). This means that changes in baroclinicity, as
estimated withσeady, are mainly related to changes in the meridional temperature gradient.

On the other hand,BP has a pattern similar toσeady, but with a stronger increase response
in the upper troposphere that stands out very clearly from the rest of the pattern. Inσeady

both responses (increase above and decrease below) have similar magnitudes, and neither of
them seems to dominate the overall response. Therefore, theBP -response shows more con-
sistency than theσeady-response with the responses ofC(Pm, Pe) andC(Pe, Ke), where the
strengthening in the upper troposphere dominates. It is the stronger dependence ofBP onN2

what causes the difference betweenBP andσeady. In this case,N2 decreases throughout most
of the troposphere, especially in the northern hemisphere (Fig. 3.23, right panel). Due to the
surface warming, static stability decreases. In particular, there is a relative maximum in the
decrease response ofN2 around 300 hPa along the mid and high-latitudes of both hemispheres
that enhances the increase in baroclinicity due to changes inM2 in this region. On the con-
trary, the strong maximum in decrease ofN2 in the high northern latitudes near the surface has
little effect locally, probably due to the opposite effect ofM2 in this region (note thatBP is
proportional toM2, but inversely proportional toN2). In the upper troposphere, bothM2 and
N2 change in such a way as to favor baroclinicity. Hence, it is the inclusion of the mean static
stability effect on baroclinicity what makes theBP -response consistent with the changes in
C(Pm, Pe) andC(Pe, Ke) in the SFC experiment. We can conclude from this that due to the
overall decrease in mean static stability in the SFC experiment, baroclinicity is enhanced in the
upper troposphere, and the strong decrease that would result from the reduction inM2 in the
lower troposphere is partly counteracted. Hence, changes in mean static stability are necessary
to explain the strengthening of the conversion termsC(Pm, Pe) andC(Pe, Ke), also in terms
of baroclinicity.

3. Changes in C(Pm, Km) – response of merdional overturning circulations

The global response ofC(Pm, Km) in the SFC experiment is very small. It changes from
−0.09 W m−2 in CTRL to −0.10 W m−2 in SFC. However, like in UP, the vertical cross-
section of this conversion term (Fig. 3.24) reveals more features. Clearly, the magnitude of
the changes in SFC is smaller than in UP (Fig. 3.21), and the strongest change is not in the
SH Ferrel cell but in the Hadley cell region. Even though the net changeis close to zero,
there is a strong increase in the upward branch of the Hadley cell, near themaximum positive
values ofC(Pm, Km), and a decrease in the poleward side of the cell, which covers partly the
regions of negative values and partly the regions of positive values. Inother words, the region
of positive contribution near the equator becomes stronger but narrower, while the regions of
negative contributions become slightly stronger and maybe broader. The fact that this feature
also appears in the FULL experiment (see Fig. 3.6) indicates that changesin static stability are
not responsible for this, but most likely changes in the horizontal temperature distribution.
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Figure 3.24: Vertical cross-section ofC(Pm, Km) in
CTRL (contours) and its change in the SFC experiment
(color shaded). Units are 10−5 W m−2.

In principle, one would expect that these
changes inC(Pm, Km) should also imply
changes in the Hadley cell dynamics. Un-
fortunately, we do not know exactly how
these two quantities are related. Most
climate models predict a weakening and
broadening of the Hadley cell with global
warming (e.g., Vecchi and Soden, 2007; Lu
et al., 2007). However, it is not clear how
this could relate to changes in thePm-to-
Km conversion rate, and such a relation-
ship does not emerge from our analysis ei-
ther. On the other hand, according to our
model results, the net effect in the changes
in this conversion rate at low latitudes is
negligible, so that even if we could estab-
lish a connection with Hadley cell dynamics, although interesting on its own, this would be
out of the scope of this work. In any case, further research regarding the connection between
C(Pm, Km) and the zonal-mean meridional overturning circulations could help decipherthe
mechanisms behind this feature, which although does not affect the global energetics, could be
important in terms of Hadley cell dynamics.

4. Changes in energy reservoirs, in particular Ke – extratropical storm activity.

In terms of the energy reservoirs, the largest relative change we find inthe SFC experiment
is in Ke. It increases from8.05 × 105 J m−2 in CTRL to 8.43 × 105 J m−2 in SFC, i.e., a
5% increase. This is consistent with the overall increase in energetic activity we find in this
experiment, as well as with the corresponding increase in baroclinicity. It suggests an increase
in the extratropical storm activity, although, as we pointed out earlier, we cannot derive from
this any details about specific or local characteristics of this response. We can only tell that
globally averaged, extratropical storm activity increases when the warming is concentrated
near the surface and at high-latitudes.

It is worth noting here that the response ofKe in UP and SFC is completely opposite. This
explains why in FULL (or in the 2xCO2 experiment) there is no clear change inKe. The
combination of the two features of the warming pattern produces a very small net change
on Ke, and the sign of this change is very sensitive to the relative magnitude of the tropical
upper-tropospheric and the high-latitude surface warmings. This highlights the importance of
understanding the processes that contribute to each feature of the warming pattern, because
small differences could imply opposite responses in terms of extratropical storm activity.

In terms of theKm, there is no clear change, as opposed to what happens in the UP and
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the FULL experiment. This explains why in this experiment there is no important increase in
C(Ke, Km). Because the jets are not strengthened, there is no change in the wind shear in the
jet regions, i.e., no changes in barotropic instability.

3.4 Conclusions and discussion

The aim of this chapter is to understand how the 2xCO2 warming pattern alters the energetics
of the atmosphere. We have done this with the coupled atmosphere-ocean ECHAM5/MPI-OM
model by calculating the energetics responses that separately result either from the tropical
upper-tropospheric warming or from the high-latitude surface warming. Here we summarize
and discuss the main results obtained with these simulations.

In this section, we will often refer to the tropical upper-tropospheric warming simply as
theupper warming, and to the high-latitude surface warming as thesurface warmingin order
to make the text less intricate. Nevertheless, the latitudinal characteristics of these warming
patterns must always be kept in mind.

First of all, we were able to reproduce the 2xCO2 energetics response of the atmosphere by
forcing the model—through temperature-nudging—with the total zonal-mean 2xCO2 warming
pattern, obtaining a ”2xCO2-like” experiment (FULL). This takes us to the first conclusion:

1. The 2xCO2 energetics response is a consequence of the corresponding zonal-mean warm-
ing pattern that consists of two main features: the tropical upper-tropospheric warming,
and the high-latitude surface warming.

In the previous chapter we were able to make a qualitative connection between the warm-
ing pattern and the energetics response. However, the ”2xCO2-like” temperature-nudged ex-
periment, which reproduces almost exactly the 2xCO2 energetics response, confirms that the
warming pattern drives the energetics response.

By carrying out additional temperature-nudged experiments in which the twomain features
of the warming pattern are simulated separately—UP, with onlyupper warmingand SFC, with
only surface warming—we were able to identify specific energetics responses for each warm-
ing pattern. Furthermore, we verified that these separate responses combine approximately
linearly to produce the total, 2xCO2-like response. This assures that the following conclusions,
even though obtained from separate warming pattern simulations, extend to thecombined,
2xCO2 warming pattern response. The main findings are:

2. The global energetics response to theupper warmingis a 10% weakening of the Lorenz
Energy Cycle (LEC). The response to thesurface warmingis opposite: the LEC strength-
ens by 4%. The net effect of the combined response (2xCO2-like) is a 5% weakening
of the LEC. This reflects the high linearity in the combination of the effects of thetwo
warming patterns.
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This means that globally, due to theupper warmingthere is less conversion of available
potential energy into kinetic energy per unit of time, whereas due to thesurface warming
the opposite is true. Held (1993) noted the competing effects that these two features of the
warming pattern would have in terms of their changes in meridional temperature gradient, and
hence in baroclinicity and eddy activity. He argues that the tropical upper-tropospheric warm-
ing would imply stronger energetic activity because it increases the meridional temperature
gradient above, whereas the high-latitude surface warming would do the opposite, because it
decreases the meridional temperature gradient below. Our results indicatethat these competing
effects actually work the other way around, suggesting that it is not their effect on the hori-
zontal temperature gradients, but rather their effect on the vertical temperature distribution that
dominates in terms of the global energetic activity.

3. Changes in static stability—and not in the horizontal temperature distribution—due to
each warming pattern are the main drivers for altering the baroclinic part ofthe LEC.
That is, the conversion rates between zonal mean available potential energy (Pm), eddy
available potential energy (Pe), and eddy kinetic energy (Ke). Furthermore, the changes
in these conversion rates are accompanied by corresponding changesin theKe reservoir,
an indicator of extratropical storm activity.

Due to theupper warming, static stability increases globally, consistent with a general weak-
ening in baroclinicity. Due to thesurface warming, static stability decreases globally, consis-
tent with an increase in baroclinicity. The static stability effect of theupper warmingis stronger
than that of thesurface warming, which explains why in 2xCO2 case the net effect is still a
weakening of the baroclinicity-related terms of the LEC. Furthermore, the tworesponses in
terms ofKe almost cancel each other in the combined 2xCO2-like experiment, such that little
change is seen inKe. This suggests that the change in storm activity is very sensitive to the
specific features of the warming pattern, making it difficult to determine with certainty.

The warming-induced changes in these baroclinicity-related terms, in particular in the con-
version rate betweenPe andKe, dominate for setting the total strength of the LEC. According
to our results, it is the changes in mean static stability that determine if the global LEC be-
comes stronger or weaker. In terms of the LEC, the response in each case (weakening due to
theupper warmingand strengthening due to thesurface warmingis strongest inGm, the gen-
eration rate ofPm, suggesting thatGm is the driving term for the LEC-changes. Even though
we cannot calculateGm directly here, our results suggest that its changes are more sensitive
to changes in mean static stability than to changes in horizontal temperature distribution. This
hypothesis is further supported by a baroclinic analysis, which indicates that each response
has a corresponding change in baroclinicity, which in turn is mainly due to changes in static
stability.

Previous studies (e.g., Boer, 1995; Marquet, 2005) have attributed the net decrease in ener-
getic activity in the lower troposphere when doubling CO2 mostly to the reduction in merid-
ional temperature gradient and in land-sea contrasts during the winter season. Although this
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reasoning may be valid at specific regions near the surface and for specific seasons, we show
here that when globally averaged, it is the changes in static stability which drive this weak-
ening. Otherwise, we should find a strengthening in baroclinicity due to theupper warming,
and a weakening due to thesurface warming. The fact that the maximum Eady growth rate
(σeady)—a widely used measure of baroclinicity—is highly dependent on the meridional tem-
perature gradient and does not depend so strongly on static stability, may have contributed to
this generalized way of thinking.σeady is based on strong approximations, which may be most
appropriate in simple cases. Based on our results, we agree with Lim and Simmonds (2009)
(but in our case in a more global sense) that a better measure of baroclinicity is thebaroclinic
parameter(BP ) (Section 3.3.3), mainly because of its stronger dependence on static stability.
This dependence makesBP more consistent thanσeady with the changes in the baroclinicity-
related LEC-terms. Recent studies also stress the importance of static stability effects in terms
of baroclinicity and energetic activity (e.g., O’Gorman and Schneider, 2008; Lim and Sim-
monds, 2007, 2009). We now find that static stability is the driving mechanism for changes in
the global energetics of the atmosphere.

4. Due to theupper warming, theKe-to-Km conversion rate increases by 9%. This increase
response is linked to an increase in barotropic instability caused by stronger horizontal
wind shear. This stronger wind shear is a consequence of stronger jetsthat result from
theupper warmingand thermal wind balance.

The fact that this conversion rate betweenKe andKm (C(Ke, Km)) is related to barotropic
instability and not to baroclinic instability, explains why it is the only conversion term that
increases due to the 2xCO2 and theupper warmingpatterns, a feature that at first sight seems
puzzling. The terms related to baroclinic instability decrease because the meanstatic stability
weakens them. On the other hand, barotropic instability depends not on meanstatic stability
but only on the horizontal wind shear, so thatC(Ke, Km) is increased by the stronger jets.
Even though this response does not impact conversion rates betweenP andK, it indicates an
important change in the state of the system, by increasing the reservoir ofKm. Furthermore,
the strengthening of the subtropical jets is not an ECHAM5-only feature. It is a well established
prediction of current climate models due to global warming (Lorenz and DeWeaver, 2007; Fyfe
and Saenko, 2006), and a clear consequence of the increase in meridional temperature gradient
due to theupper warming.

5. Theupper warmingleads to a strengthening of theKm-to-Pm conversion rate in the
region of the Southern Hemisphere Ferrel cell, suggesting a strengthening of this cell.
A stronger Ferrel cell would imply stronger baroclinic activity along the cell,despite
the global decrease in baroclinicity due to theupper warming. Further research about
the exact relationship between zonal-mean meridional overturning circulations and this
conversion rate betweenPm and Km would help to verify and fully understand this
feature.
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If this strengthening of theKm-to-Pm conversion rate is indeed related to a local increase in
baroclinicity along the Southern Hemisphere Ferrel cell as our results suggest, it would imply a
rather surprising feature: stronger baroclinic activity would not only increase the totalP -to-K
conversion rate (through thePe-to-Ke conversion rate), but it would also decrease it by means
of a higherKm-to-Pm conversion rate along a stronger Ferrel cell. However, in our results
this feature operates in such a way that it decreases the totalP -to-K conversion rate through
both sides of the LEC, because it brings together a global decrease in baroclinicity—that de-
creases thePe-to-Ke conversion rate—and a local increase in baroclinicity along the Southern
Hemisphere Ferrel cell—that increases theKm-to-Pm conversion rate, hence a decrease in
thePm-to-Km conversion rate. This could in turn also be related to the coupled atmosphere-
ocean feedback that tends to maintain the meridional temperature gradient along the Southern
Ocean (Fyfe and Saenko, 2006; von Storch, 2008), and is responsible for the slower warming
of the Southern Hemisphere compared to the Northern Hemisphere in transient experiments
(see Section 2.1, and Hernández-Deckers and von Storch (2010)). Although these are not tran-
sient experiments, this effect could still be affecting the energetics in a morelocalized way.
Nevertheless, further research would be needed to confirm this.

On the other hand, thesurface warmingcauses this same conversion term (C(Pm, Km)) to
respond with a particular pattern along the Hadley cell. The net effect of this pattern in terms
of the energetics is negligible, but we believe that it may as well indicate changes in the Hadley
cell characteristics. Our present analysis does not offer any hypothesis regarding this response
in the Hadley cell. Just as with the response related to the Ferrel cell, further research is needed
in order to elucidate the mechanisms behind this feature, which although may not be relevant
from the point of view of the global energetics of the atmosphere, could beimportant in terms
of global circulation dynamics.
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Chapter 4

Conclusions and outlook

We have studied the atmospheric energetics response to higher CO2 concentrations using the
coupled atmosphere-ocean ECHAM5/MPI-OM model. By studying this response, we believe
that we not only acquire a better understanding of the consequences ofglobal warming, but we
also contribute to a better understanding of the mechanisms that drive the atmosphere’s heat
engine. The conclusions below summarize this understanding of the Earth System from this
fundamental point of view.

Chapter 2 describes how the energetics of the atmosphere, in terms of the Lorenz Energy Cy-
cle, respond to higher CO2 concentrations in the coupled atmosphere-ocean ECHAM5/MPI-
OM model. Therefore, the results of this chapter answer our first research question (conclu-
sions 1 to 3 below):

• What is the response of the atmospheric energetics to higher CO2 concentrations?

These results from Chapter 2 also provide important indications about oursecond research
question, which regards the mechanisms behind the energetics responses. However, it is with
our results from Chapter 3 that we obtain a clear answer for our secondresearch question
(conclusions 4 to 7 below):

• What are the mechanisms that cause the atmospheric energetics response to higher CO2
concentrations?

4.1 Conclusions

Using the coupled atmosphere-ocean ECHAM5/MPI-OM model, we analysedthe energetics
response of the atmosphere in transient simulations with increasing CO2 concentrations, and
with stabilized 2xCO2 concentrations, compared to pre-industrial values. We found that:

1. Doubling CO2 concentrations causes a global weakening of 4% to 7% in the
Lorenz Energy Cycle. That is, there is less conversion of available potential
energy (P ) into kinetic energy (K) in the global atmosphere per unit of time.
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In the coarse resolution experiment, this weakening is of approximately 7%, and in the higher
resolution experiment, of 4%. The difference between the two resolutions isattributable to the
difference in the magnitude of the warming, which is slightly stronger in the coarse resolution
experiment. This general weakening is the result of two opposite responses: a strengthening of
the Lorenz Energy Cycle in the upper troposphere, and a weakening in the lower and middle
troposphere, which dominates when considering the globally-integrated Lorenz Energy Cy-
cle. Our results with the 2xCO2 experiments suggest that this dual response is closely related
to the 2xCO2 warming pattern, which is characterized by two features: the tropical upper-
tropospheric warming and the high-latitude surface warming.

2. The transient response, when CO2 concentrations increase by 3% per year dur-
ing 10 years, is consistent with the 2xCO2 response, but is less north-south sym-
metric than the equilibrium response due to the stronger north-south asymmetry
in the warming pattern.

This stronger north-south asymmetry results from the fact that the Southern Hemisphere
warms slower than the Northern Hemisphere, likely due to a coupled feedback process that
tends to maintain the latitudinal temperature gradient over the Southern Ocean (e.g., Fyfe and
Saenko, 2006; von Storch, 2008). This makes the weakening response of the Lorenz Energy
Cycle in the Southern Hemisphere less pronounced than in the Northern Hemisphere in the
transient experiments.

The 2xCO2 response is consistent in two different model resolutions (T31L19 and T63L31).
Furthermore, we performed an additional stationary and transient eddy decomposition with the
higher resolution version of the model. From this analysis we can conclude:

3. The largest contribution to the energetic activity and to its 2xCO2-response in the
Lorenz Energy Cycle is supplied by the transient eddy components. The 2xCO2-
response of the stationary eddy components reveal a patternof stronger warming
over the subtropical desert regions relative to their corresponding zonal belts, but
has no global effects in terms of the energetic activity.

By carrying out additional experiments in which instead of increasing CO2 concentrations
we apply artificial diabatic heating patterns through temperature-nudging, we reproduce the
2xCO2-response, and we simulate the effects of the two main features of the 2xCO2 warm-
ing pattern separately. That is, one in which only the tropical upper-tropospheric warming is
present, and another one in which only the high-latitude surface warming is present. We find
that:

4. The 2xCO2 energetics response is a consequence of the corresponding zonal-
mean warming pattern that consists of two main features: the tropical upper-
tropospheric warming, and the high-latitude surface warming.
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By comparing the experiments with the separate features of the 2xCO2 warming pattern to
a control run, we identify the energetics responses of each of these warming patterns, which
combine approximately linearly to produce the 2xCO2 response. Therefore, although they are
obtained for the separate warming patterns, they also apply to the combined, 2xCO2 response.

5. The weakening response of the Lorenz Energy Cycle in the lower and middle tro-
posphere is a consequence of the tropical upper-tropospheric warming, whereas
the strengthening response in the upper troposphere is due to the high-latitude
surface warming. These two responses are driven by changes in static stability.
The dominating static stability effect of the tropical upper-tropospheric warm-
ing explains the net weakening effect in the 2xCO2 case. In contrast to previous
authors’ suggestions (e.g., Held, 1993; Boer, 1995), changes in horizontal tem-
perature differences, such as land-sea contrasts and the pole-to-equator differ-
ence, are not as effective in producing global changes in energetics, as changes
in mean static stability are.

The tropical upper-tropospheric warming causes a weakening of about 10% in the LEC,
whereas the high-latitude surface warming causes a strengthening of about 4%. These two re-
sponses, as well as the combined 2xCO2 response are strongest inGm, the generation rate of
zonal-mean available potential energy (Pm), suggesting that this term drives the whole ener-
getics response. Our results suggest that althoughGm depicts the zonally-differential heating
of the atmosphere, it is strongly modulated by mean static stability, and it is this dependence
that drives these changes inGm, hence in the overall energetic activity.

This is further confirmed in terms of changes in baroclinicity, which is the most important
process involved in the total conversion rate of available potential energyinto kinetic energy
in the Lorenz Energy Cycle. Both responses—the weakening of the Lorenz Energy Cycle due
to the upper warming and its strengthening due to the surface warming—appear together with
a corresponding change in baroclinicity. These changes in baroclinicity can only be explained
through changes in static stability, and are consistent with the baroclinicity measure given by
the baroclinic parameter(see Subsection 3.3.3), which we find to be more realistic than the
maximum Eady growth rate because of its stronger dependence on static stability. This re-
sponse in baroclinicity, directly connected to the energetics response in terms of the Lorenz
Energy Cycle, is accompanied by a corresponding change in the reservoir of eddy kinetic en-
ergy, an indicator of extratropical storm activity. This means that:

6. On average, extratropical storm activity—as measured by the reservoir of eddy
kinetic energy—decreases by 6% due to the tropical upper-tropospheric warm-
ing, but increases by 5% due to the high-latitude surface warming. Therefore,
these two opposite responses approximately cancel each other in the 2xCO2 case,
showing almost no change there.
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It is important to note that these changes in eddy kinetic energy apply globally, but not
necessarily locally. For example, we also find a region of increase in baroclinicity due to the
tropical upper-tropospheric warming around the Southern Hemisphere Ferrel cell (≈ 60◦S),
embedded in the global decrease in baroclinicity. We detect this local change in the baroclinic
parameter and in the maximum Eady growth rate, but not in eddy kinetic energy. However,
we do find in this region an increase in the conversion rate of zonal mean kinetic energy into
zonal mean available potential energy, which coincides with the Southern Hemisphere Ferrel
cell. This would suggest a stronger Ferrel cell, consistent with the increase in baroclinicity in
this region.

Finally, there is one more response of the Lorenz Energy Cycle to the tropical upper-
tropospheric warming, which although does not affect the total conversion rate of available
potential energy into kinetic energy, it does give information about the stateof the atmosphere:

7. Due to thermal wind balance, the tropical upper-tropospheric warming implies
stronger jets, reflecting in a strong increase of 17% in the reservoir of zonal-
mean kinetic energy (Km). This in turn creates stronger horizontal shear in the
mean flow, resulting in stronger barotropic instability. Hence, an increase of 9%
in theKe to Km conversion rate.

4.2 Outlook

We have obtained here a complete view of the atmospheric energetics response to higher CO2
concentrations based on the coupled atmosphere-ocean ECHAM5/MPI-OM model. A similar
analysis with other climate models would help in terms of further verification of ourresults.
Additionally, different experiments with other climate forcings, for example very cold condi-
tions, could also be helpful in order to verify if our results can be generalized even further.

Following Boer and Lambert (2008), the Lorenz Energy Cycle could be implemented as a
common diagnostic for climate models, and used for model inter-comparison purposes. The
fact that it involves firstandsecond moment statistics of the prognostic variables implies that
it reveals fundamental information about model performance, which cannot be captured by the
first moment statistics only.

The process of eddy-mean flow interaction is not well represented in the Lorenz Energy
Cycle. Although this process may not be as important for the atmosphere as aheat engine from
a thermodynamical point of view, it is important in terms of the dynamics of the atmosphere.
As far as we can tell with the Lorenz Energy Cycle, there does not seem tobe an important
global response of eddy-mean flow interaction to higher CO2 concentrations. However, a more
rigorous verification within the framework of the Transformed Eulerian Mean decomposition
would be more conclusive.

We noted that the direct conversion rate between zonal mean available potential energy (Pm)
and zonal mean kinetic energy (Km) has in general a small contribution to the global energet-
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ics, also in terms of the response to higher CO2 concentrations. However, we know that this
conversion rate is related to meridional overturning circulations in the atmosphere, but we do
not know how these two processes are connected in detail. Based on this conversion rate, we
found an indication of a stronger Ferrel cell in the Southern Hemisphere due to the tropical
upper-tropospheric warming, which could also be related to a coupled ocean-atmosphere feed-
back over the Southern Ocean (e.g., Fyfe and Saenko, 2006; von Storch, 2008). We cannot fully
understand this response without a more precise knowledge about the relationship between this
conversion rate and the meridional overturning circulations. The same applies in terms of the
Hadley cell response. We found a pattern of change in this conversion rate betweenPm and
Km due to the high-latitude surface warming that would indicate changes in the Hadley cell,
but without a detailed relationship between these two quantities, we cannot make a definitive
statement regarding this. Although these responses are small in terms of the global energet-
ics, studying these relationships in detail could be useful for understanding the dynamics of
meridional overturning circulations from an energetic point of view.

We have contributed with a simple but fundamental explanation for the difficultyin detecting
significant changes in extratropical storm activity. In a similar way as O’Gorman and Schneider
(2008) point out, our results show that studying the changes in temperature distribution can give
important clues about changes in extratropical storm activity. This highlights the importance
of trying to reduce the uncertainties in predictions of the global warming pattern. Our results
indicate that the strongest response, both in terms of the global energeticsand storm activity,
is due to the static stability changes in the tropical upper-tropospheric warming, whose mag-
nigtude has a relatively large uncertainty due to its strong dependence on the moist convection
parameterization schemes in climate models (Held, 1993; Schneider et al., 2010; Sherwood
et al., 2010).

This brings out the importance of moisture in the energetics of the atmosphere,not only
because it is the main cause for the tropical upper-tropospheric warming,but also in terms of
the whole atmospheric energetics. Moisture is only included in an implicit way in theLorenz
Energy Cycle—through the diabatic heating effect of latent heat release. However, consider-
ing the importance of moisture in the dynamics of atmospheric eddy circulations (O’Gorman,
2010), it would be helpful to include it explicitly in the atmospheric energetics.
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Appendix A

Lorenz Energy Cycle terms

The Lorenz Energy Cycle (LEC) terms are given as integrals over the atmosphere. Values for
points below the surface, obtained when using pressure levels as a vertical coordinate, should
be avoided. To do so, we use theβ function proposed by Boer (1982) and defined as

β =

{
0 if p > ps,

1 if p ≤ ps,
(A.1)

wherep is pressure andps is surface pressure. Theβ function is not only a weighting factor
in the final expressions, but is also used to weight each zonal and time (orensemble) mean, as
described in detail by Boer (1982). The final expressions are equivalent to those used by Boer
and Lambert (2008). A list of all the symbols used in the following expressions is shown in
Table A.1. The reservoirs of the LEC are given by:

Pm =
cp

2

∫
γ[〈β〉][〈T 〉]′′2ρdV

Pe =
cp

2

∫
γ[〈β〉〈T 〉∗2]ρdV +

cp

2

∫
γ[〈β〉〈T ′2〉]ρdV

Km =
1

2

∫
[〈β〉]

(
[〈u〉]2 + [〈v〉]2

)
ρdV

Ke =
1

2

∫ [
〈β〉

(
〈u〉∗2 + 〈v〉∗2

)]
ρdV +

1

2

∫ [
〈β〉

(
〈u′2〉 + 〈v′2〉

)]
ρdV,

where[X] denotes the zonal-mean ofX, 〈X〉 the ensemble (or time) mean ofX, X̃ the global
mean over a constant pressure level, andX∗, X ′ andX ′′ are the corresponding deviations from
these means.γ = −(θ/T )(R/cpp)(∂θ̃/∂p)−1, is the inverse mean static stability. Conversion,
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generation and dissipation terms are given by:

C(Pm, Pe) = − cp

∫
γ

[
〈β〉

(
〈v′T ′〉 + 〈v〉∗〈T 〉∗

)] ∂[〈T 〉]

a∂φ
ρdV

− cp

∫
p−k

[
〈β〉

(
〈ω′T ′〉 + 〈ω〉∗〈T 〉∗

)] ∂
(
γpk[〈T 〉]′′

)

∂p
ρdV (A.2)

C(Pe, Ke) = −

∫
[〈β〉

(
〈ω′α′〉 + 〈ω〉∗〈α〉∗

)
]ρdV (A.3)

C(Ke, Km) =

∫ [
〈β〉

(
〈v′u′〉 + 〈v〉∗〈u〉∗

)]
cos φ

∂ ([〈u〉]/ cos φ)

a∂φ
ρdV

+

∫ [
〈β〉

(
〈v′2〉 + 〈v〉∗2

)] ∂[〈v〉]

a∂φ
ρdV

+

∫ [
〈β〉

(
〈ω′u′〉 + 〈ω〉∗〈u〉∗

)] ∂[〈u〉]

∂p
ρdV

+

∫ [
〈β〉

(
〈ω′v′〉 + 〈ω〉∗〈v〉∗

)] ∂[〈v〉]

∂p
ρdV

−

∫
[〈v〉]

([
〈β〉

(
〈u′2〉 + 〈u〉∗2

)]) tan φ

a
ρdV (A.4)

C(Pm, Km) = −

∫
[〈β〉] [〈ω〉]′′ [〈α〉]′′ρdV (A.5)

Gm =

∫
γ [〈β〉] [〈T 〉]′′ [〈Q〉]′′ρdV (A.6)

Ge =

∫
γ

[
〈β〉

(
〈T ′Q′〉 + 〈T 〉∗〈Q〉∗

)]
ρdV (A.7)

De =

∫ [
〈β〉

(
〈u′F ′

x〉 + 〈v′F ′
y〉 + 〈u〉∗〈Fx〉

∗ + 〈v〉∗〈Fy〉
∗
)]

ρdV (A.8)

Dm =

∫
[〈β〉] ([〈u〉][〈Fx〉] + [〈v〉][〈Fy〉])ρdV (A.9)

The generation and dissipation terms are not calculated directly here, but are obtained as resid-
uals in the equilibrium runs.

When dividing the atmosphere at an isobaric surface, boundary fluxesfor each reservoir must
be computed, including the pressure-work terms that contribute to the kinetic energy reservoir

100



(last term in equations A.12 and A.13). This is consistent with ourωα formulation of theP to
K conversions (for details see Peixoto and Oort (1974)). These are surface integrals evaluated
at the boundary (fixed pressure level):

B(Pm) = cp

∫
γ

[
〈ω′T ′〉 + 〈ω〉∗〈T 〉∗

]
[〈T 〉]′′dA/g +

cp

2

∫
γ[〈ω〉][〈T 〉]′′2dA/g (A.10)

B(Pe) =
cp

2

∫
γ

[〈
ω

(
T ′2 + 〈T 〉∗2

)〉]
dA/g + cp

∫
γ

[
〈w′T ′〉∗〈T 〉∗

]
dA/g (A.11)

B(Ke) =
1

2

∫ [〈
ω

(
u′2 + v′2 + 〈u〉∗2 + 〈v〉∗2

)〉]
dA/g

+

∫ [
〈ω′u′〉∗〈u〉∗ + 〈ω′v′〉∗〈v〉∗

]
dA/g +

∫
g

[
〈ω′z′〉 + 〈ω〉∗〈z〉∗

]
dA/g (A.12)

B(Km) =
1

2

∫
[〈ω〉]

(
[〈u〉]2 + [〈v〉]2

)
dA/g +

∫ [〈
ω′u′

〉
+ 〈ω〉∗〈u〉∗

]
[〈u〉]dA/g

+

∫ [〈
ω′v′

〉
+ 〈ω〉∗〈v〉∗

]
[〈v〉]dA/g +

∫
g[〈ω〉][〈z〉]′′dA/g (A.13)
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Table A.1: List of symbols.

Symbol Description

a Earth’s average radius
cp specific heat at constant pressure
dA surface element
dV volume element
g acceleration due to gravity
k R/cp

p pressure
ps surface pressure
t time
u zonal wind component
v meridional wind component
B(X) boundary flux ofX
C(X, Y ) conversion rate fromX to Y

D(Y ) dissipation rate ofY
Fx, Fy frictional force inx andy

Ke eddy kinetic energy
Km zonal mean kinetic energy
Pe eddy available potential energy
Pm zonal mean available potential energy
Q diabatic heating rate
R gas constant for dry air
T temperature
α specific volume
β equals0 for underground points,1 otherwise

γ stability factor,γ = −(θ/T )(R/cpp)(∂θ̃/∂p)−1

λ longitude
φ latitude
ρ density
θ potential temperature
ω vertical velocity

102



Appendix B

Transient and stationary eddy

decomposition

Following the same notation and symbols as in the previous Appendix (see TableA.1), we
present here the expressions for the additional terms that appear whendecomposing the eddy
reservoirs into stationary and transient eddy components.

The new reservoirs are obtained by separating the two contributions forPe and forKe in
expression A.2:

Pse =
cp

2

∫
γ[〈β〉〈T 〉∗2]ρdV

Pte =
cp

2

∫
γ[〈β〉〈T ′2〉]ρdV

Kse =
1

2

∫ [
〈β〉

(
〈u〉∗2 + 〈v〉∗2

)]
ρdV

Kte =
1

2

∫ [
〈β〉

〈
u′2〉 + 〈v′2〉

)]
ρdV.

The reservoirsPm andKm, as well as the conversion term between them, remain unchanged:

Pm =
cp

2

∫
γ[〈β〉][〈T 〉]′′2ρdV

Km =
1

2

∫
[〈β〉]

(
[〈u〉]2 + [〈v〉]2

)
ρdV

C(Pm, Km) = −

∫
[〈β〉] [〈ω〉]′′ [〈α〉]′′ρdV.

The expressions for the conversion termsC(Pm, Pe), C(Pe, Ke) andC(Ke, Km) (A.2 through
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A.4) can be separated in order to obtain the contributions corresponding tostationary and tran-
sient eddies:

C(Pm, Pse) = −cp

∫
γ [〈β〉〈v〉∗〈T 〉∗]

∂[〈T 〉]

a∂φ
ρdV

− cp

∫
p−k [〈β〉〈ω〉∗〈T 〉∗]

∂
(
γpk[〈T 〉]′′

)

∂p
ρdV (B.1)

C(Pm, Pte) = −cp

∫
γ

[
〈β〉〈v′T ′〉

] ∂[〈T 〉]

a∂φ
ρdV

− cp

∫
p−k

[
〈β〉〈ω′T ′〉

] ∂
(
γpk[〈T 〉]′′

)

∂p
ρdV (B.2)

C(Pse, Kse) = −

∫
[〈β〉〈ω〉∗〈α〉∗]ρdV (B.3)

C(Pte, Kte) = −

∫
[〈β〉〈ω′α′〉]ρdV (B.4)

C(Kse, Km) =

∫
[〈β〉〈v〉∗〈u〉∗] cos φ

∂ ([〈u〉]/ cos φ)

a∂φ
ρdV

+

∫ [
〈β〉〈v〉∗2

] ∂[〈v〉]

a∂φ
ρdV +

∫
[〈β〉〈w〉∗〈u〉∗]

∂[〈u〉]

∂p
ρdV

+

∫
[〈β〉〈w〉∗〈v〉∗]

∂[〈v〉]

∂p
ρdV −

∫
[〈v〉]

([
〈β〉〈u〉∗2

]) tan φ

a
ρdV (B.5)

C(Kte, Km) =

∫ [
〈β〉〈v′u′〉

]
cos φ

∂ ([〈u〉]/ cos φ)

a∂φ
ρdV

+

∫ [
〈β〉〈v′2〉

] ∂[〈v〉]

a∂φ
ρdV +

∫ [
〈β〉〈w′u′〉

] ∂[〈u〉]

∂p
ρdV

+

∫ [
〈β〉〈w′v′〉

] ∂[〈v〉]

∂p
ρdV −

∫
[〈v〉]

([
〈β〉〈u′2〉

]) tan φ

a
ρdV. (B.6)

Additionally, we must consider additional conversion terms that appear dueto the separation
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of the eddy reservoirs. These areC(Pte, Pse) andC(Kse, Kte):

C(Pte, Pse) = −cp

∫
γ

[
〈β〉〈T ′v′〉∗

∂〈T 〉∗

a∂φ

]
ρdV

− cp

∫
p−k

[
〈β〉〈T ′ω′〉∗

γpk〈T 〉∗

p

]
ρdV (B.7)

C(Kse, Kte) =

∫
tan φ

a

[
〈β〉

(
〈u′2〉〈v〉∗ − 〈v′u′〉〈u〉∗

)]
ρdV (B.8)

−
1

a

∫ [
〈β〉

(
〈u′v′〉

〈u〉∗

∂φ
+ 〈v′2〉

〈v〉∗

∂φ

)]
ρdV (B.9)

−

∫ [
〈β〉

(
〈u′ω′〉

〈u〉∗

∂p
+ 〈v′ω′〉

〈v〉∗

∂p

)]
ρdV (B.10)

The generation and dissipation rates for the zonal-mean components remain unchanged,

Gm =

∫
γ [〈β〉] [〈T 〉]′′ [〈Q〉]′′ρdV (B.11)

Dm =

∫
[〈β〉] ([〈u〉][〈Fx〉] + [〈v〉][〈Fy〉])ρdV, (B.12)

while the generation and dissipation rates for the eddy components must be separated,

Gse =

∫
γ [〈β〉〈T 〉∗〈Q〉∗]ρdV (B.13)

Gte =

∫
γ

[
〈β〉〈T ′Q′〉

]
ρdV (B.14)

Dse =

∫
[〈β〉 (〈u〉∗〈Fx〉

∗ + 〈v〉∗〈Fy〉
∗)]ρdV (B.15)

Dte =

∫ [
〈β〉

(
〈u′F ′

x〉 + 〈v′F ′
y〉

)]
ρdV. (B.16)

As previously mentioned, we do not compute the generation and dissipation terms explicitely.
Instead, we estimate them as residuals in the equilibrium runs. However, we present these
expressions here for completeness.

When splitting the atmosphere at an isobaric level, we must compute the boundary fluxes
of the stationary and transient eddy reservoirs separately. For consistency with ourωα formu-
lation (see Appendix A), the pressure-work terms contribute to the kinetic energy fluxes (last
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terms in B.19 and B.20). The corresponding expressions are:

B(Pse) =
cp

2

∫
γ

[〈
ω〈T 〉∗2

〉]
dA/g + cp

∫
γ

[
〈w′T ′〉∗〈T 〉∗

]
dA/g (B.17)

B(Pte) =
cp

2

∫
γ

[〈
ωT ′2

〉]
dA/g (B.18)

B(Kse) =
1

2

∫ [〈
ω

(
〈u〉∗2 + 〈v〉∗2

)〉]
dA/g

+

∫ [
〈ω′u′〉∗〈u〉∗ + 〈ω′v′〉∗〈v〉∗

]
dA/g +

∫
g [〈ω〉∗〈z〉∗]dA/g (B.19)

B(Kte) =
1

2

∫ [〈
ω

(
u′2 + v′2

)〉]
dA/g +

∫
g

[
〈ω′z′〉

]
dA/g (B.20)
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Appendix C

Equilibrium conditions in the T63L31

2xCO2 run

For further reference about the model version and technical aspectsof the integrations, please
refer to Roeckner et al. (2006) and to Roeckner (2004). Analysis ofintegrations carried out
with the same model version have been done, for example, by Jungclaus etal. (2006) and by
Meehl et al. (2007). However, we consider important to show here someaspects about the
equilibrium conditions in the 2xCO2 run, given that it has been integrated for only 150 years
with constant 2xCO2 concentrations. We know that the deep ocean is not yet fully equilibriated,
but the remaining trends in the atmosphere may or may not be important.
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Figure C.1: Annual timeseries of global mean surface temperature ofthe complete 1%/year CO2 in-
crease to 2xCO2 run (solid line) and of the 1xCO2 pre-industrial control run (dashed line). We use the
last 50 years of these integrations (years 2030-2080).

Figures C.1 and C.2 show the annual timeseries of global mean surface temperature and
global mean temperature at 250 hPa of the 1xCO2 and 2xCO2 integrations. We have plotted
not only the 50 year period we use here, but also the previous period which shows the complete
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evolution towards the 2xCO2 concentration. Visual inspection of these plots suggests that
although there is a slight positive trend in both surface temperature and temperature at 250
hPa in the last 50 years of the 2xCO2 run, it is very small compared to the overal warming.
The warming is almost completely achieved during the first part of the integration where CO2
concentrations were increased by 1%/year.
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Figure C.2: Annual timeseries of global mean temperature at 250 hPa of the complete 1%/year CO2

increase to 2xCO2 run (solid line) and of the 1xCO2 pre-industrial control run (dashed line). We use
the last 50 years of these integrations (years 2030-2080).

Linear regresion of the last 50 years of the timeseries of the 2xCO2 global mean surface
temperature reveals a trend of 0.0028 K/year. This trend would produce 0.14 K warming in
50 years, while the total warming compared to the 1xCO2 run is of 2.6 K. In other words, the
transientcomponent of the warming during these 50 years is about 5% of the total warming.
In the case of mean temperature at 250 hPa, the trend of the last 50 years of the 2xCO2 run is
slightly weaker: 0.0024 K/year. This means a warming of 0.12 K in 50 years, compared to a
total warming of about 4.3 K relative to the 1xCO2 pre-industrial run. In this case, thetransient
warming is less than 3% of the total warming. Having achieved at least 95% of the warming in
about 170 years, we do not expect the main energetics response to be affected by the additional
5% warming during 50 years. It is a very slow and small warming, that clearly has no strong
transient component in the atmosphere. If we would be interested in analyzing an equilibrium
condition in the deep ocean, this run would not be long enough. But the remaining trends in
the atmosphere are certainly small enough so that very little change is seen during the 50 years
we use, compared to the overal change relative to the 1xCO2 conditions. On the other hand,
this type of run is a standard setup used for the IPCC-AR4, so that an energetics analysis of
these integrations could be of special interest in terms of model intercomparison.
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Appendix D

Supplementary material for Section 3.3
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Figure D.1: (a) 2-box and (b) 4-box diagram of the
LEC-terms for CTRL (above, gray) and UP (below,
black). Generation and dissipation terms (in parenthe-
sis) are obtained as residuals. Units are 105 J m−2 for
reservoirs and W m−2 for conversion, generation and
dissipation terms. Arrows indicate the direction corre-
sponding to positive values; negative values imply op-
posite direction.
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Figure D.2: (a) 2-box and (b) 4-box diagram of the
LEC-terms for CTRL (above, gray) and SFC (below,
black). Generation and dissipation terms (in parenthe-
sis) are obtained as residuals. Units are 105 J m−2 for
reservoirs and W m−2 for conversion, generation and
dissipation terms. Arrows indicate the direction corre-
sponding to positive values; negative values imply op-
posite direction.

109



APPENDIX D SUPPLEMENTARY MATERIAL FOR SECTION 3.3
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Figure D.3: (a) 2-box and (b) 4-box diagram of the LEC-terms for theCTRL integration (above, gray)
and for FULL (below, black), split at 340 hPa (dotted line). Generation and dissipation terms (in paren-
thesis) are obtained as residuals. Units are 105 J m−2 for reservoirs and W m−2 for conversion, gen-
eration and dissipation terms. Arrows indicate the direction correspondingto positive values; negative
values imply opposite direction.
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Figure D.4: Difference in the changes in the vertical cross sections of the 4-box LEC terms for the FULL
integration and the UP integration (i.e., Figure 3.6 minus Figure 3.11). Counterclockwise, starting from the
upper left:Pm, C(Pm, Pe), Pe, C(Pe, Ke), Ke, C(Ke, Km), Km, andC(Pm, Km). Units are J Kg−1 for
reservoirs, and×10−5 W m−2 for conversion terms.
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Figure D.5: Difference in the changes in the vertical cross sections of the 4-box LEC terms for the FULL
integration and the SFC integration (i.e. Figure 3.6 minus Figure 3.12). Counterclockwise, starting from the
upper left:Pm, C(Pm, Pe), Pe, C(Pe, Ke), Ke, C(Ke, Km), Km, andC(Pm, Km). Units are J Kg−1 for
reservoirs, and×10−5 W m−2 for conversion terms.
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Figure D.6: Difference in the changes in the vertical cross sections of the 4-box LEC terms for the FULL
integration and the sum of the UP and SFC integrations. Counterclockwise, starting from the upper left:Pm,
C(Pm, Pe), Pe, C(Pe, Ke), Ke, C(Ke, Km), Km, andC(Pm, Km). Units are J Kg−1 for reservoirs, and
×10−5 W m−2 for conversion terms.
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Figure D.7: (a) 2-box and (b) 4-box diagram of the LEC-terms for theCTRL integration (above, gray) and for
UP (below, black), split at 340 hPa (dotted line). Generation and dissipation terms (in parenthesis) are obtained
as residuals. Units are 105 J m−2 for reservoirs and W m−2 for conversion, generation and dissipation terms.
Arrows indicate the direction corresponding to positive values; negativevalues imply opposite direction.
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Figure D.8: (a) 2-box and (b) 4-box diagram of the LEC-terms for theCTRL integration (above, gray) and
for SFC (below, black), split at 340 hPa (dotted line). Generation and dissipation terms (in parenthesis) are
obtained as residuals. Units are 105 J m−2 for reservoirs and W m−2 for conversion, generation and dissipation
terms. Arrows indicate the direction corresponding to positive values; negative values imply opposite direction.
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