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Abstract

Although an increase in greenhouse gas concentrations warms theptiepmsit is unclear if
this changes the atmospheric energetics, i.e., the generation of availaliiégb@eergy, its
conversion into kinetic energy, and its further dissipation. The LoremzdgnCycle describes
these energy processes and concisely summarizes the atmospheagista a heat engine
from which other properties may be inferred. In order to study the respof the atmospheric
energetics to an increase in greenhouse gas concentrations, wete\ciaages in the
Lorenz Energy Cycle due to increased atmospherie @Cthe coupled atmosphere-ocean
ECHAMS5/MPI-OM model.

Globally, doubling of CQ results in a 4% to 7% weakening of the Lorenz Energy Cycle,
since less available potential energy is converted into kinetic energy pef time, indicating
a reduction in energetic activity. This global weakening is the result of pposite responses:
a strengthening in the upper troposphere and a weakening in the lowsridaie troposphere.
The latter dominates the globally-integrated response. These two respessé from the
simulated 2xC@ warming pattern that consists of a strong warming in the tropical upper-
troposphere and in the high-latitudes near the surface. By performitijosdl experiments
in which these two features of the 2xg@arming pattern are simulated separately, we find that
the strengthening (a 4% increase) of the energetic activity is a consegjoktie high-latitude
surface warming, whereas the weakening (a 10% decrease) is ajaense of the tropical
upper-tropospheric warming. Furthermore, both responses armpaogéed by corresponding
changes in baroclinicity—the main process responsible for the convexfsavailable potential
energy into kinetic energy—as well as in extratropical storm activity, asured by the global
reservoir of eddy kinetic energy.

We show that the dominant aspect of the warming pattern that alters the gtolmdpheric
energetics is not its horizontal temperature distribution but its mean static stafiiligystands
in contrast to the expectations based on Held (1993), which consideefiatts of changes
in the horizontal temperature distribution. We expand these expectatior@riiing out that
changes in the temperature stratification are more important. The respostsgiotability
is the driving mechanism for changes in the atmospheric energetics, aasaellbaroclinic
activity from a global point of view. This means that the tropical uppgpdspheric warming,
which increases mean static stability, causes a weakening in the energetig, adtiereas the
high-latitude surface warming, which decreases mean static stability, Gagsesgthening in
the energetic activity. The combined response to a @aubling is dominated by the tropical
upper-tropospheric warming effect, which explains the overall waagan energetic activity.

In terms of the reservoir of eddy kinetic energy, the two opposite resigen% decrease due
to the tropical upper-tropospheric warming and 5% increase due to thddtitylue surface
warming—nearly cancel each other in the 2xCese. This may explain the current lack of
consensus regarding global changes in extratropical storm activitwarraer climate.
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Chapter 1

Introduction

1.1 Motivation and research questions

From a global thermodynamic point of view, the earth’s atmosphere caoris@ered as a heat
engine that converts part of the incoming solar radiation into kinetic en&gyoing so, it
maintains the global circulation of the atmosphere against frictional dissip&ased on this
simple but fundamental approach, Lorenz (1955) developed a glokajyecycle, currently
known as thd_orenz Energy Cyclelt describes how available potential energy is generated
due to differential heating, converted into kinetic energy by the rising latively warm air
and sinking of relatively cold air, and further dissipated by friction. Heeeuse this Lorenz
Energy Cycle to describe tlemergetics of the atmospheie., the operation of the atmosphere
as a heat engine.

The Lorenz Energy Cycle is based on the concepivailable potential energyThis quan-
tity measures the fraction of the total potential energy that is actually availabtehversion
into kinetic energy. Lorenz (1955) derives an approximate formulaviailable potential en-
ergy that expresses it as the variance of temperature on constasurgresrfaces divided by
the mean static stability. This formula, from which a complete set of equatiorsilieg
the different terms of the Lorenz Energy Cycle can be derived, pesvidgood insight into
the physical properties of the available potential energy, and is comidarecomputations. It
shows that available potential energy depends on the horizontal airel/distribution of tem-
perature: the larger the horizontal temperature differences and tHemtba static stability,
the larger the amount of available potential energy.

The most prominent horizontal temperature difference in the earth’s abhaess between
the poles and the equator. This is illustrated by Figure 1.1, which shows threpreeandustrial
surface temperature simulated by a coupled atmosphere-ocean géwetation model. Al-
though temperature differences induced by topography and landbe&asts are also impor-
tant, globally the most prominent pattern in the horizontal temperature distribstibis pole
to equator contrast. This feature results from the net heating at low latitundiethe net cool-
ing at high latitudes—the largest contribution to the generation of availablet@itenergy—
and constitutes the main energy source for the atmosphere’s heat domieez, 1955, 1967,
Peixoto and Oort, 1974, 1992). In particular, this temperature differemihie driver for baro-



CHAPTER1 INTRODUCTION

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

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 s
(Lorenz, 1967). Hence, in a very stable

atmosphere—in which vertical movementsf:igure 1.1: Mean surface temperature (in K) obtained

are suppressed—available potential energy,m a 50-year average of a coupled atmosphere-ocean
looses its "availability” because it cannotECHAMS/MPI-OM model run with pre-industrial condi-

be converted into kinetic energy. tions (experiment CTRL used in Chapter 3).

In thermodynamics, the conceptual heat engine consists of a warm theathdiom which
the engine extracts heat, and a cold thermal bath to which it dumps the exdesst after
having performed work. The larger the temperature difference, therléng efficiency of the
engine, i.e., more work is done with the same amount of heat extracted pef timi¢. Making
a simple analogy with the climate system, one could associate the warm and coidlthaths
with the low and high latitude regions, and the performed work with the coioveo$ available
potential energy into kinetic energy that takes place as heat is tramsfesre the low to the
high latitudes. Of course, the complexity of the atmosphere is such that thygna too
simple to describe the atmosphere’s behavior realistically. However, with sdlidonal
considerations, such an analogy can be carried out rigorously,rendam formally define an
efficiency for the climate system (Lucarini, 2009). Although our studysdoet go in that
direction, the idea of visualizing the atmosphere as a heat engine illustratesttmmental
nature of the energetics of the atmosphere, and in particular of the LEregy Cycle.

Initially, the Lorenz Energy Cycle was used to obtain an estimate of the diuargé the
atmosphere based on the available observations. The objective waststand and quantify
the amount of energy and the rate at which it is generated, converteéd]issipated in the
atmosphere. The most representative study was carried out by Pend©at (1974) and
Oort and Peixoto (1974), whose results are still cited in widely used telksb@og., Peixoto
and Oort, 1992; Holton, 2004). With a relatively sparse observationgtthey were able
to characterize the main features of the energetics of the atmospheret stllthaday their
results are of great value from an understanding point of view. Usitigbsets of observa-
tions and reanalysis data, recent studies have quantified more precseygdigetics of the
atmosphere (e.g., Li et al., 2007; Boer and Lambert, 2008). This hasrmpto be useful in
order to evaluate and compare different reanalysis data sets, andifidsentl atmospheric

mean surface temperature (K)
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1.1 MOTIVATION AND RESEARCH QUESTIONS

models among themselves and with observations. Furthermore, recens sindiarrent or
future changes in storm activity use the Lorenz Energy Cycle (Bo85)1& specific elements
from it (O’Gorman and Schneider, 2008; Wu et al., 2010) as a fundtattol.

In this thesis we want to investigate, using the Lorenz Energy Cycle, howrtbryetics
of the atmosphere respond when we "warm up” the atmosphere’s hgiaeeilit is clear that
higher CQ concentrations warm the troposphere, but it is not clear how this magt dffe
energetics of the atmosphere. For example, if the atmosphere warms updrauaogly, avail-
able potential energy should not change, so that probably the whaigegics would as well
remain unchanged. However, the expected warming is far from beingdemous (Meehl
et al., 2007) so that changes in available potential energy and in the whwodsgheric ener-
getics would in principle be expected. This brings us to our first reseprestion:

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

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

2. What are the mechanisms that cause the atmospheric erergesponse to
higher CQ, concentrations?

Although we will study changes in all the components of the Lorenz EnesgyeCi.e.,
reservoirs of energy and energy conversion rates, we are moststgdrin changes in the
energy conversion rates. These measurestteggetic activityof the atmosphere, i.e., the rate
at which the atmosphere performs work by converting available potengagjgnto kinetic
energy. In particular, we want to know if the energetic activity strengthmnwveakens in a
warmer climate. A strengthening would imply a higher rate of conversion dgéa potential
energy into kinetic energy, which would suggest more baroclinic activity, @robably more
(or stronger) extratropical storms. A weakening would indicate the dfgp@sponse.

Previous studies are related to our research questions. Boer (2@8E)dsthe changes in
the Lorenz Energy Cycle in the Northern Hemisphere winter season dwibdirty of CG,
concentrations. He found a reduction in energetic activity, while theves@f kinetic energy
remained unchanged. He attributed this to the reduced pole-to-equatoratumgelifference
and land-sea contrasts during winter. Using an atmospheric model witlispesea surface
temperatures and a local formulation of the energy cycle, Marquet (2008) also focuses on
the Northern Hemisphere winter. He obtains a similar weakening in the eneaggtity, but
with an additional local strengthening in the upper troposphere. In cintréhese studies, we
use here a fully coupled atmosphere-ocean general circulation mo@elAE5/MPI-OM),
and we consider the global, annual mean response of the energetsteadrof using the
Lorenz Energy Cycle to study changes in the energetics of specificaiegidhe globe, we use
it to study the global energetics response, and by doing so, we extiitve a better under-
standing of the dynamical response of the global atmosphere to highecd@@entrations.
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On the other hand, if the global response to highep €@ncentrations is a weakening in
the energetic activity (Boer, 1995; Marquet, 2005, 2006), one woyeée that extratropical
storms should also decrease. Recent studies about extratropicabstovity do not offer yet a
conclusive statement in this matter. With one atmospheric model, Geng and2808) found
that the total frequency of extratropical storms decreases, but tipgeiney of strong storms
increases. Yin (2005) found a strengthening and poleward shift aftthven tracks in several
climate models, suggesting an intensification of extratropical storms. Bengisat (2009),
using a high-resolution atmospheric model, found a small reduction in the mwhb®rms,
but no significant changes in the extremes of wind and vorticity. O’GornmahSthneider
(2008) pointed out an important connection that further motivates ouy:sthdy found that
eddy kinetic energy scales approximately with available potential energg/stliggests that we
can expect that by studying the energetics response, we can obtaifiswamental informa-
tion about the response of extratropical storms, even without studyingtrepical storms in
detail. Atleast, we may be able to understand why other detailed studiesdtaret saucceeded
in obtaining a consensus about the response of extratropical stormsaronermclimate.

1.2 Outline of the thesis

Including this introductory chapter, this thesis comprises 4 chapters appehdixes. Chap-
ters 2 and 3 bring together the main results. The first section of Chapter&rbady been
published in thelournal of ClimatgHernandez-Deckers and von Storch, 2010).

In Chapter 2 we answer our first research question. There weildedbe response of
the Lorenz Energy Cycle in several coupled model experiments. We davitfidransient
experiments in which C@Qconcentrations increase with time, as well as with experiments in
which CQ, is doubled and held constant for a long period of time. The 2x€¢periments are
analysed with two different resolutions of the model.

In Chapter 3 we study the 2xGQOesponse of the Lorenz Energy Cycle by carrying out
experiments in which, instead of changing the Gg@ncentrations, we artificially force the
model towards two different warming patterns. These patterns refletivthenain features
of the 2xCQ warming pattern. With these experiments we are able to isolate and track spe-
cific energetic responses of the 2x€€ase, making it possible to understand the mechanisms
behind these responses. Therefore, in this chapter we answercondsesearch question.

Appendixes A and B present the equations that describe the LoremgyEGgcle, which
we have used for the different computations. Appendix C presentsadibrussion about the
quality of one of the 2xC@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.

10



Chapter 2

Energetics responses to increases in
greenhouse gas concentrations

2.1 Responses obtained with the low resolution ECHAMS/MPI-OM
coupled model*

2.1.1 Introduction

The study of the energetics of the atmosphere provides a fundamentabeppo the un-
derstanding of the dynamics of the atmosphere. Here we use it to investigalgrtamical
responses of the atmosphere to higher greenhouse gas concensatioladged by an ocean-
atmosphere coupled GCM.

It is clear that higher greenhouse gas concentrations imply an incregksal mean tem-
perature, but it is not clear how this may affect the energetics of the atregsp One way
of addressing this problem is through the Lorenz Energy Cycle (LEG)efhz, 1955), which
deals with the maintenance of the circulation in terms of the generdatipaf(available poten-
tial energy ), its conversion into kinetic energy(), and its further frictional dissipatiorX),
derived using the usual Eulerian mean decomposition. Hedepends on the spatial variance
of temperature over constant pressure levels, ang tre inverse mean static stability. Hence,
P is not affected by a homogeneous temperature increase, but by sharggizontal or ver-
tical temperature gradients. These could trigger changes in the wholeRiBghosing these
changes can provide us with fundamental clues for understandingtienityal changes in the
circulation of the atmosphere of a warmer planet.

In principle, the LEC provides a global view of the dynamics of the atmogpfiem an
energetic point of view. However, the decomposition of thend K reservoirs into zonal-
mean and eddy components reveals also certain relationships of the LlEEw#th specific
processes. One should not pretend to obtain a complete and detailégta@sorf these pro-
cesses through the LEC, but in order to gain some understanding of thensos behind the
energetics of the atmosphere, itis useful to have them in mind. To begin withl mean avail-
able potential energyH,,) 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&itiez-Deckers and von Storch,
2010).
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high latitudes (heating of warm regions and cooling of cold regions). dheersion fromp,,
into eddy available potential energ¥,) and then into eddy kinetic energy() results from
baroclinic instability. Itis related to the meridional heat transport by the eddiee conversion
betweenk ., and zonal-mean kinetic energi({,) is related to wave-mean flow interactions. On
the other hand, the direct conversion betwéenand kK, is related to the zonal-mean merid-
ional overturnings. This involves processes like the Hadley cell, whestlyn®,, is converted
into K,,, but also the indirect Ferrel cells, where mosily, is converted intaP,,. The net
result of this conversion term turns out to be quite small compared to theisions following
the path?,, — P. — K. — K,,. The latter is therefore considered to be the main path for
the generation of{ in the atmosphere, which implies that the eddies play a crucial role in the
energetics (Peixoto and Oort, 1992).

Changes in energetics due to &@oubling have been studied by Boer (1995). He focused
on the Northern Hemisphere winter season, using output from an atmis@@&v coupled
to an interactive "slab” ocean. His results for a 2xC&dmulation show a reduction in strength
of the LEC (measured by the total conversion fréhio K), consistent with reduced equator
to pole temperature gradients and land-sea contrasts during winter. Etie kinergy is found
to remain unchanged. Although the winter season is when the LEC showsitgest activity
due to the larger equator to pole and land-sea temperature contrastsyehemnsider the
global and annual-mean conditions simulated by a coupled atmosphere®Ca4 in order
to capture the responses of both hemispheres and to have a complete theveniergetic
changes due to higher G@oncentrations.

The next subsection describes the model we use, the analyzed expsrither.EC equa-
tions, and their computational procedure. The third subsection presgntssults, followed
by the conclusions and discussion subsection. A full description of theessions 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 ECHAMS5/MPI - OM atmosphere-oceaticeegeneral
circulation model developed at the MPI for Meteorology in Hamburg. The gpimere com-
ponent (ECHAMD) is described by Roeckner et al. (2003) and thardsea-ice component
(MPI-OM) by Marsland et al. (2003). The coupling is done without flujuatinents. We use
a low resolution version (T3%: 3.8° x 3.8%, with 19 vertical levels for the atmosphere, and
~ 3% x 3% with 40 vertical levels for the ocean), and daily mean outputs for the compugatio
Jungclaus et al. (2006) describe a higher resolution version of thjdembmodel, which was
used to perform the scenario runs for the IPCC fourth assessment.rep

As a reference climate we use a 100 year control run wittk @@, concentration of 280
ppm. In order to analyze the transient response, we consider two 50enem&embles of
climate change runs starting from different years of the control rue: foom the even years

12



2.1 RESPONSES WITH THE LOW RESOLUTION COUPLED MODEL

and the second from the odd years of the control run. The forcingadf aun is a % increase

in CO, concentration per year, and each run is 10 years long, leading to £fyakctor of
1.34. A detailed description of these integrations is given by von Stor@8j20 he transient
ensemble is used to qualitatively assess the way of approaching the equiltiranges. We
are not aiming at a description of realistic changes that have happenediagh For the latter
purpose, one needs a sufficiently big ensemble of realistic simulations ofatteclimate,
which was not available for the present study. For the stationary respoa use the last 100
years of a stabilized:2CO, 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 voareie,
dP
— =—-C(P,K)+ G+ B(P)

d‘?( 2.1)

whereC(P, K) is the conversion rate aP into K, G is the generation rate dP, D is the

dissipation rate of{, B(X) is the flux of X across the boundaries of the volume (zero for

global integrals), and is time. However, as pointed out earlier in the introduction, zonal-

mean and eddy decomposition provides a more detailed description of thetrebecause

it separates better the different processes behind the LEC. Base& aletiomposition, the

equations of the four-component LEC, integrated over a volume, are:

dP,,
— = —C(Pm, Pe) = C(Poy, Ki) + G + B(Prn)
Pe
dd = C(Py, P.) — C(P.,K.) + G. + B(P.)
J [g 2.2)
dte =C(P.,K.) — C(K¢, Ky) — De + B(K,)
dK,,
W — C(Ke, Km) + C(Pm, Km) - Dm —|— B(Km),

where the subscript: denotes the zonal mean aadhe eddy component (including both
transient and stationary eddies). The expressions used for the tialcaitthe different terms
of the LEC are included in Appendix A. They are based on the formulati®edfoto and Oort
(1974), and resemble the expressions of Boer and Lambert (2008} wse thes function
(described in Appendix A). Different from Boer and Lambert (2008¢ calculate”' (P, K)
from the vertical velocity and specific volume rather than from the gradi€geopotential
height. However, the only mayor difference between the formulations iabf®eand Oort
(1974) and Boer and Lambert (2008) is the correction for topograuimeved with thes
function.

13



CHAPTERZ2 ENERGETICS RESPONSES TO INCREASES IN GREENHOUSE GAS CONC

The strength of the LEC is given by the total conversion rat® afito K, i.e.,C(P, K) =
C(Pp, Km) + C(Pe., K.) (see Fig. 2.1), which controls the rate of work of the atmosphere
as a heat engine. For a stabilized climate, the reservoif3 afid X' are assumed to remain
constant so that the total conversion rate must equal the generatioisaipation rates. In this
case the generation or the dissipation rate could also serve as a meahere¢ BC-strength.
However, these rates are difficult to calculate directly, and are usuatynetl as residuals of
the conversion terms. Therefore, the total conversi¢®, 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,Xvke (X) +
X"and(X) = [(X)] + (X)*, so that

X = [(X)] + (X)* + X, (2.3)

Here,(X) represents the ensemble mean of the qualityt is the mean ofX over all en-

semble members for each day in the transient experiments, and is replatedinye mean of

X in the equilibrium runs (1xC®and 2xCQ) under the ergodicity assumption. Consistently,
X' denotes the deviation from the ensemble (or time) mean, [(X)] denotes the zonal
mean of(X), and(X)* its deviation. Additionally, the decomposition into global mean over
a constant pressure level (denoted)B)/ and its deviation (denoted h¥") is also used, for

it appears in Lorenz’s approximation equation for available potentiaggrisee Appendix).
One hag(X)]" = [(X)] - (X).

LEC computations

The LEC-terms we compute here are the resenBiys P., K. and K,,, the conversion rates
C(Py,P.),C(P., K.), C(K,, K,,) andC(FP,,, K,,), and, when splitting the atmosphere into
upper and lower regions, the boundary flux terB(&>,,), B(P.), B(K.), andB(K,,). The
generation and dissipation ratés,, G., D., andD,,, are estimated as residuals for the stabi-
lized 1xCG and 2xCQ runs, assuming constant reservoirs (see Appendix).

As mentioned before, the LEC computations of the,&tabilized runs are based on time
means instead of ensemble means. These time means are calculated as mudiiyyesegahs,
so that the output is one year of daily values for each LEC-term. Thisigegtto single mean
values by averaging over all days. The calculations in the transienararisgsed on ensemble
averages, so that the output of the computations consists of 10 yea#yobalues. 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

2xCO, response

The LEC's for the equilibrium climates with 1xGQand 2xCQ are shown in Figure 2.1.
The 2-box diagram (Fig. 2.1a) shows & decrease irC'(P, K), a 1% decrease inP, and
a 10% increase ink. The decrease i@ (P, K) suggests that the cycle is weaker in the 25CO
case. Nevertheless, the 2xg@tmosphere has a larger reservoirfof The 4-box diagram
(Fig. 2.1b) reveals that the weaker LEC results from a decrease in tiverston due to both
the mean and the eddy componeit$p,,, K,,) andC(P., K.). The latter, accompanied by a
weaker conversion of mean to ed#y C(P,,, F.), indicates a reduction in baroclinic activity.
On the other hand, the strong increasdsitomes from an increase of %9in K,,, while K,
has decreased by The increase ik, is accompanied by a strengthening of the conversion
termC(K,, K,,). Thus, the 4-box diagram further confirms the weakening of the LEGrand
increase inK. However, the global results shown in Figure 2.1 do not give any infooma
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 LEC4efon the 1xCO2 control run
(above, gray) and the 2xCO2 equilibrium run (below, black). Generatial dissipation terms (in
parenthesis) are obtained as residuals. Units atel 102 for reservoirs and W m? for conversion,
generation and dissipation terms. Arrows show the direction correBpptalpositive values; negative
values imply opposite direction.
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Figure 2.2: Mean LEC-terms for the 1xG®@ontrol run (horizontal line) with an estimate of its®Wariability
(dashed lines), and time series (in years) of the two transient ensefodte®cted circles). Counterclockwise,
starting from the upper leftP,,,, C(Pr,, P.), Pe, C(Pe, K¢), Ke, C(Ke, Kim), Km, andC(Py,, K, ). Units
are 16 J m—2 for reservoirs and W m? for conversion terms.

Transient response

The transient ensembles allow us to track the changes in the differentdrE-due to an
increasing CQ concentration, to compare them with the 2xCéhanges, and to assess their
robustness.

Figure 2.2 shows the time series of the LEC-terms obtained from the two trapssem-
bles (empty and filled circles), together with the mean value in the 1x@@trol run and an
estimate of its 9% variability (horizontal lines), obtained by the Bootstrapping technique (von
Storch and Zwiers, 1999). Using this technique, 100 random combinaifd years were
generated from the 100 available years of the 1x@Quilibrium run. For each combination,
all the LEC-terms were computed. From this sample of 100 different re@liz of the LEC,
we obtain an empirical distribution, which provides an estimate of the lower jger bbounds
of the 90% variability of each LEC-term under the 1xG©@ondition.

The changes in the transient runs are consistent with those in the equiliBx@@, run.
However, the magnitudes of the changes are smaller, partly because ssh#ier forcing,
and partly because of the non-equilibrium conditions. PgrandC(P., K. ), the changes in
year 10 are not yet larger than the%®®ariability. On the contrary, the increase &f,, and
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2.1 RESPONSES WITH THE LOW RESOLUTION COUPLED MODEL

C(K., K,), and the decrease 6f(P,,, P.), P., K., andC(P,,, K,,), are statistically signifi-
cant in year 10, or even earlier. Here, statistical significance meanhésull-hypothesis of
no change can be rejected at &d6ignificance level. The empirical distribution of the boot-
strapped ensemble serves as the distribution of the test variable. Onencdude that the two
opposing changes, the weakening in the cycle and the strengthenitig,imre statistically
significant transient responses.

Different from the equilibrium runs, which reveal only the equilibrium Inakes, the transient
runs can provide evidence about which terms influence the incredsg of he terms that can
directly affectK,, are the conversion ternts( K., K,,) andC(P,,, K,,). Figure 2.2 suggests
that K,,, increases because of the increase in the conversion Kpro K,,,, C(K., K,,).
The conversion tern@'(F,,, K,,,) is related to meridional overturnings, which work in both
directions. For instance, under normal conditions, the thermally directelda@ell converts
P, into K,,, while K,, is generally converted int@,, in the indirect Ferrel cells at mid-
latitudes. The observed decreased(F,,, K,,) can be due to a reduced conversion from
P,, to K,, in one region, to a higher conversion froky, to P, in another region, or to a
combination that ends up with a net decrease. However, all these comb#aiinld tend
to decreasds,,, not to increase it. Therefore, the increasdsp must be mostly driven by
changes in thé’,, — P. — K. — K,, side of the cycle, and not by changes in the dirégt
to K,,, conversion.

The above consideration suggests also that the weakening of the LE€ daused by a
reduction inC(P,,, K,,). Instead, Figure 2.2 shows that the weakening is associated with a
decrease in the reservoirs Bf and K., and the conversion ternts(F,,,, P.) andC(FP., K.).
Although the latter does not show a statistically significant decrease in @eamkgative trend
is already visible, and the 2xGQ@esults suggest that this trend would produce statistically sig-
nificant changes in a longer transient run. Overall, the transient times serjgest a decrease
in eddy activity, with the strongest decrease in the conversion &(m,,, F.), implying a
reduction in baroclinicity.

The transient experiments allow us to identify two branches, which arestentswith the
2xXCQO, observed changes. One is characterized by an increakg,inand the other by a
decrease in the eddy components. However, the connection betweemthetwhes 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, vertisalsactions of the
integrands of each LEC-term are shown in Figure 2.3. Contours shoméhe distribution
in the 1xCQ control run, while color shaded are the%®5ignificant changes for the 2xGO
run. The 9%;-significance is tested using the bootstrapped empirical distribution of th@sLxC
LEC-terms. Only changes that are outside thi$9&riability of the 1xCQ control run are
shaded. These vertical cross sections do not give a complete descoptibe energetics
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2.1 RESPONSES WITH THE LOW RESOLUTION COUPLED MODEL

because internal flux terms, which are only zero for global integraésnar included. Nev-
ertheless, these plots give a good idea about the zonal and verticédutistr of the actual
contributions to each LEC-term.

The first striking result is the pattern in the 2xg&€hange ofP,,, (upper left diagram of
Figure 2.3). There is a strong increaseff in the upper troposphere and lower stratosphere
(between 150 hPa and 350 hPa), whereas throughout the middle arndtiopesphere?,,
decreases. This pattern is very well defineddp, but can also be seen @(P,,, P.), F.,
C(P., K.) andK.. However, it does not extend int®( K., K,,,) or K,,, where the increase-
response dominates. A possible explanation for this comes from the velist@bution of
these terms (line contours). Bofk,, and C(K., K,,) are more concentrated in the upper
levels of the troposphere with maximum values located above 300 hPa (theglared to
the jet streams), whereas the other teris,,(P., K. and the conversions between them)
are widely spread throughout the troposphere, with maximum values ldseteda 300 hPa,
partly centered near 400 - 500 hPa. Because of these differen@avelistributions, the global
response o’ (K., K,,) and K,,, is dominated by the values in the upper troposphere, where
the increase-response is detected, while the global response of thecotheis dominated by
the values in the middle and lower troposphere, where the decreasasespastrong.

Figure 2.4 shows the changes in the
vertical distribution of P, in year 10 of
one transient ensemble (color shaded) rela- "1
tive to the 1xCQ 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. %500'
Also, the patterns of the other LEC-terms® ]
in both transient ensembles (not shown) 800_\/
are very similar but with smaller amplitude \
than the patterns of the 2xG@un shown , , , , :
. . . . 90S 60S 30S EQ 30N 60N 90N
in Figure 2.3. The vertical cross-section o s T 1 s —
P, (Fig. 2.4) differs from that obtained for
the equilibrium runs (Fig. 2.3). In partic- Figure 2.4: Vertical cross-section &%, for the 1xCQ
ular, there are larger differences betweeﬁpntrol run (contours?, and change in year 10 of one tran-

. sient ensemble relative to the 1xg©ontrol run (color
the Northern Hemisphere and the Southerg,,qeq, 9% significance).
Hemisphere in year 10 of the transient ex-
periments than in the 2xGQun. Although the upper troposphere shows a similar pattern to the
2XCO, case, in the middle and lower troposphétg decreases in the Northern Hemisphere,
but increases in the Southern Hemisphere. This asymmetfry, afi the Northern Hemisphere
and Southern Hemisphere is strong in the transient warming, but becoragsdesunced in
the 2xCQ equilibrium run, where the responses in the two hemispheres are similar.

The analysis of the vertical cross-sections suggests a strengthenhgldEC-terms in the

Pm (J/Kg)

3001

600
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CHAPTERZ2 ENERGETICS RESPONSES TO INCREASES IN GREENHOUSE GAS CONC

upper levels and a weakening in the lower levels. However, as we nofed:pi does not

provide a rigorous description of the energetics. In particular, thedealecross-sections do
not tell us anything about possible exchanges or fluxes within the uppdowaer levels. To

explore the different behaviors in the upper and lower levels in a moreotigomanner, 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 contributiortb@lpper and lower
levels to the global LEC-changes, we split the atmosphere at 350 hPa irdo-taied upper
and lower regions. We diagnose then the LEC-terms for each of thesaseplus the bound-
ary fluxes at the isobaric surface of 350 hPa. This level has beeechiecause the pattern
of change ofP,,, (upper left corner of Fig. 2.3) suggests it as the boundary betweeedi@r
whereP,, increases and the region where it decreases.

With this procedure we do not intend to carry out a local analysis of thefoE&ny of these
two regions. This would be incorrect, due to the global formulation of the.llearry out a
local analysis, a different energetic formulation, such as that givavldrnguet (1991), should
be used. However, the aim of this section is not a local analysis of the LE@iapper or
lower regions. We split the global LEC in order to identify two contributions &églobal LEC
in a more rigorous way than just looking at vertical cross-sections. dHedavalue of this
splitting procedure comes from the calculation of the boundary fluxes oédevoirs, which
allows us to estimate (as residuals) the generation and dissipation rates negiach

The 2-box diagram of the LEC with the split atmosphere (Fig. 2.5) revedlsrbst of the
generation ofP occurs in the lower region, as well as the conversion ibtand its further
dissipation, i.e., most of the energetic activity takes place here. The ogsei” has also a
higher contribution from the lower region, whereas kinetic energy is mostigdia the upper

G P C(P.K) K D
13.11 11.05
015 | 1977 0.28 1289 | 4
©0.42) | o013k 0.38 016h | (0.41)
------- S BP) ! e B o
(251) |  -0.04' 2.38 003' | (222
(2.05) 2.09 (2.06)
41.14 5.70
37.80 5.55

Figure 2.5: 2-box LEC computed for the atmosphere split at 350 h&shédl line),
including boundary fluxes (dashed arrows). Values are for the %>@@@trol run (gray,
above) and for the 2xCQequilibrium run (below, black). Generation and dissipation
terms (in parenthesis) are obtained as residuals. Units &ré t0? for reservoirs and
W m~2 for conversion, generation, dissipation, and boundary flux termmwarshow
the direction corresponding to positive values; negative values implysifgpdirection.
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2.1 RESPONSES WITH THE LOW RESOLUTION COUPLED MODEL

region, where little dissipation takes place. The boundary fluxds ahd P go upward, from

the region with a stronger energy conversion to the region with a weakegyenonversion.
The fact that the boundary fluxes are small compared to the generaiivgrsion, and dissi-
pation terms in the lower region indicates that the annual-mean energy gecbatween the
upper and lower region is small.

Under a CQ 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. Thetktoétie cycle (measured
by C(P, K)) increases from 0.28 W ni# to 0.38 W n12 (about 36%) in the upper region, and
decreases from 2.38 WM to 2.09 W n12 (about 1%) in the lower region. In order to visual-
ize better how the changes in generation, conversion and dissipatioridakearpeach region it
is useful to focus only in the changes in these terms and the boundary,fleaging the reser-
voirs aside. The changes in generation, conversion, dissipationpanddry fluxes in each of
the regions (Fig. 2.6) reveal that the largest changes show up in teeagjen rates. Due to the
change in the boundary flu%(P), these strong changes in generation are balanced by weaker
changes in the conversion rat& P, K) in each region. In other words, the strong change in
generation—increase in the upper region and decrease in the lowen—+egifollowed by a
weaker change in the conversion tefiP, K'). Going one step further, the lower region de-
crease of’( P, K) is balanced by a decrease in the dissipation tBrmalthough again of less
magnitude—and a decrease in the upward boundaryBi ). On the contrary, the upper
region increase of’ (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 reductionupwlaed flux B(K)
—rprobably driven by the decrease in energetic activity in the lower reg@xteeds the in-
crease in the conversion raf& P, K') of the upper region. However, this reduction in dis-
sipation is very small. Summing up, the strong changes that start in the geneedée are
followed by weaker changes in the conversionfointo K, and finally only the lower region
decrease is followed by a decrease in the dissipation rate. The upjoeriregyease of the con-
version rate is mostly balanced by a decrease in the upwardfliX), instead of an increase
in the dissipation rate.

AG P A C(P.K) K AD
(+0.27) A +0.10 A (-0.04)
_______ ABP), | | ABKT |
-0.171 -0.13!
(~0.46) ' -0.29 ' (-0.16)

Figure 2.6: 2xC@ changes in generation, conversion, dissipation and boundary flux
terms in the 2-box LEC for the atmosphere split at 350 hPa (dashed. liBesgration
and dissipation terms (in parenthesis) are obtained as residuals. Uni¥srarée.
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Figure 2.7: 4-box LEC computed for the atmosphere split at 350 h&gshédi lines),
including boundary fluxes (dashed arrows). Values are for the 3x@@@trol run (gray,
above) and for the 2xCQequilibrium run (below, black). Generation and dissipation
terms (in parenthesis) are obtained as residuals. Units aré mo0? for reservoirs and

W m~2 for conversion, generation, dissipation and boundary flux termswsrshow
the direction corresponding to positive values; negative values implysifgdirection.

To get a closer look into the split-LEC responses, we also computed the BHiDdiagram
for the split atmosphere (Fig. 2.7). A similar response is seen here: imajebEC-terms in
the upper region increase, while they decrease in the lower regionrdRegshe reservoirs,
the only exception id<,,,, which increases in both regions. However, it only increases)by 4
in the lower region, while it increases by %Z4in the upper one. Just as for the 2-box LEC,
we have computed the changes in generation, conversion, dissipatiboamdary flux terms
of each region, in order to track better the changes in energetic actiigserare shown in
Figure 2.8.

Just as in the 2-box case, the strongest changes are in the genaxe®nr particular for
G, the generation rate df,,. Focusing now on the upper region, we see that the strong in-
crease inG,, (+0.20 W n12) is followed by an increase of 0.05 WThin C(P,,, P.), while
the rest is balanced by a reduction in the upward f(m). This increase irC(P,,, P.),
combined with an additional increase of 0.07 Win G, is followed by an increase of
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Figure 2.8: 2xC@ changes in generation, conversion, dissipation and boundary flux
terms in the 4-box LEC for the atmosphere split at 350 hPa (dashed. li@esgration
and dissipation terms (in parenthesis) are obtained as residuals. Unsmaré.

0.11 W nr2in C(P,, K.). This is followed by a small increase of 0.01 W in the dissi-
pation termD, and an increase of 0.04 WThin C (K., K,,). The remaining 0.06 W ¥
are balanced by a decrease in the upward B¢X.). However, no increase in the upper re-
gion dissipation ternD,,, is obtained, but rather a decrease of 0.04 WmThe increase in
C (K., Ky,) is exceeded by an increase in the downward B{X,, ), so thatD,,, must slightly
decrease in order to reach balance. However, the increase in L&t@yitin the upper region
is quite consistent throughout the whole cycle.

The strongest response in the lower region is a decreass, iaf 0.55 W n12. C(Py,, P.)
decreases by 0.31 W, and combining this with an increase of 0.09 Whin G., C(P., K.)
decreases then by 0.21 W This decrease if'(P., K. ) is then completely compensated
by a decrease of 0.15 W T4 in the dissipation raté), and a decrease of 0.06 WThin
the upward fluxB(K.). This implies that the weakening response disappears when we look
further into the conversion ter@i( K., K,,), which does not change in the 2xg@un. This
shows why the weakening response does not reach furtheffhalt is compensated by less
dissipation and less upward flux(K.), but the conversion rate df, into K, remains un-
changed. On the other hand, even though the weakening responseactes up td<,, it
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CHAPTER2 ENERGETICS RESPONSES TO INCREASES IN GREENHOUSE GAS CONC

takes place in the region of more energetic activity and shows larger ebdman the strength-
ening response of the upper region. This explains why the weakergpgnse dominates the
globally integrated LEC.

It seems very reasonable that such a strong pattern of increaseaadsi#ein the generation
of P,,,, which is usually considered as the starting point of the LEC, is drivingtthathening
and weakening responses of the cycle. In this case, the pattern of s#urparhange is crucial
for understanding the changesd#, and in P,,. 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 specificallyas
computed for the LEC, is proportional to the variance of spatial temperahmmalies, i.e., to

the mean square of temperature difference relative to the global mean &dunpeand toy,
theinverse mean static stabilifgee Appendix A). Hence, a statically more stable atmosphere
has lessP. Evaluating changes in horizontal temperature variance, and changesinstatic
stability may help us to understand the changeB.in

Temperature change in 2xCO, run (K) Temperature change in transient experiment (K)
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Figure 2.9: Zonal and annual mean temperature change in thex20@Jleft) and in year 10 of one transient
ensemble (right) relative to the 1xG@ontrol run.

We will first focus on the changes in the horizontal variance of temperatuP. The equi-
librium climate change signal (Fig. 2.9, left panel) is characterized by aggravarming in
the tropics than in the high-latitude region in the upper troposphere, butragstrwarming in
the high-latitude region than in the tropics in the lower troposphere. Giveétrghéemperature
decreases poleward throughout the troposphere, the climate changkisiglies an increase
in equator-to-pole temperature difference in the upper tropospheate, dacrease in the same
temperature difference in the lower troposphere. Figure 2.10 summaressstiio opposite
responses of temperature. This plot shows the zonally-averaged tampazhange at 250 hPa
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2.1 RESPONSES WITH THE LOW RESOLUTION COUPLED MODEL

and at 2 meters height. At 250 hPa (empty circles) the temperature charegsiesthe merid-
ional temperature gradient at all latitudes. At 2 meters height (filled cirdles)warming is
stronger at high latitudes than at low latitudes, causing a decrease in theomedriempera-
ture gradient. As a resulf?,, increases in the upper troposphere, but decreases in the lower
troposphere. The decreasel®y, is stronger in the Northern Hemisphere than in the Southern
Hemisphere due to a stronger warming at northern high-latitudes.

Having this relationship between temper-
ature changes ané,,-changes in mind, it [e—nemeome — f
is also possible to understand the difference |~ T T /
between the response 6%, in the transient L ’
ensemble and in the 2xGQun. The right s //\ ‘
panel in Figure 2.9 shows that the warmingg5
in year 10 is much smaller than in the 2x€0 £
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 latitude

2xCO, run it is always above 3K, and eVenFigure 2.10: Differences in zonally averaged 2-meter
above 7K in the large regions of strongertemperature (filled circles) and zonally averaged tem-
warming. This explains the smaller ampli-perature at 250 hPa (empty circles) between the 2xCO
tudes in the changes of the LEC-terms in th&'" and the 1xC@control run, in K.

transient runs. On the other hand, no warm-

ing is yet visible in year 10 at the southern high latitudes (in neither the umgpdaha lower
region). This means thdt,, should slightly increase there throughout the whole troposphere.
This increase is not only due to the tropical warming. More importantly, it isdagfeedback
process in and over the Southern Ocean that keeps the temperatuteeo$euthern Ocean
nearly unchanged in the transient runs (von Storch, 2008). Sucbcag® is missing in the
Northern Hemisphere. The initial increasem, in the Southern Hemisphere (Figure 2.4) is
therefore related to the faster warming of the Northern Hemisphere in camop#o the South-
ern Hemisphere warming. Once the warming is more symmetric, as in the stabiliZ€y 2x
run, this transient response disappeaf$, decreases in the middle and lower troposphere
of both Southern and Northern Hemispheres, although not with complete spynRg, in

Fig. 2.3).

Consider now the effect of changesiirin the P, responsezy is an inverse measure of the
mean static stability, and therefore has variations only in the vertical. Henznbt cause
any latitudinal pattern in th&,,-response. Only mean vertical change®imay be caused by
changes iny. From Figure 2.11 we see thatdecreases throughout the layer between 300 hPa
and the surface, with a maximum decrease of abott 46400 hPa. It increases in the region
above 300 hPa, but never more thdid.9rhis means that on average the atmosphere becomes

20N 40N 60N 80N
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Figure 2.11: Mean value of gammg)(@in 1xCO; run (left) and its relative change (right) in the
2xCQO; run (difference divided by the 1xGQvalue).

more stable below 300 hPa, and less stable above this level. This a@fgdig increasing it
above 300 hPa, and decreasing it below.

However, changes ii%,, are due to the com-

bination of both effectsy and temperature vari- Pm 2xCO, relative change
ance). In order to evaluate the relative impact of 1 :l/\
each of the two effects on the changedip, we 2001 !

show the vertical profile of the relative change in 300 ] i
P, due to doubling of CQ® (Figure 2.12). Com- '
paring this plot with the relative changeo{Fig-

ure 2.11) gives an idea of the contribution of the
changes iny to the mean changes &f,,. The re-

maining changes, not explained by the changesin 7%}
~, must be due to horizontal temperature variance 8001
changes. 900 |

400

5007

pressure (hPa)

600 1

Starting from the surface and until about  oo0t—"t—uv—r—"
700 hPa,P,, decreases by about %0 Near the Pm relative change (%)
surface it even decreases by almost2®n the Figure 2.12: Global mean vertical profile of the
other handy-changes start from almost zero at therelative change of,, in the 2xCQ run (differ-
lowest level, to about 798 decrease at 700 hPa. ence divided by the 1xCQvalue).
This suggests that in this region, changesjp
are dominated by changes in temperature variance and not by changesiowever, from
700 hPa up to about 450 hPa, the relative changds,pénd of~ are similar in magnitude,

and they both show a relative minimum at 650 hPa. This suggests that in tiis,redpich is
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roughly speaking the "free troposphere”, changes are the main reason for the changes in
P,,. This is also consistent with the fact that in this region the warming is rather ¢emeous
(see left panel of Figure 2.9), and therefore does not change tizehtal temperature variance
significantly.

In the remaing upper levels, starts with a strong decrease of abou¥1&t 450 hPa, to an
increase of about 699 at 200 hPa and above. Howevé}, is already increasing at 350 hPa,
and reaches a maximum increase of 24 200 hPa (out of scale in Figure 2.12). This strong
increase ofP,,, in the upper levels cannot be explained by the small changeslitstead, the
P,,-changes above 400 hPa must be due to the changes in temperatureevbeaause of the
strong tropical upper-troposphere warming, as mentioned above.

2.1.4 Conclusions and discussion

The LEC-changes due to Géncreases reveal fundamental aspects of the dynamical responses
of the atmosphere in a warming climate. These changes are studied usingufiiedco
ECHAMS5/MPI-OM atmosphere-ocean-sea-ice model. We analyzed a 4x@rol climate,
a stabilized 2xC@climate, and two ensembles of transient experiments WithHC2, increase
per year for 10 years. Two main conclusions are obtained.

First, the LEC-changes result from a dual role of the warming pattearacterized by the
strongest warming in the tropical upper-troposphere and in lower-tagéHatitudes. This
pattern causes an increasef in the upper troposphere (upper region), and a decrealg of
in the lower troposphere, near the surface. In the free troposphergghly between 700 hPa
and 400 hPa—where the warming is approximately homogeneous, the mareasan static
stability is responsible for a decreaselt;,. The result is a decrease i, throughout both
the lower and middle troposphere (lower region), and an increase in fhex oggion. Our
calculations also show that an increase in,@0Oncentration leads to a greater generation of
P in the upper troposphere and a reduced generatioR of the lower troposphere. This,
together with the expected response of baroclinic activity due to the chamgemperature
gradients and static stability—and therefore to the changés,ir-, explains why we find a
general strengthening of the LEC in the upper region (of abouti86” (P, K)) and a general
weakening of the LEC in the lower region (of aboutd i C(P, K)) in the 2xCQ climate.
However, the total dissipation decreases in both regions (although orilglig the upper
one). When integrated globally, the weakening of the LEC in the lower raiparinates, and
leads to decreases in the part of the LEC that liffksto P. to K.. The strengthening of the
LEC in the upper region, on the other hand, appears together with a significrease i, .

The second conclusion is that the transient responses are less auttirsgmmetric than
the equilibrium responses. In the transient runs, the weakening of tiee toypospheric LEC
is stronger in the Northern Hemisphere than in the Southern Hemispheeet lthie available
potential energy has even increased in the southern lower and middlsgiege in year 10.
This transient feature is likely due to a coupled feedback process thig termaintain the
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CHAPTERZ2 ENERGETICS RESPONSES TO INCREASES IN GREENHOUSE GAS CONC

latitudinal temperature gradient over the Antarctic Circumpolar Current Storch, 2008).
This process is much less pronounced in the Northern Hemisphere, |lgadintaster and
stronger high-latitude warming there.

The weakening of the LEC in the middle and lower troposphere is consistdnearlier
studies (Boer, 1995; Marquet, 2005, 2006). It is expected fromdtaced equator to pole
temperature gradients (because of high-latitude warming) and the reldunckdea contrasts
during the winter season (because of stronger warming over contingmef)ects a reduction
in baroclinic activity. However, we show that this weakening reflects omly prominent
change in the global LEC. The other prominent feature is the increasg,ifn the upper
troposphere.

The strong increase iff,,, is not only seen in the ECHAM5/MPI-OM runs, but also found
in climate change experiments using other GCM's. For example, Lorenz eiaver (2007)
found that the IPCC-AR4-climate models show a strengthening and polehitiahg of the
tropospheric zonal jets, of transient kinetic energy and of momentum fl@sponse to global
warming. Fyfe and Saenko (2006) report 12 GCM'’s that show a demsistrengthening and
poleward shifting in zonal wind stress in the Southern Hemisphere expagroAlthough
these quantities are not exactly the same we use here, they do suggdise thetrease in
K,,, which is dominated by the tropospheric zonal jets, is not just an ECHAdAEife, but
is likely a robust signal in global warming simulations of the IPCC-AR4 climate risoda
our results, the poleward shifting of the tropospheric zonal jets is visibleeimtirease of<,,
in the southern hemisphere in the poleward-side of the jet throughout thie whposphere.
On the other hand, the increase in LEC-strength in the upper region istmiswvith results
from Marqguet (2006). Using a local energetics formulation for the wiséarson of the North
Atlantic region, he observed an increase in the energetic activity in thegjehie as well as a
reduction in the energetic conversions in the low troposphere.

The pattern of tropical warming in the upper troposphere and high-latit@denivg in the
lower troposphere represents the typical warming signal, and is alsd fouhe IPCC-AR4
climate change runs (Meehl et al., 2007). Held (1993) pointed out tHeaaaf this warming
pattern for baroclinic eddies: baroclinic eddies can be strengthened img@ase in pole to
equator temperature gradient in the upper troposphere, but weakgrbd decrease in this
gradient in the lower troposphere. Our results confirm this dual roleeoividrming pattern.
Moreover, we are able to quantify the dual role in terms of the strengthenithgveakening of
the LEC in the upper and lower troposphere.

The tropical upper-troposphere warming is known to be related to moigection within
the tropics (Held, 1993). This would suggest that moisture is an importetoir fm the upper-
level strengthening of the LEC. Lorenz and DeWeaver (2007) argaiethie strengthening
of the polar jets, which they find in all IPCC-models, is mostly driven by the gisihthe
tropopause rather than by the increase in moisture content. Howevecoaltkalso argue
that the tropopause rises mostly due to the strong tropical upper-tragesparming, which
is caused by moisture effects. Furthermore, part of the weakeningnaspf the LEC in the
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lower and middle troposphere can be related to the increase in mean static stahibity is
also related to water vapor effects (Schneider et al., 2010). We will lzetalyeach more
conclusive statements regarding this matter in the remaining text.

2.2 Responses obtained with the higher resolution
ECHAMS5/MPI-OM coupled model

2.2.1 Introduction

The coupled model runs used for the previous section show a clegetinsresponse due to
higher CQ concentrations. However, they correspond to relatively coarséutiEsomodel
runs (T31L19 for the atmosphere and GR30L40 for the ocean). Indbttos we analyse the
energetics response when doublingJ/3f@ncentrations in a coupled model run with T63L31
spectral resolution for the atmosphere and GR15L40 resolution for genodMe have two
main objectives:

* To verify if the equilibrium energetics response described in the pregeation is also
valid for higher resolution model runs.

» To perform an additional decomposition of the eddy terms of the LEC intsigahand
stationary eddy components, in order to study their independent resptana doubling
of CO,.

Regarding the first objective, verifying our previous results with higlespiution model
output provides valuable information on its own. Regarding the secondtigiewe want to
separate the eddy components because a warmer climate may affect treech of a different
way. For example, the stronger warming over the continents could afiestationary wave
activity. It is not clear whether this is the case, and if yes, to what extesetbhanges con-
tribute to the global energetics response. It is well known that the traresieies have a larger
contribution to the global energetic activity than the stationary eddies (@dPaixoto, 1974;
Holton, 2004). On the other hand, we do not know if this is the case in terthgiofesponse to
a warmer climate. We want to obtain a clear answer to this. Furthermore, thedselgjective
can be better addressed with a higher resolution model, as the eddy congpareexpected
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 orne tisegrevi-
ous section (ECHAMS5/MPI-OM atmosphere-ocean general circulation in@xeept for the
resolution. The atmospheric component, ECHAM5.2.02a, has a T63L&tralpe=solution
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(~ 1.875° x 1.875° and 31 vertical levels), and the ocean component, MPI-OM version 1.0, a
GR15L40 resolutions 1.5° x 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-industriatrobexperiment
Plcntrl (Roeckner et al., 2006), with a constant 1x@0Oncentration of 280 ppm.

» Thelast 50 years of thé/d/year CQ-increase experiment to doubling (run no.1) (Roeck-
ner, 2004). In this run, the Goncentration 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 (eguafiand 2.2),
but we also go one step further in the decomposition of the LEC. We conmsidethe transient
and stationary eddy components separately, saithat P, + P, and K, = K. + K. Here
the subscripte denotes stationary eddy component, andenotes transient eddy component.
The LEC equations in expression (2.2) become now

% = —C(Pm7Pse> - C(Pmapte) - C(Pm7Km) + Gm + B(Pm)
ddPtse — C(Pmypse) + C(Pte,Pge) — C(Pseste) + Gge + B(Pse)
APy
= C(Pu Pie) = C(Pre, Pue) = C(Pre, Kic) + Ghe + B(Pre)
ik, (2.4)
dtse = C(Psea Kse) - C(Kse; Kte) - C(K867 Km) — Dy + B(Kse)
dKie
dtt = CO(Pye, Kto) + C(Kye, Kte) — C(Kye, Ky) — Die + B(Kje)
Ky,

There are only two entirely new terms that correspond to the converdies batween the
stationary and transient components of each eddy reser@tiP,., Ps.) and C (K¢, Kie).
The other "new” terms are only a decomposition of old terms:

C(Pmape) C(PmaPse) +C(PmaPte)
C(P€7 Ke) - C(Pse7 Kse) + C(Pt€7 Kte) (25)
C(Ke, Kp) = C(Kge, Kiy) + C(Kie, Kip).-

The exact expressions for each of the new terms are given in App&nadikhey are fully
consistent with the previous expressions given in Appendix A, as welitaghe 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 oatieqs and compu-
tations on the same Eulerian mean decomposition described in the previous $eqtia-
tion (2.3)).

Note that the stationary and transient eddy decomposition separatesatipiteims of the
form [(X)*?] for the stationary eddy terms, af&"?| for the transient eddy terms. The sta-
tionary eddy components describe departures fronztmal-mearfield that are persistent in
time, and the transient eddy components describe the zonal mean of depfndm theime-
meanfield. In the atmosphere, stationary eddies appear due to spatial inhogitoggelike
topography and the position of continents; transient eddies result fyoantical instabilities
and are related to storm activity.

LEC computations

The computations are done according to the equations given in Appendixl B.aBecause
we consider here only the equilibrium cases (1x@&@d 2xCQ), the computations are based
on time means and not on ensemble means, just as we did for the low-resotdibbrizim
runs. For details about these computations, please refer to Section 2.1.2.

As opposed to the previous section, we cannot use here the Bootsgapgimique in order
to estimate the statistical significance of the results. Each of the two equilibriosnare use
here is 50 years long, and provides us with only one "realization” of the.llE order to apply
the Bootstrapping technique we would need longer integrations so that wie generate a
large number of "realizations”. Unfortunately, this is not possible with thegk-resolution
runs. However, we have an estimate of the significance of the low-resohaetsponse, which
we can use as a reference for comparison. The features of theadpGrrse in the low reso-
lution 2xCQ;, case proved to be statistically significant with at least@ @0nfidence interval.
Therefore, as long as the high resolution response we obtain here is soilarprevious low
resolution response, we can infer that it is also statistically significant.

2.2.3 Results - 2xCO, response
Warming pattern

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

Comparing the zonal and time mean temperature change duestd@®ling in the higher
resolution runs (Fig. 2.13) with the coarse resolution runs (Fig. 2.9, &fep, we find that
the high resolution 2xC®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;2x@0
with T63L31 resolution, relative to the 1xG@re-industrial control run.

pattern. The regions with more than 6 K warming are smaller in the higher resolutis,
but the overall pattern, with the strongest warming in the upper tropicad$pigere and in the
surface high-latitude regions (mostly in the Northern Hemisphere) is the saweral factors
may be responsible for the difference in warming amplitude in the 2x@€ponse. First of all,
the two integrations were carried out not only with different resolutionsalso with different
versions of the model. However, the main reason for this difference apty related to the
period of time in which the 2xC®concentration is held constant in both experiments. The
T63L31 2xCQ run was obtained by increasing the £&bncentration by % per year during
70 years, and then holding it constant for 150 years. We use heresth&0aears, but in
order to obtain a fully equilibrated deep ocean, 100 years is certainlynuatgd. The low
resolution 2xCQ run that was used for the previous section has 880 years of integration w
constant 2xC@ concentration (Seiffert and von Storch, 2008), of which we use tHelG(
years. This longer equilibrium integration certainly accounts for someduvtlarming as the
deep ocean approaches its equilibrium temperature. Neverthelesscttigafathe warming
pattern in both cases is the same, suggests that the temperature respoasgritophere in
both cases is consistent, although with slightly different amplitudes. In Afip€hwe show

a more detailed description of the equilibrium conditions of this 2x@@. Although there is
still a positive trend in surface temperature, it is very small compared to itsahaariability.
We conclude that its atmosphere is sufficiently equilibrated so that the reméieintty should
not affect the main energetics response. For further details, pldas¢éaéppendix C.

Lorenz Energy Cycle

In order to visualize the changes in the energetic activity, we use the atased for the 2-
box and 4-box LEC terms (Fig. 2.14) to calculate the changes in energyaji&em, conversion
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Figure 2.14: (a) 2-box, (b) 4-box, and (c) 6-box diagram of th&€€Erms for the 1xCO2 control run
(above, gray) and the 2xCO2 equilibrium run (below, black) with T63t&olution. Generation and
dissipation terms (in parenthesis) are obtained as residuals. Units %@ m0? for reservoirs and
W m~2 for conversion, generation and dissipation terms. Arrows indicate thetidin corresponding to
positive values; negative values imply opposite direction.

and dissipation rates due to @@Qoubling (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 dbeaxpect that
the values of the LEC-terms in this case are exactly equal to the ones obtaihebe lower
resolution runs. This is evident when comparing Figures 2.14 and 2.Jlex@anple, the total
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Figure 2.15: (a) 2-box, (b) 4-box, and (c) 6-box diagram of thengjes in energy generation, conversion
and dissipation rates in the LEC due to £@bubling, evaluated from Figure 2.14. Units are W
Arrows indicate the direction corresponding to positive values; negedives imply opposite direction.

conversion termC (P, K) in the T63L31 1xCQ pre-industrial run is of 2.37 W n¥, while

it is 2.66 W nT2 in the T31L19 1xCQ@ control run, even though both describe similar states
of the atmosphere. These differences can be due to numerous reelsted to the model
parametrizations, numerical resolution, etc. Tracing the causes of tifesertes can be
useful in terms of model development, but it is not the aim of this work. Onlyerctse of a
very large inconsistency should we worry about this. What we do ¢xpdicat the response
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of the LEC-terms to a C@doubling is similar.

The numbers in Figure 2.14(a) reveal a reduction’fid C'( P, K) (the total strength of the
LEC), compared to a% reduction in the low resolution rung’ increases by almost®and P
increases by%. In the low resolution rundy increases by 1%, andP by 1% (Section 2.1.3).
In other words, regarding the reservoirs of the 2-box LEC, the higgssiution response is very
similar to the lower resolution response. The LEC-strength, i.e., the Botal X' conversion
rate C(P, K)), decreases by 4%, compared to a 6%8 decrease in the low resolution runs.
Thus, the response of the LEC-strength in the higher resolution runs&@stent with the
response of the low resolution runs, but slightly weaker.

Regarding the 4-box LEC (Figure 2.14(b)), we find some small differereith respect
to the low resolution runs, but no inconsistencies. In the following we destnese small
differences in terms of percentual changés; remains almost constant (only increases by
0.1%) in the high resolution runs; in the low resolution runs it decreases 9%.22 decreases
in both cases, but only by%2 in the high resolution runs; it decreases by%. the low
resolution runs.P,, increases by 1% in the high resolution runs, but it decreases by0.8
in the low resolution runs. Regarding the reservoirs, the chan@g,ins again the strongest
of all: it increases by 1% in the high resolution runs. In the low resolution runs, it increases
by 18.7%%. The conversion terms show changes consistent with the low resolutisn lun
with some small differences in magnitud€{ P,,, P.) weakens by % in the high resolution
runs, and by 1% in the low resolution runsC(P,, K.) weakens by 1%, compared to 39
in the low resolution runs, an@' (K., K,,,) strengthens by 9%, compared to 5% in the
low resolution runs.C(P,,, K,,)—a number always very close to zero—decreases 15§, 60
compared to 7% in the low resolution runs.

In conclusion, looking at Figures 2.14 and 2.15, we observe the samallaesponse as
in the low resolution runs (Figure 2.1), but slightly less pronounced. W& &8 in the low
resolution runs, a weakening in the path, — P. — K., followed by a strengthening in
C (K., K,,) and a strong increase It,,.

Vertical cross-sections

We show here the vertical cross-sections of the 4-box LEC-terms (Hif) & order to visu-
alize the zonal and vertical distribution of their response, just as we di@iprévious section
for the T31L19 resolution runs. For comparison with the previous reshissgoes not include
yet the transient and stationary eddy decomposition.

In general terms, the plots in Figures 2.3 and 2.16 are very similar. Regdtdinzonal
mean distribution of the terms in the 1xg@ontrol runs (contoured lines), the main difference
between the low and the high resolution runs is that there are slightly more dettriletures
in the high resolution plots, specially in the lower levels, while the overall pattenmain the
same. This is attributable to the increase in both horizontal and vertical tiesolBecond K.
has larger maximum values in the higher resolution runs, as well as larde gliues. This
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Figure 2.16: Vertical cross-sections of the 4-box LEC terms for tHeChxpre-industrial control run (con-
tours), and their change in the 2xg@un (color shaded). Counterclockwise, starting from the upper &ft;
C(Pm, P.), P, C(P.,K.), K, C(Ke, K), K, andC(Py,, K.n). Units are J Kg* for reservoirs, and
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2.2 RESPONSES WITH THE HIGHER RESOLUTION COUPLED MODEL

is not surprising, because the higher resolution model is expected teeregmaller eddies. On

the other handk,,, has smaller maximum values in the high resolution runs, especially in the
Southern Hemisphere, and also a smaller global value. This could besseéocmpensation”

for the difference inK, so that total kinetic energy remains approximately constant in both
resolutions. However, we do not find any clear reason for the difterén K,,, other than a
different tuning in both resolutions.

Regarding the changes due to £dbubling, the biggest difference is in the Southern Hemi-
sphereP,,,-response. In the low resolution runs there is a general decrezsptdar a small
region between 60 and 30S near the surface, wherg,, slightly increases. This region of
P,,-increase extends higher up in the higher resolution runs, with a maximumd6®0 hPa.

It resembles to some extent the transient response in the previous sédgiore (2.4), where

P, increased throughout the whole tropospher in the Southern Hemispkiteugh not as
strong as in the transient experiments, this feature might be due to the fatitalsystem is

not yet fully equilibrated (as noted above and in Appendix C), and lsecthe warming is
weaker than in the low resolution runs. Furthermore, the decreasensesp’(P,,,, P ), P,
C(P.,K.) and K. is slightly less pronounced in the higher resolution runs, especially in the
Southern Hemisphere. This could also be related to the difference iR, thesponse in the
Southern Hemisphere. Despite this, the patterns we observe in these eeosasections are
consistent in both resolutions. Just as before, they suggest a seemgtiof 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 theteE@s, which
was not done with the lower resolution experiments. This should enable usttify the
individual contribution of these components to the full response of thetbEC'O2-doubling.

The values of the corresponding LEC terms in this case (Fig. 2.14c) slaiwetjarding
both the reservoirs and the conversion terms, the eddy activity is dominatie bransient
eddy terms, and the stationary eddy terms have smaller contributions, adeskp&/e find
the same predominance of the transient eddy terms over the stationary sddyreégarding
the 2xCQ-changes of., C(P,,, P.) andC (K., K,,). Their responses are clearly dominated
by the changes itP., C(P,,, P..) andC (K., K,,), respectively (Figure 2.15(c)). Only in
the conversion tern®'( P, K.) we observe the global response similarly distributed in both
C(Pse, Kse) andC( Py, Kye). In general, this decomposition suggests that the eddy activity
and its response due to G@Qoubling are dominated by the transient eddy response.

The vertical cross-sections of the decomposed reservoirs are ghévgure 2.17, and of the
decomposed conversion rates in Figure 2.18. Regarding the resgtiveipsittern of increase in
the upper troposphere and decrease further below is mainly due to plomsesof the transient
componentd’. andK¢.. The main pattern of change 6% to which we have refered to, comes
from the pattern of change é%.. The pattern of change &f,. reveals some particular features,
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but these do not contribute to the main global energetics response. Wgitfethese in the
next subsection. Regarding,., the main upper-strengthening and lower-weakening response
is coming from thekK,. response. The contribution of the changdQf to the K.-response is
much smaller (note the different scale used in the plot& gfand K7.).

Regarding the conversion rates (Figure 2.18), it is also very clear that8ponse to a
CO,-doubling is dominated by the response of the conversions related to tlseetrbaddy
reservoirs, i.eC(Pp,, Pie), C(Pie, Kie), andC(Kye, K,,). The other conversion terms show
much weaker responses, and the pattern we have obsen@@An, P.), (C(F., K.), and
C(K., K,) is clearly a feature of the conversions along the gath— P,. — K — K.
Both the energy conversions and their response to a@Dbling are dominated by the terms
related to the transient eddy components; the conversions related to theastagddy com-
ponents are small, as well as their change in the 2x€Qe.

Summing up, the transient eddy reservoirs and conversion rates clearlpate the global
energetics response. The energetics response we find when cimggsilde stationary and tran-
sient eddy components together corresponds to the response of #ierttanldy components,
whereas the stationary components have a very small contribution. Kndéhwagve can re-
turn to the previous 4-box LEC, having in mind that the responses of thg @mdponents
reflect mainly the transient eddy responses. This, in order to avoidreetassary complexity
of our figures. Before proceding with the remaining features of thegeties response, we
will disscuss the particular features observed in the reservdof

The stationary eddy response

There is one feature of thB,.-response that, although not related to the main energetics re-
sponse, stands out and is worth a brief analy$ig. has two symmetric regions of increase
near the surface at around°80and 30S, which contribute to the vertical cross-section of
P, in Figure 2.16. Figure 2.19 (above) shows a plot of the change in the amegf P;,
(before applying the zonal mear(y;,/2)v(3)(T)*?, at 900 hPa. It shows that the increase
region around 305 is due to an increase iR, over Australia, central-South America and a
region over the Eastern Pacific. The increase region aroutid B0related to an increase in
P,. over the Saharan and the Arabian Deserts. This is clearly related to ti@ 2e@perature
change in these regions. The 2xg£@mperature change at 900 hPa (Fig. 2.19, bottom) shows
that the regions that are causing changeB;incorrespond to regions where the warming cre-
ates a temperature field such that it has stronger deviations from thermenaltemperature
field than their corresponding latitudinal belts. For example, the mean temieefiiad at

900 hPa in the 1xC®run (not shown here) reveals that the Australian continent has a higher
mean temperature than its corresponding zonal-belt. On the contrary,stesrERacific has a
lower mean temperature compared to its zonal belt. By doubling @@ Australian continent
warms up to 3.5 K and the Eastern Pacific warms about 1-1.5 K. The zonal waaing

at this latitude-belt is around 2 K. Therefore, both deviations from thelamean tempera-
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ture field are enhanced by the 2xg®arming, implying an increase d,. in these regions.
The Amazon basin, and the Sahara and Arabian Deserts are also agewarmer than their
zonal-belts, and the 2xCQvarming enhances these contrasts.

The opposite happens in the Atlantic between Greenland and NortherpeEUrbis region
is on average warmer than its latitudinal-belt, causing the largest contributigy tgobally.
The 2xCQ warming pattern reduces this difference in temperature, because (antireental

I I
-55 -45 -35 -25 -15 -5 5 15 25 35 45 55

T—change at 900 hPa

Figure 2.19:P,.-change (above) and temperature change (below) at 900 hPa d@g woGbling.
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warming is stronger, and (b) the weakening of the Atlantic meridional ovértgireduces the
sea surface temperature in this region (Meehl et al., 2007). This explerstrong decrease
in Py in Figure 2.19 around 6M. These features of the 2xG@varming pattern are not new.
Most current climate models predict such a warming pattern (Meehl et 8I7) 20

Although these changes i, stand out and are clearly related to the 2x@@rming, they
do not affect the global energetics response of the atmospheraldntordo so, these changes
in P;. would also have to cause changes in the conversion ratéintoC' ( Ps., Ks.). There
is indeed a contribution around 30 and 30S in this conversion rate, but it is very small.
Actually, we expect this conversion to be small in these regions, becawsdanto convert
P, into K4, a good correlation betwedw)* and(«)* is needed (see Appendixes A and B).
Intuitively, this can be seen as rising of relatively warm air and sinkingelattively cold air
in the stationary eddies. However, these regions are mostly subtropsstslevhere there
is relatively warm air, but very little or no rising of air. Therefo@(P;., K,.) has a very
small contribution from these regions, and the global energetics is remtedf much by such
features inP,.. Regarding the decrease Bf. in the North Atlantic region, this does not have
any effect on the conversion raf& Ps., K.) either. In this case, the only reason we find is
that the contribution o' P,., K.) to the totalC(FP,, K.) in this region is so small already
that a further reduction in the reservoir Bf, makes no difference.

Splitting the atmosphere

Just as with the T31L19 resolution runs, the vertical cross-sectiorgesug strengthening
response of the LEC in the upper troposphere and a weakening sespelow. In order to
verify this in a more rigorous way, we split the atmosphere at an isobarfacguof 340 hPa
and evaluate the LEC terms of each region, plus the correspondingdryifhikes, calculated
according to Appendix A. We use the 340 hPa instead of 350 hPa levald&due to the new
resolution, this level corresponds to a model-level, which facilitates the ciaigrs.

We have computed the LEC-terms for the upper and lower regions (Fig. 2s2@ell as
the corresponding changes in the generation, conversion, dissipatisrand boundary fluxes
(Fig. 2.21) for the split atmosphere. Overall, we do observe a strerigthehthe LEC terms
in the upper region and a weakening in the lower region, just as with the Iegetution
runs. If we compare Figures 2.6 and 2.8 with Figures 2.21(a) and 2.2dgpgctively, we
see a clear consistency, with only one remark: the weakening respbtise lower region
is less pronounced in the higher resolution runs, but the strengthersipgnse of the upper
region has a similar magnitude in both resolutions. This could be due to the=diffes in the
amplitude of the warming pattern. Nevertheless, the overall responsessieomn with our
conclusions from the low resolution runs. Clearly, the respongg,ofs the strongest in both
regions, suggesting once more that this term is driving the whole energetfuense.
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Figure 2.20: (a) 2-box and (b) 4-box diagram of the LEC-terms ferithiCO?2 control run (above,
gray) and the 2xCO2 equilibrium run (below, black) with T63L31 resolytspiit at 340 hPa (dot-
ted line). Generation and dissipation terms (in parenthesis) are obtaimredidisals. Units are
10° J m~2 for reservoirs and W m? for conversion, generation and dissipation terms. Arrows
indicate the direction corresponding to positive values; negative valysg apposite direction.

Mean static stability

In the analysis of the low resolution experiments, plotting the responseéiog inverse mean
static stability), and of the vertical profile df,, (Figures 2.11 and 2.12) revealed that the
changes in meridional temperature gradient are driving the incred3g in the upper tropo-
sphere (due to the tropical, upper-tropospheric warming) and its cechieman the surface up
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Figure 2.21: (a) 2-box and (b) 4-box diagram of the changes inggngeneration, conversion
and dissipation rates in the LEC due to £@oubling, evaluated from Figure 2.20. Units are
W m~2. Arrows indicate the direction corresponding to positive values; negatiues imply
opposite direction.

to about 700 hPa (due to the high-latitude surface warming). The deaoéds, in the "free
troposphere”, from 700 hPa to 450 hPa was found to be related to tlameshent of mean
static stability (decrease if). We argued that these change$ip, could be the drivers for the
dual pattern of strengthening and weakening of the LEC via changesadnlinécity. Here we
will (@) repeat this same analysis but now with the high resolution runs, @ndigcuss why
understanding the causes for the changes,in the generation rate af,,, may be a more
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Figure 2.22: Mean vertical profile of gamma)(in 1XCO, run (left) and its relative change
(right) in the 2xCQ run (difference divided by the 1xGQralue) using T63L31 resolution.

direct way of explaining the dual pattern in the energetics responseadhsteloing it through
changes in?,, only.

Due to the higher vertical resolution we observe now a smoother profitedod its relative
change when doubling GQconcentrations (Fig. 2.22), compared to the low resolution plots
(Fig. 2.11). We also find a more pronounced boundary layer, fromuHace up to about
900 hPa, where has higher values than above (less stable conditions). The relativgechin
~ (right panel) shows the same profile as the low resolution runs, but with ateergrofile
and some better defined structure in the upper levels, due to the increatedl vesolution.
Even the magnitude of the relative change @ very similar in both cases. It starts with almost
no change at the surface, and decreases with height up to abodb@0Ra where it reaches a
(local) maximum decrease of about 7z8Higher up, between 600 and 650 hPa, there is a local
minimum in the relative decreasepthat reaches about4decrease. The maximum decrease
of about 1% is located around 400 hPa, and the zero crossing is near 250 hPae v
level, v increases up to 10-%4. In conclusion;y exhibits a relative decrease throughout the
whole troposphere of the same magnitude and with a very similar profile in smtutions.

The vertical profile of the relative change Bf, (Figure 2.23) is also very similar to the one
obtained with the low resolution runs (Figure 2.12), although the magnitudesaftthnge is
slightly smaller. Between roughly 900 hPa and 700 hPa it decreases naWnbgt 5%; in
the low resolution it decreases in this region by abodt1rhe relative minimum at about
650 hPa reaches now a slight increase; in the low resolution runs itagadatecrease of about
5%. In any case, the profile reveals again that the strong decred3g mear the surface must
be due to changes in horizontal temperature variance, and the deofdgseabove 600 hPa
is clearly driven by the relative decreaseyofi.e., the increase in global mean static stability.

45



CHAPTERZ2 ENERGETICS RESPONSES TO INCREASES IN GREENHOUSE GAS CONC

Above 250 hPap,, reaches an increase of about ¥4 Qut of scale in Figure 2.23), which
must be related to horizontal temperature variance changes, becauskatie changes of
are never as large.
We reach then the same conclusion we obtained
Pm 2xCO, rel. change (T63L31) for the low resolution experiments. The effects of
00 /)j> the change; in static stability and horizontal tem-
»-L\o perature variance cause the dual pattern of change
200 1 | . . . .
i in P,,, and this response d%,, 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 ofP,,,—a reservoir of energy—and the con-
version rates”(P,,, P.) andC(P., K.). P, 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
Pm relatve change (%) source, which of course makes sense, but we cannot
_ _ _ verify this with certainty.
Egu;azﬁ'f::cg gs:lo?,za; \t/r?;“;ilcgomi of We c_an also agsess this _Without havi_ng to re.Iy
(difference divided by the 1xCvalue) using UPON this assumption regarding changes in baroclin-
T63L31 resolution. icity and changes in th&,,-reservoir.GG,,,, the gen-
eration rate ofP,, is the term that drives the whole
LEC (Lorenz, 1955, 1967; Peixoto and Oort, 1974, 1992). Futhermorterms of energetic
activity, we found that it is also the term which suffers the strongestggmdue to C@dou-
bling (see subsection 2.2.3 and Section 2.1.3). We can therefore umdeitstastrengthening
and weakening of the LEC if we understand wdy, increases in the upper region and de-
creases below. Unfortunately, we cannot obtain vertical profil€s,afwhich we could use in
a similar way as we did wittP,,,. This is becausé:,, has been estimated as a residual of the
corresponding conversion terms, rather than directly computed from tbelrotput. A full
6-hourly 3D-field of diabatic heating rates, which is not a standard oufgbtonodel, would
be necessary for a direct calculation@f,. However, by analysing the expression &y,
(equation (A.6) from Appendix A), we can infer several propertigsstiof all, the expression
for G, is very similar to the expression f@ét,,. It is also proportional tey, so changes in mean
static stability could affects,,, in a similar way as they affed®,,. The difference withP,, is
that instead of being proportional {¢')]”[(T")]”, the horizontal variance of temperature, it is
proportional to[(7')]"[(Q)]", the "correlation” between deviations of temperature and diabatic
heating. In other word<7,,, has positive contributions from relatively warm latitudes that have
net diabatic heating, or from relatively cold latitudes that have net diabatiing. Negative
contributions would imply relatively warm latitudes with net diabatic cooling, atigely cold
latitudes with net diabatic heating. We know that on average, the relativeiy Veditudes—
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the low latitudes—have an excess of diabatic heating, while the relatively dildiEs—the
high latitudes—have an excess of diabatic cooling (e.g., Peixoto and O8#8).119ence (.,

is by far positive, becaugé7’)]” and[(Q)]” are strongly correlated. This is not the casé&of

for example. In terms of deviations from the time and zonal-means, there ischosgong
correlation betweerT")* and(Q)*, or betweeril” and@’. Most of the processes leading to
the generation oP, cancel each other, such that globally, this term ends up being verytolose
zero, or even slightly negative (Lorenz, 1955; Romanski, 2009).

The fact that[(T")]"” and [(Q)]” are so highly correlated implies thét,, should have a
distribution similar toP,,,. For example, the vertical profile 6f,,, should have characteristics
very similar to those ofP,,, although with different units. We do not find any reason for
this high correlation to change significatively in a 2xC€imate. The pattern of change of
G, must be very similar to the pattern of changel®f due to CQ-doubling. This means
that we can extend our analysis regardifg to G,,,: having in mind that,,, should behave
in a very similar way toP,,, we can conclude that the increaseGt), in the upper region
is related to the strong increase in horizontal temperature variance duettogtoal upper-
tropospheric warming. This assumes that in this upper region, the cometsgtioveer|(T")]"
and[(Q)]” becomes stronger due to the larger meridional temperature gradient. dieask
of G,,, in the lower region is related to a combination of the increased mean static stabdity du
to the upper tropospheric warming, and the decreased meridional tempegeadient due to
the high-latitude surface warming, which should decrease the correlatare®n|(7)]” and
[(@)]" near the surface. This dual responsé&gf 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 thespmneling con-
clusions:

» The energetics response to a £@ubling of the higher resolution runs is consistent
with the results obtained with the lower resolution runs. The amplitude of themssjis
slightly smaller in the higher resolution runs. This is not surprising becaesgahming
pattern has also a smaller amplitude. Therefore, the conclusions reg#rdirguilib-
rium 2xCQ,-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 &ffectsp?,,
due to changes in horizontal temperature variance and mean static stalilit akso
affectG,, in a similar way. This explains, without considering other conceptual models,
how the warming pattern can cause the whole energetics responsetigivehanges in
G, drive the changes in strength of the LEC.

» The additional transient and stationary eddy decomposition of the LESalexy that the
main energetics response is determined by the response of the transignéservoirs
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P, and K. and by the corresponding energy conversion ratésX,,, P;.), C(Pie, Kie)

and C(Kye, K,,,)). The response of the stationary eddy reservélisand K., and

of their corresponding energy conversion tet(s,,,, Pse), C(Pie, Pse), C(Pse, Kse),
C(Kse, Kie) and C(Kse, K,,) is very small compared to the transient component re-
sponse. The response Bf, reflects some features due to the regional warming pattern
over several subtropical deserts, but this does not involve or irdfduanall the main
energetics response. We argue that the main energetics responsedbitiout the
transient and stationary decomposition corresponds to the transientegjbhnse. In
order to avoid adding too much complexity to our figures, we will not cartyttos full
transient and stationary decomposition in the remaining chapter. Insteaslilvstay
with the standard 4-box LEC, but now having in mind that the main 2x@3ponse 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 aeneapthe coupled
ECHAM5/MPI-OM atmosphere-ocean model due to higher,@0ncentrations. We do this
by diagnosing changes in the Lorenz Energy Cycle (LEC) (Lorer&19

Using a coarse resolution (T31L19 for the atmosphere and GR30L4thdoocean) we
examined two 50-member ensembles, each consisting of 10-year trangientrents with
3% COs-increase per year, and one equilibrium 2xG0n, comparing these to a pre-industrial
1xCO, experiment. Then, we used a higher resolution version of the same caupledel
(T63L31 for the atmosphere and GR15L40 for the ocean) to verify thdiledgum 2xCG,
response of the coarse resolution runs, and to perform an additianaleént and stationary
eddy decomposition of the LEC.

We obtained three main conclusions:

» Globally, the LEC weakens with higher G@oncentrations. There is less conversion
of available potential energy into kinetic energy. For a doubling of Gfis reduction
is of approximately 7% and of 4% in the coarse and higher resolutionseatsgy.
By splitting the atmosphere at an isobaric level near 350 hPa, we find thratitha
consistent pattern of strengthening of the LEC in the upper region andcakewag
below. This dual response is related to the zonal-mean warming patterrotissts
of a maximum warming in the tropical upper-troposphere and at high latituehastine
surface. Changes in horizontal temperature variance cause ansm@tR,, in the
upper troposphere and a decrease near the surface. In the fpespinere (roughly
between 700 and 400 hP&), decreases due to changes in mean static stability caused
by the upper tropospheric warming. These changds,jrcan explain qualitatively, via
changes in baroclinic activity, the strengthening of the whole LEC in therupgéon—
accompanied by a strong increaséip,—and its weakening below—characterized by

48



2.3 CONCLUSIONS

a decrease in the eddy reservoirs and their conversion terms. Altefgatime can
understand this dual pattern in strength of the LEC from the point of vieW&,gfwhose
changes clearly drive the changes in strength of the whole KECbehaves in a very
similar way toP,,, so the warming pattern affects it accordingly. This provides a clear
link between the warming pattern and the changes in strength of the LEC witheing

to include assumptions about baroclinic activity.

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

Due to the weaker warming in the transient (coarse resolution) experinteatran-
sient response to increasing €€bncentrations is less pronounced than the equilibrium
2xCQO, response, but consistent with it. The transient response is less voithsym-
metric than the equilibrium response, mainly because of the stronger rotth-as-
symetry in the warming pattern of the transient runs. The Northern Hemsprams
much faster than the Southern Hemisphere, likely due to a coupled feepiioaess that
tends to maintain the latitudinal temperature gradient over the Southern Ggdamd
Saenko, 2006; von Storch, 2008).

The decomposition of the eddy reservoirs into transient and stationdigseshow that

the energetics response we describe above affects mainly the tramsieotshe station-

ary eddy components. In order not to increase the complexity of the LE@nirs t&f the
number of terms to consider, we will continue with the 4-box LEC (without thesieant

and stationary eddy decomposition), but having now in mind that the maineditsrg
response to higher GQconcentrations 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 atmospherengof the Lorenz
Energy Cycle (LEC), respond to higher @@oncentrations in the coupled atmosphere-ocean
model ECHAMS/MPI-OM. We found that the main response is closely relatébde@onal
mean warming pattern that has two main features: a tropical upper-tragasprarming,
and a high-latitude surface warming. This relationship holds if one assumeshanges in
horizontal temperature variance and in mean static stability can drive thgtsteaing and
the weakening of the LEC in the atmosphere. We came to this conclusion begadsund
two opposite responses that are spatially separated: the strengthenivegLdfC in the up-
per troposphere, and its weakening below. One could naively intelliiseas a separation
of the effects of the two main features of the warming pattern, because fdasees show
up in the same separate regions where the net effects are found (tivaltkegrming in the
upper troposphere, where the LEC strengthens, and the high-latitudangabelow, where
the LEC weakens). However, this is not necessarily true becauseftiutsesf each feature
of the warming pattern may extend beyond the region where the warming thas g-or
example, the upper-tropospheric warming enhances the mean static stahilityhbut the
lower and middle troposphere, but not in the upper troposphere. FFuthe, the high-latitude
surface warming reduces the pole to equator temperature gradient@earfdrce, but the con-
sequences of this in terms of changes in baroclinic activity could extendghooit most of the
extratropical troposphere. Hence, we only made a qualitative connéetiaeen the warming
pattern features and the energetics response.

The separation of the energetics response that we carried out in €Rajues not imply a
separation of the effects of the two main features of the warming patterng bgilmbal climate
model, the most direct way of determining the effects of each feature ofahming pattern is
by imposing each of these features to the coupled model separately, arel/gdteating their
response. By taking this approach we expect to understand in more limtathe warming
pattern causes the energetics response to doubling 9ti€seribed in the previous chapter.
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We carry out experiments in which we artificially produce specific warmitigpss by using
spectral nudging—instead of increasing &fncentrations—and then analyse their energetics
response. These experiments are not realistic in the sense that the invposeéo patterns are
not anatural responsef the system. The natural response of the atmosphere te alG@ling
of the temperature field results from a complex combination of processdeeudtiohcks, and
consists, according to our coupled model (and to most climate models), gbiealrapper-
tropospheric and a high-latitude surface warming. In order to simulatetiveseatures of the
2xCQO, warming pattern separately, we need to include in each experiment diftetdicial
diabatic heating and/or cooling terms. Using such a complex and realistic doupléel as
we do, this is the only way to achieve a steady state with such warming patteferemtif
from the "natural” one. However, the fact that the warming patterns weadiane part of the
"natural” warming pattern facilitates this task. Furthermore, by showing tleatetsponses of
these separate warming patterns combine linearly to produce the respbtisegill warming
pattern, it follows that the separate responses are a valid and usgfalfwaderstanding the
combined (and intrinsic) 2xC{response.

To our knowledge, there have been no previous attempts to study the a@riogpeponse
due to specific warming patterns in terms of the global energetics. Nevethséveral studies
are closely related. O’Gorman and Schneider (2008) use an idealizedg®anégal circulation
model to which they apply two radiative forcings that simulate (a) the totatteffehigher
greenhouse gas concentrations or (b) changes in meridional tempegeddient. They find
that eddy kinetic energy in mid-latitude baroclinic zones scales approximatelriynwith
available potential energy, and can therefore be related to changestireth@l structure of
the atmosphere. This is consistent with our results from the previous chaydté does not in-
clude the response of the energy conversion rates. In another lsiedgynd Simmonds (2009)
conclude that the tropical upper tropospheric warming is the main causleefeeduction in
frequency and depth of the Southern Hemisphere winter extratropicialh®s, due to changes
in static stability. They find this by using an atmospheric general circulation Inagttea rela-
tively coarse resolution to which they introduce idealized warm anomaliesninat specific
warming patterns. Other studies (e.g., Geng and Sugi, 2003; Bengtsabn2009; Sienz
et al., 2010) analyse in detail the responses of extratropical cycloveartoer climates, but
without separating the different features of the warming pattern as wemahd Simmonds
(2009) do. Furthermore, although the behavior of extratropical cgslés closely related to
the energetics response, it is only one specific feature of it (mainly refatibe eddy kinetic
energy reservoir). We do not aim at studying specific events in det&] het rather to obtain
a general view of the global energetics response. This could in tugnfoffther fundamental
support to previous (and future) studies that deal with the resporesédrafropical cyclones.

In the following section we describe the model runs we use and the temgeratdging
method we apply in order to produce the specific warming patterns. Sectiole&c8bes the
energetic responses of the forced experiments, followed by the lasirseghere 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 atnrespbean
ECHAM5/MPI-OM general circulation model developed at the MPI for Metdogy in Ham-
burg. The atmosphere component is ECHAM5.4.01 (Roeckner et al.) iB3T63L31 reso-
lution (=~ 1.875° x 1.875° and 31 vertical levels), coupled —without flux corrections— via the
coupler OASIS3 (Valcke et al., 2004) to the ocean component, MPI-O®lore1.3.1 (Mars-
land et al., 2003), running with GR15L40 resolutica (.5° x 1.5° and 40 vertical levels).
Therefore, both components of the coupled model we use here are vexsiens of the ones
used in Section 2.2. CQconcentrations are fixed to preindustrial levels (280 ppm) in all inte-
grations. They differ only in the forcing applied to the temperature fieldeaed by means of
spectral nudging (see subsection 3.2.2). The experiments are:

» CTRL: The control integration with no forcing (comparable to the 1x@ans from the
previous chapter).

* FULL : An integration with a forcing such as to produce a "2xClBe” zonal-mean
warming pattern according to the simulated pattern from Section 2.2. This isdee
tropical upper-tropospheric warming, and the high-latitude surfacenimgt This run
is expected to reproduce the 2xg&@nergetics 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 ipatter
where only the tropical upper-tropospheric warming is present.

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

All experiments start with a spin up run (see subsection 3.2.3) and are éallby a 50-
year integration with equilibrated temperature field. This 50-year periodaf experiment is
analysed below. The aim when applying the temperature-nudging to the isddeleach a
certain time and zonal-mean warming pattern relative to the control run (GERLdicated
above. Therefore, a plot of such a warming pattern for each of tledamuns characterizes
their forcing. Figure 3.1 shows the time and zonal-mean warming patterns tfrdesforced
runs, FULL (upper panel), UP (lower left panel) and SFC (lower rjgrtel). In the three plots
the time and zonal mean temperature field of CTRL is shown as contour lingbeFdetails
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 diffen@del integra-
tions is achieved by using a nudging module developed for the atmospheria EOHAMS.
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Figure 3.1: Time and zonal-mean temperature change (color shiadgdl) L (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. (198%gs newtonian
relaxation of temperature, vorticity, divergence, surface pressuwtesa@a surface temperature
(SST), and is originally intended for adjusting the model output to obsenstibhere is one
nudging coefficient assigned to each variable, which determines theeelatight given to the
observations and to the model on each timestep. Krishnamurti et al. (199%)the nudging
according to
X1(t+dt) + 2NdtXo(t + dt)
14 2Ndt ’

where X (¢t + dt) is the predicted value oK (¢ + dt) prior to nudging, andXs(t + dt) is

the future value towards which the nudging is aimed &tis the nudging coefficient. This

is implemented in the ECHAMS5 nudging module with a slight modification of the nudging
coefficient (. Kirchner, personal communication):

X(t+dt) =

(3.1)

X(t+dt) = AX;(t + dt) + BXo(t + dt), (3.2)
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where
1 2N dt

“ioova M B iTonar
The inverse of the nudging coefficienk reflects the relaxation time. Typical values used
to match reanalysis data correspond to relaxation times of 6 to 48 hourg)dilegpen the
considered variable. Additionally, because the nudging is done in speuide, it is also
possible to nudge only specific wave numbers.

A (3-3)

3.2.3 Procedure for temperature nudging

In this study we are not interested in matching observations, but rathesdugng a specific
atmospheric warming pattern. Therefore, the way we use the nudging modilitghidy dif-
ferent to the "standard” way of nudging. Before describing the stapsed out to produce the
temperature-nudged experiments, we will describe the main differenoeis ofethod with the
"standard” one:

» Only the temperature field needs to be nudged. The ideais to introduce tdiatzang
consistent with a chosen warming pattern, and at the same time to allow the atnmsphe
dynamics to freely adjust to this forcing. Therefore, the nudging caefiis of diver-
gence, vorticity and surface fields are set to zero. From here omuidiging coefficient”
refers to "the temperature nudging coefficient”.

* We nudge to a constant temperature field, as opposed to the usualleasetime vary-
ing observations are used. This implies that the nudging coefficient mastddeenough
not to constrain the natural variability of the model. After several testspwed that a
nudging coefficient ofV = 0.01 x 10~° s™! (relaxation time of~ 116 days) is small
enough not to constrain the natural variability in the model. We verified (raws here)
that the variability from daily to inter-annual timescales is not affected by tiuging
procedure when we use such a long relaxation time and nudge only zamahumbers
0 and 1 (see below).

» The forcing we want to apply is a zonally symmetric temperature field. Thergive
must only nudge wave number 0 (global mean) and wave number 1 (zoaa) niigher
zonal wave numbers are not nudged. This also avoids unnecessatyaining of higher
frequency variability in the model.

The whole nudging procedure is based on the 2x@@rming pattern obtained with the
T63L31 resolution in the previous chapter (Fig. 2.13). The temperatuds fieat we use as
nudging fields are obtained by adding a warming pattern to the time and zonaltemeper-
ature field of CTRL. The warming pattern we add is constructed from théO2x@arming
pattern obtained from the last 50 years of the 1%/yeag-DCrease experiment to doubling,
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described in Section 2.2.2. For example, the nudging field for FULL wouijdsighe zonal-
mean temperature field of CTRL plus the 2x£®@Warming pattern. However, such a tempera-
ture nudging-field does not produce enough warming because of thiensiging coefficient.

In order to obtain the desired warming pattern, we must add a "modified” 2XZsming
pattern to the CTRL temperature field. This modification is an amplification (orctiuf) of
the warming, level by level. That is, we multiply the warming pattern by "amplificatioef-
ficients”, which are numbers assigned to each vertical level. The vafubese amplification
coefficients are determined by trial and error, until the desired time aral-pogan warming
pattern is achieved (and in equilibrium) for at least 50 years.

For the FULL integration, we obtained the warming pattern (Fig. 3.1, ab®hean ampli-
fication coefficient of 5.9 at the lowest level, then decreasing this nunperzero at 250 hPa,
and increasing it again up to 3.5 at the upper most level (10 hPa). Théniegiewo nudged
integrations (UP and SFC) are obtained in the same way, but using differgtification co-
efficients. For UP we use an amplification coefficient of -3.8 at the lowest,18.1 at 250 hPa,
and 3.0 at 10 hPa in order to obtain the warming pattern in the lower left paRejwe 3.1.
For SFC, we used 11.2 at the lowest level, -7.5 at 250 hPa and 0.0 aia]l@MbiRining then
the warming pattern in the lower right panel of Figure 3.1. Note that we ugatine values in
certain regions, which imply a cooling forcing. This is due to the strong link eetwthe two
features of the warming pattern. It is well known (Held, 1993; Held arade8p2000; Bengts-
son and Hodges, 2009; Sherwood et al., 2010) that the tropical-tnmpaspheric warming is
an amplification of the surface warming due to deep convection. Theréfiooeder to warm
only the lower levels, we must apply a strong cooling forcing in the uppepsipere. Sim-
ilarly, warming the upper troposphere tends to warm the lower levels of thesptmace, but
not as strongly as the previous case. Therefore, the cooling forerapply at the surface in
UP (-3.8) is not as strong as the cooling forcing we apply at 250 hPa iR (-7.5). At
the end, the amplification coefficients result from a large number of integsatvith different
values to match the warming pattern.

Note that these coefficients, which amplify differentially the warming patternanemper-
ature nudging field, are the ones that allow us to achievadttificial warming patterns that
are different from the@aturalwarming pattern of the system, despite the small values we must
use for the nudging coefficients. As we noted in the introduction of thistehape fact that
the warming patterns we aim at are derived from the natural 2x@&ming pattern makes it
easier to obtain them with the help of these amplification coefficients. Obtainieg otkich
different warming patterns, like for example a completely homogeneous @usgl Wwe almost
impossible because the model reacts with strong inhomogeneities. The "typnotgss of the
amplification coefficients for such a warming pattern would be far too compticate time
consuming.

The annual time series of the complete integration time of the four experiments3(E)g
give a good idea of the temporal evolution of the different experimentssiwe time series
of global mean surface temperature and global mean temperature at2b@dw#ise these two
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guantities are closely related to the two main features of the 2x@&@ming pattern that we

want to study

plots in Figure 3.1 are computed from the last 50 years of each integratici (thes in
Fig. 3.2). The largest trend in these periods of the 4 experiments is foud80rof CTRL and

SFC, estimated by simple linear regression to be 0.003 K/year, i.e., an inofeadg 0.15 K

in 50 years. Such a trend is small enough so that these 50-year peaiolde considered as in

equilibrium.
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Figure 3.2: Annual time-series of global mean surface temperatbo¥€¢) and global mean temperature at 250 hPa

of the CTRL, FULL, UP and SFC experiments. Thick lines corresponda&€thyears used for the computations in
this chapter, in which the desired steady state was reached. Dashealirespond to the period prior to reaching

the desired warming pattern and/or when the atmosphere is not yet in équilib
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3.3 Energetics response of the temperature-nudged
experiments

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

3.3.1 2xCO.-like warming pattern (FULL)

The last 50 years of the FULL experiment pro- FULL — 2xC02 (K)
vide a zonal-mean warming pattern that is very s

similar to the 2xCQ one. Figure 3.3 reveals 2o
how similar the warming patterns of FULL and
the 2xCQ experiment are. The only difference
in the troposphere between the two warming paf ZZZ
terns are located near the surface at high latl-
tudes. North of 60N and below 700 hPa, FULL
is slightly warmer, but with less than 1 K differ- oo
ence. The bias south of 88 has opposite sign, 1000, o7 T
is slightly larger in amplitude near to the surface, s T o505 1 152

but is restricted to the region below 900 hPa. Afrigure 3.3: Difference in the zonal-mean warming
plying a stronger temperature nudging could deatterns of FULL and 2xCQ) in K (upper panel of
crease the bias in the Southern Hemisphere, fifure 3-1 minus Figure 2.13). Positive values indi-

. - . cate stronger warming (or weaker cooling) in FULL
would increase it in the Northern Hemlsphereebmpalred {0 the 2xCOcase.

unless we use latitude-dependent amplification

coefficients (see Section 3.2.3). Anyway, these differences aremgetdémough to justify this
additional complication.

There is also a difference in the upper levels between the two warming gatidre strato-
spheric cooling of the 2xC&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 oft8©2warming
pattern because (@), our study focuses in the troposphere; (b), thed dues not have enough
vertical resolution in the stratosphere in order to describe detailed pexcdsere; and (c),
because trying to do this would introduce an unnecessary complication ttuttieg” of the
nudging procedure.

We consider FULL's warming pattern sufficiently similar to the 2xG@arming pattern so
that we can use it as our "2xG@ike” integration. With FULL we want to verify if the 2xC©
energetics response from Chapter 2 can be reproduced by addiapatiad forcing to the
atmospheric component of the coupled model—via temperature-nudging+dtothe 2xCQ
zonal-mean warming pattern, instead of increasing, €@ncentrations. If this is possible,
we can use this temperature-nudging method to investigate the effect aokdiff@arming
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patterns with confidence that the results will have physical meaning, exeghtihey might not
represent realistic situations (such warming patterns may not show uglhaiarthe Earth’s
atmosphere). Nevertheless, they can be very useful in order togtadéthe dynamical effects
of the 2xCQ warming pattern.

Lorenz Energy Cycle response

We analyse here the energetics response of FULL relative to CTRL in tdramanges in the
Lorenz Energy Cycle (LEC), in the same way we did it for the 2x@&0ergetics response in
Section 2.2. We use the same methodology, computations and notation as inrQhajxee
we do not decompose the eddy components into transient and station&y. eddtead, we
consider them together, having in mind that the main 2x@@ergetics response is given by
the transient eddy components.

Comparing the LEC values in Figure 3.4 with the ones in Figure 2.14 revealsrey sim-
ilarity between the CTRL experiment and the 1xCéontrol run from Section 2.2, as well as
between the FULL experiment and the 2x£&uilibrium run. The first similarity is expected,
since both runs have the same external forcings and use similar vers$itnessame coupled
model. The second similarity is a first indication that the energetics respbdselding CG,
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Gm _ Dm _ -
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Figure 3.4: (a) 2-box and (b) 4-box diagram of theFigure 3.5: (a) 2-box and (b) 4-box diagram of the
LEC-terms for CTRL (top line, gray) and FULL (botr changes in energy generation, conversion, and dissipa-
tom line, black). Generation and dissipation termgion rates in the LEC for the FULL experiment, evalu-
(in parenthesis) are obtained as residuals. Units [amted from Figure 3.4. Units are WTA. Arrows indi-

10° J m~2 for reservoirs and W m? for conversion, | cate the direction corresponding to positive values; neg-
generation and dissipation terms. Arrows indicate thative values imply opposite direction.

direction corresponding to positive values; negatjve

values imply opposite direction.
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concentrations can be reproduced with our temperature-nudging methedargest differ-
ence between two corresponding generation terms is of 0.02-WimC (P,,, P.), in both
pairs of experiments (CTRL and 1xGCand FULL and 2xC@). That is a relative difference
of less than 1%. The reservoirs differ slightly more, but still, their largastirve difference is
of 1.2% (in P.). Furthermore, it is the energy conversion rates that best descrilead¢ngetic
activity of the atmosphere, and not the reservoirs.

Of course, if the two integrations (CTRL and FULL) are very similar in termthefLEC
to the previous 1xC®and 2xCQ 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,@0ubling.
The overall weakening of the cycle in FULL is slightly stronger, of -0.12 Wprcompared
to -0.10 W n12 due to CQ-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 &&&lelrm in FULL are
similar to the 2xCQ ones. Clearly, there is no important difference between these vertical
cross-sections (Fig. 3.6) and the ones corresponding to the 2x@€2 (Fig. 2.16). Every
LEC-term shows the same patterns of change when increasing the tempésatiie nudging
method, or when doubling CQroncentrations. Along the path,, — P. —» K. — K,, we
find the same patterns of increase in the upper troposphere and dcoedas, just as in the
2xCQ, case. Even the two symmetric regions whBréncreases around 3N and 30'S, which
correspond to changes i 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 energetigmonse and
the 2xCQ energetics response in terms of the global LEC and the vertical crossrsecould
be enough to "validate” the temperature-nudging method we use here. velowee want
to compare the other temperature-nudged experiments (UP and SFC) witmeh{§LL)
because these three runs are fully consistent in terms of model versi@etup. The 2xCQ
run was carried out with an older version of the coupled model. Thexeéord for the sake
of completeness we will also analyse the split-LEC and the changes relatedrtetn static
stability, as we did with the 2xC£run in Section 2.2.
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Figure 3.6: Vertical cross sections of the 4-box LEC terms for the CifiRigration (contours), and their change
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Splitting the atmosphere

Following the same steps as with the 2xC@nalysis, we now split the atmosphere with a
horizontal boundary at 340 hPa, and evaluate the LEC-terms in the apddower region.
Additionally, we must compute the corresponding fluxes at the boundaeyQkeapter 2 and
Appendix A). The values for this split-LEC (Fig. D.3 in Appendix D) areywsimilar to the
2XCO, split-LEC values (Fig. 2.20). However, we will focus on the energetispanase as
measured by the changes in the energy generation, conversion apdtissrates (Fig. 3.7).
Once again, comparing this response with the 2x@&ponse (Fig. 2.21) reveals that both
experiments show the same features: a strengthening of the LEC in thereppmer, and a
weakening below. Furthermore, the magnitude of these responsesiiyraientical in FULL
relative to CTRL as due to the doubling of @@oncentrations.

Static stability

The last quantities we would like to compare between the FULL integration an2xtb®,
integration are the changes in the vertical profiles of the inverse mean s$adtiilitys gamma
(), and of zonal-mean available potential energy,].

Regarding the relative changes-pin FULL (left plot in Figure 3.8), a comparison with
the 2xCQ relative change (Fig. 2.22) reveals how similar they are. From the sudjpdo
500 hPa the two profiles are identical. Above this level, the profiles reach ianorm (or
maximum decrease) around 400 hPa. This minimum is about 1% weaker in EH14%,
and=-15% in the 2xCQ case). Higher up it reaches a maximum increase around 200 hPa,
which is also by about 1% stronger in FULL (around +12%, ard 1% in the 2xCQ@ case).

In other words, the profile of FULL in this region has the same shape as #&x@@, case, but
slightly displaced towards higher values. Nevertheless, this is a very siffededce. Higher
up in the stratosphere above 100 hPa, the profiles differ more. FUldhesaan increase of
about 1.5% in the uppermost level; this level in the 2xCGfase reaches an increase of 6%.
This is due to the cooling in the stratosphere, which we have not tried tocdhegea@s precisely
as the tropospheric warming. The stronger stratospheric cooling in th®2e&se above the
tropopause accounts for a stronger reduction in static stability in the stneresfor a stronger
increase iny) compared to the change in FULL. Although this difference is clear, it afgpe
in a region that we are not considering as important as the troposphéhesfetudy. The fact
that even with this difference in the stratospheric temperature change webstilh the same
energetics response in the troposphere, corroborates this.

The profile of the change d@?,, has in general the same shape in FULL (Fig. 3.8, right panel)
and in the 2xC@ case (Fig. 2.23). However, in FULL the profile from the surface up tb jus
above 400 hPa is slightly displaced towards lower values, compared to@® 2un. Again,
this is a very small difference. For the rest, there is no significant difeere The analysis of
these two plots would lead us to the same conclusion as with the 2r@0O The decrease in
P,, near the surface, up to about 750 hPa can be attributed to changes imaemgeariance,
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Figure 3.8: Relative change of the vertical profileydfeft panel) andP,, (right panel) in FULL relative
to CTRL (difference divided by CTRL value).

because the relative changenjris not strong enough. From this level up to about 400 hPa
the decrease i®,, can be attributed to the increase in mean static stability (decreage in
The strong increase af,, above 350 hPa and below 150 hPa is clearly due to changes in
horizontal temperature variance. Once again, we assume that thegsegd6h,, which, from
the point of view of the LEC is the driver of the energetics responseg, lmeugery similar to
this P,,,-response.

In conclusion, we have verified that the 2xgénergetics response can be reproduced with
a temperature-nudged integration where we force the atmosphere withidderzean 2xCQ
warming pattern, instead of explicitly increasing the L£L&@ncentrations. The temperature -
nudged response resembles so much the 2x@8ponse, that we are confident that (a) the
nudging method works as expected, without introducing any differéettsfthan the physical
effects of the warming pattern, and (b) the 2xC&hergetics response is a consequence of the
zonal-mean warming pattern. Having achieved this, we can analyse tlgegoeresponse of
the two remaining integrations, UP and SFC, and compare them with the respfdrdLL.

3.3.2 FULL as a linear combination of UP and SFC

In order to understand the response due to the 2x@&rming pattern by studying the re-
sponses of the experiments with the decomposed warming pattern (UP anpdv@&F@ust
first verify that adding these decomposed responses results indeeelSpaase similar to the
FULL one. That is, that they combine approximately linearly. If we canmwify this, by
understanding the separate UP and SFC responses we will not gain mieristanding about
the combined, 2xC@®response (here represented by the FULL-response). In thisdidis
we will emphasise on the verification of the linearity in the combination of the twmoreses,
while we describe the main features of each response in terms of the geBaldsponse, the
vertical cross-sections of the LEC-terms, and the split-LEC resporfgs.isTa necessary step
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3.3 ENERGETICS RESPONSE OF THE TEMPERATUREUDGED EXPERIMENTS

before deepening in the analysis and understanding of the sepadases of the UP and
SFC experiments.

Lorenz Energy Cycle response

We start by looking at the global LEC-response. We are interested im#rgetics response,
i.e., the changes in energy generation, conversion and dissipation fdlese integrations
relative to CTRL, and in comparing this with the energetics response of KBig. 3.9). The
figure corresponding to FULL was already shown in the previous sedtidrwe show it again
here to facilitate the comparison. For further reference, the values afE@eterms in each
experiment (not just the changes relative to CTRL) are shown in AppdhdFigures D.1
and D.2).

First of all, UP and SFC have opposite energetics responses. We ndfdwjnter 2 how
Held (1993) pointed out the possible dual role of the warming pattern in tefrstsemgthen-
ing or weakening baroclinic eddies. The strengthening would be due toapiedt, upper-
tropospheric warming that enhances the meridional temperature gradidriheaweakening
due to the high-latitude surface warming, which does the opposite. Herenia té the LEC,
we indeed see a pronounced dual role of these warming patterns, dmityethe other way
around. The tropical upper-tropospheric warming (UP) causes kenigy of the LEC, and
the high-latitude, surface warming (SFC) causes a strengthening of BeTlis is true for
the 2-box LEC and for the patR,, — P. — K. in the 4-box LEC, which is related to baro-
clinic instabilities. On the other hand, the conversion tér(i., K, ), which is related to the
barotropic processes, behaves differently. Instead of decreiaduifg it increases, whereas in
SFC it does not change significantly. This respons€@(@f., K,,) explains whyk,,, increases
strongly in UP, but not in SFC (see Figures D.1 and D.2 in Appendix D). Weeturn to this
later in this chapter.

Second, it is the energetics response of UP the one that best reseitdblés &nergetics
response. Furthermore, if we add the energetics responses of I3F@nd/e obtain a response
even more similar to FULL's response. We can reproduce the FULL nsspby adding the
energetic responses of the decomposed warming pattern. Figure 3nthkroesult of adding
the UP and SFC responses. This suggests that the 2e8€¥getics response behaves rather
linearly with respect to the two main features of the warming pattern. Thoughaveglightly
stronger weakening effect, this is very similar to the FULL energetics ressp@-ig. 3.9, upper
panel). In conclusion, we find that regarding the global LEC, the URPnivey pattern causes a
weakening of the LEC, whereas the SFC warming pattern causes a sémgingtbf the LEC.
Additionally, the sum of these two responses is very similar to the FULL resspon
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Figure 3.10: Energetics response of UP (left panel, Fig. 3.9 plusirgetics response
of SFC (right panel, Fig. 3.9. Units are WTh. 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 tEB€-te UP and SFC
(Figures 3.11 and 3.12), and compare them to the FULL experiment (F)g!3!§th cases we
observe a dual response of the LEC-terms: a decrease below, armlease above. Neverthe-
less, the magnitudes are different in each experiment, as well as the altiuts3 (Fig. 3.11)
the decrease response is stronger than the increase responssgsnhe8FC (Fig. 3.12) the
increase response is stronger than the decrease response. rirorghehe increase response
in UP shows up at a higher altitude than the increase response in SFCllyd¢healtitude
of the increase response in SFC roughly coincides with the altitude of tmeadecresponse
in UP. Visual inspection of the patterns in figures 3.6, 3.11 and 3.12 sisgpes the increase
response in the upper troposphere is due to both the SFC and the URsespaut predomi-
nantly due to SFC. On the other hand, the decrease response belowtastide¢JP response,
and partly compensated by the SFC response. This suggests again thad SPFC combine
approximately linearly to produce the FULL response.

We have verified this by plotting the differences between the FULL-plotsteadJP and
SFC-plots in Appendix D. Figure D.4 depicts how much of the FULL resp@get repro-
duced by the UP response. In terms of the decrease-response in exdldpt for the northern
high-latitudes inP,, and ., the UP response reproduces it rather well. However, in terms of
the increase-response in the upper troposphere, the UP-respansassstrong as the FULL-
response. Finally, note the strong resemblance between the patterns i@ Biguand the
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Figure 3.11: Vertical cross sections of the 4-box LEC terms for the ICiffegration (contours), and their
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patterns in Figure 3.12. This means that the fraction of the FULL-respoasé&sthot repro-
duced by the UP-response is captured by the SFC-response. Agaumsalmonclusion results
from the difference between the vertical cross-sections of FULL &t (&ig. D.5). Note now
how similar these vertical cross-sections are to the ones of the UP-sesfféig. 3.11). This
means now that the fraction of the FULL-response that is not reprdducehe SFC-response
is captured by the UP-response. This would imply that adding the UP andr&¥pGnses
should reproduce the FULL-response, and indeed, this is the caseénglbe difference be-
tween the FULL-response and the sum of the UP and SFC-respomngeb @) reveals almost
no patterns. Clearly, considering the sum of the two responses not apiyres the global
LEC-response of FULL, as seen in Figure 3.10, but also the patternapige in the vertical
cross-sections of each LEC-term. The plots in Figure D.6 show very smalitades com-
pared to any of the other vertical cross-sections plots, and the pattarcredse in the upper
troposphere and decrease below has disappeared. We can cdhalydeterms of the vertical
cross-sections of the LEC-terms, the responses of UP and SFC compioianately linearly
to produce the FULL response.

Splitting the atmosphere

The next step, given that both UP and SFC show a pattern of increése DEC-terms in the
upper-troposphere and decrease below, is to analyse the split-L&@slwe did with FULL,
we split the atmosphere at the isobaric level of 340 hPa. The values oftibr &nd 4-box
split-LEC diagrams of UP and SFC are shown for further reference peAgix D (Figures D.7
and D.8), but we analyse here the changes relative to CTRL (FigurgaBdl3.15).
Regarding the 2-box LEC (Fig. 3.13), the respons€ @P, K), which is the one we calculate
directly from the model output, is a weakening in both regions—above dod 340 hPa—in
UP, although much more pronounced in the lower region. In SFC it streamgihehe upper
region, and slightly weakens below. Adding up these two responsesntdIBREC, gives a
response that is remarkably similar to the FULL response (see Figure 3[hi§ confirms
again the strong linearity in the combination of the two effects of the warming patter
Regarding the 4-box LEC diagrams (Figures 3.15 and 3.16), we find tgithe response
of FULL seems to be decomposed into the UP and SFC responses. Wlien théde two re-
sponses (Fig. 3.16), we obtain once more a response remarkably similaROlth response.
From figure 3.15 we can conclude that the strengthening response ipgleregion through-
out the pathP,, — P. — K. is caused by the SFC warming pattern, whereas the weakening
response in the lower region throughout this same path is mainly caused b tharming
pattern. The contribution to this weakening by the high-latitude surface wgr@ihough not
zero, is much smaller. On the other hand, the strengthening of the comvensioC' (K., K,,)
in the upper region is caused by the tropical, upper-tropospheric warasmge saw before in
the globally integrated LEC. This suggests that UP has a weakening ieftbet lower region
in the terms related to baroclinic instability, but a strengthening effect in therupgion in the
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Figure 3.13: 2-box diagrams of the changes in energy generatioveision, dissipation rates, and boundary fluxes
in the LEC split at 340 hPa for FULL (upper panel), UP (lower left paael) SFC (lower right panel) relative to
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Figure 3.14: 2-box LEC diagram of the changes in energy generatonersion, dissipation
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W m~2. Arrows indicate the direction corresponding to positive values; negasilues imply
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Figure 3.15: 4-box diagrams of the changes in energy generatioveision, dissipation rates, and boundary fluxes
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Figure 3.16: 4-box LEC diagram of the changes in energy generatamersion, dissipation rates and
boundary fluxes in the LEC split at 340 hPa for UP + SFC relative to CTRiits are W nT2. Arrows
indicate the direction corresponding to positive values; negative valysyg apposite direction.

conversion related to barotropic processes. On the other hand, SRCshr@ngthening effect
in the upper region in the terms related to baroclinic instability, and very littleteffsewhere,
except for a small contribution to the weakening P, , K. ) in the lower region.

Thus, we can conclude that also in terms of the split-LEC, adding the resparf UP and
SFC provides a very good approximation of the FULL response. With theshave been
able to verify this linear behavior in terms of three different aspects of. &@-analysis: the
global LEC-response, the changes in the vertical cross-sectioasloferm, and the split-LEC
response. Studying the individual responses will therefore help iarstahding the combined
FULL energetics response, a good proxy for the 2x@@ergetics 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 expgrimevhich
the warming pattern consists of a strong warming in the tropical upper-popos, with its
maximum around 250 hPa (see lower left panel of Figure 3.1). In thegqu®gubsection we
pointed out the principal features of the energetics response of thesiegnt. We will now
analyse them in 5 steps that correspond to the main changes of the LEC iaghis c

1. Change in strength of the 2-box LEC((P, K)).
2. Changes in the conversion ter@isP,,, P.) andC(FP., K.) (baroclinic response)

3. Changes i’ (K., K,,) (barotropic response)
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4. Changes (P, K,,) (changes in merdional overturning circulations)

5. Changes in the energy reservoirs, in particlfar 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 relat®@Ri. (C'(P, K)
decreases by 0.23 WTH, 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 experimentehin
the 2xCQ case. We can conclude from this that the overall weakening of the LECGalu
CO,-doubling is due to this tropical, upper-tropospheric warming, and notaltiee surface
warming. Actually, the high-latitude surface warming counteracts this waadgartly, be-
cause its global effect is a strengthening of the LEC (we will return to this)laidote that
when splitting the atmosphere at 340 hPa, it is clear that the strongestnireakagnal of the
LEC is in the lower region, even though the main feature of this warming pattdocdsed
above, around 250 hPa. The fact that the LEC weakens due to this wipatitern suggests
that the mean static stability effects are more important than the horizontal teéorperari-
ance changes for the energetics response.

2. Changes in C(Py,Pe) and C(P¢,Ke) — baroclinic response

The global weakening of the LEC is a result of a weakening responsghrcbnversion terms,
C(P.,K.) andC (P, K,,), with the former having a larger contribution. The contribution
of C(P,, K.) to the weakening is accompanied by a strong decrease in the conversion ter
C (P, P.). This combination is an indication of a decrease in baroclinic activity. Budrbef
talking about baroclinicity, we will analyse this response from the pointi@f\of the LEC
itself, as we have done for the 2xg®xperiments.

Just as in the 2xCOexperiments, the strongest weakening of the LEC appea&s,inthe
generation rate of,,. In UP, the weakening of7,,, is even stronger than in FULL or in the
2xCO, case: 0.40 W m? less, a decrease of almost 17%, compared to 10% in FULL. This
weakening becomes less pronounced as one follows the conversiontbeaugh the path
P, — P. — K., suggesting that the main driver is thg,-response. In the 2xC{rase we
assumed,, and F,,, should behave in a similar way because both are proportioraltioe
inverse mean static stability), and because we exjg@gt” to be highly correlated with(Q)]

(see Section 2.2.3). Therefore, analysing the chang®s,ioould be useful for understanding
the changes it,,, as long as this assumption remains valid. Figure 3.17 shows the relative
changes of gammay] (left) and 7, (right) in the three temperature-nudged experiments.

First of all, note that the relative changes~ofn UP and FULL are very similar, whereas
the relative change in SFC has a completely different vertical profile. Adrder from this
that the changes in mean static stability in FULL (or in the 2x@Rperiment) are mainly
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Figure 3.17: Change in the vertical profile pf(left) and P,, (right) in FULL (filled circles), UP (empty
circles) and SFC (triangles) relative to CTRL. The thick dashed vertiaaitidicates zero relative change.

due to the tropical, upper-tropospheric warming. Howeverthelative changes in UP and
FULL differ in magnitude. The decrease gfthroughout the whole troposphere is about 3-
5% stronger in UP than in FULL. Without the surface warming, the stabilizifecebf the
upper-tropospheric warming is expected to be stronger due to the |éfemran the lapse rate.
Despite this stronger reductionof P,,, decreases less in UP than in FULL from the surface up
to about 500 hPa. This implies that the horizontal variance of temper&{iiié’?, must have
increased enough to overcome the additional decreaseTihis is not surprising, because the
UP warming pattern increases the horizontal temperature variance duestmiiger warming

in low latitudes at all vertical levels.

Nevertheless, this is not ho@,, respondsF,, decreasekessin UP than in FULL through-
out the lower region (below 340 hPa), llt, decreasemorein UP than in FULL (just agy
does). This implies that in this caB&")]"[(Q)]” does not respond likgT)]"%, andG,, here is
more sensitive to the changesyirihan P, is. In other words, the UP warming pattern causes
a much larger increase in the horizontal temperature variance than in thecpr@)|”[(Q)]”,
so that the7,,,-response is more influenced by thehanges, whereas tlig, response is more
influenced by thé(T"))"?-response. Therefore, in this case the chang&,iare not good indi-
cators of the changes ,,,, and hence of the changes in energetic activity. Unfortunately, we
cannot draw any other conclusions regarding the effect of the elsan7")]"[(Q)]” on G,
because we have no output data of the diabatic heatingxaBat the fact that=,,, decreases
more in UP than in FULL, just as and the conversion terms(~,,, P.) andC(P., K.) do,
indicates that the increase in mean static stability is the main cause for the @eicrésgs,
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hence for the weakening of the LEC in UP. This stabilizing effect dominatestbe effects
due to changes in horizontal temperature distribution.

An simple way of understanding this response is that such a warming patijnwhich
tends to reduce the lapse rate and therefore create more stable conditiob@satmosphere,
will be less favorable for vertical motions in the atmosphere. This means dasgrsion of
available potential energy into kinetic energy, becals®, k') consists of rising of relatively
warm air and sinking of relatively cold air (see Eq. (A.3) and (A.5)). ¢&era weaker LEC.

We can also understand this response from the point of view of baraglioltanges. The
conversion ternC'(P,,, P.) represents how the eddies transport heat horizontally along the
meridional temperature gradient (first term on the right side of equatid)j)Aand vertically
along the vertical temperature gradient (second term on the right sidpiafien (A.2)), with
the horizontal transport being the dominating term. At the same time, rising tvedyavarm
air and sinking of relatively cold air in the eddies converts this eddy availadtiential en-
ergy into eddy kinetic energy{(P., K.)). These processes are related to baroclinic activ-
ity (Peixoto and Oort, 1992). Baroclinic instability is associated to verticadrsimethe mean
flow, which due to thermal wind balance, imply horizontal temperature gresdiérhe latter
provide the energy source through the associated available potentigly hiolton, 2004).
Clearly, changes in baroclinicity due to the warming pattern can provide usaddtional
information about the weakening of these two conversion rates from ereliff perspective.
In the following, we will provide further support to our results by consiig two different
measures, without carrying out a detailed analysis on baroclinicity.

The most widely used indicator for baroclinicity is the maximum Eady growth Eaely,
1949; Lindzen and Farrell, 1980; Pedlosky, 1987), given by
7132 _ o gy 7

where f is the Coriolis parameter, is the zonal wind velocityz is height, andN is the
Brunt-Vaisala frequency,/(9/4)(9? /5.), a measure of static stability. Because of the thermal
wind balance, the vertical wind shear tef g—g can be written in terms of the meridional
temperature gradiemt/? = %aﬂ. According to Lim and Simmonds (2007, 2008),,4, is
dominated by the meridional temperature gradient, and underestimates theaidity sffect

so that it does not reproduce well enough the Southern Hemispheyex8Htropical cyclone
characteristics. They argue that a more appropriate measure is thénmamstbnabaroclinic

parameter(BP) (Green, 1960; Held, 1978; Pedlosky, 1987),

_ PR M
BHN?  BHN?’

Ocady = 0.31

BP (3-5)

—1
where/ is the latitudinal variation of, and H is the density scale height, given Ig %) .
This parameter results from Charney’s model (Charney, 1947), wasabpposed to Eady’s

model, takes into account the sphericity of the earth (thragigrand does not consider an
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Figure 3.18: Zonal mean plots ot.q, (left panel) andBP (right panel) in CTRL (contours), and their
change in UP (color shaded). Only differences with 95% significanes é&e shown, based on a standard
t-test. Units are 10° s™! for cqay, BP is dimensionless.

upper boundary but a finite density scale height. Our focus is globaltrerdfore taking

the sphericity of the earth into account seems more appropriate. Hovaxeng in mind

that 0.4, 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 doectirap
performance in the context of our LEC-results.

The changes in the zonal mean pattera of;, in the UP experiment (Fig. 3.18, left panel)
are clearly dominated by the changes in meridional temperature gradi&iiFig. 3.19, left
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Figure 3.19: Zonal mean plots > (left panel) andN? (right panel) in CTRL (contours), and their

change in UP (color shaded). Only differences with 95% significane é&e shown, based on a standard
t-test. Units are 107 s~2 for M?, and 10°° s~ for N2
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panel), as Lim and Simmonds (2007, 2009) noted. Both plots show roughbathe patterns,
and in general, the increase response dominates. The maximum increasgs (and there-
fore in M? as well) are located between 30°60S between 100-200 hPa, and at the surface
near 60N and S. The increases in the upper region match with the increases in thiscgpome
in the conversion term&'(P,,, P.) andC(P., K.) (see Fig. 3.11). On the contrary, the strong
increases iw.,q, and BP (Fig. 3.18, right panel) near the surface aroundh6@nd 60S are
not visible in these conversion terms. These suggest an intensificatigrobeveard displace-
ment of the regions of stronger baroclinicity near the surface, esperidahg SH, but are not
visible in the LEC. On the other hand, the weakening of the conversion@4tes, P.) and
C(P., K.) below 300-400 hPa, which is their dominant response in this experimemtoptcan
be associated to a similar responserin,,. Nevertheless, there is a slight decrease.ip,
around 400-500 hPa in the low latitudes, and in the high northern latitudeseugég based
on this slight weakening in the..q,-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 IBP (Fig. 3.18, right panel), we see that this parameter
retains the two increase regions in the upper region and near the swiffécte are visible
in ocqqy, but Nnow reveals a clear decrease response throughout most obplsphere both
in mid-latitudes and even stronger in high latitudes, in particular in the Northemisgphere
(NH). Hence, the pattern of change B is much more consistent with the pattern of change
of C(P,,, P.) andC(P., K.). The plot of the changes iN? (Fig. 3.19, right panel) indicates
that there is a clear and generalized increagéithroughout the whole troposphere, except for
two small regions near the surface at high latitudes. This implies an increatgimstability
that we can now clearly relate to a general weakening in baroclinicity, asureshbyB P (note
from expression (3.5) tha P is inversely proportional t&v?2). In other words, the measure of
baroclinicity given byB P is more consistent with the changes we find in the conversion terms
C(Pp, P.) andC(FP,, K.) thano.qq, is, becauseB P takes into account a stronger effect of
static stability. This supports our hypothesis that the increase in mean statiitystate to
the strong upper tropospheric warming is the main cause for the weakdrnhmgldEC, and in
particular for the weakening response(&fp,,, P.) andC(FP., K.). Furthermore, it indicates
that the global effect of the tropical upper-tropospheric warming in ternfigaroclinicity is a
decrease, mainly due to the overall increase in mean static stability. This istenhsvith the
(more local) results obtained by Lim and Simmonds (2007, 2009).

3. Change in C(K¢,K,,) — barotropic response

The conversion raté€'( K., K,,,) experiences a clear increase in the UP experiment, as well as
in the FULL experiment. In order to understand the cause of this incr@dseyorth going
back to the complete expression for this term (Eq. (A.4), Appendix A).cbiéribution of each
term on the right hand side of equation (A.4) to the total valu€ @, K,,,) in CTRL, as well

as the corresponding changes in each of the temperature-nudgeitnexys, are presented in
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Table 3.1: Contribution of individual terms 6f(K., K,,) in CTRL, and their changes in the temperature-
nudged experiments compared to CTRL. Units are % @nly 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| AUP ASFC AFULL

1: u'v' (O /) 0.572| +0.039 +0.005 +0.034
2: v (/) -0.043| +0.010 -0.006 +0.002
3: W' (%1 /) 0.234| +0.026 +0.013 +0.038
4: W' (91 /5,) -0.012| -0.002 +0.001 -0.002
5: —u? (1/,)tan¢ | 0.006| +0.000 +0.000 +0.001
SUM:  C(Ke, Kp) 0.757| +0.073 +0.013 +0.073

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

Most authors (e.g., Peixoto and Oort, 1992; Boer and Lambert, 2008jd=y this con-
version rate betweek . and K,,, as related to barotropic processes. Barotropic instability is
associated to horizontal shear in the mean flow, being the kinetic energg ofaan flow its
energy source (Holton, 2004). Therefore, it does not need hudktemperature gradients
as baroclinic instability does. Looking at the general form of the terms(df., K,,) in ta-
ble 3.1, it is clear that they are indeed related to the shear of the mean flovevelo the fact
that they also include momentum eddy fluxes of the fafm indicates that they may be related
to eddy-mean flow interaction as well. Nevertheless, the eddy-mean floadtiter is not well
represented with the conventional Eulerian mean decompositions whicheweetes (Plumb,
1983; Holton, 2004). For a better representation of this process hangdsuse a formulation
based on the Transformed Eulerian Mean (TEM), which gives rise tolliasgen-Palm (E-P)
flux (Holton, 2004). This E-P flux describes the forcing of the zonalmfleav by the eddies in
terms of the divergence of the produ¢tgyv’) and(v'T”). In our LEC formulation these terms
(and not their divergences) appear distributed'{ik., K,,) andC(P., P,,), so that although
this process of eddy-mean flow interaction is somehow implicitly included, it ipossible
to obtain here a good description of it. Therefore, changes in the eddg-fitav interaction
would produce changes {fi( K., K,,,) and inC(P,., P,,), but it would be difficult to obtain a
clear picture of their response using this LEC formulation.

The changes we see (K., K,,) appear to be more related to changes in the wind shear
than to changes in the eddy-mean flow interaction, because they are artgedipy the inten-
sification of the jets (seen here as a 17%-increage€,jf), and their location also matches with
this intensification. If this is the case, we can conclude thaCtt®., K,,,) response is driven
by changes in barotropic instability and not by changes in eddy-mean ftewaation. We
can verify this by plotting the zonal mean change in the latitudinal shefas] @i UP relative
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Figure 3.20: Vertical cross-section of the latitudinal shear, ine., cos ¢ 2012<229) in CTRL (contours, left
panel), and its change in UP (color shaded, both panels), in’m ¥ertical cross-section of the changes in
C(K., K.,) in UP with respect to CTRL (contours, right panel), imn 20V m~2,

to CTRL, and comparing this with the changes(K., K,,,) (Fig. 3.20). We compute the
latitudinal shear ofu] ascos ¢@Wl/cos®)) /. but we refer to it simply agu]/dé. Note
thatd[u]/d¢ in CTRL (contours in left panel of Fig. 3.20) is always positive in the soatidl
flank of the jets, zero where the jet is strongest, and negative on themaodttilank of the
jets, as expected. This makes this plot antisymmetric with respect to the equatdnerefore
its changes (color shaded), are also antisymmetric. The strongeseshargach hemisphere
are therefore of opposite sign: a decrease in the Southern Hemispbherel £0S, and an
increase in the Northern Hemisphere arounthbthat extends upward and southward. In both
cases they imply a poleward displacement of the jets. The chang&dip, K,,) match very
well with these two regions of maximum changedim|/d¢ (Fig. 3.20, right panel). In other
words, we can be very confident that the respons@(df., K,,,) in UP and in FULL (in SFC
there is almost no change in this term) is due to changes in the horizontalo$libarmean
flow, hence to changes in barotropic instability.

The fact thatC(K,, K,,) is related to barotropic processes, wheréisd,,, P.) and
C(P., K.) are related to baroclinic processes, explains Why<., K,,) responds in a dif-
ferent way. Regarding baroclinicity, the tropical upper-troposphesiening has two opposite
effects: first, it increases the meridional temperature gradient (whichddaroclinicity), and
second, it increases static stability (which suppresses baroclinicity). & $hown in the
previous subsection that this static stability effect is responsible for thalgtidrrease in
baroclinicity. Regarding barotropic instability, thermal wind balance impliesttietropical
upper-tropospheric warming must be accompanied by stronger sulatrjgiéc(seen as a strong
increase ik, in UP and FULL). This strengthening of the jets implies stronger wind shear,
which increase barotropic instability in the jet regions. As opposed to lsimty, barotropic
instability does not depend on static stability (Williams, 2006), and therefore, , K,,,) in-
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creases in the UP experiment—and also in the FULL experiment—regardlie@ssare stable
atmosphere.

The first two terms of”' (K., K,,,) are clearly describing such barotropic processes, where
horizontal momentum eddy fluxes take place along regions of horizorgal gt the mean
flow (see Eq. (A.4) and table 3.1). In fact, the above analysis regaragyntiae first term,
which is proportional tal[u]/d¢, and whose response is the largest of all. Combining the
changes of the first two terms accounts for two thirds of the total respan€g K., K,,).
The third and fourth terms are related to a vertical shear of the mean flovouglththis does
not imply that they are not related to barotropic processes, we cancotdexthe possibility
that they are also affected by baroclinic processes. In principle, thay ceflect a mixture of
baroclinic and barotropic processes. We can focus on the third terenidethe fourth one is
very small, and shows practically no change in any of the experiments. Natdéthird term
increases by 0.026 W nd in UP and by 0.013 W m? in SFC. As we will see later, SFC is
characterized by an increase in baroclinic activity, whereas UP isatbared by a decrease in
baroclinic activity. This suggests that the increase in this term in the UPimguris not due
to changes in baroclinicity. Otherwise, we would find a stronger change iBEC experiment
and not a weaker change, as we find. Therefore, although we tcaxciade the possibility
that baroclinic processes affect this third term related to vertical windrstve can infer from
our results that it is barotropic processes that dominate its response iR teepdriment. The
fifth term, which is the smallest of all, arises from th#rvature effecterm of the momentum
equation (Holton, 2004), and is clearly negligible.

We can conclude that the increas€i(., K,,) is a direct consequence of the stronger wind
shear along the intensified subtropical jets. Because barotropic instabiityrebt depend on
static stability, this increase of wind shear along the jets is sufficient to explaireponse.

4. Change in C(Pn,Km) — changes in meridional overturning circulations

The importance of the eddies in the atmosphere’s "heat engine” has tressesl since the
formulation of the LEC by Lorenz (1955), and is confirmed by observat{erg., Peixoto and
Oort, 1974; Oort and Peixoto, 1974) and model data (Boer, 1995; &uk Lambert, 2008;
Hernmandez-Deckers and von Storch, 2010). That is, the main path for tiversion ofP into

K in the LEC is alongP,,, — P. — K. — K,,, where most of the energy conversions take
place. Globally, the direct conversion rate frdfp, to K, is very small, and most estimates
indicate that it is slightly negative, indicating a small net conversioR gfinto P,,,. This term
describes the conversion betwen and K,,. It is positive in the case of rising of relatively
warm air and sinking of relatively cold air in zonal mean circulations, i.e., indiweral over-
turning circulations. Thereford?,, is converted intd¥,, in the Hadley and polar cells, while
K, is converted intaP,, in the indirect Ferrel cells. Despite its small global value, we do
observe changes in this term in our different experiments that are cabipdo the changes
in other conversion terms (a decrease of 0.07 WA im FULL and of 0.08 W nT2 in UP rel-
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ative to CTRL). However, the global value 6f(P,,, K,,,) cannot give us much information
about the cause or causes for this change. The only way to visualizettinisugh the vertical

cross-sections. To facilitate this analysis to the reader, we show hegenuore the vertical

cross-section of’(P,,, K,,,) (Fig. 3.21).

The contours in Figure 3.21 reveal that c(Pm,Km) (x 107 W/Kg)
positive contributions ofC(P,,, K,,,) are 100 =N S 7
located at low latitudes—in the upward . | | e - |
branch of the Hadley Cell—with slightly 0]
higher values in the NH, and in veryg <o/
high latitudes—corresponding to the po-g soo ||
lar cells—with higher values in the SH.
Negative contributions are seen in the Fer- 7
rel cells (around 60N and 60S), and are  ®]
much stronger in the SH than in the NH. |4 JIE% - |
There are also two symmetric regions with % & = @ @ @
slightly negative contributions just equator- ~%* =27 -21 =15 =9 =3 5 8 15 21 27 33
ward of 3C¢N and 30S, which would cor- Figure 3.21: Vertical cross-section &f (P, Krn) in
respond to the descending branches of th%TRL (contours) gnd its change_in the UP experiment

) (color shaded). Units are I6 W m—2.
Hadley Cell. The net conversion corre-
sponding to the Hadley Cell—between°BB30°S—is mostly positive. The net negative value
of C(P, K,,) is due to the strong negative contribution of the SH Ferrel cell.

Regarding the changes in the UP experiment, Figure 3.21 suggests tlaisthiergen-
eral a strengthening in every feature, i.e., the positive contributions temtrease, while
the negative contributions tend to decrease. The dominant response UlPthgperiment,
which is responsible for the decrease in the global valu@(dt,,, K., ) from -0.09 W nT2 to -

0.17 W nT2, is the strong decrease in the conversion in the SH Ferrel cell, arod6d Bat is,
more conversion fronk’,,, to P,,. This suggests a stronger Ferrel Cell, which is generally asso-
ciated with stronger baroclinicity (Williams, 2006). This may seem contradictornysidering

the global decrease in baroclinicity in the UP experiment. Neverthelesstrtigthening of

the Ferrel cell may correspond to a more local baroclinic response oWd that even though
the global baroclinicity decreases, there is an increase in baroclinicitye &) hPa and also
near the surface around @ and 60N. The vertical cross-section @f (FP,, K.) (Fig. 3.11)
shows that the increase response around 200 hPa extends dovalamgda narrow band
slightly poleward of 60S. This same feature is more pronounced in the plots.gf, and

BP (Fig. 3.18), and would therefore suggest that although there is a glebetase in baro-
clinicity, around 60S 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 coupledback
process over the Southern Ocean that tends to maintain the latitudinal graxkerihis re-
gion (Fyfe and Saenko, 2006; von Storch, 2008). We had pointetthisuytrocess in Chapter 2

Pressui
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in the context of the transient experiments. This process explains thersi@amming rate of
the SH compared to the NH that causes a stronger north-south asymmetryremsient en-
ergetics response compared to the equilibrium 2x@8ponse. Although we are dealing here
with equilibrium and not transient experiments, this process could still bgingaa stronger
meridional temperature gradient in this region, but now more locally than inadhsient ex-
periments. This possible connection motivates further research regahisncoupled ocean-
atmosphere feedback, but is out of the scope of this work.

We can conclude that the dominating respons€'6F,,, K,,,) is an increase of thé,, -
to-P,, conversion in the SH around 88, which suggests a strengthening of the SH Ferrel
cell. This strengthening could be related to a local increase in baroclinicigndr60S. Sur-
prisingly, this would imply that an increase in baroclinicity, which means stnofye¢o-K.
conversion and therefore a strengthening of the LEC, would at the samedimse a weak-
ening of the LEC by strengthening tl€,,-to-P,,, conversion in the Ferrel cells. In our case,
however, both effects contribute to the weakening of the LEC becauseith@ocal increase
in baroclinicity around the SH Ferrel cell embedded in a global decredmedaclinicity. Thus,
both features work in the same direction in terms of the global LEC strengthevéw, without
a detailed knowledge about the exact relationship between the conve®6r ,,,, K,,,) and
the meridional overturning circulations, it is not possible to fully verify amdierstand this
feature.

5. Changes in energy reservoirs, in particular K, — extratropical storm activity.

Although the energy reservoirs do not provide a measure for eneagtitity as the conversion
rates do, they can provide information about the state of the atmosphetitular, the eddy
kinetic energy reservoitl(,) is an indicator of extratropical storm activity because it quantifies
the average amount of energy in the perturbations of the wind field. @estadies quantify
the extratropical storm activity in different situations (e.g., Geng and S0§i3;20’Gorman
and Schneider, 2008; Bengtsson et al., 2009; Lim and Simmonds, 2009). Zl'heir general
approach consists of using specific measures that identify and chisac®rms (like their
strength in terms of wind speed, pressure difference, their radius, &td then use them to
track specific events and carry out a statistical analysis. Of courde réséglution data—in
either observations or model output—is important in order to obtain reliabldwgians. Our
methodology, as well as our model runs, were not designed with suchjacative. Never-
theless, we provide a global view of the large scale changés idue to different warming
patterns, without performing a detailed analysis of storm activity. Thisldrsmrve as a fun-
damental background for other more detailed studies.

Looking back at our results with the FULL experiment (also valid for the Qx@xperi-
ment), we can see that there is not a clear global resporfsg ifihere is an overall weakening
of the LEC, butK, remains almost unchanged. By separating the warming pattern into UP
and SFC, we now find a more consistent responskn Figure D.1 in Appendix D shows
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the values of all the LEC terms in CTRL and U, decreases from 8.05107° J m 2 in
CTRL to 7.56x10~° J m2 in UP. Once we isolate the tropical upper-tropospheric warming,
we indeed observe that the weakening of the LEC is accompanied by etioedin the K,
reservoir. The vertical cross-section Bt (bottom right panel in Fig. 3.11) shows that this
decrease is happening throughout the whole troposphere. Thery & stnengthening above
200 hPa, which would suggest an upward shifting in combination with thebbvezakening.

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

Regarding the reservoir of zonal-mean kinetic enety, ), it also provides information
about the mean state of the atmosphere, which has specific consequeacesample, we
have described above how the strengthening of the jets, which reflegtstamg increase in
K,,, implies stronger barotropic instability, increasing the-to-K,,, conversion. It is also
closely related to the intensity of the tropical upper-tropospheric warmiadgalthermal wind
balance. In the context of our study, the importance of the changgs,imas been already
highlighted in terms of the barotropic response&gfs<., K,,).

3.3.4 The high-latitude, surface warming (SFC)

In this subsection we will analyse the response of the SFC experimente wheemwarming
pattern consists of a strong warming in the high-latitudes near the surfébea wtronger
warming in the NH (see lower right panel of Figure 3.1). In subsection 3v8.Bave already
mentioned the principal features of the energetics response of thisragpéer We will now
analyse them in 4 steps, which correspond to the following responses bEt in this case:

1. Change in strength in the 2-box LEC (P, K)).
2. Changes in the conversion terisP,,, P.) andC(P., K.) (baroclinic response)
3. Changes it'(P,,, K,,) (response of merdional overturning circulations)
4. Changes in the energy reservoirs, in particlfar 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 incraaepposed to
the response in FULL and UP. Figure 3.9 shows théP, K) increases by 0.09 W 4, i.e.,
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3.8% relative to CTRL. The strengthening in this case is restricted to the wggien (above
340 hPa), wher€'(P, K ) increases by 0.14 W i# (see Fig. 3.13). In the lower region we find
a slight decrease in strength, of 0.05 W This dual response reminds us about the FULL
(or 2xC(Q,) response, but now the strengthening response in the upper regtooniges than
the weakening response in the lower region, and dominates in the globalkiie@ing now
that the effect of the UP warming pattern is only a weakening of the LECaweanclude that
the strengthening of the LEC in the upper region due to the combined, 2kk¥warming
pattern is a consequence of the high-latitude surface warming.

2. Changes in C(Pn,Pe) and C(Pe,Ke) — baroclinic response

From the 4-box LEC (Fig. 3.9 lower right panel) we can see that the glstbahgthening
of the LEC in SFC is exclusively due to the increase’i(P., K.), while C(FP,,, K,,) does
not change. The increase @i(F., K.) is clearly connected to the increase({P,,, P.),
and can be tracked back again to the chang€',in These changes clearly reflect that this
strengthening response is driven by the chang&s,in which then extend t¢’(P,,, P.) and
C(P., K.). As opposed to the case of UP, this indicates an increase in barocliniityadtve
will first understand this response in terms of the LEC, before lookingmatérms of changes
in baroclinicity.

The relative change in the vertical profile pi(Fig. 3.17, left panel) reveals that except for
the region between the surface and 900 hPa, wheslgghtly decreases, there is an increase
throughout the whole troposphere. This is a completely different prdfdbange compared to
FULL and UP, wherey decreases throughout the troposphere. However, the profile nfeha
of P, (Fig. 3.17, right panel) in SFC is closer to the one in FULL than the one in URis.
SFC,P,, decreases with a similar magnitude as in FULL from the surface up to abo )
This, in contrast with the increase tnthroughout the whole troposphere, implies that the
changes inP,,, obey more to the changes in the horizontal temperature variance than to the
changes iny. The profile of relative change i seems to modulate slightly the,,-relative
change profile—note how the curvature of both profiles match from tHacguup to around
300 hPa—nbut having a different sign, the main responsg,pfmust be determined by the
changes in horizontal variance of temperature. On the other ligpdwhich we know is the
driving term for the changes in strength in the LEC, must be more sensitigieatoges iny
than to the changes [{7")]"[(Q)]” because it increases in both the upper and the lower region,
instead of decreasing, &5, does. Just as in UP, we can conclude from this that the changes in
~ are the main drivers for the changes in strength of the LEC. In this cassytface warming
causesy to increase throughout most of the troposphere, i.e., the atmosphemdmetess
stable. This drives then a strengthening of the energetics that manifetsnidsdly in the
upper region, above 340 hPa.

In the same way as with UP, we can intuitively understand why the changesaim stegic
stability determine the change in strength of the LEC. Due to the surface wammB#C, the
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Figure 3.22: Zonal mean plots ot.q, (left panel) andBP (right panel) in CTRL (contours), and their
change in SFC (color shaded). Only differences with 95% significaneédee shown, based on a standard
t-test. Units are 10° s™! for cqay, BP is dimensionless.

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

Coming now to baroclinic activity, we can argue that the strengthening(éf,,, P.) and
C(P., K.) imply an increase in baroclinicity. Just as before, we can evaluate changg,q,
and inBP (Fig. 3.22) in order to verify this hypothesis. Just as in the vertical esesfions
of the conversion terms (Fig. 3.12), we find an increase response ippiee tioposphere an a
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Figure 3.23: Zonal mean plots > (left panel) andN? (right panel) in CTRL (contours), and their

change in SFC (color shaded). Only differences with 95% significaneédee shown, based on a standard
t-test. Units are 107 s™2 for M2, and 10°® s™2 for N2.
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weakening below in both.,q, andBP. Once again, the pattern of,,, is clearly determined
by the pattern of\/? (Fig. 3.23, left panel). This means that changes in baroclinicity, as
estimated withv.,4,,, are mainly related to changes in the meridional temperature gradient.
On the other hand3 P has a pattern similar te..q,, but with a stronger increase response
in the upper troposphere that stands out very clearly from the resegbpatiern. Ino.,q,
both responses (increase above and decrease below) have similaluaegyrand neither of
them seems to dominate the overall response. Thereford? Bheesponse shows more con-
sistency than the.,q,-response with the responses@fp,,, P.) andC(P., K.), where the
strengthening in the upper troposphere dominates. It is the strongerdiemme ofBP on N2
what causes the difference betwdeR ando.,q,. In this caseN 2 decreases throughout most
of the troposphere, especially in the northern hemisphere (Fig. 3.28 pagiel). Due to the
surface warming, static stability decreases. In particular, there is a estaximum in the
decrease response &f around 300 hPa along the mid and high-latitudes of both hemispheres
that enhances the increase in baroclinicity due to chang@#Zin this region. On the con-
trary, the strong maximum in decreaseNdt in the high northern latitudes near the surface has
little effect locally, probably due to the opposite effect/a? in this region (note thaBP is
proportional toM 2, but inversely proportional t&/2). In the upper troposphere, batli? and
N?2 change in such a way as to favor baroclinicity. Hence, it is the inclusioneafiiisan static
stability effect on baroclinicity what makes theP-response consistent with the changes in
C(Pn, P.) andC(F,, K.) in the SFC experiment. We can conclude from this that due to the
overall decrease in mean static stability in the SFC experiment, baroclinicityameat in the
upper troposphere, and the strong decrease that would result feoradtiction inM 2 in the
lower troposphere is partly counteracted. Hence, changes in mean tsthilitysare necessary
to explain the strengthening of the conversion tetii#,,, P.) andC(F., K.), also in terms
of baroclinicity.

3. Changes in C(P,,, K,,) — response of merdional overturning circulations

The global response af'(P,,, K,,,) 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. Cléaglymagnitude of
the changes in SFC is smaller than in UP (Fig. 3.21), and the strongestecisangt in the
SH Ferrel cell but in the Hadley cell region. Even though the net ch&gise to zero,
there is a strong increase in the upward branch of the Hadley cell, neawatkimmum positive
values ofC(P,,, K,,), and a decrease in the poleward side of the cell, which covers partly the
regions of negative values and partly the regions of positive valuesthr words, the region
of positive contribution near the equator becomes stronger but narratvide the regions of
negative contributions become slightly stronger and maybe broader.aththét this feature
also appears in the FULL experiment (see Fig. 3.6) indicates that chemrgfasic stability are
not responsible for this, but most likely changes in the horizontal temperdistribution.
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In principle, one would expect that these i , C(Pm,Km)
changes irC(P,,, K,,,) should also imply o] =~ =
changes in the Hadley cell dynamics. Un- ‘
fortunately, we do not know exactly how oo
these two quantities are related. MosE ML

climate models predict a weakening antg 5001
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 th#,-to-
K,,, conversion rate, and such a relation- 0% =
ship does not emerge from our analysis ei- ~%° 727 72! =1® =9 =3 3 8 15 21 27 33

ther. On the other hand, according to OUEigure 3.24: Vertical cross-section 6f(P,., K) in
model results, the net effect in the changesTRL (contours) and its change in the SFC experiment
in this conversion rate at low latitudes is(color shaded). Units are 16 W m~*.

negligible, so that even if we could estab-

lish a connection with Hadley cell dynamics, although interesting on its own, thigdibe
out of the scope of this work. In any case, further research regatidde connection between
C(Py, K,,) and the zonal-mean meridional overturning circulations could help decipber
mechanisms behind this feature, which although does not affect the gtadrgktics, could be
important in terms of Hadley cell dynamics.

=
S

900

4. Changes in energy reservoirs, in particular K. — extratropical storm activity.

In terms of the energy reservoirs, the largest relative change we fitie iBFC experiment
is in K,. It increases fron8.05 x 10° J m2 in CTRL t0 8.43 x 10> J m 2 in SFC, i.e., a
5% increase. This is consistent with the overall increase in energetidyaet® find in this
experiment, as well as with the corresponding increase in baroclinicitygfests an increase
in the extratropical storm activity, although, as we pointed out earlier,amea derive from
this any details about specific or local characteristics of this responsecawonly tell that
globally averaged, extratropical storm activity increases when the wgrisiooncentrated
near the surface and at high-latitudes.

It is worth noting here that the responself in UP and SFC is completely opposite. This
explains why in FULL (or in the 2xC®experiment) there is no clear changehn. The
combination of the two features of the warming pattern produces a very sptathange
on K., and the sign of this change is very sensitive to the relative magnitude ofojhieatr
upper-tropospheric and the high-latitude surface warmings. This highligb importance of
understanding the processes that contribute to each feature of the waratiarn, because
small differences could imply opposite responses in terms of extratropicei activity.

In terms of theK,,, 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 importargase in
C (K., K,). Because the jets are not strengthened, there is no change in the wandhstie
jetregions, i.e., no changes in barotropic instability.

3.4 Conclusions and discussion

The aim of this chapter is to understand how the 2x@@rming pattern alters the energetics
of the atmosphere. We have done this with the coupled atmosphere-ocEl&MSIMPI-OM
model by calculating the energetics responses that separately resultfigithethe tropical
upper-tropospheric warming or from the high-latitude surface warmirgye e summarize
and discuss the main results obtained with these simulations.

In this section, we will often refer to the tropical upper-troposphericniilag simply as
theupper warmingand to the high-latitude surface warming as sheface warmingn order
to make the text less intricate. Nevertheless, the latitudinal characteristicesaf warming
patterns must always be kept in mind.

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

1. The 2xCQ energetics response is a consequence of the corresponding z@aralvaren-
ing pattern that consists of two main features: the tropical upper-tropaspkarming,
and the high-latitude surface warming.

In the previous chapter we were able to make a qualitative connection betheevarm-
ing pattern and the energetics response. However, the "2iRE& temperature-nudged ex-
periment, which reproduces almost exactly the 2x@0ergetics response, confirms that the
warming pattern drives the energetics response.

By carrying out additional temperature-nudged experiments in which thenawo features
of the warming pattern are simulated separately—UP, with opper 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 respormebimeaapproximately
linearly to produce the total, 2xCQike response. This assures that the following conclusions,
even though obtained from separate warming pattern simulations, extend ¢orttiened,
2xCQO, warming pattern response. The main findings are:

2. The global energetics response totipper warmings a 10% weakening of the Lorenz
Energy Cycle (LEC). The response to theface warmings opposite: the LEC strength-
ens by 4%. The net effect of the combined response (2x@®) is a 5% weakening
of the LEC. This reflects the high linearity in the combination of the effects ofwioe
warming patterns.
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This means that globally, due to thpper warmingthere is less conversion of available
potential energy into kinetic energy per unit of time, whereas due tastinace warming
the opposite is true. Held (1993) noted the competing effects that these awwefe of the
warming pattern would have in terms of their changes in meridional temperaadiegt, and
hence in baroclinicity and eddy activity. He argues that the tropical ujpppospheric warm-
ing would imply stronger energetic activity because it increases the meridemaerature
gradient above, whereas the high-latitude surface warming would dgfesibe, because it
decreases the meridional temperature gradient below. Our results inti@giieese competing
effects actually work the other way around, suggesting that it is not tHeitteon the hori-
zontal temperature gradients, but rather their effect on the vertical tatnpe distribution that
dominates in terms of the global energetic activity.

3. Changes in static stability—and not in the horizontal temperature distributioe—te
each warming pattern are the main drivers for altering the baroclinic pahiedfEC.
That is, the conversion rates between zonal mean available potentigy €fgy), eddy
available potential energy®), and eddy kinetic energy.). Furthermore, the changes
in these conversion rates are accompanied by corresponding chatiye&’, reservoir,
an indicator of extratropical storm activity.

Due to theupper warmingstatic stability increases globally, consistent with a general weak-
ening in baroclinicity. Due to theurface warmingstatic stability decreases globally, consis-
tent with an increase in baroclinicity. The static stability effect ofupper warmings stronger
than that of thesurface warmingwhich explains why in 2xC@case the net effect is still a
weakening of the baroclinicity-related terms of the LEC. Furthermore, therésponses in
terms of{. almost cancel each other in the combined 2xdike experiment, such that little
change is seen iK.. This suggests that the change in storm activity is very sensitive to the
specific features of the warming pattern, making it difficult to determine wittacgy.

The warming-induced changes in these baroclinicity-related terms, in partioihe con-
version rate betweeR, and K., 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 glol@abeE
comes stronger or weaker. In terms of the LEC, the response in eazlivezakening due to
theupper warmingand strengthening due to tkarface warmings strongest irGz,,,, the gen-
eration rate ofP,,, suggesting that7,,, is the driving term for the LEC-changes. Even though
we cannot calculatér,,, directly here, our results suggest that its changes are more sensitive
to changes in mean static stability than to changes in horizontal temperatureutitrili his
hypothesis is further supported by a baroclinic analysis, which indicasstdth response
has a corresponding change in baroclinicity, which in turn is mainly due toggsain static
stability.

Previous studies (e.g., Boer, 1995; Marquet, 2005) have attributecttitkeorease in ener-
getic activity in the lower troposphere when doubling @ostly to the reduction in merid-
ional temperature gradient and in land-sea contrasts during the wintemsealthough this
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reasoning may be valid at specific regions near the surface and ffispeasons, we show
here that when globally averaged, it is the changes in static stability whieé this weak-
ening. Otherwise, we should find a strengthening in baroclinicity due toagper warming

and a weakening due to tlsirface warming The fact that the maximum Eady growth rate
(0eady)—a wWidely used measure of baroclinicity—is highly dependent on the mesittiem-
perature gradient and does not depend so strongly on static stability,asaycbntributed to
this generalized way of thinkingr..q, is based on strong approximations, which may be most
appropriate in simple cases. Based on our results, we agree with Lim and Bisif&909)
(but in our case in a more global sense) that a better measure of baibclgitbe baroclinic
parameter( B P) (Section 3.3.3), mainly because of its stronger dependence on static stability
This dependence makésP more consistent tham.,q, with the changes in the baroclinicity-
related LEC-terms. Recent studies also stress the importance of static stéfieitity in terms

of baroclinicity and energetic activity (e.g., O'Gorman and Schneider82Diin and Sim-
monds, 2007, 2009). We now find that static stability is the driving mechamschiinges in
the global energetics of the atmosphere.

4. Due to thaupper warmingthe K.-to-K,,, conversion rate increases by 9%. This increase
response is linked to an increase in barotropic instability caused by strbageontal
wind shear. This stronger wind shear is a consequence of strongdrgetesult from
theupper warmingand thermal wind balance.

The fact that this conversion rate betwd€pand K, (C(K., K,,,)) is related to barotropic
instability and not to baroclinic instability, explains why it is the only conversiamtéhat
increases due to the 2xG@nd theupper warmingpatterns, a feature that at first sight seems
puzzling. The terms related to baroclinic instability decrease because thesta@arstability
weakens them. On the other hand, barotropic instability depends not onstagiarstability
but only on the horizontal wind shear, so tiatK., K,,) is increased by the stronger jets.
Even though this response does not impact conversion rates befvaeth/, it indicates an
important change in the state of the system, by increasing the reservsjy, ofFurthermore,
the strengthening of the subtropical jets is not an ECHAM5-only feattigalwell established
prediction of current climate models due to global warming (Lorenz and Regve2007; Fyfe
and Saenko, 2006), and a clear consequence of the increase in medridioperature gradient
due to theupper warming

5. Theupper warmingleads to a strengthening of th€,,-to-P,,, conversion rate in the
region of the Southern Hemisphere Ferrel cell, suggesting a strengghatihis cell.
A stronger Ferrel cell would imply stronger baroclinic activity along the aidispite
the global decrease in baroclinicity due to thygper warming Further research about
the exact relationship between zonal-mean meridional overturning circwgadind this
conversion rate betweeR,, and K,,, would help to verify and fully understand this
feature.
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If this strengthening of thé(,,,-to-P,,, conversion rate is indeed related to a local increase in
baroclinicity along the Southern Hemisphere Ferrel cell as our resulgestgt would imply a
rather surprising feature: stronger baroclinic activity would not onlydase the totaP-to-K
conversion rate (through the.-to-K, conversion rate), but it would also decrease it by means
of a higherK,,-to-P,, conversion rate along a stronger Ferrel cell. However, in our results
this feature operates in such a way that it decreases theRetal/K" conversion rate through
both sides of the LEC, because it brings together a global decreaseotlibigity—that de-
creases thé.-to-K . conversion rate—and a local increase in baroclinicity along the Southern
Hemisphere Ferrel cell—that increases tkig -to-P,,, conversion rate, hence a decrease in
the P,,,-to-K,,, conversion rate. This could in turn also be related to the coupled atmosphere
ocean feedback that tends to maintain the meridional temperature gradiemtiaoSouthern
Ocean (Fyfe and Saenko, 2006; von Storch, 2008), and is rabpofa the slower warming
of the Southern Hemisphere compared to the Northern Hemisphere in tta@giEniments
(see Section 2.1, and Hémdez-Deckers and von Storch (2010)). Although these are not tran-
sient experiments, this effect could still be affecting the energetics in a lnoatized way.
Nevertheless, further research would be needed to confirm this.

On the other hand, theurface warmingauses this same conversion tel( £, K,,,)) to
respond with a particular pattern along the Hadley cell. The net effeciop#ttern in terms
of the energetics is negligible, but we believe that it may as well indicate elsanghe Hadley
cell characteristics. Our present analysis does not offer any hggistregarding this response
in the Hadley cell. Just as with the response related to the Ferrel cell,fued@arch is needed
in order to elucidate the mechanisms behind this feature, which although mag relelant
from the point of view of the global energetics of the atmosphere, couichpertant in terms
of global circulation dynamics.
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Chapter 4
Conclusions and outlook

We have studied the atmospheric energetics response to highecd@@entrations using the
coupled atmosphere-ocean ECHAM5/MPI-OM model. By studying this respave believe
that we not only acquire a better understanding of the consequengledhaf warming, but we
also contribute to a better understanding of the mechanisms that drive thepharals heat
engine. The conclusions below summarize this understanding of the Eatdnsirom this
fundamental point of view.

Chapter 2 describes how the energetics of the atmosphere, in terms oféimz Emergy Cy-
cle, respond to higher CCconcentrations in the coupled atmosphere-ocean ECHAM5/MPI-
OM model. Therefore, the results of this chapter answer our firstn@seestion (conclu-
sions 1 to 3 below):

» What is the response of the atmospheric energetics to highercGarentrations?

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

» What are the mechanisms that cause the atmospheric energeticssespdrigher CQ@
concentrations?

4.1 Conclusions

Using the coupled atmosphere-ocean ECHAM5/MPI-OM model, we anathseenergetics
response of the atmosphere in transient simulations with increasing@t@entrations, and
with stabilized 2xCQ concentrations, compared to pre-industrial values. We found that:

1. Doubling CGQ concentrations causes a global weakening of 4% to 7% in the

Lorenz Energy Cycle. That is, there is less conversion oflavai potential
energy () 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 approximatelyr#®in éhe higher
resolution experiment, of 4%. The difference between the two resolutiatgitsutable to the
difference in the magnitude of the warming, which is slightly stronger in thesea@solution
experiment. This general weakening is the result of two opposite resgpoastrengthening of
the Lorenz Energy Cycle in the upper troposphere, and a weakening loviler and middle
troposphere, which dominates when considering the globally-integratezhz.dnergy Cy-
cle. Our results with the 2xCQexperiments suggest that this dual response is closely related
to the 2xCQ warming pattern, which is characterized by two features: the tropicalruppe
tropospheric warming and the high-latitude surface warming.

2. The transient response, when €€&bncentrations increase by 3% per year dur-
ing 10 years, is consistent with the 2xgC@sponse, but is less north-south sym-
metric than the equilibrium response due to the strongetmeouth asymmetry
in the warming pattern.

This stronger north-south asymmetry results from the fact that the Sauttemisphere
warms slower than the Northern Hemisphere, likely due to a coupled fdeglacess that
tends to maintain the latitudinal temperature gradient over the Southern GxgariFyfe and
Saenko, 2006; von Storch, 2008). This makes the weakening respbtise Lorenz Energy
Cycle in the Southern Hemisphere less pronounced than in the Northern ptendsn the
transient experiments.

The 2xCQ response is consistent in two different model resolutions (T31L19 a8d31).
Furthermore, we performed an additional stationary and transient eddyrgposition with the
higher resolution version of the model. From this analysis we can conclude:

3. The largest contribution to the energetic activity and sidkCQ-response in the
Lorenz Energy Cycle is supplied by the transient eddy comypsn&he 2xC&
response of the stationary eddy components reveal a paitetronger warming
over the subtropical desert regions relative to their cepending zonal belts, but
has no global effects in terms of the energetic activity.

By carrying out additional experiments in which instead of increasing Gihcentrations
we apply artificial diabatic heating patterns through temperature-nudgiegeproduce the
2xCQO,-response, and we simulate the effects of the two main features of the,2x@n-
ing pattern separately. That is, one in which only the tropical upper$pipyic warming is
present, and another one in which only the high-latitude surface warmingssmt. We find
that:

4. The 2xCQ energetics response is a consequence of the correspondinag- z
mean warming pattern that consists of two main features: tbgidal upper-
tropospheric warming, and the high-latitude surface warming
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By comparing the experiments with the separate features of the 2w@éning pattern to
a control run, we identify the energetics responses of each of theseivgapatterns, which
combine approximately linearly to produce the 2xQ®@sponse. Therefore, although they are
obtained for the separate warming patterns, they also apply to the combx@@, Bsponse.

5. The weakening response of the Lorenz Energy Cycle in the lowlenaidle tro-
posphere is a consequence of the tropical upper-troposph&rrming, whereas
the strengthening response in the upper troposphere is altieet high-latitude
surface warming. These two responses are driven by changéastin gability.
The dominating static stability effect of the tropical uppepospheric warm-
ing explains the net weakening effect in the 2x@@&se. In contrast to previous
authors’ suggestions (e.g., Held, 1993; Boer, 1995), clearig horizontal tem-
perature differences, such as land-sea contrasts and thetpeequator differ-
ence, are not as effective in producing global changes imgeties, as changes
in mean static stability are.

The tropical upper-tropospheric warming causes a weakening ot d084 in the LEC,
whereas the high-latitude surface warming causes a strengtheningub48o These two re-
sponses, as well as the combined 2xG6sponse are strongestd?),, the generation rate of
zonal-mean available potential enerdy,{), suggesting that this term drives the whole ener-
getics response. Our results suggest that alth@étighdepicts the zonally-differential heating
of the atmosphere, it is strongly modulated by mean static stability, and it is thisdkspee
that drives these changes(#,, hence in the overall energetic activity.

This is further confirmed in terms of changes in baroclinicity, which is the mosbitapt
process involved in the total conversion rate of available potential emetgkinetic energy
in the Lorenz Energy Cycle. Both responses—the weakening of thexz &eergy Cycle due
to the upper warming and its strengthening due to the surface warming—apgetner with
a corresponding change in baroclinicity. These changes in baroclinaitply be explained
through changes in static stability, and are consistent with the baroclinicityungegisen 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 stailitystahis re-
sponse in baroclinicity, directly connected to the energetics responsaria tdrthe Lorenz
Energy Cycle, is accompanied by a corresponding change in the ogsafreddy kinetic en-
ergy, an indicator of extratropical storm activity. This means that:

6. On average, extratropical storm activity—as measured eyréiservoir of eddy
kinetic energy—decreases by 6% due to the tropical upjg@espheric warm-
ing, but increases by 5% due to the high-latitude surface wagmTherefore,
these two opposite responses approximately cancel eachinthe 2xCQ case,
showing almost no change there.
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It is important to note that these changes in eddy kinetic energy apply globaliynot
necessarily locally. For example, we also find a region of increase irclbdoity due to the
tropical upper-tropospheric warming around the Southern Hemisplegrel EEell & 60°S),
embedded in the global decrease in baroclinicity. We detect this local eliatige baroclinic
parameter and in the maximum Eady growth rate, but not in eddy kinetic eneiayever,
we do find in this region an increase in the conversion rate of zonal meatidénergy into
zonal mean available potential energy, which coincides with the Southemispleere Ferrel
cell. This would suggest a stronger Ferrel cell, consistent with the iseregbaroclinicity in
this region.

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

7. Due to thermal wind balance, the tropical upper-tropospbevarming implies
stronger jets, reflecting in a strong increase of 17% in theergoir of zonal-
mean kinetic energy/(,,,). This in turn creates stronger horizontal shear in the
mean flow, resulting in stronger barotropic instability. k&, an increase of 9%
in the K, to K,,, conversion rate.

4.2 Qutlook

We have obtained here a complete view of the atmospheric energeticssespdrigher CQ
concentrations based on the coupled atmosphere-ocean ECHAMS5/MPih@dlel. A similar
analysis with other climate models would help in terms of further verification ofresults.
Additionally, different experiments with other climate forcings, for example weld condi-
tions, could also be helpful in order to verify if our results can be gdizedheven further.

Following Boer and Lambert (2008), the Lorenz Energy Cycle could béemented as a
common diagnostic for climate models, and used for model inter-comparisposas. The
fact that it involves firsand second moment statistics of the prognostic variables implies that
it reveals fundamental information about model performance, whichotdrencaptured by the
first moment statistics only.

The process of eddy-mean flow interaction is not well represented indhenkz Energy
Cycle. Although this process may not be as important for the atmosphefeas engine from
a thermodynamical point of view, it is important in terms of the dynamics of the ginevs.
As far as we can tell with the Lorenz Energy Cycle, there does not sed® &m important
global response of eddy-mean flow interaction to higheg Cahcentrations. However, a more
rigorous verification within the framework of the Transformed Eulerian M@éacomposition
would be more conclusive.

We noted that the direct conversion rate between zonal mean availabitigiataergy £,,,)
and zonal mean kinetic energi(f,) has in general a small contribution to the global energet-
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ics, also in terms of the response to higher,G@ncentrations. However, we know that this
conversion rate is related to meridional overturning circulations in the atrecspbut we do
not know how these two processes are connected in detail. Based obnrihésgion rate, we
found an indication of a stronger Ferrel cell in the Southern Hemisphexdalthe tropical
upper-tropospheric warming, which could also be related to a coupleshetenosphere feed-
back over the Southern Ocean (e.g., Fyfe and Saenko, 2006; vaih 2608). We cannot fully
understand this response without a more precise knowledge aboutdtienship between this
conversion rate and the meridional overturning circulations. The santiesppterms of the
Hadley cell response. We found a pattern of change in this conversierbetweerf,, and
K,, due to the high-latitude surface warming that would indicate changes in theyHzll,
but without a detailed relationship between these two quantities, we cannetardéinitive
statement regarding this. Although these responses are small in terms ¢bliaeenerget-
ics, studying these relationships in detail could be useful for undefistatite dynamics of
meridional overturning circulations from an energetic point of view.

We have contributed with a simple but fundamental explanation for the difficuttgtecting
significant changes in extratropical storm activity. In a similar way as @i@am and Schneider
(2008) point out, our results show that studying the changes in tempedagtnibution can give
important clues about changes in extratropical storm activity. This higkligfe importance
of trying to reduce the uncertainties in predictions of the global warming pat@ur results
indicate that the strongest response, both in terms of the global enematictorm activity,
is due to the static stability changes in the tropical upper-tropospheric warmhuge mag-
nigtude has a relatively large uncertainty due to its strong dependence orotst convection
parameterization schemes in climate models (Held, 1993; Schneider et al,,S¥t8rvood
etal., 2010).

This brings out the importance of moisture in the energetics of the atmosptwtrenly
because it is the main cause for the tropical upper-tropospheric warkninglso in terms of
the whole atmospheric energetics. Moisture is only included in an implicit way ihdhenz
Energy Cycle—through the diabatic heating effect of latent heat reld¢dé@&ever, consider-
ing the importance of moisture in the dynamics of atmospheric eddy circulatioBG®(@an,
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 thesptrece. Values for
points below the surface, obtained when using pressure levels as ahesticdinate, should
be avoided. To do so, we use thdunction proposed by Boer (1982) and defined as

:{0 if p > ps, (A1)

1 if p <ps,

wherep is pressure ang; is surface pressure. Thefunction is not only a weighting factor
in the final expressions, but is also used to weight each zonal and tirmagemble) mean, as
described in detail by Boer (1982). The final expressions are algnit/to those used by Boer
and Lambert (2008). A list of all the symbols used in the following expressie shown in
Table A.1. The reservoirs of the LEC are given by:

P =2 [T 0dv

Po=2 [Ty v + 2 [ ABNT)0dv

2
K= [ UO () + [@))paV
K= [ 10 (™ + o)) ]pav + 5 [ 19) (@) + (02)]pav:

where[ X | denotes the zonal-mean &f, (X) the ensemble (or time) mean &, X the global
mean over a constant pressure level, Aifd X’ and X" are the corresponding deviations from
these meansy = —(0/T)(R/c,p)(00/0p)~1, is the inverse mean static stability. Conversion,
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generation and dissipation terms are given by:

o(T)]
ado

k "
_CP/ P [{8) (W' T") + ()(T)")] Wﬂdv (A.2)

C(Po, P) = — ¢ / 7 [(8) (T + (o) (1)) 2t pay

C(P K == [ 1) (/) + ()" (@))lpaV (A3)
Cle o) = [ 1490 (/4) + (o) )] cos o L2 oy
+ [ 16 02+ ) 2l pay
+ [ 16 () + o)) 2 pav
# [ 19 (@) + o ) Ll pay
= [ (169 (™) + ) 22 v (a2
C(Po Kon) == [ B[] )]0 (A5)
G = [V (BID (@' paV (A8)
G. = [ [(5) (@) + (1) (@)") ]V (A7)
D. = [ [68) (WD + WE) + @ (B + 0 (B oV (A
Do = [ (O (IIED) + [IEN oV (2.9

The generation and dissipation terms are not calculated directly hereeklitained as resid-
uals in the equilibrium runs.

When dividing the atmosphere at an isobaric surface, boundary fioixeach reservoir must
be computed, including the pressure-work terms that contribute to the kimetigyereservoir
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(last term in equations A.12 and A.13). This is consistent withuguformulation of theP to
K conversions (for details see Peixoto and Oort (1974)). These dezsintegrals evaluated
at the boundary (fixed pressure level):

B(Pw) = & [ [WT) + @) (DD dA g+ S [Al@ID) Al (A10

B(P.) = %” /7 (w (T + (T)**))]dA/g +cp/7 [(W'T")(T)*]dA/g (A.11)

1

BUK) = [ [ (0402 + () + (o)) ]dA /g

+/ (W) (u)™ + <W'v’>*<v>*]dz4/g+/g [(W'e') + (w)™(2)"]dA /g (A.12)
1

B(n) = 5 [ 1) (0 + [0)P)dafg + [ [(war) + () )] [a)da/s
+ [ T + ] (aass + [ siiieraass (n.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

av volume element

g acceleration due to gravity

k R/c,

pressure

surface pressure

time

zonal wind component

meridional wind component

boundary flux ofX

conversion rate fronk to Y

dissipation rate ot

frictional force inz andy

eddy kinetic energy

zonal mean kinetic energy

eddy available potential energy

zonal mean available potential energy
diabatic heating rate

gas constant for dry air

temperature

specific volume

equals) for underground pointg, otherwise
stability factor,y = —(0/T)(R/c,p)(00/dp)
longitude

latitude

density

potential temperature

vertical velocity

N3
v

==

CQm=s =& &
5

il
!

3

Ee® e >2 %2 N30 N
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Appendix B

Transient and stationary eddy
decomposition

Following the same notation and symbols as in the previous Appendix (see AdYlewve
present here the expressions for the additional terms that appeamdebemposing the eddy
reservoirs into stationary and transient eddy components.

The new reservoirs are obtained by separating the two contribution?. fand for K. in
expression A.2:

Po =2 [ y[(BUT)*?)pdV

Pie =7 [ AT ]pdV
Keo = [ 109) (@) + (o)) ]pav

Kie =5 [ (B} () + @) oV,

The reservoird’,, andK,,, as well as the conversion term between them, remain unchanged:

P =2 [T 0dv

C (P, o) = — / (60 [(w)]” [{e)] V-

The expressions for the conversion tel$,,, F.), C(P., K.) andC (K., K,,) (A.2 through
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A.4) can be separated in order to obtain the contributions correspondstefittnary and tran-
sient eddies:

« OUT)]

C(Pos Pu) == [ (B0 1)) o L pav
k "
~a [y T gy B
CPnsPi) == [+ [(B)0T)) 2 pav
k "
o [ (e 0PIy 62)
C(Pus Kue) = = [ (B} (@) lpaV ®9
C(Pus Kie) == [ )/ a]paV 8.4

= [ 10w 25 R pav + [ 6wy w) 2l pav
= [ 25ty - [ 1) (61w?]) v @9

9 ([(w)]/ cos ¢)

Cllies Kon) = [ [(9)0')] cos 6= L2 pay
7 L0 )
+ [ 10 S eav + [ 8wy 2 pav

taz SV, (B.6)

- [ Tontn Sgtoar - [0 (@)

Additionally, we must consider additional conversion terms that appeaodhe separation
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of the eddy reservoirs. These &r¢P,;., P;.) andC (K¢, K. ):

CPiePu) = = [ [Ty 25 pav
—k ’ *7pk<T>*

o [ [<ﬁ> (1) p] pdV (8.7)

ClEeer i) = [ P22 [(0) ()0 = (') )" paV ©.8)

N i/ [(@ (<u’v')<g(>; + (W) g;kﬂpdv (B.9)

- / [<B) ((u’w’><:;z>: + (V') %’:)] pdV (B.10)

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

G = [ V(BT (@) paV (B.12)

Dy, =/ [(B)] ([()][(Fa)] + [()][(Ey)])pdV, (B.12)

while the generation and dissipation rates for the eddy components musgtdrated,

Gue = [ 19TY (@) oV (8.13)

Gre = [ 1 [(BYT'Q)] v (B.14)

Dse =/ [(8) ((w) ™ (Fz)™ + (0)"(Fy)") ]| pdV/ (B.15)

Dic = [ [(5) (W) + 0/ E)]av. (B.16)

As previously mentioned, we do not compute the generation and dissipatios égplicitely.
Instead, we estimate them as residuals in the equilibrium runs. Howevenesenp these
expressions here for completeness.

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

B(P) = 2 [ 2 ) )]dAfg + ¢y [ 5 [T (T)]a/g

BP0 = 7 [ [(wT™)]da/g

1

B(Kse) = 2/ [<w (<u>*2 I (v)*2)>]dA/g

+/[<w’U’>*<U>*+<w’v’>*<v>*}dA/g+/9[<w>*<2>*]dA/g

B(Ki.) = 2/ [{w (u’2 + 0'2)>]dA/g + /g [(W'2')]dA/g
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Appendix C

Equilibrium conditions in the T63L31

2xCO5 run

For further reference about the model version and technical agpietts integrations, please
refer to Roeckner et al. (2006) and to Roeckner (2004). Analysistefrations carried out
with the same model version have been done, for example, by Jungclalu$2§06) and by
Meehl et al. (2007). However, we consider important to show here smpects about the
equilibrium conditions in the 2xC£run, given that it has been integrated for only 150 years
with constant 2xC@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.

tsurf (K)
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©

Figure C.1: Annual timeseries of global mean surface temperatuteeafomplete %/year CQ in-
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crease to 2xCorun (solid line) and of the 1xC@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 surfaceratunpend
global mean temperature at 250 hPa of the 1x@@d 2xCQ integrations. We have plotted
not only the 50 year period we use here, but also the previous pericti aiiows the complete
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evolution towards the 2xCQconcentration. Visual inspection of these plots suggests that
although there is a slight positive trend in both surface temperature andraomgeat 250
hPa in the last 50 years of the 2xg@un, it is very small compared to the overal warming.
The warming is almost completely achieved during the first part of the integratiere CQ
concentrations were increased Byg/Year.

Global mean temperature at 250 hPa
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L o i
~~ \Q;z>
<226 & _|
= v
o - N .
re} i le— used period —>
AN p
N 225—= ¥ ~
1
224 K i ;o - ) ; _
A I . s , oy b T A
! g nloLn A b hnpadoh [y Adnogg N ! IR VI W
! ‘N Loy o2 (W) / IANARY v da
Ty LT, AN N Ly T Ay A A LV T W A I KW N R RN LRI
223 A T AL LT b TR YRR TR IR AR ANIHY v\
] |

L Hi Vot v v )
\ L T B R Lo
0 20 40 60 80 100 120 140 160 180 200 220

time (years)

Figure C.2: Annual timeseries of global mean temperature at 250 i@ complete %/year CQ
increase to 2xC@run (solid line) and of the 1xC®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 2xgl@bal mean surface
temperature reveals a trend of 0.0028 K/year. This trend would prodaidekOwarming in
50 years, while the total warming compared to the 1x@ah is of 2.6 K. In other words, the
transientcomponent of the warming during these 50 years is ab@uobthe total warming.
In the case of mean temperature at 250 hPa, the trend of the last 50 8@ 2rRCG run is
slightly weaker: 0.0024 K/year. This means a warming of 0.12 K in 50 yearspared to a
total warming of about 4.3 K relative to the 1xg@@re-industrial run. In this case, th@nsient
warming is less than% of the total warming. Having achieved at least96f the warming in
about 170 years, we do not expect the main energetics responseftediedby the additional
5% warming during 50 years. It is a very slow and small warming, that cleagynoastrong
transient component in the atmosphere. If we would be interested in argabziequilibrium
condition in the deep ocean, this run would not be long enough. But thanm@garends in
the atmosphere are certainly small enough so that very little change is saemnttie 50 years
we use, compared to the overal change relative to the 1x@@ditions. On the other hand,
this type of run is a standard setup used for the IPCC-AR4, so that ageties analysis of
these integrations could be of special interest in terms of model intercomparis
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Supplementary material for Section 3.3

G C(P.K) D
@ —— P e K —
(2.15) 50.40 2.15 1726 | @19
\ C(Pm,Km) /
em Pm | ———™ 017 Km Dm
(1.97) | 45.16 ' 9.70 | (0.66)
Q -
) £
3 X
(®) 215| D g o83
= o1
Ge C(Pe,Ke) De
Pe 55 Ke | (149
5.24 ' 7.56 \

(;8)(

(-?

G C(P.K) D
@ —— P E— K —
@47 | 4969 2.47 16.73 | @47
\ C(Pm,Km) /
em Pm —’_O 0 Km DM
(2.48) | 43.95 ' 8.29 | (0.67)
2 _
) 5
3 4
() 258| D g o7
= 5}
Ge C(Pe,Ke) De
Pe 5 Ke (1.80)
5.74 ' 8.43 \

Figure D.1: (a) 2-box and (b) 4-box diagram of t
LEC-terms for CTRL (above, gray) and UP (belo
black). Generation and dissipation terms (in parent
sis) are obtained as residuals. Units arg 16n2 for

reservoirs and W m? for conversion, generation an

eFigure D.2: (a) 2-box and (b) 4-box diagram of the

\v, LEC-terms for CTRL (above, gray) and SFC (below,

heblack). Generation and dissipation terms (in parenthe-
sis) are obtained as residuals. Units aré 16n~2 for

H reservoirs and W m? for conversion, generation and

dissipation terms. Arrows indicate the direction corfe-dissipation terms. Arrows indicate the direction corre-

sponding to positive values; negative values imply g

psponding to positive values; negative values imply op-

posite direction.

posite direction.

109



APPENDIXD SUPPLEMENTARY MATERIAL FORSECTION 3.3
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Figure D.4: Difference in the changes in the vertical cross sectionseof#hox LEC terms for the FULL
integration and the UP integration (i.e., Figure 3.6 minus Figure 3.11unt@cclockwise, starting from the
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Figure D.5: Difference in the changes
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Figure D.6: Difference in the changes
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APPENDIXD SUPPLEMENTARY MATERIAL FORSECTION 3.3
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Figure D.7: (a) 2-box and (b) 4-box diagram of the LEC-terms forGA®L integration (above, gray) and for
UP (below, black), split at 340 hPa (dotted line). Generation and dissip&tims (in parenthesis) are obtained

as residuals. Units are 40 m~2 for reservoirs and W m? for conversion, generation and dissipation terms.
Arrows indicate the direction corresponding to positive values; negeadives imply opposite direction.
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Figure D.8: (a) 2-box and (b) 4-box diagram of the LEC-terms for@i&RL integration (above, gray) and
for SFC (below, black), split at 340 hPa (dotted line). Generation argipdison terms (in parenthesis) are

obtained as residuals. Units are’10m~2 for reservoirs and W m? for conversion, generation and dissipation
terms. Arrows indicate the direction corresponding to positive valugstive values imply opposite direction.
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