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Abstract. A general circulation model of intermediate complexityiwétn idealized earth—like aqua-
planet setup is used to study the impact of changes in thenmchaat transport on the global
atmospheric circulation. Focus is put on the atmospherianmmaeridional circulation and global
thermodynamic properties.

The atmosphere compensates the imposed oceanic heatittacispnges to a large extent, and
significant modifications of the atmospheric general catiah can be noted. Up to a maximum of
about 3PW, an increase of the oceanic heat transport leasiticrease of the global mean near—
surface temperature and a decrease of its equator—to—+pdliegt. For larger transports, the gradient
is reduced further but the global mean remains approximataistant. This is linked to a cooling
and a reversal of the temperature gradient in the tropics.

For increasing oceanic heat transport both the Hadley anélr=Il show a decline and a pole-
ward shift of their maxima. Changes in zonal mean diabatitihg and friction impact the properties
of the Hadley cell, while the behavior of the Ferrell cell i@stly controlled by friction. Changes
in atmospheric heat transport are related to the strendtieatsidual mean circulation where eddy
transport of heat is the most important source.

The efficiency of the climate machine, the intensity of thednz energy cycle and the material
entropy production of the system decline with increasedoieheat transport. This suggests that
the climate system becomes less efficient and turns intdeataeduced entropy production, as the
enhanced oceanic transport performs a stronger large—séhg between geophysical fluids with
different temperature, thus reducing the availabilityhe tlimate system and bringing it closer to
a state of thermal equilibrium.
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1 Introduction

The climate is a forced and dissipative non—equilibriumesys which - neglecting secular trends -
can be considered to be in steady state, i.e. its statigtiopkrties do not depend on time. Astronom-
ical factors and differences of local albedo cause a diffeeeof net incoming shortwave radiation
between low and high latitudes leading to differential mgpand a surplus of energy in the tropics.
Over a global and long—term averages all supplied energgnittes to space, so that the incom-

ing shortwave radiation is balanced by the outgoing long@madiation [(BeMEL(LQH t, §92

[Luga.l:lﬂLa.n_d_Ra.g_o_r}lel;._ZQlll) The ocean and atmosphere trdribp excess of energy from the

tropics to high latitudes.

The oceanic and atmospheric transports result from theession of available potential energy
- due to the inhomogeneous absorption of solar radiatioth, pasitive correlation between heating
and temperature patterns - into kinetic energy, througtaimlities arising, typically, from the pres-
ence of temperature gradie 955). Such instabiend to reduce the same temperature
gradients they feed upon by mixing oceanic and atmospheagseas. The kinetic energy is then
dissipated inside the system. The production of availabtergial energy, its conversion to kinetic
energy, and the dissipation of kinetic energy have the samage rate, which corresponds to the
intensity of the Lorenzl_(ji);lﬁG?) energy cycle.

Recently, using tools of macroscopic non—equilibrium thedynamics, a connection has been
drawn between a measure of the efficiency of the climate systee spatio—temporal variability
of its heating and temperature fields, the intensity of theeha energy cycle and the material en-

tropy production (Jghngbﬁwrih_zbb_&mﬂm ). As mentioned above, the

climate can be considered as a (forced and dissipative)aguilbrium thermodynamic system

where the entropy budget is achieved in such a way that theo$tine incoming entropy flux due
to the solar high frequency photons, and the entropy gesetiat irreversible processes in the at-
mosphere and ocean, is compensated by the radiation to sphme frequency photons. Most of
the entropy production results from optical processeslendismaller portion - referred to as ma-

terial entropy production - is related to the irreversibleqesses in terms of the geophysical fluids
i 5). So the Earth is, in contrast tgsdesn that is isolated and therefore
maintained in a state of equilibrium, a thermodynamic systieat exchanges energy and entropy

with s ace l 0).
@lﬁ? 8) argued that the magnitude of the total meriibeat transport, i.e. the sum of the

oceanic and the atmospheric contributions, is insendibitke structure and the specific dynamical
properties of the atmosphere—ocean system, so that chafithpesoceanic heat transport (OHT) will

be compensated by the atmospheric flow and vice versa. licylart he suggested that the peak of
the heat transport is constrained within a narrow rangetitdities regardless of the radiative forcing.
Stone concluded that features of the meridional heat tahspn be related to the solar constant,
the radius of the Earth, the tilt of the Earth’s axis and theispheric mean albedo. He argued that
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the insensitivity to the structure and the dynamics of thsteay is due to the correlation of thermal
emissions to space, the albedo and the efficiency of thepgoanmechanisms of the atmosphere and
the ocean.

Enderton and MarshLl‘L(LQlOS) discussed the Iimitmhgpothesis by employing a series

of coupled atmosphere—ocean—sea—ice model experimentsiéh the oceanic circulation on an

aqua-planet is constrained by different meridional basri€he presence or absence of the barriers
result in significantly different climates, in particular climates with and without polar ice caps.
Enderton and Marshall concluded that Stone’s result is @ godade for ice—free climates. However,
they also noted that the effect of the related meridionaligrats in albedo on the absorption of solar
radiation need to be taken into account if polar ice caps esent.

The atmospheric compensation implies a significant impladtanges in OHT on the atmospheric
circulation as a whole. These changes in the atmosphedglation concern the zonally symmet-
ric flow, the zonally asymmetric (eddy) flow and the interpegween both. Thus, changes in OHT

have been commonly used to account for paleo—climatic desfegg., Ri ; al.,

|J.9_9_$;|_Bgmanmaa_eL L._2d06). Moreover, OHT is an importaotdr for potential anthropogenic

climate change since significant modifications of it can heeeked. Unfortunately, there are large
uncertainties in the changes in the oceanic circulatiomkitad in climate change scenarios (IPCC,
2013). These result from, amongst others, uncertaintigeé water forcing due to potential melt-

ing of inland ice sheets. To assess the role of the ocean s$torfdal and potential future climates

the impact of the OHT on the atmospheric circulation and theeulying mechanisms need to be
investigated systematically.

A way of studying the impact of changes in OHT on the atmosplaérculation is to utilize an
atmospheric general circulation model coupled to a mixagkd ocean. In such a model the OHT
can be prescribed. Using a present—day setup includin@mmdw [(;O_dSLLeme_ij_er_eﬂal.
dZQ_O_EIS), an(JLB_a.n‘_eiLo_e_LLl_(zdll) found that increasing QeSults in a warmer climate with less
sea—ice. A reduction of low—level clouds and an increaseadghouse trapping due to a moistening

of the atmosphere appeared to be relevant mechanisms.itioadd weakening of the Hadley cell

with increased OHT was found l)v Herweijer eL Ll|. (ZIOOS)LML&m_et_al. l(lel).

Utilizing an idealized aqua—planet setlJ,Q._RQ_s_e_a.n_d_EAr&QﬂB) systematically assessed the im-

pact of the OHT on the atmospheric global mean near—surésapdrature and its equator—to—pole

gradient. For warm and ice—free climates they confirm a nesafect atmospheric compensation of

the imposed changes in OHT. Like in the above studies inetudontinents, they found an increase

in global mean temperature for increasing OHT, accompanyemidecrease in the equator—to—pole
temperature gradient. Tropical SSTs were shown to be léssted than at higher latitudes. The de-

tailed meridional structure of the oceanic heat transporigd out to be less important. Changes in
deep moist convection in the mid—latitudes, together witle@hanced water vapor greenhouse ap-
pear to be the major drivet&.l&o.lLa.nd.AbHo_t_LZbl3) confirnfegllow sensitivity of tropical SSTs to
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OHT changes. In their aqua—planet experiments, larger @ddd to a weakening of the Hadley cell
which reduces cloud cover and surface winds, and thus, emagts surface cooling by increasing
OHT.

In the present study we extend and supplement the abovestiBiised on the experimental setup
of Rose and Fgrrglr@lS) we focus on the impact of OHT chspg the atmospheric dynamics
and thermodynamics. Our overall goal is to understand henatmospheric energy transport and

transformations are affected by modulations in the ocezzganic transport. We analyse the changes

in the atmospheric heat transport and the mean meridiomalation by employing, amongst others,
i

ME_G_;LH@L‘M951)GBIUD understand the various drivers of

the mean meridional circulation.

the Kuo-Eliassen equati

Furthermore, the integrated effect on the global atmosplegrergetics is assessed by changes
in the properties of the effective warm and cold reservairsstructed according to the theory pro-

posed iAJ_oh_ns_l)rlL(LdOO) ahd_Lu_cArIni doog). This allowgdd&fming a measure of the efficiency

of the climate system viewed as a (equivalent Carnot) endittention is directed to measuring

the irreversibility of the atmosphere and the material @mtrproduction. This part tries to frame
specific climatic processes of general relevance into argépleysical framework, trying to advance
the understanding of the climate as a non—equilibrium gdm@nd dissipative macroscopic system.
Links between the climate engine view and the classical ioenergy cycl 55) pro-
vide a consistent picture of the observed changes and doduhgerelevance of the climate engine
approach.

The paper is organized as follows. In Sect. 2 we describe tehand the experimental design.
Sect. 3 introduces our diagnostics. The results of the amalgre presented in Sect. 4. A summary
and discussion concludes the paper (Sect. 5).

2 Model and experimental setup

The Planet Simulator (PIaSirL; Fraedrich Atwo%) is @encsource general circulation model
(GCM) of intermediate complexity developed at the Univigref Hamburg. For the atmosphere, the
dynamical core is the Portable University Model of the Atplosre (PUMA) based on the primitive

equation multi-level spectral model i i ) an r 86).
Radiation is parameterized by differentiating betweernrtstave and longwave radiation and be-
tween a clear or a cloudy atmosphere. The respective sctielivesthe works oen
@l) for the short wave part a @968) for thgHarave part. The radiative proper-

ties of clouds based CJD_S_LQQIJelJS_dQYS) [a.nd_S_Lth_eds[e_Q&A)(]CIoud fraction is computed

according ta_Slin nd Slin 1991). The representatiomooindary—layer fluxes and of verti-

cal and horizontal diffusion fO||OV\J§_LO_LIIi£ (1574&&@ &LQ_B_JZ)J Roeckner et lal (1§92), and

[LﬁLI.LS_e_D_a.D_d_EJ.La.SlEIIJ_(l_d89). The cumulus convection scherhased on Kuo (1965, 1974). The
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ocean is represented by a thermodynamic mixed—layer (slabn) model including a one layer
thermodynamic sea—ice component.
Following [Roﬁﬁ_and_F_e;_Lelrg_(zdm) we used an earthlike -ptpreet setup with zonally sym-

metric forcing utilizing reference present day conditidos the solar constant (1365 m~2)

and the COs-concentration (36Ppm). The solar insolation comprises an annual cycle (with
obliquity=23.4) but eccentricity is set to zero. Thus, on annual averagéotteéng is hemispheri-
cally symmetric as well. The mixed—layer depth is set to 60 m.

A temporally constant flux into the oceagflux) is used to prescribe the oceanic heat transport
(OHT) according to the analytic equation givenb;@o_s_e_m@ k;ojs):

OHT = OHTj - sin(¢) cos(p)?Y (1)

whereg denotes the latitudéV is a positive integer which determines the latitude of th&imam of
the transport and the shape of its meridional profile, and Q& constant defining the magnitude.
Rose and Ferreira made sensitivity experiments by varyifganging from 1 to 8) and by varying
the peak transport (ranging from 0 to 4 PW) which is contcbbg OHT,.

For our study we follow Rose and Ferreira but fix the locatibtine peak by settingy = 2 (which
corresponds to maximum transport afR&e perform nine sensitivity simulations with respect to
the magnitude of the transport by changing QH@ obtain peak transports Ok from 0 PW to
4 PW (with 0.5 PW increment). OHfx = 0 PW (i.e. no OHT) serves as the control simulation. The
OHT for OHTmax=0, 1, 2, 3 and 4 PW is displayed in F[g. 1.

All simulations are run for at least 100 years (360 days par)ydhe last 30 years are subject to
the analyses. A horizontal resolutionB81 (96 x 48 grid points) with fivec—levels in the vertical
is used. The timestep i8¢t = 23 min.

3 Diagnostics

The dominant feature of the large scale ocean and the atrasplynamics is the transport of

energy from regions featuring net positive energy budg#tetop of the atmosphere low latitudes)
to regions where such budget is negative (high latitudelsis Teduces the temperature gradient
between equator and poles (e[gﬂxo.&and iQ_QZa.LlniLanﬂ_RagQA\EL_ZQ}ll). In present
conditions, The partitioning of heat transport betweencaipmere and ocean reflects two limits:

the dominance of the atmospheric mass transport in midigb-tatitudes and the dominance of
the oceanic energy transport in the tropics. The atmosplramsport can be further subdivided in
the sensible heat, latent heat and potential energy compmna&e will investigate the response of
changes in the imposed OHT for each of these components, dindinther specify the analysis
by considering both the zonally symmetric contributionse do the mean meridional circulation
(MMC) and the zonally asymmetric contributions, due to ttre@spheric eddies.
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In the classical view (the Eulerian mean circulation), threammeridional circulation consists of
three cells: the tropical Hadley cell, the Ferrel cell in Aatitudes and a weak polar cell. While the
Hadley and the polar cell are thermally direct circulatiares relatively warm air is rising and cold
air is sinking, the Ferrel cell is referred to as a thermailjiiect cell with warm air sinking and cold
air rising. Though the mean meridional circulation can lewéd as a two dimensional circulation in
the meridional-height plane, both zonally symmetric anthily asymmetric components contribute
to its existence.

The transformed Eulerian mean (TEM) formalislm (Andrews m:mg(rgl, 197}5) accounts for

the role of the eddies in the mean meridional transport. ttiqudar, it provides a closer link to the

total atmospheric meridional heat transport. The TEM rgglidtirculation approximates the (dry)
isentropic mean circulation resulting in a single cell frima equator to the pole.

Based on work bJ;Heth_(;Qb]J), Czaja and MarMMOOG) sldothat the atmospheric heat

transport can be represented by the product of a moist TEMuaiscirculation and the vertical

contrast in moist static energy (or equivalent potentialgerature. ). The moist residual circulation
is given by replacing all terms containing dry static engi@ypotential temperature) by their moist
analogs.

Utilizing the Kuo—Eliassen equations allows to identifglividual drivers of the Eulerian mean
meridional circulation (Appendx]A). A similar partitiong is done for TEM residual steamfunction
which provides a direct link to the atmospheric heat tran:spﬂ)wever] Pauluis et LIL(;dll) and

Laliberté and PaungisL(;QllO) pointed out that there is ngpkmvay to represent a well-defined

moist isentropic circulation in the latitude—pressuraplarherefore, to assess the effect of moisture,

we additionally investigate the mean circulation on dry amalst isentropes.

This summarizes the diagnostics tools aimed at capturirfteagmenological description of the
atmospheric circulation.

A second set of diagnostic tools is based on taking a thermadycal point of view on the at-
mospheric circulation. One finds that on the average a nétiyeog/ork resulting from the positive
correlation between temperature and heating fields uphioédkinetic energy of the global circula-

tion against the frictional dissipatioh(ﬂeiiom_ﬂd_amb.

The atmospheric energy cycle (Lorenz, 1955, 1967) is on&@fost important concepts to

understand the global atmospheric circulation as it pewia comprehensive look at the integrated
effects of physical mechanisms involved, the generatioavailable potential energy by external
forcing, the dissipation of kinetic energy and the energyversions by baroclinic and barotropic
processes. If the climate system is in a statistical stetatg,sthe rate of generation of available
potential energy, the rate of conversion of potential into kinetic enefdy and the dissipation
rate of kinetic energyD are equal when averaged over a long period of time (e.g. akeyears).
Thus,G = W = D > 0, where the bar indicates the operation of time averagings @Hhows for
characterizing the strength of the energy cycle in seveagbw
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Following the work b)l Jghnslnllj (ZdOO) ahd_Lu_cArlni (jOOQ) wesider the global energy cycle

as resulting from the work of an equivalent Carnot enginegatieg between the two (dynamically
determined) reservoirs at temperat@e and©~. According to this concept, an efficiency of the
climate systemsf) can be defined by

=28 @

Furthermore, following the same theoretical point of view analyse the entropy production
which leads to a measure of the irreversibility. An outlifighe theory and the according diagnostics
is given in AppendixB.

The diagnostics of Lorenz’ formulation of the energy cydgaals information about the reser-
voirs partitioned into zonal mean and eddy components, bodtahe conversions due to different
physical processes (Appendix C). We gain evidence aboutthéve importance of the individual
components contributing to the energy cycle and the rethnodynamic properties. Furthermore,
the classical Lorenz energy cycle helps to provide a linkvben the phenomenological view (given
by the circulation and transports) and the thermodynanaiw\{the equivalent Carnot engine), thus
demonstrating the relevance of the latter.

4 Results

We start presenting the effect of OHT changes on the mearatdim terms of atmospheric near—
surface (2m) temperature, sea—ice and meridional heaspoan First, we note that similar to
Rose and Fgrreirlz (2d13) our model exhibits multiple elidj a warm state and a snow—ball Earth

depending on the initial conditions as thoroughly discds’ssmj_el_él.LQQiZ) ar{_d_Lus;a.Lini_e_tl al.

). In the present study we investigate the warm statls ldowever, in contrast to Rose and

Ferreira (2013) sea—ice at high latitudes is present inf aflewarm state simulations.

Up to about OHTax= 2.5 PW increasing OHT leads to an increase of the global m&gay) (
and a decrease of the equator—to—pole gradiafit)(of the annual and zonal mean near—surface
air temperature (Fid]2). For this regime an approximatelgdr relationship betwe€hyea, and
AT can be found. For OH x> 2.5 PW, T} is almost insensitive to an OHT change whg" is
further reduced. Here, the equator-to—pole gradient ine@fby the difference between the values
at the lowest and highest latitude of the model’'s grid whioh lacated at about 0°%nd 85.8,
respectively.

When inspecting the meridional profiles of the annual andakomean near—surface tempera-
tures, we observe that high latitudes are more sensitiveet@HT changes than low latitudes. With
increasing OHT, the polar temperatures continuously amzeexcept for OHf.x = 4 PW where
slightly colder polar temperatures than for OklX = 3.5 PW are found. It appears that this is a con-
sequence of the reduced atmospheric heat transport,|glmrer—compensating the increased but
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still small oceanic heat transport at these latitudes @ee tliscussion). In the tropics, an increase
of the temperatures is only present until OHI= 1.5 PW. For larger OHT, the equatorial temper-
atures decrease. In addition, increasing OHT leads to ardiatg of the temperature profile in the
tropics until, for OHax = 3.5 and 4 PW, the temperature gradient in the tropics gets redensd
the maximum of the temperature shifts away from the equatapprox+24°.

Sea-ice gradually decreases with increasing OHT. But, Bme®HTox = 4 PW some sea—ice
remains in polar latitudes. However, for OKZ > 2 PW the average sea—ice cover is smaller than 1
indicating that no latitude is completely covered by sea-€igring the whole year.

Qualitatively, all findings are also true for winter and suerras can be seen in Fid. 3, except that
in summer the sensitivity to OHT changes is small for the tagitudes that are covered by sea-ice.
In addition, we note that the seasonality and its sensitteitOHT changes are small for latitudes
without sea—ice due to the high thermal inertia of the miXaygler. In the following we restrict the
analysis to the annual mean.

Despite the difference in sea—ice extent (i.e. planetargdn), the atmospheric heat transport
compensates the changes in OHT to a large extent, as candseethfrom the small differences
in total meridional heat transport diagnosed from the enérglget at the top of the atmosphere
(Fig.[3).

Now we shift our attention to the global thermodynamic prtips and start with discussirgy"
and ©—, which characterize the warm and cold reservoirs of theatkénengine. Such reservoirs
are constructed in such a way to substantiate the fact ttainigeand temperature fields are pos-
itively correlated to gain potential energy (see Apperd)x Gualitatively, the two temperatures
behave similarly when OH.« is changed (Figurgl5). We can classify three temperatuiienesgy
i) OHTnax < 2.0 PW atmospheric warming, i.0PW < OHTax < 3.5 PW atmospheric cooling,
and iii) OHTax > 3.5 PW weak sensitivity. We observe a higher sensitivityeof than©™ for i)
which is generally due to the amplified polar warming. Thédedénce betwee®™ and©~, de-
noted asA©, decreases with increasing OR:L implying a decrease in the atmospheric efficiency
of the climate engine (E@l 2). Interestingly, the differeletweeri’y; and the average @~ and
OT increases with OHJx, especially for OHTax < 3.0 PW, indicating a reduction in the stability
of the atmosphere. This is understood by considering thgétaoceanic transports lead to stronger
warming at low levels in the mid and high latitudes, which rhes compensated by a weaker heat
transport aloft.

The diabatic heating processes constitute the sourcesiaksl & internal energy for the at-
mosphere and play a decisive role in the generation andutéisin of available potential energy

rL_lQJBZ). Those processes are displaydtwkadsrte— and zonal-averaged diabatic
heating ratesiT, /dt (Fig.[8). The heating rate is calculated as the sum over abatic heating
effects including heating or cooling by the response ofatak heat fluxes, sensible and latent heat
fluxes and vertical diffusion. Whil®+ and©— are defined using the time and space dependent heat-
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ing fields, inspecting the time and zonal averages of thdarwepatterns is useful for understanding

how available potential energy is genera

Simulations with0.5PW < OHThax < 1.5 PW show diabatic warming in the deep tropics, in the
mid troposphere and in the subtropical low troposphere ygdeediabatic cooling occurs in the mid
and high troposphere of the subtropics and in polar as wslllagolar regions. Positive heating in the
tropical and subtropical regions is dominated by the cbuation of latent heat fluxes, in particular,
heating through convective precipitation (not shown)hiemnid to high latitude regions large—scale
precipitation contributes towards a positive heating.bai&c cooling, on the other hand, is mostly
caused by outgoing longwave radiation and to a moderatetxyehe conversion process from rain
to snow, mostly in the subtropical regions.

We see an extension of the area of positive heating in the atitddes towards the poles in the
lower troposphere as well as in the equatorial mid and uppposphere for larger values of OHx.
The poleward migration of the positive heating pattern ie thid—latitudes is closely related to
the poleward shift of the atmospheric latent heat transfdne area of positive heating broadens
in height at latitudes aroungD°. Since the positive heating patterns (relevant for dedié) in
the mid latitudes extend in height and is, in addition, stied poleward, lower temperatures are
considered in the quantity g™, which explains the smaller sensitivity 6i™ than of ©~ for
0PW < OHTmax < 1.5 PW in Fig.[B. By implication, the warming effect at polar taties causes
the sensitivity ofo~ to be larger than o®*. For OHTyax > 2 PW the sensitivity of both® ™ and
O™, is negative since large parts of the tropical high and ntgdsphere cools.

We observe on average a decline&® of approximately0.4 K for every 0.5 PW increase in
OHTmax (Fig.[d; black graph). The total temperature differencaeases fronT.9 K to 4.5 K across
the considered range of values of Okik The climate system becomes horizontally more isother-
mal as OHT,ax is reinforced, which is consistent with the decline for theridional difference in
near—surface temperatutel’ (Fig.[@ blue graph, and Fi@l 2). We find an linear relation lesw
AT and AO: For everyl0K decline in AT the reservoir temperature differene®@, decreases
by approximately).8 K (Fig.[d). This provides a potentially interesting indicat of how to relate
changes in the near—surface temperature gradient to tjgamtescribing the dynamic processes in
the atmosphere.

As the climate warms and the temperature difference betweemwarm and the cold reservoir
shrinks with increased OHEy, the efficiencyn declines (Fig[B). The increase in ORz causes
the climatic machine to act less efficiently, in terms of ardase of the ratio between mechanical
energy output and thermal energy input.

We observe a linear behaviour fgrfor 0PW < OHTpax < 2.5 PW. For every0.5 PW increase
in OHTmax the efficiencyn declines by abow2.0 - 1073, For OHTnax larger than present—day val-
ues (OHThax > 2.5 PW), 7 decreases by only.5 - 103 per0.5 PW increase. We observe an abrupt
change in the tendency for ORI = 2.5 PW at which pronounced tropical and subtropical atmo-
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spheric cooling sets in. This indicates that the changedndmperature difference between equato-
rial and tropical regions cause a drastic change in the digadproperties of the system.

Material entropy productios,,,.; and the degree of irreversibility are shown in Fig:19 (upper).
As introduced in AppendKBSE is given by the sum of the minimum value of entropy production
(%) compatible with the presence of the average dissipatidritemexcess of entropy production
(@) with respect to such minimum, i.e.

S’I‘I’Lat = Smin + Sea:c
The ratio betwees.,. andS,,;, defines the degree of irreversibility

Semc
Smin

o=

and determines the ratio between the contributions to pytpooduction by down—gradient tur-
bulent transport and by viscous dissipation of mechanicaitgy.

With increasing values of OH.x, the decrease in the efficiency (i.e. the intensity of theshar
energy cycle) and the increase in the near—surface tenoperaply a reduction of the part in
% linked with frictional dissipation, which is related to lewbound of entropy productioﬁ?m.
Nonetheless, one needs to investigate the excess of ernrodyctiong, which is linked to the
turbulent heat fluxes down the temperature gradient. Tragiveldecrease in entropy production
due to frictional dissipationﬂ) is stronger than the relative decrease in entropy prooludty
down—gradient turbulent heat transpc@) as featured by the overall increaseniifFig.[9). Thus,
the entropy production due to the turbulent heat transpwindhe gradient of the temperature field
becomes more and more dominant as the oceanic transparbgas because irreversible mixing
becomes stronger.

In Fig.[8 (lower) the main contributions of the material epty production in the model are dis-
played. This includes latent and sensible turbulent heaedland frictional dissipation of kinetic
energy. Entropy production due to latent heat processekjdimg convective as well as large—
scale precipitation, surface latent heat fluxes and rama#stonversion processes, makes by far
the largest portion of material entropy production. For @&l T % the value of entropy produc-
tion by latent heat read® mW m~—2 K ~!. For increasing OHJax up to1.5 PW the value increases
by 2mwW m—2K~!, while for larger OHThax this contribution to entropy production declines by
4mwW m~-2K~1, Entropy production by frictional dissipation decreasesrf8 mWm-2K~! for
OHTmax= 0PW to3mW m—2K~! for OHTnax = 4 PW. Entropy production by sensible turbulent
heat flux at the surface as well as in the atmosphere decrbgdesif (from2mwm 2K~ to
1 mWm—2K~1) with OHTax increasing. One would expect that larger values of QiiTwould

lead to larger values of,,,;, using the argument that a warmer planet should be able te hav

10



345

350

355

360

365

370

375

a stronger hydrological cycle. For low values of OF, the increase irb,,.; due to the hydro-
logical cycle is overcompensated by the decrease in theibatibn due to the frictional dissipation.

In order to further clarify the impacts on the material epyrg@roduction of increasing OHEy,
we split the material entropy production due to irreversiakent turbulent heat processdg (; in
Eq.[B8) into the contributions coming from individual pareterizations (processes) operating in
our model which are convective precipitation, large—sgaéipitation, surface latent heat fluxes,
and the heat release due to rain—snow conversion. Higliresplays the time mean of these contri-
bution coming from each latitudinal belt. Positive contitibns indicate a warming while negative
contributions are related to a cooling due to the respeptiveess.

Convective precipitation gives the largest positive cibation, particularly in the tropics and sub-
tropics. For increased OHiEx we observe that the peak at the equator is significantly edlutile
convection processes move into the mid—latitudes wheresuhiace is heated and static stability
decreases. The positive contribution from large-scaleipitation features are shifted out of the
mid—latitudes towards higher latitudes with increasingi@kk. As large-scale precipitation regimes
experience a shift to higher latitudes, their maximum isiignis almost kept constant. The contri-
bution by the surface latent heat flux is negative relatedittase cooling. For 0 PW, the magnitude
has its maximum at latitudes @6° to 25° indicating the region with maximum evaporation. As the
heat transport in the ocean is increased, latent turbuksmit fluxes reduces largely in tropical and
subtropical regions, and peak latent heat fluxes move tevard-latitudes. The region with largest
evaporation at the surface shifts from the subtropics tartlte latitudes with increasing OH%x.
The contribution from latent heat release by rain-snow eosion is negative (indicating an overall
cooling) and qualitatively shows similar patterns as theidi@nal profile for convective processes.

FiguréID seems to imply that the tropical latitudinal bekittires a negative material entropy pro-
duction. This is indeed not the case, because there is argetdaale transport of energy from those
regions to both the equator and the mid—latitudes as a @satiet moisture export (i.e. transport of
latent heat, see discussion below). Such a negative cotitnibis overcompensated by the positive
material entropy production associate to the absorptidth®transported latent heat taking place
elsewhere.

Figure[I1 shows the annual mean atmospheric meridionalttaaedport for OHax = 0,1,2,3
and 4 PW. We display the total transport and its componemstransport of sensible heat, latent
heat and potential energy. In addition, we split each trartspto the contribution from the zonally
symmetric (zonal mean flow) and the asymmetric (eddy) parttie total transport, the compensa-
tion for increasing OHT leads to a decrease of the atmosptrarisport and a poleward shift of its
maximum according to the prescribed OHT profile. Although @HT is zonally symmetric, both
atmospheric zonal mean flow and atmospheric eddies cotdribithe compensation.

In the tropics (0-3%), both the zonal mean flow and the eddies account for the aineois
transport, with the eddy component being dominant in theraubpics, where the zonal mean flow
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contribution decreases to zero. For the eddy transporeitrdpics, only the latent heat transport is
of appreciable magnitude. For the zonal mean flow, the madeiof all three components decrease
with increasing OHT showing about the same relative chamgel PW OHThax The total mean
flow transport is the result of a large compensation of theatmyward transport of heat (sensible
and latent) and the poleward transport of potential energy.

In mid—latitudes, eddies dominate the poleward heat temsgnd its sensitivity to OHT changes,
with the contribution from latent heat transport being antcated equatorward of the contribution
from sensible heat transport. Transport of potential gnbsgeddies is almost absent due to their
geostrophic nature (i.e. the meridional velocity is giventibe zonal gradient of the geopotential,
and thus the zonal average of the product of velocity and gfeogial vanishes).

In summary, the atmospheric compensation for changes in @kds place according to the
relative importance of the respective component for thespart in the reference state where no
OHT is present. Although changes in OHT are very large it appéhat the role of the different
mechanisms in controlling the total heat transport remaimshanged: In the inner tropics eddy
transport is not important and the poleward energy traspaitue to the transport of potential
energy by the zonal mean flow. Here, the transport of senaitddatent heat by the zonal mean flow
is directed towards the equator reducing the net transptaitting in the outer tropics eddy transport
becomes dominant. The importance of eddy latent transporéases for increasing temperatures
due to higher moisture content according to Clausius—@lape i. e. latent heat transport is more
important for lower latitudes. Eddy transport of potengakrgy is negligible while the transport
of potential energy by the zonal mean flow in the mid—latisideequatorward and counteracts the
eddy transport.

The meridonal atmospheric energy transport is closelyelinto mean meridional circulation
which we will study in the following. We start with the clasal Eulerian mean circulation de-
scribed by a mass streamfunctignFigure[12 shows Northern Hemispherdor OHTax = 0, 2,

3 and 4 PW. For OHJ.x = 0 PW, a Hadley cell and a Ferrel cell are well established watlues of
about8 x 10'° and—3 x 10'%kgs~!, respectively. The maximum magnitudes are located at about
10° N for the Hadley cell and 50N for the Ferrel cell, and at about 7@®a for both cells. The
Hadley cell extends to about 3Bl. A polar cell is absent in the annual mean but emerges weakly
in the summer months. Considering the idealized setup, thetiposition and the strengths of the
simulated cells are in reasonable agreement with obsengator OHT,ax= 2 PW which is about

the observed OHT strenth (e.g. Peixoto and Oort, 1992).

With increasing OHT, the strength of both cells decreasigs[fB). The decrease in strength of the
Hadley cell is virtually linear and amounts to abauix 10'° kg s~ per PW. The Ferrel cell strength
decreases by abo0#4 x 10'° kg s~ per PW with stronger decreases for smaller Q&I The core
of the Ferrel cell shifts poleward. For ORIy > 2 PW, a poleward shift can also be observed for
the Hadley cells maximum together with a broadening of tki§ te. a poleward shift of its edge.
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For OHTyax = 4 PW, an additional (weak) cell can be observed close to thateqwith counter—
clockwise rotation. However, this (virtual) cell is causscaveraging an almost vanished Hadley cell
in summer and a winter hemisphere Hadley cell which has itsmmam on the summer hemisphere.

The Kuo-Eliassen equation allows for identifying indivéddrivers of the Eulerian mean merid-
ional circulation (Appendik’A). The reconstructions by meaf the Kuo—Eliassen equation are in
good agreement with the actualfor all simulations. However, the maximum magnitudes are sy
tematically overestimated. In general, the reconstrudsaa better fit for the Hadley cell than for
the Ferrel cell (Fig—T5). It is not clear why the reconstimeioverestimates the magnitudes of the
cells. Possible sources of the differences are the nunh@riceedure to solve the equation (e.g. the
representation of the derivatives) and, in particularghasi—geostrophic assumption.

As an example, Figurie_114 shows the sources and the recaistricr OHThax = 0 PW. The
individual sources indicate that the largest contribwgiton), stem from diabatic heating and from
friction. The heating controls the Hadley cell togethetngtsignificant contribution by friction. For
the Ferrel cell, friction is the most important factor. To ach smaller extent, eddy transports of
heat and momentum add to the Ferrel circulation with a lazgetribution by the heat transport. For
both Hadley and Ferrel cell, the maximum contribution bgtfan is located at lower levels than for
all other sources which indicates the dominance of friclatissipation close to the surface.

For the Hadley cell, both the contributions coming from heaand friction, decrease linearly
with increasing OHT (Figd_15). As the decrease is strongehéating, friction becomes the major
contributors to the Hadley cell for OHJE« > 3 PW. The decrease of the Ferrel cell with increasing
OHT is linked to a decrease of the friction, i.e. a decreasth@mnear—surface zonal mean zonal
wind. The contributions from heat and momentum transpatsahse less than for the Hadley cell,
and remain constant for OHEx > 2 PW. Similar to changes in magnitude, the shifting of thescell
and the broadening of the Hadley cell can be explained byersie changes in the mean sources.

The residual mean streamfunctign., resulting from the transform Eulerian mean (TEM) for-

malism kAnﬂLeMLs_a.nd_M_c_Lnl)Jrl:._lﬁim) provides a much closérbetween the meridional circula-

tion and the atmospheric transport of dry static energydutitéon, it clarifies the role of the eddies

for the transport.

As given in AppendiX? the TEM formulations results in a deqmsition of,.., similar to the
Kuo-Eliassen equation. Here, the residual mean circuladithat part of the mean meridional circu-
lation which is not balanced by the convergence of the eddyth@nsport. It consists of the Eulerian
mean circulation plus a circulation due to the eddy heatspart. The latter sometimes referred to
as Stokes streamfunction. The TEM residual mean circulaioqualitatively similar to the dry
isentropic circulation with the important difference tlla¢ TEM—circulation does not close at the
surface[(ﬂeid_md_s_ch_ne_ihg_r‘;bgg). The residual streastifumis forced by the combined effect of
the eddy momentum and the eddy heat transport, given by teeggince of the Eliassen—Palm (E—

P) flux. Splitting the Eliassen—Palm flux into its componesfitsws that the individual contribution
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of the momentum transport is the same for both the Eulerisammaed the TEM formulation. Also,
the sources from diabatic heating and friction remain timeesa

Figurd 16 gives the residual mean streamfunction, its r&tcoction, the eddy source (source from
E-P flux divergence) and the Stokes streamfunction for @&F 0 PW. As for the Eulerian mean,
the reconstruction is in good agreement with the actualitzition (which again holds for all OHTS).
Compared to the Eulerian mean (Hig] 14) the residual stneactibn displays a single overturning
circulation with rising motion in the tropics and sinking @i high latitudes. While the maximum
of the residual streamfunction occurs in mid—latitudesr ikea surface, a secondary maximum in
the tropics is present related to the Eulerian mean Hadlkyreem the reconstruction we see the
dominance of the eddy (E-P flux) forcing for the mid—latitadsmpared to the Eulerian mean
case. Since the contribution from the eddy momentum trahgpthe same in the Eulerian mean
and the TEM case, the differences are due to the heat trarspygr We also note that the Stokes
stream function and E-P flux source are very similar whichxjgained by the small contribution
of the eddy forcing in the Eulerian mean case (note that tbkeStstreamfunction is given by the
difference between E-P flux source and Eulerian mean eddgasoef. AppendixA).

Figure[IY displays the sensitivity of the E-P flux source dredStokes streamfuction to changes
in OHT. A strong decrease (from ab@itx 10'° kg s~ to aboutd x 10'° kg s—') of the maxima can
be found for OHT,ax increasing from 0 PW to 2 PW. For Ol > 2 PW the decrease diminishes
and the maxima obtain values of abagut 10'°kgs~!. We note that in the Eulerian mean view
(Fig.[I8) the eddy forcing does not appear to be very impokabeing of small magnitude and low
sensitivity. The huge impact of the eddies on the circufabaly becomes clear when considering
der combined effect of the eddies which sets up an eddy te{&tekes) circulation, as visible in the
TEM view.

Concerning the total heat transport, including latent ,I'lﬁaajmmmm_(&b@, based on

work by@i @'1), showed that the atmospheric heat tamspn be represented by the product

of a moist TEM residual circulation and the vertical contiasmoist static energy (or equivalent
potential temperaturd).). Here, both the eddy transport and the vertical gradierdfdf in the
TEM formalism are replaced by the respective values utigj#l.. Unfortunately, as pointed out by

[Eaulu.is_e_t_él.L(ZD_:l.l) aAd.Laﬂb.eﬂia.mLEasLlLi_s_&OlO),etliﬁeno simple way to represent a well—

defined moist isentropic circulation in the latitude—pteegplane. This prevents a diagnostic similar

to the dry case. To tackle this probleimﬂauliu_lafj_m @ittpduces a statistical generalization
of the transformed Eulerian mean circulation for arbitreeytical coordinates. However, here we
restrict ourselves by diagnosing and comparing the totabapheric circulation on dry and moist
isentropes.

Figure[I8 displays the respective circulations for Q= 0 PW and 3 PW, as well as the max-
ima of the respective streamfunctions for different OHTise Tirculation on dry isentropes corre-
sponds well with the residual circulation except that itlésed and has smaller maxima, mainly due
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to misrepresentation of near—surface values in pressooedinates. It shows one single overturn-
ing cell with (for small OHT) a tropical and a mid-latitude rii@um. In contrast to the dry case,
the circulation on moist isentropes shows one maximum amyafl OHTs which is located in the
mid—latitudes. In addition, the moist isentropic circidatis narrower and exhibits higher values,
illustrating the impact of the moisture transport.

For increasing OHT both the dry and the moist isentropiautatiton slow down, and the maxima

shift poleward. Consistent with the findings L);LQLaja_a.n_d_Ma* tZQ_QLS) this agrees well with

changes in the transport of dry and moist static energyeatisely (cf. Fig.[I1). However, the

relative decreases of the transports are smaller than thdise circulations. This is explained by a
narrowing of the isentropic circulation for larger OHT (Efg.[I8 for 0 and 3 PW) corresponding to
a decrease of static stability.

Finally, we give a synopsis of the above results in terms efglobal energetics provided by the
classical Lorenz energy CyC'E_(TOLL55). In particukds will confirm the the relevance of the
climate engine perspective.

Figure[I9 shows reservoirs, conversions and sources ofiergye cycle where the atmospheric
flow has been partitioned into the zonal mean and the eddy eoemt. We already noted (cf. FIg. 7)
the close (linear) relation betweexil” (the meridional near surface temperature gradient)/aéd
(the temperature difference between the warm and the cetdhibdynamic reservoirs of the climate
engine). Consistent with the changesi® and AT the Lorenz available potential energies of the
mean flow Py;) and of the eddiesH) decrease. In addition, we notice that the relative deergms
Py and Pg is of the same size while the absolute value®gfare substantially larger.

As pointed out in ApendiXB, a direct link between the efficggrof the climate systenmj
and the strength of the Lorenz energy cycle is given by thd(thnltputW of the climate en-
gine which gives the rate of generation of available po&mhergy. Indeed, for/ (Fig.[20) we
observe a similar behaviour as fpFig.[8). FOrOPW < OHTmax < 2.5 PW, W decreases linearly
by about0.2 Wm~2 for every0.5 PW increase in OHfax. For (OHTmax > 2.5 PW), W declines by
0.1 Wm~2 per0.5 PW increase.

From energy conservation we know the decreasdimlso implies that the total dissipatid_'h
decreases in a steady state climate, as the climatic engmeraller rate of transformation of
available into kinetic energy. The decreasd_'))i‘mplies that surface winds are weaker, because this
is where most of the dissipation takes place. Though diagmhas residuals from the conversions, the
total source of available potential energy and the totd eirkinetic energy are in good agreement
with 177 andp indicating a change in sensitivity at ORI = 2.5 PW. In addition, we notice that only
the zonally symmetric heating generates available pateatiergy while the zonally asymmetric
heating extractd’g, i.e. it acts to homogenize the zonal temperature profilesthe dissipation
of kinetic energy, the eddy component is larger than therimriton of the zonal mean flow. For
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increasing OHT the magnitude of all sources/sinks decraaddoth the (hegative) eddy source of
available potential energy and the zonal mean sink of kiregtergy go to zero.

We conclude that assigning the overall strength of the Loemergy cycle to either the zonal
mean or the eddy flow would lead to different results depemdinether we choose the generation of
available potential energTy/ or the dissipation of kinetic energ§ as measure. Dominant processes
of the generation of available energy (i.@) are related to the zonal mean circulation while the
dissipation of kinetic energﬁ) acts on the eddies resulting from baroclinic instabilityaddition,
one may use the conversion from potential to kinetic enesgyeffine the energy cycles strength.
Here the baroclinic eddies accomplish the transformatibitevthe zonal mean flow generat&g;
on the expense df, i.e. by favoring a thermal indirect circulation. Thus, ptiie considering both
components together (eddy and mean flow) allows for asge#sinstrength of the energy cycle. In
this respecty, W and D derived from the (Carnot) climate engine perspective gteonsistent
and physically based measures.

Consistent with the sensitivity of the transports and theidi@nal circulation, the overall de-
cline in the reservoirs and sources with increasing OHTse present for conversion terms which
are related to the baroclinic conversion, &Py, Pr), C(Pg,Kg) and C(Kg, K\). The con-
versionC(Py, Kv) which is related to the zonal mean Eulerian circulation shitie changes,
as there is a cancellation between changes in Hadley andlleett. In addition, we note that the
sensitivity of the eddy related conversions appears toedeser following the temporal sequence of
a baroclinic life cycle: The conversion from zonal mean ke potential energy to eddy potential
energyC'(Pu, Pr) shows the largest sensitivity (approx. 65 %). The sensitofithe transformation
into eddy kinetic energ¢'( Pg, K ) amounts to approx. 57 %, and the change of the conversion into
zonal mean kinetic energy(Kg, K\ ) is the smallest (approx. 53 %). However, to verify whether
these changes are due to changes in the baroclinic lifexgclist a coincidence, further analysis
is necessary, which is beyond the scope of the present paper.

5 Summary and discussion

We have studied the impact of the oceanic heat transport j@HTthe atmospheric circulation
focusing on two important aspects: changes in the atmogpmaridional heat transport and cir-
culation, and changes in global thermodynamic propertigheatmosphere including efficiency,
irreversibility and the Lorenz energy cycle.

Using a general circulation model of intermediate compjeiPlaSim) including an oceanic

mixed—layer we have adopted an experimental design i 3). Here, an im-
posed oceanic heat transport of simple analytic form anid véitying strength allows for systematic
analyses.
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We found a compensation of the changes in oceanic heat trarigpthe atmosphere consistent
with Stone’s (1978) conclusions. The presence of sea—igeaxalain the deviations from a perfect
compensation as discussed. i rslha.ll.|(20ﬂa)e all components of the atmo-
spheric heat transport are affected by the compensatiein réHative importance for the total trans-

port remains almost unchanged. While the atmosphere casapeEvery effectively the changes in
the OHT, so that the total meridional heat transport is weakéred, the climate as a whole strongly
depends on the chosen value of the OHT. The basic reasoniddstthat the atmosphere and the
ocean transport heat at different heights and across elifféemperature gradients.

In agreement with Rose and Ferreira, we have found an irefake global mean near—surface
temperature and a decrease of the equator-to—pole temegabdient with increasing OHT for
OHThax < 3 PW. For larger OHT, the temperature gradient still decreaséthe global average re-
mains constant. For the tropics, there is a significant @seref both temperature and its gradient for
OHTnax > 2 PW, with a reversal of the gradient for OHZ > 3 PW. For smaller OHT, we observed
a slight warming and a reduction of the gradient with incieg@®©HT. The latter is consistent with
results fronLKo.LLa.n.d.Ab.bJ)lJ_(ZQ:b). However, in their aquaret the tropical temperature show
little sensitivity with small increases for all imposed §itive) OHTSs (up to 3 PW).

A tropical cooling for imposed oceanic heat transports sehat larger than present-day values
has also been found IJ)_)LB_a.LI‘_e_LLO_Qk Jal_dOll) in a more comgbexpled atmosphere-slab ocean
model with present—day land—sea distribution. They arpae this suggests present—day climate

being close to a state where the warming effect of OHT is mipdch Barreiro et al. related the
tropical cooling to a strong cloud—SST feedback and showatithe results are sensitive to the
particular parameterizations. Though our simulationshéglly idealized and do not represent all
the complexities of the real climate system, it is interestio note that we find almost no further
increase of the global near—surface temperature for QkF 2.5 PW and maxima ir©+ and©~

at about the same value of OHT.

Confirming the results of previous studieg_(,tlgmaeijgulet bop;%; |_B_a.l’_l’_e_i.|‘_0_e_t_€illl.,|_2Qlll§

Koll and Abbglt,ho_lb) we have found a decrease of the Hadl#yfareincreasing OHT. In addi-

tion, the Hadley cell broadens and the maxima of the Hedle\tlaa Ferrel cell shift poleward when
OHT obtains large values (OHEx > 2.5 PW).

Sea-ice gradually decreases with increasing OHT. Thouginonal average sea—ice is present for
all simulations, for OHTax > 2 PW areas of open water are present for all latitudes durinmgser.
This may suggest that sea—ice is playing an important raemtrolling the global mean temperature
and/or the position of the Ferrel cell. However, we did nod faufficient evidence to support this
hypothesis.

Separating individual sources by applying the Kuo—Eliassguation showed that the character-
istics of the Hadley cell can be explained by the mean menalioirculations related to the diabatic
heating and, to a smaller extent, to the friction. In our datians, the meridional circulation in-
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duced by friction also controls the behavior of the Ferrdll &ddy transports of heat and momen-

tum appear to be less important for the Eulerian mean citionlaThis is different from results by

' [CZD_QJJb) where the mean meridional circulatidexeel to eddy fluxes account for about
50 % of the Ferrel cell’'s strength. The coarse vertical rggmh may be responsible for a reduced
eddy activity.

The importance the eddies for the circulation becomes wlaan considering der combined effect
of the eddies by applying the TEM formalism. Here, the eddietisup an eddy related (Stokes)
circulation dominating the midlatitudes with strong séuiy to changes in OHT.

In agreement Witl|1 Czaja and Marg]'léll (2b06) the total atrhesp meridional heat transport is

related to the strength and vertical extend of the circoiatin isentrops both for the dry and the

moist case. As obtained by scale analysis by Czaja and Marstearesidual mean streamfunction
in the mid—latitudes is dominated by the so called eddy stvésich is given by the meridional
transport of static energy.

We utilized an alternative approach to assess the sengitifithe climate system by studying
the response of global thermodynamical properties of thmaté system following a theoretical
framework introduced 9). Here the climatstem is viewed as a (equivalent Carnot)
engine with a certain efficiency. Linking the climate enginew and the classical Lorenz energy
cycle MES) provided a consistent picture of theeobed changes and, thus, demonstrated
the relevance of the climate engine approach.

Increasing OHT leads to the reduction in the difference betwthe warm pool temperatuge”
and the cold pool temperatuég—. The latter implies that the atmospheric system becomeg mor
isothermal in the horizontal. The temperature differenstsvieen the warmg™) and the cold® )
heat reservoir decreases for increasing oceanic heaptregnghis is basically caused by enhanced
warming in the extratropics and by tropical cooling for isasing OHT. Main driver for this is the
poleward relocation of latent heat release patterns (mmi/sh This may lead to further warming

due to the water vapour feedba&mwbﬂ@m.wl).

The effect of thermalisation leading to the reduction oféffeciency of the system with increasing

intensity of the ocean heat transport can be related to tbeedse in the reservoir of the potential
energy available for conversion in the Lorenz energy cyde strength of the Lorenz energy cycle
linearly decreases with increasing OHT. A change to smabeisitivity is observed at OHEx =
2.5 PW.

Consistent with the changes in heat transport and meritimrailation, the magnitude of all
reservoirs and conversions of the Lorenz energy cycle deesewith increasing OHT. However, the
sensitivities differ.P\; and the conversion from?y; to Pg exhibit the largest changes. Eddy kinetic
energy, the barotropic conversion from eddy kinetic eng¢oggonal mean kinetic energy, and the
conversion from zonal mean kinetic energyRq are least affected.
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When considering stronger oceanic transport, the climgteem is characterized by a declining
total material entropy production, while the degree ofensibility increases, since the decrease in
entropy production by frictional dissipation is more inderthan the decrease in entropy generation
due to sensible and, in particular, latent heat flux. The flukatent heat contributes most to the
material entropy production in the climate system. Whemndasing the heat transport in the ocean
from 0.0 PW to 1.5 PW, material entropy production due to latent heat flux iases which can
be explained by an outspread of convection from the deejicsapto the mid latitudes, while the
maximum latent release is still located in the central tepWhen increasing the heat transport
further, convective processes collapse in the deeps sapid, thus, affecting evaporation intensities
at tropical sea surface by reducing it. As a result, a deergamaterial entropy production by latent
heat fluxes can be noted from the increase of the oceanicraeapbrt larger tha.0 PW.

Recentlyl Laliberté et $I|_(;QI15) proposed a differentri@matynamic point of view with respect
to what used here, indeed confirming the relevance of locirtige climate system as a heat engine.

They studied using models and reanalyses the work outptieofltmate engine and showed that
the equivalent Carnot cycle is constrained by the powerssacg to maintain the hydrological cycle
which accounts for the moisture inefficiency related to ttditton of water vapor to unsaturated
air. For a warmer climate they found a reduction of the wortpaticonsistent with our results for
increasing OHTLLa.li.b_e_l'_té_e_t_laLleS) attributed mosthef tesponse to an increase of the moisten-
ing inefficiency. There is strong indication that this iscalsue in our case due to a large increase in

near-surface specific humidity and evaporation with onlyderate changes in near-surface relative
humidity. However, further diagnostic is necessary to difjathe impact of moistening inefficiency.

Overall, our study demonstrates the large impact of theracdeeat transport on the atmospheric
circulation effecting the zonally symmetric flow, the zdgasymmetric flow and the interaction
between both. By reducing the meridional temperature gradan increased oceanic heat transport
slows down the atmospheric mean meridional circulationsmifis the Hadley and the Ferrel cell.
In addition changes in OHT substantially modify global thedynamic properties like the strength
of the Lorenz energy cycle, the efficiency, the entropy potidn and the irreversibility.

The reduction of the meridional gradient of the near—s@rfamperature is one of the major fea-
tures of global warmin@l@O?) showed a consistezgkening and poleward expansion
of the Hadley cell in IPCC AR4 simulations. Hence, changethanoceanic heat transport may
significantly modify the response of the atmospheric catiah to greenhouse warming. A weak-
ening of the oceanic meridional overturning circulatios,medicted by the majority of coupled
ocean—atmosphere general circulation models (thoughlavige uncertainties; IPCC, 2013), would
therefore act as a negative feedback mechanism. This nedetidback might become even more
important when strong melting of inland ice sheets, due aball warming, is taken into account.
The associated input of large amounts of fresh water has @ potgntial to slow down the oceanic

circulation.
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Apart from the meridional overturning circulation in thelditic, significant modifications of the
oceanic circulation in a warmer climate can also be founténequatorial Pacific strongly linked to
El Nifio- -Southern Oscillation (ENSO) variability (e|g_m_e_La.l|.,|_2lel_Ee_d_o_LOLe_tJaL_2d06).
This gives rise to an additional potential feedback medranelated to oceanic dynamics which is
not captured by slab ocean models (e.g. Boer MZOOB).

Complementing the investigation rElmle@ne helping to understand the prop-

erties of warm equable climates a subsequent study may @ctle role of latitudinal location of
the peak OHT. In the present set of experiments the peak wmceansport was fixed at the latitude
of 27°. Due to the local atmospheric compensation, thisepegitially affects the atmospheric heat
transport components relevant in this region which is thdyeddansport of latent heat. The overall
response may be different if the OHT peak is located in regiwhere other components of the
atmospheric heat transport are more important.

Another possible future line of investigation may deal véthdying planets with different astro-
physical parameters, such as rotation rate, eccentraity,obliquity, with the goal of contributing
to the rapidly growing field of investigation of the atmospd®of exoplanets.

Appendix A: The mean meridional circulation

To analyse the mean meridional circulation we make use ofthealled Kuo—Eliassen equation

(]Kud,ﬁQ_S_H Eliaggélh.ﬁbl). Itis a diagnostic equatiorcivhélates the mean meridional circulation

(i.e. Hadley, Ferrel and Polar cell) to different sources.

Applying the quasi-geostrophic approximation and defirdrsgreamfunction) with

g oY
= 27rrcos¢8_p

_ g o
Wl =- 21 cos ¢ rd

the Kuo—Eliassen equation may be derived askwm_mlm, Chap. 14.5.5)

fqg 0% g o (00 1 oy 1 90 1]Q]
2nrcosd Op? 2713 pl6] ¢ (8—;0 cos¢ %) B

1 9 Ov*0*]cos¢
C12p[0] 96 cosg0g
[ 0?u*v*]cos® ¢
rcos? ¢ Opdo
where, in addition to the symbols defined abaotés the Coriolis parametep,density,f potential

temperature) diabatic heating and’ the tendency of the zonal wind due to friction.
We solve the Kuo—Eliassen equationfoby applying an iterative method (Gauss—Seidel method)
to its finite difference approximation. Thus, we are ableitgdose the contributions from the dif-
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ferent sources to the mean meridional circulation, whiehddabatic heating (1st term r.h.s), friction
(2nd), meridional eddy heat transport (3rd) and eddy mommemtansport (4th). We note that, though
the equation, in the present form, involves the quasi- gepkic approximation, it has shown to be
reasonably applicable even in the deep trodigg (Kim anhﬁ@ﬂaﬂa). In addition, as pointed out
by Kim and Lee, it should be noted that this diagnostics wilyoyield direct effect of the particular

source. Since all processes are strongly interlinked aimirgone source will lead to changes in
other terms. For example, according to the equations ofanathianges of the meridional eddy mo-
mentum transport will have consequences for the frictialigdipation of zonal mean momentum.
These indirect effects cannot be identified with our (lineaethodology.

While the Kuo—Eliassen equation gives us the classicaktbed picture of the mean meridional

circulation the transformed Eulerian mean (TEM) formali&mﬂr_em@_a.nd_M_QLnl;uleLJQ_JVG) pro-

vides a closer link to the total atmospheric meridional liesatsport.

Defining the residual streamfunctign., with

v — g 8¢T€S
" 21rcosg Op
w — g 8¢T€S
res 2mrcos¢ rod
and

Wres = [w] +

1 0 ([v*0]cos¢
rcosg 0¢ 00 /0p
an equation similar to the Kuo—Eliassen equation can bereatdor, ..

P9 tres g 0 (005 Ores \ 1 0 [Q]
2rrcosd Op 2713 plo) ¢ ( op Cosgbagb) ~ rp[T] 8_¢g
OF]
_ fa—p
f O(divF)
~rcos¢  Op

With 6, denoting the constant, global mean potential temperatagiaen pressure level accord-
ing to quasi—geostrophic scaling.

Here the total effect of the eddies on the meridional cirboia(viewed from a Lagrangian per-
spective) is given by the divergence of the Eliassen—Pab(#) with

Fy = —rcos¢luv”]
— reose 0L
F,= frcosgbaes/ap
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The TEM residual mean circulation represents the part ofrtean meridional circulation which
is not balanced by the convergence of the eddy heat trandp@rgualitatively similar to the dry
isentropic circulation with the important difference thla¢ TEM- circulation does not close at the

surfacel(Held and §ghngihEr, 1599).

Though representing a different view of the circulatiord gn particular of the role of the eddies,

the Kuo-Eliassen equation and the TEM equation represergame physics. This can be seen by
rearranging the terms of the Kuo—Eliassen or the TEM egndéind neglecting differences between
globally and zonally averaged stability) to give

P9 0% g 0 (o] 1 0y
omrcosg Op2 2w p[d] Do (8—]9 cos¢ B_gb)

29 0*yg g 0 (8[0] 1 8¢E): 1 0 [Q]
rp

2rrcosg Op®  2mr3pll] o

Op cos¢ O

[T] 0¢ ¢
OlF]
Op

f O(divF)

B rcos¢  Op

—f

We see that considering the combined effect of eddy heat asmdentum transport leads to a
second circulation defined by the eddy heat transport:

2nrcosg [v*6*]
g  96s/0p
wherey g is sometimes referred to as Stokes streamfunction.

Czaja and MarghiilL(;Qb& showed that the atmospheric heagort can be represented by the

product of a moist TEM residual circulation and the verticahtrast in moist static energy (or

VY =

equivalent potential temperatufg) if both the eddy transport and the vertical gradient of afre
replaced by the respective values utilizifig Unfortunately, as pointed out lIJ;LEa.LLLuj_S_At EL_don)

ancJ Laliberté and Paul“s_(;le), there is no simple waypdoesent a well- defined moist isentropic

circulation in the latitude—pressure plane. Therefore additionally investigate the mean circula-

tion on dry and moist isentropes by interpolating the maassjport to levels of constaitandéd..,
respectively.

Appendix B: Non—equilibrium thermodynamics

Let Q) be the volume domain of the climate system &hble the local heating rate due to frictional
dissipation and convergence of heat fluxes including raiasensible and latent heat components.
At each instant we divide() into two subsections, so thék(x,t) > 0,z € QT definingQ™, and
Q(z,t) <0,z € Q~ for Q~ respectively. We wish to remark that the domdilsand(2~ are time
dependent. Integrating the two heating components rdsulf§+ pQtAV + fQ, pQ~dV = ot +
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P JthgglnL(;Oj)O) aMiAi (2(})09) show that the time a‘mggjui)_— gives the rate of

generation of available potential energy, so that:

W=adt+d. (B1)

The efficiency of the climate machine can now be expressed as:

+ b

— (B2)
o+

n=

This expression represents the ratio for the work oufb_hH—(i)_— to the heat inpuﬁj. At
each instant one defines the quantitizs ) _ Lo et )pQH : , Which are the instantaneous entropy
sources and sinks in the system. As explalnwwxm [(29_d9) we have that
E++E* = 0. We can then introduce the scale temperat(-ﬂ‘é& = and@‘ q>: so that EqLBR
can be rewritten as

0t -0~

=57 (B3)

where®©*t > 0.

Hence, the motion of the general circulation of the systembessustained against friction because
zones being already relatively warm absorb heat whereaslhévely low temperature zones are
cooled.

The Lorenz energy cycle can thus be seen as resulting fromdaheof an equivalent Carnot en-
gine operating between the two (dynamically determinesimepirs at temperatu@™ andO—. Yet,
the climate is far from being a perfect engine, as many inglke processes take place; nonetheless,
a Carnot—equivalent picture can be drawn as described.

Let us now delve into such irreversible processes. In theatk system two rather different

sets of ﬁrocesses contribute to the total entropy prowwrmwww;

0). The first set of processes is responsiblehforirteversible thermalisation of

photons emitted near the Sun’s corona at roughly 5800 K,rhbdoand then re—emitted at much
lower temperatures, typical of the Earth’s climate265K). This gives the largest contribution
to the total average rate of entrosf iroduction for the Eaytstem of about 900 mWn? K1

sponS|bIe for mixing and diffusion inside the fluid componefithe Earth system, and for the dis-

10). The remaining douion is due to the processes re-
sipation of kinetic energy due to viscous processes. Thistdates the so—called material entropy

production, and is considered to be the entropy relatedtigyaf main interest as far as the prop-
erties of the climate system are concerned. Further releeaprarch on entropy production in the
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climate system treating also the geochemical and radiatim&ibution to entropy production can be

found in|.|$]_eidm|1 kZD_Q|9) anbMLu.a.nﬂ.lliL.(Zle) respectively.
The entropy budget of geophysical fluids at steady statlaazvfbig|5_o_o_di/ kZQQb)LLu&aMI.

1 ), is given by:

W=/p(m+%)dv:o7 (84)
Q

T

whereg,..q indicates the heating rate by the convergence of radiatixe$l7 is the local temper-
ature at which the energy is gained or lost, whilg,; represents the density of entropy production
associated with the irreversibility of processes invadvthe fluid medium. Eq_B4 represents the
entropy budget and states that in a steady state the rad@ttvopy source must be balanced by the
rate of material entropy productio$),.; due to material irreversible processes. See a detailed dis-

cussion of this aspectin Lucarini and P le (2014), wihereontributions to the material entropy
production at various spatial and temporal scales are skscli

In a steady-state climate the material entropy producﬁ‘i,QQt(Q) can be expressed in general
terms as:

Smat(Q):/pém,ath:/

Q Q Q Q

S

1 .Ta
v / (Foens + Fiar) - V5dV == /qu—ddV, (B5)

wheres, . is the time averaged density of entropy production due tddahewing irreversible
processes inside the medium: dissipation of kinetic enér§jys the specific dissipation rate) and
turbulent transport of heat down the temperature gradi€nt,{; and F';,;, being the sensible and
latent turbulent heat fluxes, respectively).

One needs to underline that a more refined treatment of themnproduction related to the
hydrological cycle has been proposed by le 0. Pauluis am]i JQQDZL\)I_Eaqujs_a.nd_H.LIlj_LZQJ)Zb)

8). Nonetheless, as discuswﬂéﬂ_ﬂ), the overall contribution of the
entropy production due to the hydrological cycle can bemstracted to a high degree of accuracy

and

also in the simplified method proposed here.
Note that one can compute the entropy production as:

: 2 — Vv Fsens F a Fsens Fa
Smat(sz)z/%dv+/ A = + ”)dv+/%-ﬁd& (B6)
o

Q Q
where the first term is unchanged, the second terms desdhibemntropy gain and loss due to
heating and cooling by convergence of sensible and latebtifent heat fluxes, and the last term
is the net entropy flux across the boundarie$201f one consider the atmospheric domain{as
such term becomes equal to the integral at surface of the batiween the sum of the sensible
and of the latent heat flux divided by the surface temperattgdB8 represents the way entropy

24



830

835

840

845

850

855

production is typically computed in numerical models. lieotonsiders the whole climate system
as (2, the boundary terms disappear. Nonetheless, another temponional to a Dirac’s delta at
z = zsyrp = 0 @ppears, resulting from the divergence of the turbulentdiuexto the net evaporation
at surface. If we integrate ove, corresponding to the whole climate system, the contrilowai this
term is exactly the same as in the case wigmrresponds to the atmosphere only. In other terms,
our simplified, non—dynamical representation of the oceauch that all the entropy is produced in
the atmosphere.

We can now separate in Eg.1B5 - or, equivalently, in[Ed. B6 tist férm from the rest, so that,

following @), the material entropy productican be expressed as:

Sm,at(Q) - Smin(Q) + Sezc(Q)a (B7)

where S,,,;,,(Q) is the minimum value of entropy production compatible witle fpresence of
average dissipation ratg, e>dV/, while S.2.(Q) is the excess of entropy production with respect to

such minimum. One can associatg;, exactly with the term in Eq._B5 related to the dissipation of
kinetic energy, whilé5,.. can be identified with the sum of the other two terms.
If we take the ratio of the two terms on the right—hand sideqil&4, we have that

Semc(Q) ~ fQ (Fsens +Flat) . V%dv

Zerel) — (B8)
Smin(2) o 7dV

o=
where« is the degree of irreversibilit)L(,LT.Q&l:‘r@OQ) and detéres the ratio between the
contributions to entropy production by down—gradient tikebt transport and by viscous dissipation
of mechanical energy. If this ratio is close to zeto-{ 0), all the production of entropy is exclu-
sively caused by unavoidable viscous dissipation. If tmbuient heat transport in the system from
high to low temperature regions is enhanced, then also gnpooduction increases. However, if
the turbulent heat transport down the temperature gratemiaximised, the efficiency declines,
since the temperature difference between the warm and esk&fvoirs tends to become zero. The
characterisation of the maximum entropy production ppleciMEPP sug%m that the climate
1

o, Grabdl, 1981,

system adjusts in such a way to maximize the entropy proalu¢ialtridge

Kleidon and LgreEIiLOJ)5).

Appendix C: The Lorenz energy cycle

The atmospheric energy cycle proposer1955)1633®the most important concepts to
understand the global atmospheric circulation by means@fgy conservation and by considering
the integrated effects of physical mechanisms involvest, i) e.g., the generation of available po-
tential energy by external forcing, the dissipation of kinenergy and the energy conversions by
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baroclinic and barotropic processes. At the same time @gjinformation about the relative impor-
tance of the zonal mean circulation, the eddies and thesictien between both.

Refering to the reservoirs of zonal available potentialrgpeeddy available potential energy,
zonal kinetic energy and eddy kinetic energyfag, Pg, K\ and Kg, respectively, the Lorenz
energy cycle (i.e. the budget equations) may be written as:

dditM = [Sp] — C(Pai, Pr) — C(Pat, Kt)
dd% = Sp +C(Pu, Pg) — C(Pg, Kg)
d(% =Sk +C(Pg,Kg) — C(Kg,Ku)
d@% = [Sk] + C (K, K + C(Pu, Kt)

where[Sp], S5, [Sk] andSy; are external sources/sinks of the respective quantitie€gn, B)
denotes the conversion frosto B.

To compute the individual contributions we follow the Womummhﬁndﬁpﬂjml). In pres-

sure coordinates, the reservoirs are given by:

P = (311 -{T})?)

and the conversion terms are:

ot ) = (3 (1 2 + ) (P - - ) ) )

C(Pat, Kot) = — <§<[w] W - {Tv}>>

(e k) = - ( B

C(Kwm,Kg) = <([u*v*]% + [u*v*][u]M [U*U*]%
[u]

with [2] =zonal mean;z* =deviation from zonal mean{x} =global horizontal mean{z)

tan ¢

—[uu[]

= ﬁ I fp xdpdA; A =horizontal Area;c, = specific heat at const. pressuke;= gravity; p
= pressurer = radius of the EarthR = gas constanf]’ = temperature7;, = virtual temperature;
= zonal wind;v = meridional windyw = vertical (p) velocity; ¢ = latitude;~ = stability parameter

__E(@_EE)_l
— p \ Op cp P )
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The external sources/sinks are diagnosed from the regpeesiduals. We note that in Ulbrich
and Speth these energetics were formulated for a mixed sfy@eedomain. In our case, however,
the contributions by stationary eddies are zero becausedafdnally symmetric forcing.

We also note that by using above equations the computed bawveraged values include contri-
butions from the annual cycle. It turns out, however, thdy dime reservoirsPy; and Ky, and the
conversiorC'( Py, Ky ) are affected.
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Figure 2. Climatological annual averages for all simulations: up@nal mean near—surface (solid lines)
and sea—ice cover (dotted lines). temperature. Lower:afjiolean near—surface temperatur€g (in °C) vs.
equator-to-pol gradientXT’, in °C).

33



40 T T T

30

10

Near Surface Air Temperature [°C]
Sea Ice Cover [frac]

-40 -20 0 20 40
Latitude

Figure 3. Climatological Northern Hemisphere summer (June—Augustjages for all simulations: zonal mean

near—surface temperatures {i@; solid lines) and and sea—ice cover (dotted lines).
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Figure 4. Total heat transport (in PW) diagnosed from energy budgéeabp of the atmosphere for ORE =
0,1,2,3,and 4 PW.
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Figure 12.Climatological annual mean mass streamfunctionl (if kgs—!) for OHTmax= 0, 2, 3, and 4 PW.

43



10 T T T T T T T 90
Hadley Cell Strength ——
Ferrel Cell Strength —¢—
Hadley Cell Location —»— | 30

Ferrel Cell Location ——
Hadley Cell Edge

Wmax! (10" kgls]
Location [°N]

Figure 13.Climatological annual mean mass streamfunction (NortkEmisphere): strength (ir0'° kgs=')
and location (i N) of Hadley and Ferrel cell for all simulations.
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Figure 14.Climatological annual mean mass streamfunctiori(itf kgs=!) for OHTmax = 0 PW: (a) original
(see FiglIR)(b) computed from the Kuo—Eliassen equation (all sourdg$)source from diabatic heatingg)
source from frictionfe) source from eddy heat transpd(fy; source from eddy momentum transport.
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Figure 15. Sources (inl0'° kgs~!) of the Hadley (upper) and the Ferrel (lower) cell accordimghe Kuo—
Eliassen equation. Circles indicate the actual strengtheofespective cell
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Figure 16.Climatological annual mean residual streamfunctiorl(iff kgs=!) for OHTmax = 0 PW: () orig-
inal; (b) reconstructed(c) eddy sourcefd) Stokes.
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Figure 17. Eddy (E-P flux) source of the residual circulation and Staktesamfunction(in0® kgs™1).
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Figure 18. Upper: Climatological annual mean mass streamfunctionl@itf kgs=") for OHTmax= 0 PW
on (a) dry isentropes an¢b) moist isentropes. Middle: Climatological annual mean nsigsamfunction (in
10*% kg s™1) for OHTmax = 3 PW on(c) dry isentropes an(tl) moist isentropes. Lower: Maximum of stream-
function (in10'° kgs~1) on (e) dry isentropes an(f) moist isentropes for OHTx = 0, 1, 2, 3, and 4 PW.
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Figure 19. Climatological mean Lorenz energy cycle: reservoirs (upipel0® J m~2), conversions (middle,
in W m~?) and sources/sinks (lower, W m~2) for all simulations.
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Figure 20. Time average of the intensity of the Lorenz energy cy[TCI'e(Iower) for steady state obtained
for varying oceanic heat transport. Dotted line represeat linear fit for i)0.0PW < OHTmax < 2.5 PW
(blue)and for ii)2.5 PW < OHTmax < 4.0 PW (red) with polynomial coefficients of n-th order,—, andpn—o.
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