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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 to a large extent the imposagleshia the oceanic heat transport,
but, nonetheless, significant modifications of the atmosgplgeneral circulation are found. Increas-
ing the strength of the oceanic heat transport up to 2.5 P&l&aan increase of the global mean
near—surface temperature and to a decrease of its equetpole¢ gradient. For stronger transports,
the gradient is reduced further but the global mean remaipsoaimately constant. This is linked
to a cooling and a reversal of the temperature gradient itrdipécs.

Additionally, a stronger oceanic heat transport leads tedie of the intensity and a poleward
shift of the maxima of both the Hadley and Ferrel cells. Clemnig zonal mean diabatic heating
and friction impact the properties of the Hadley cell, whie behavior of the Ferrell cell is mostly
controlled by friction.

The efficiency of the climate machine, the intensity of thedr@ 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 availabilitylie 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 statigircgderties do not depend on time. As-
tronomical factors and differences of local albedo causéfarence of net incoming shortwave
radiation between low and high latitudes leading to difftied heating and a surplus of energy in

the tropics. Over a global and long—term averages all seggihergy is emitted to si ace, so that the
O

incoming shortwave radiation is balanced by the outgoimgVeave radiationort,

h.&Q:L;LLmdnLand_Ra.ngwLi._zdll). The ocean and atmospla@spbrt the excess of energy from

the tropics to high latitudes so that the horizontal divergeof the large scale transport performed

by the geophysical fluids compensates on the average thativedimbalances at the top of the
atmosphere.

The oceanic and atmospheric transports result from theersion of available potential energy
- due to the inhomogeneous absorption of solar radiatioth, positive correlation between heating
and temperature patterns - into kinetic energy, througialities arising, typically, from the pres-
ence of temperature gradie955). Such insiabiend to reduce the same temperature
gradients they feed upon by mixing oceanic and atmospheagses. 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 sa@ge rate, which corresponds to the
intensity of the LorenzlEJSG?) energy cycle.

Recently, using tools of macroscopic non—equilibrium ihedynamics, a connection has been
drawn between a measure of the efficiency of the climate sydtee spatio—temporal variability of
its heating and temperature fields, the intensity of the hoenergy cycle and the material entropy

production MMM|MMMM) As mentioned above, the climate

can be considered as a (forced and dissipative) non—equititthermodynamic system where the

entropy budget is achieved in such a way that the sum of theniimg entropy flux due to the solar
high frequency photons, and the entropy generated by isile processes in the atmosphere and
ocean, is compensated by the radiation to space of low frexyughotons. Most of the entropy
production results from optical processes, while a smaltetion - referred to as material entropy
production - is related to the irreversible processesedl&t diffusion and dissipation taking place

in geophysical fluids| (Kleidon and Lgrgmz, ZJ)OS). So the st in contrast to a system that is

isolated and therefore maintained in a state of equilibyiathermodynamic system that exchanges

energf and entropy with spa@@em.

978) argued that the magnitude of the total meradibeat transport, i.e. the sum of

the oceanic and the atmospheric contributions, is almsstisitive to the structure and the specific
dynamical properties of the atmosphere—ocean systemasotthnges of the oceanic heat transport
(OHT) will be compensated by the atmospheric flow and vicesaem particular, he suggested
that the peak of the heat transport is constrained withinreomerange of latitudes regardless of
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the radiative forcing. Stone concluded that features oftleeidional heat transport can be related
to the solar constant, the radius of the Earth, the tilt ofEheth’s axis and the hemispheric mean
albedo. He argued that the insensitivity to the structucetha dynamics of the system is due to the
correlation of thermal emissions to space, the albedo andffftiency of the transport mechanisms
of the atmosphere and the ocean.

‘L(,ZQlOS) discussed the Iimit@@h@bothesis by employing a series
of coupled atmosphere—ocean—sea—ice model experimentsidéh the oceanic circulation on an

aqua-planet is constrained by different meridional besri€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 @ goae 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 easemt.

The atmospheric compensationimplies a significant implatianges in OHT on the atmospheric
circulation as a whole. These changes in the atmosphedalation concern the zonally symmet-
ric flow, the zonally asymmetric (eddy) flow and the interpetween both. Thus, changes in OHT
have been commonly used to account for paleo—climatic csafegg ML&HL&ML al.,

|J.9_9_ElS;|_RQmanmaa_eL L._2d06). Moreover, OHT is an importaotdr for potential anthropogenic

climate change since significant modifications of it can bgeeted. Unfortunately, there are large

uncertainties in the changes in the oceanic circulatiomkitad in climate change scenarios (IPCC,
2013). These result from, amongst others, uncertaintifesh water forcing due to potential melt-

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

the impact of the OHT on the atmospheric circulation and thaeulying 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 mixaged ocean. In such a model the OHT
can be prescribed. Using a present—day setup includinrjgmmsIJMmQ_L [(20_d3i_t|gm&inge1Jal.
M), anch Barreiro et L\._(;dll) found that increasing QeSults in a warmer climate with less
sea—ice. A reduction of low—level clouds and an increaseedhouse trapping due to a moistening

of the atmosphere appeared to be relevant mechanisms. itioadd weakening of the Hadley cell
with increased OHT was found Lv Herweijer ek L\I (AOOS)landﬁa)_el_a.l. l(ZQl|1).

Utilizing an idealized aqua—planet setlhp, Rose and Féri@ﬂs) systematically assessed the

impact of the OHT on the atmospheric global mean near—seitéawperature and its equator—to—pole
gradient. For warm and ice—free climates they confirm a meafect atmospheric compensation of
the imposed changes in OHT. Like in the above studies inafudontinents, they found an increase
in global mean temperature for increasing OHT, accompanyesidecrease in the equator—to—pole
temperature gradient. Tropical SSTs were shown to be léassted than at higher latitudes. The

detailed meridional structure of the oceanic heat trartdpamed out to be less important. Changes
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in deep moist convection in the mid latitudes, together wwithenhanced water vapor greenhouse
appear to be the major drivel:i_KQ_ILa.nd_AtH_o_t_(z{013) confatie low sensitivity of tropical SSTs
to OHT changes. In their agua—planet experiments, larger @Bds to a weakening of the Hadley

cell which reduces cloud cover and surface winds, and trmsmteracts surface cooling resulting
from increasing OHT.

In the present study we extend and supplement the abovesti&ised on the experimental setup
of[RQ_s_e_and_Eenelr&(de) we focus on the impact of OHT cbswog 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 meridiaralation by employing, amongst others,

the Kuo—Eliassen equati@@h@:ﬁﬂ&“s_en._}l%l)da@o understand the various drivers of

the mean meridional circulation.

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 iwmoo) aLJd_Lus‘Ar[uLdOO%. This allowgfsfining 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 hon—equilibrium gd@nd dissipative macroscopic system.
Links between the climate engine view and the classical hoenergy cycl55) pro-
vide a consistent picture of the observed changes and daduheerelevance of the climate engine
approach.

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

2 Model and experimental setup

The Planet Simulator (PIaSil{l;_ELa.e_dLiQh_At[aL_LLOOS) 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 Atpiosre (PUMA) based on the primitive

equation multi-level spectral model i ) an r 86).
Radiation is parameterized by differentiating betweernrtstave and longwave radiation and be-
tween a clear or a cloudy atmosphere. The respective sctielioesthe works oen
) for the short wave part a@n’o?ﬁ%& for thgHerave part. The radiative proper-

ties of clouds based CJD_S_LQQIJelJS_dQYS) [a.nd_S_Lth_eds[e_Q&A)(]CIoud fraction is computed
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according tCl_sli&Q_md_SmuL(Légl). The representatfomoondary—layer fluxes and of verti-
cal and horizontal diffusion foIIoMi&lg?w &IQ_&JZ)J_RQ_Q_QKDE_I’_Q_LIaL(lAQZ), and
[LﬁLLI’_S_e_D_a.D_d_Eli_a.Sl?lll_(l_d89). The cumulus convection scherhased on Kuo (1965, 1974). The

ocean is represented by a thermodynamic mixed—layer (slabn) model including a one layer

thermodynamic sea—ice component.

FoIIowing|BQ_s_e_an_d_Ee;_Le‘rla_(,Zdl?>) we used an earth-like-gdanet setup with zonally sym-
metric forcing utilizing reference present day conditidos the solar constant (1365 m~2)
and the CO5-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 expression givel’l_b;io_s_eMﬂH(;OJB):

OHT = OHT, - sin(¢) cos(¢)*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 Qi@ constant defining its magnitude.
Rose and Ferreira made sensitivity experiments by varyinganging from 1 to 8) and by varying
the peak transport (ranging from 0 to 4 PW) which is contbbig OHT,.

For our study we follow Rose and Ferreira but fix the locatibtine peak by settingy = 2 (which
corresponds to maximum transport at R&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 OHTax= 0, 1, 2, 3 and 4 PW is displayed in FIg. 1.

All simulations are run for at least 100 years (360 days par)ydhe last 30 years are subject to
the analyses. A horizontal resolution’581 (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 atragsgynamics is the transport of energy
from regions featuring net positive energy budget at theofajhe atmosphere low latitudes) to re-
gions where such budget is negative (high latitudes). Tdsces the temperature gradient between

J.. Peixoto and O

the partitioning of heat transport between atmosphere aadroreflects two limits: the dominance

equator and poles (e. 2; Lucari ne, 2011). In present conditions,
of the atmospheric mass transport in mid—to—high latit@aesthe dominance of the oceanic energy
transport in the tropics. The atmospheric transport carultedr subdivided in the sensible heat,
latent heat and potential energy components. We will ingatt the response of changes in the im-
posed OHT for each of these components, and will furtherddhe analysis by considering both
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the zonally symmetric contributions, due to the mean menidi circulation (MMC) and the zonally
asymmetric contributions, due to the atmospheric eddies.

In the classical view (the Eulerian mean circulation), treammeridional circulation consists of
three cells: the tropical Hadley cell, the Ferrel cell in r@titudes and a weak polar cell. While the
Hadley and the polar cell are thermally direct circulatidres 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 lewad as a two dimensional circulation in
the meridional—height plane, both zonally symmetric antbly asymmetric components contribute
to its existence.

The transformed Eulerian mean (TEM) formaIiSIm_(AmiLeMLs_MMm;LLé,[lQ_Zk) accounts for

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

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

Based on work bJ(_H_eJIcJ_(ZQbJJ).._QLaja_anﬂ_Ma.LSLi‘nlaU_&OOG) shkiothat 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 for identifgiindividual drivers of the Eulerian
mean meridional circulation (AppendIX A). A similar paiditing is done for TEM residual stream-
function which provides a direct link to the atmospheric thieansport. Howevem al.

dZQle) an&.LalLb.eﬂé&.t.LL{,ZdlZ) pointed out that thermisimple way to represent a well-defined

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

we additionally investigate the mean circulation on dry aralst 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 thermandjcal point of view on the at-
mospheric circulation. One finds that on average a net pesitork resulting from the positive cor-
relation between temperature and heating fields upholdsitieéic energy of the global circulation

against the frictional dissipatio i 92

The atmospheric energy cycle (Lorenz, 1955, 1967) is onleeofrtost important concepts used to
understand the global atmospheric circulation as it presial comprehensive look at the integrated
effects of physical mechanisms involved, the generatioavaflable potential energy by external
forcing, the dissipation of kinetic energy and the energyveosions 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 eneiigy and the dissipation
rate of kinetic energyD are equal when averaged over a long period of time (e.g. akeyears).
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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

Following the work b J_o_hnil)JJ_QdOO) n_d_LurAr[ui_dOO% wagider the global energy cycle
as resulting from the work of an equivalent Carnot engineatrgg between the two (dynamically

determined) reservoirs at temperat@e and©~. According to this concept, an efficiency of the
climate systemsf) can be defined by

= @

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 AppendiXdB.

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

4 Results

4.1 Mean climate

We start presenting the effect of OHT changes on the mearadiin terms of atmospheric near—
surface (2m) temperature, sea—ice and meridional heaspoan First, we note that, similarly
to |[Rose and Fgrrglri_(;dlB), our model exhibits multipleildayia, a warm state and a snow—
ball Earth depending on the initial conditions as thoroygtiscussed ill'@_s_cﬂal._(ﬁle:) and

225 [LLLC.&I:LD.I_Q_L&I [(,ZQ;I.|3). In the present study we investighéavwarm states only. However, in contrast

230

to[RQ_S_e_a.nd_Ee1Le|rla_(,2dl3), sea—ice at high latitudes geptén all of the warm state simulations.

Up to about OHTax= 2.5 PW increasing OHT leads to an increase of the global nMiégnand
a decrease of the equator—to—pole gradiéyif’) of the annual and zonal mean near—surface air
temperature (Fid.]2). For this regime an approximatelydirrelationship betweehy andAT can
be found. For OHF x> 2.5 PW, Ty is almost insensitive to an OHT change, whig" is further
reduced for increasing intensity of the transport. Here,@huator—to—pole gradient is defined by
the difference between the values at the lowest and highgstde of the model’'s grid which are
located at about 0%%and 85.8, respectively.
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When inspecting the meridional profiles of the annual anékomrean near—surface temperatures,
we observe that high latitudes are more sensitive to the Otdiiges than low latitudes. With in-
creasing OHT, polar temperatures continuously increasepxhat for OHTax = 4 PW slightly
colder polar temperatures than for Okbk = 3.5 PW are found. It appears that this is a consequence
of the reduced atmospheric heat transport, slightly ovengensating the increased but still small
oceanic heat transport at these latitudes (see later distis3. In the tropics, an increase of the
temperatures is only present until Ok = 1.5 PW. For larger OHT, the equatorial temperatures
decrease. In addition, increasing OHT leads to a flattenfripetemperature profile in the trop-
ics until, for OHTnax = 3.5 and 4 PW, the temperature gradient in the tropics gets redersd the
maximum of the temperature shifts away from the equator pr@p+24°.

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

Quialitatively, all findings are also true for winter and suerras can be seen in Figd. 3, except that
in summer the sensitivity to OHT changes is small for theiseaovered high latitudes. In addition,
we note that the seasonality and its sensitivity to OHT clearage small for latitudes without sea—ice
due to the high thermal inertia of the mixed—layer. In thdofelng we restrict the analysis to the
annual mean.

Despite the difference in sea—ice extent (i.e. planetdrgdnd), 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).

4.2 Thermodynamics

Now we shift our attention to the global thermodynamicalpgaies of the system and investi-
gate how the energetics and the entropy budget are impagteltanges in the imposed meridional
oceanic heat transport.

4.2.1 Efficiency

As thoroughly discussed in AppendiX B, the generation oflaluke potential energy that powers the
global atmospheric circulation results from the preseegositive spatial and temporal correlation
between the heating and the temperature fields. As a reseltan introduce two temperaturés|,
and©~, which characterize the warm and cold reservoirs of theegysin such a way that the
total intensity of the Lorenz energy cydT@ can be expressed as the product of the thermodynamic
efficiencyn = (6T —©7)/O©" of the climate engine times the net heating of the warm reserv
We first look into the sensitivity o® ™, ©~, andn with respect to changes in the OHT. The relation
to the Lorenz energy cycle will be discussed later in $edt. 4.



Qualitatively, ©+ and©~ behave similarly when OH{. is changed (Figurgl 5). We can clas-
270 sify three temperature regimes: i) OHzk < 2.0 PW atmospheric warming, i).0 PW < OHTax <
3.5 PW atmospheric cooling, and iii) OH;Lx > 3.5 PW weak sensitivity. We observe a higher sen-
sitivity of ©~ than®©™ for i) which is generally due to the amplified polar warmingeldifference
between®™ and©~, denoted af\O, decreases with increasing Ok implying a decrease in
the atmospheric efficiency of the climate engine (Hq. 2erestingly, the difference betwedh,
275 and the average @~ and©™ increases with OHJax, especially for OHTax < 3.0 PW, indicating
a reduction in the stability of the atmosphere. This is ustbed by considering that larger oceanic
transports lead to stronger warming at low levels in the midi faigh latitudes, which must be com-
pensated by a weaker heat transport aloft.
The diabatic heating processes constitute the sourcesiaksl & internal energy for the at-
280 mosphere and play a decisive role in the generation andudéisin of available potential energy

Peixoto an rLﬁbZ). Those processes are displaydtkasrte— and zonal-averaged diabatic
heating ratesiT, /dt (Fig.[d). 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-

285 ing fields, inspecting the time and zonal averages of thargepatterns is useful for understanding

how available potential energy is genera ini ).

Simulations with0.5 PW < OHTnmax < 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

290 tropical and subtropical regions is dominated by the cbation of latent heat fluxes, in particular,
heating through convective precipitation (not shown)henid to high latitude regions large—scale
precipitation contributes towards a positive heating b2tz cooling, on the other hand, is mostly
caused by outgoing longwave radiation and, to a moderaemgxiy the conversion process from
rain to snow, mostly in the subtropical regions.

295 We see an extension of the area of positive heating in the atididles towards the poles in
the lower troposphere as well as in the equatorial mid aneuppposphere for larger values of
OHTnax The poleward migration of the positive heating pattern id latitudes is closely related to
the poleward shift of the atmospheric latent heat transptw area of positive heating broadens in
height at latitudes arourigl)°. Since the positive heating patterns (relevant for dedi®dt) in mid

300 latitudes extentin heightand is, in addition, stretcheldward, lower temperatures are considered in
the quantity of®™, which explains the smaller sensitivity 6f than of @~ for 0PW < OHTax <
1.5 PW in Fig.[. By implication, the warming effect at polar taties causes the sensitivity ©f
to be larger than o®*. For OHTnax > 2 PW the sensitivity of bothQ™ and©—, is negative since
large parts of the tropical high and mid troposphere coolrdow
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We observe on average a declineA® 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 OkiL 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 temperatw¥l" (Fig.[@ blue graph, and Fifll 2). We find an linear relation lestw
AT and A©: For everyl0K decline in AT the reservoir temperature difference® decreases
by approximately).8 K (Fig.[). 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 OHLy, the efficiencyn declines (Fig[B). The increase in Oz 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 OHTax the efficiencyn declines by abow2.0 - 1073, For OHTax larger than present—day val-
ues (OHThax > 2.5 PW),n decreases by only.5 - 10~3 per0.5 PW increase. We observe an abrupt
change in the tendency for ORI = 2.5 PW at which pronounced tropical and subtropical atmo-
spheric cooling sets in. This indicates that the changearnémperature difference between equato-
rial and tropical regions cause a drastic change in the digaproperties of the system.

4.2.2 Entropy budget

We complete our analysis of the thermodynamics of the sybtelnoking into how changes in the
meridional oceanic heat transport impact the entropy budge

As introduced in AppendiXB, material entropy producti§in,: is given by the sum of the min-
imum value of entropy productiorff,;,,) compatible with the presence of the average dissipation

and the excess of entropy productich.{.) with respect to such minimum, i.e.

Smat = Sm,in + Sexc

The ratio betwee.,. and S, defines the degree of irreversibility

Sewc
Smin
and determines the ratio between the contributions to pytpooduction by down—gradient tur-

o =

bulent transport and by viscous dissipation of mechanitatgy. Material entropy productio,,..
and the degree of irreversibility are shown in Fid.19 (upper panels).

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 teroperaply a reduction of the part in

10
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% 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.[3). Thus,
the entropy production due to the turbulent heat transpwindhe gradient of the temperature field
becomes more and more dominant as the oceanic transpatges because irreversible mixing
becomes stronger.

In Fig.[d (lower panels) the main contributions to the mafegntropy production in the model are
displayed. This includes latent and sensible turbulentfeaes and frictional dissipation of kinetic
energy. Entropy production due to latent heat processelsidimg convective as well as large—scale
precipitation, surface latent heat fluxes and rain—snoweinn processes, makes by far the largest
portion of material entropy production. For small Okl the value of entropy production by la-
tent heat read85 mW m—2K~—!. One would expect that larger values of Qkkf would lead to

larger values 0f5,,,;, using the argument that a warmer planet should be able t® &aironger
hydrological cycle, but things are in fact more complicatédr increasing OHJax up to 1.5 PW
the value increases BmwW m—2K~—!, while for larger OHThax this contribution to entropy pro-
duction declines byt mW m~2K~!. Entropy production by frictional dissipation decreasesrf
SmWm2K~! for OHTax=0PW to 3mW m 2 K~! for OHTyax = 4 PW. Entropy production
by sensible turbulent heat flux at the surface as well as imtimsphere decreases by half (from
2mWm2K~! to ImWm=2K~1) with OHTax increasing. For low values of OHEy the in-

crease inS,,.: due to the hydrological cycle is overcompensated by thesderin the contribution
due to the frictional dissipation.

In order to further clarify the impacts on the material epyrgroduction of increasing OHEy,
we split the material entropy production due to irrevesiakent turbulent heat processdg (; in
Eq.[B8) into the contributions coming from individual pareterizations (processes) operating in our
model which are convective precipitation, large—scaleipigtion, surface latent heat fluxes, and
the heat release due to rain—snow conversion. Flgure 1Gglsshe time mean of these contribution
coming from each latitudinal belt. Positive contributiamrespond to net warming while negative
contributions are related to cooling.

Convective precipitation gives the largest positive cbuation, particularly in the tropics and sub-
tropics. For increased OHyEx we observe that the peak at the equator is significantly estlutile
convection processes move into the mid latitudes whereutiace is heated and static stability de-
creases. The positive contribution from large-scale pitation features are shifted out of the mid
latitudes towards higher latitudes with increasing QkkI'As large-scale precipitation regimes ex-
perience a shift to higher latitudes, their maximum intgrisialmost kept constant. The contribution
by the surface latent heat flux is negative related to sudaoéng. For 0 PW, the magnitude has its
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maximum at latitudes o20° to 25° indicating the region with maximum evaporation. As thethea
transport in the ocean is increased, latent turbulent heatdlis largely reduced in tropical and sub-
tropical regions, and the maximum of latent heat fluxes mowatds mid latitudes. The region with
the largest evaporation at the surface shifts from the eplats to the mid latitudes with increasing
OHTmax The contribution from latent heat release by rain-snoweasion is negative (indicating
an overall cooling) and shows qualitatively similar patteto the meridional profile of convective
processes.

Figure[ID seems to imply that the tropical latitudinal belatiires a negative material entropy
production. This is indeed not the case, because there islarge scale transport of energy from
those regions to both the equator and the mid latitudes asudt i a net moisture export (with
the corresponding transport of latent heat, see discusstow). Such a negative contribution is
overcompensated by the positive material entropy prodn@ssociated with the absorption of the
transported latent heat taking place elsewhere. In additi@ note that the way we compute the
entropy production associated to the hydrological cydieseon focusing on water phase changes
and related latent heat release/absorption, see[EdE._BRJdi6g a moist entropy that is mostly
conserved in pseudo-adiabatic motions would lead to ardiftgpartitioning of the material entropy
production between precipitation, surface latent heatdhuck rain—snow conversion.

4.3 Atmospheric circulation and transports

Now we discuss the sensitivity of the atmospheric circatatind transports to changes in OHT.

Figure[I1 shows the annual mean atmospheric meridionalttaetport for OHfax = 0,1,2,3
and 4 PW. We present the total transport and its componérgsrdnsport of sensible heat, latent
heat and potential energy. In addition, we split each trarispto 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 (0-39), both the zonal mean flow and the eddies account for the aineois
transport, with the eddy component being dominant in therauopics, where the zonal mean flow
contribution decreases to zero. For the eddy transporgitrépics, 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 W OHT,ax. 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 tramspal 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

12



415

420

425

430

435

440

445

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. Even if changes in OHT are very large, it apgpo#at 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 transpaitue to the transport of potential
energy by the zonal mean flow. Here, the transport of senaitdelatent heat by the zonal mean
flow is directed towards the equator reducing the net tramspoleward of the outer tropics the
eddy transport becomes dominant. The importance of eddgtl&iansport increases for increasing
temperatures as the moisture content is broadly contrbletthe Clausius—Clapeyron law, so that
the latent heat transport is more important for lower latits. Eddy transport of potential energy
is negligible while the transport of potential energy by #dumal mean flow in the mid latitudes is
equatorward and counteracts the eddy transport.

The meridional atmospheric energy transport is closekelinto the mean meridional circulation,
which we will study in the following. We start with the clasal Eulerian mean circulation described
by a mass streamfunction. Figure[I2 shows the Northern Hemispherdor OHTmax= 0, 2, 3
and 4 PW. For OHFax= 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 strength (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# x 10'° kg s~ per PW with stronger decreases for smaller Q&I The core
of the Ferrel cell shifts poleward. For ORI > 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.
For OHThax = 4 PW, an additional (weak) cell can be observed close to thategwith counter—
clockwise rotation. However, this (virtual) cell is caussdaveraging 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 indivaddrivers of the Eulerian mean merid-
ional circulation (Appendik™). The reconstructions by msaf the Kuo—Eliassen equation are in
good agreement with the actualfor all simulations. However, the maximum magnitudes ae sy
tematically overestimated. In general, the reconstrudsca better fit for the Hadley cell than for
the Ferrel cell (FigIl5). It is not clear why the reconstimcioverestimates the magnitudes of the
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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 recaistrior OHThax = 0 PW. The
individual sources indicate that the largest contribwgiton), stem from diabatic heating and from
friction. The heating controls the Hadley cell togethethngtsignificant contribution by friction. For
the Ferrel cell, friction is the most important factor. Eddgnsports of heat and momentum add
less to the Ferrel circulation. For both Hadley and Ferr] ttee maximum contribution by friction
is located at lower levels than for all other sources whidtidates the dominance of frictional
dissipation close to the surface.

For the Hadley cell both the contributions coming from hagtand friction decrease linearly
with increasing OHT (Fig_15). As the decrease is strongehéating, friction becomes the major
contributors to the Hadley cell for OHJ« > 3 PW. The decrease of the Ferrel cell with increasing
OHT is linked to a decrease of the friction, i.e. a decreasthefear—surface zonal mean zonal
wind. The contributions from heat and momentum transpatsahse less than for the Hadley cell,
and remain constant for OHLx > 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 kAnﬂLeAALs_aad_MﬂmﬁrEJ.Q?e) provides a much closé&rbetween 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 circulagithe part of the mean meridional circu-
lation that is not balanced by the convergence of the eddytra@sport. It consists of the Eulerian
mean circulation plus a circulation due to the eddy heaspart. The latter is sometimes referred to
as the Stokes streamfunction. The TEM residual mean ciionl& qualitatively similar to the dry
isentropic circulation with the important difference tlilagé 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 vkeeggince of the Eliassen—Palm (E—

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

Figure[I6 gives the residual mean streamfunction, its r&tcoction, the eddy source resulting
from E—P flux divergence, and the Stokes streamfunction féF g« = 0 PW. As for the Eulerian
mean, the reconstruction is in good agreement with the bcitcalation (this again holds for all
OHTs). Compared to the Eulerian mean (Eig. 14) the residtedmfunction displays a single over-
turning circulation with rising motion in the tropics andhking air in high latitudes. While the
maximum of the residual streamfunction occurs in mid lalésinear the surface, a secondary max-
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imum in the tropics is present related to the Eulerian meadidyecell. From the reconstruction we
see the dominance of the eddy (E-P flux) forcing for the mitlidés compared 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, whicexislained 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 eddgaspoef. AppendixA).

FigurelIT displays the sensitivity of the E-P flux source dedStokes streamfunction to changes
in OHT. A strong decrease (from abaf x 10'°kgs~! to about9 x 10'9kgs~!) of the maxima
can be found for OHJ .« increasing from 0 PW to 2 PW. For Oy > 2 PW the decrease is less
steep and the maxima reach values of alsout 0'° kg s~*. We note that in the Eulerian mean view
(Fig.[1I3) the eddy forcing does not appear to be very impohacause it is of small magnitude and
has a limited sensitivity. The huge impact of the eddies ercirculation only becomes clear when
considering the combined effect of the eddies which setswgday related (Stokes) circulation, as
visible in the TEM view.

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

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

of a moist TEM residual circulation and the vertical contiasmoist static energy (or equivalent
potential temperaturé.). Here, both the eddy transport and the vertical gradieaf 8fin the TEM
formalism are replaced by the respective values utiliZindJnfortunately, as mentioned in the in-
troduction, there is no simple way to represent a well-ddfimeist isentropic circulation in the
latitude—pressure pla i t[a.lu_idlll._Lﬁ.h_tﬂml}leJZ) This prevents a diagnostic simi-
lar to the dry case. To tackle this problelm‘ﬂamis_leLLllljzmtroduces 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 itlessed and has smaller maxima, mainly due
to misrepresentation of near—surface values in pressooedinates. It shows one single overturning
cell with (for small OHT) a tropical and a mid latitude maximuln contrast to the dry case, the
circulation on moist isentropes shows only one maximum lloredues of OHT, which is located in
the mid latitudes. In addition, the moist isentropic ciatidn is narrower and exhibits larger mass
transport values, illustrating the impact of the moistuamsport.

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

shift poleward. In accordance Igg Czaja and MarLMOB'&) agrees well with changes in the

transport of dry and moist static energy, respectively k. [11). However, the relative decreases
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of the transports are smaller than those of the circulatidhis is explained by a narrowing of the
isentropic circulation for larger OHT (cf. Fif_1L8 for 0 andP®V) corresponding to a decrease of
static stability.

4.4 Lorenz energy cycle

Finally, we give a synopsis of the above results in terms efglobal energetics provided by the
classical Lorenz energy cycl IEI%S). In particutais will confirm the relevance of the
climate engine perspective.

Figure[I9 shows reservoirs, conversions and sources ofnrgye 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 deergmas
Py and Pg is of the same size while the absolute value®gfare substantially larger.

As pointed out in AppendikB, a direct link between the efficig of the climate systemyy
and the strength of the Lorenz energy cycle is given by thd(\mltputW of the climate engine
which gives the rate of generation of available potentigrgp. Indeed, foby (Fig.[20) we observe
a similar behaviour as foy (Fig.[8). FOr0OPW < OHTmax < 2.5 PW,W decreases linearly by about
0.2Wm~—2 for every0.5 PW increase in OHJax. For (OHTax > 2.5 PW),W declines by).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 totdd sirkinetic energy are in good agreement
with T/ 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 therdmnton of the zonal mean flow. For
increasing OHT the magnitude of all sources/sinks decraaddoth the (negative) eddy source of
available potential energy and the zonal mean sink of ldrextergy go to zero.

We conclude that assigning the overall strength of the Loesrergy cycle to either the zonal mean
or the eddy flow would lead to different results depending dwetlver we choose the generation of
available potential energTy/ or the dissipation of kinetic energ_'y as measure. Dominant processes
of the generation of available energy (i.@) are related to the zonal mean circulation while the
dissipation of kinetic energ;l_']) acts on the eddies resulting from baroclinic instabilityaddition,

16



560

565

570

575

580

585

590

one may use the conversion from potential to kinetic enesgyefiine the energy cycles strengths.
Here the baroclinic eddies accomplish such a transformatbile the zonal mean flow generates
Py at the expense dKy, i.e. by favoring a thermally indirect circulation. Thuglp considering
both components together (eddy and mean flow) allows fosassgthe strength of the energy cycle.
In this respecty, W andD derived from the (Carnot) climate engine perspective glegionsistent
and physically based measures.

Consistent with the sensitivity of the transports and thedi@nal circulation, the overall decline
in the reservoirs and sources with increasing OHT is alssgmtefor conversion terms related to the
baroclinic conversion, i.eC(Py, Pg), C(Pg,Kg) andC(Kg, K\). The conversiorC (P, K )
which is relevant for defining the zonal mean Eulerian catioh, shows little changes, as there
is a cancellation between the changes occurring in the Meaatie Ferrel cells. In addition, we
note that the sensitivity of the eddy-related conversigpgars to decrease following the temporal
sequence of a baroclinic life cycle: The conversion fromatanean available potential energy to
eddy potential energ¢’( Py, Pr) shows the largest sensitivity (approx. 65 % reduction fow4pP
increase in OHT). The sensitivity of the transformatiomiatldy kinetic energ¢'( Pg, Kr) amounts
to approx. 57 %, and the change of the conversion into zonahrkietic energy”'(Kg, Ky ) is
the smallest (approx. 53 %). However, to verify whether ¢helsanges are due to changes in the
baroclinic life cycles or just a coincidence, further arsidyis necessary, which is beyond the scope
of the present paper.

5 Summary and discussion

We have studied the impact of the oceanic heat transport @ Tthe atmospheric circulation
focusing on two important aspects: changes in the atmogph@ridional 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 compieiPlaSim) including an oceanic

mixed—layer we have adopted an experimental design ﬁoﬁ_mmieie_ilal_@lla). Here, an im-

posed oceanic heat transport of simple analytic form anld vatying strength allows for systematic

analyses.

We found a compensation of the changes in oceanic heat terspthe atmosphere consistent
with Stone’s (1978) conclusions. The presence of sea—igeaxglain the deviations from a perfect
compensation as discussed. i rslhaHJ(ZUVla)e all components of the atmo-

spheric heat transport are affected by the compensatiein réiative importance for the total trans-
port remains almost unchanged. While the atmosphere casapevery effectively the changes in
the OHT, so that the total meridional heat transport is weakéred, the climate as a whole strongly
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depends on the chosen value of the OHT. The basic reasonidds tthat the atmosphere and the
ocean transport heat at different heights and across elifféemperature gradients.

In agreement with Rose and Ferreira, we have found an inefabe global mean near—surface
temperature and a decrease of the equator—to—pole temegabdient with increasing OHT for
OHTnax < 3PW. 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
OHTmax > 2 PW, with a reversal of the gradient for ORZ > 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 frorALoL&dﬂb_l)d_(;OiS). However, in their aquanet 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 lLALBwM_Qk MOM) 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 mmémLB_a.LLeiLo_e_t_AIJ_(ZQil) related
the tropical cooling to a strong cloud-SST feedback and sdaat the results are sensitive to the

particular parameterizations. Though our simulationshégély idealized and do not represent all
the complexities of the real climate system, it is interastio note that we find almost no further
increase of the global near—surface temperature for QkF 2.5 PW and maxima i®+ and©~

at about the same value of OHT.

Confirming the results of previous studieE (Herweijer Jet EO_O;%; Barreiro et AI.,I_ZQIll;
[KQIJ_a.Dd_AthIt,LZD_:I.I:Z) we have found a decrease of the Hadl#yfareincreasing OHT. In addi-
tion, the Hadley cell broadens and the maxima of the Hadlehtlaa Ferrel cell shift poleward when
OHT obtains large values (OH Ly > 2.5 PW).

Sea—ice gradually decreases with increasing OHT. Thoughriwial averages sea—ice is present

for all simulations, for OHT,.x > 2 PW areas of open water are present for all latitudes during su
mer. This may suggest that sea—ice is playing an importdaimaontrolling the global mean tem-
perature and/or the position of the Ferrel cell. Howeverdigenot find sufficient 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 meanalioirculations related to the diabatic
heating and, to a smaller extent, to the friction. In our datians, the meridional circulation in-
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 iggmh may be responsible for a reduced
eddy activity.
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The importance of the eddies for the circulation becomearalden considering the combined
effect of the eddies by applying the TEM formalism. Here,éldies set up an eddy related (Stokes)
circulation dominating the mid latitudes with strong sémiy to changes in OHT.

In agreement Wit||'_1 Czaja and Marg]'léll (2b06) the total atrhesp meridional heat transport is

related to the strength and vertical extent of the circatatin isentropes both for the dry and the

moist case. As obtained by scale analysis by Czaja and Mattsleeresidual mean streamfunctionin
the mid latitudes is dominated by the so called eddy stregshviggiven by the meridional transport
of static energy.

We utilized an alternative approach to assess the sengitiithe climate system by studying
the response of global thermodynamical properties of thmaté system following a theoretical
framework introduced lJ;LLTQ&L' 9). Here the climatstem is viewed as a (equivalent Carnot)
engine with a certain efficiency. Linking the climate engiiew and the classical Lorenz energy
cycle 5) provided a consistent picture of theeolred changes and, thus, demonstrated
the relevance of the climate engine approach.

Increasing OHT leads to a reduction in the difference betmtbe warm pool temperatue™
and the cold pool temperatuég—. The latter implies that the atmospheric system becomes mor
isothermal in the horizontal. The temperature differenstsvieen the warmg™) and the cold® )
heat reservoir decreases for increasing oceanic heapten$his is basically caused by enhanced
warming in the extratropics and by tropical cooling for ieasing OHT. One of the main drivers for
this is the poleward relocation of latent heat release patt@ot shown). This may lead to further

warming due to the water vapour feedb ij : ' IL_ZQJ.l).

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 cytte 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 meritimraulation, the magnitude of all
reservoirs and conversions of the Lorenz energy cycle deseswith 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 enéoggyonal mean kinetic energy, and the
conversion from zonal mean kinetic energyRq are least affected.

When considering stronger oceanic transport, the climggeem is characterized by a declining
total material entropy production, while the degree ofiemsibility « 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. Theease in the index of irreversibility is a
direct consequence of the decrease of the efficighdye to the reduction of temperature gradients
inside the system, in agreement with what is found in Luc¢a&tial. (2010a,b), citetBoschi2013 and
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Lucarini et al. [(;Oj?,). The flux of latent heat contributessinto the material entropy production
in the climate system. When increasing the heat transpadtiénocean fron0.0 PW to 1.5 PW,
material entropy production due to latent heat flux increag@ch can be explained by an outspread
of convection from the deep tropics into the mid latitudegjlevthe maximum latent release is
still located in the central tropics. When increasing thattieansport further, convective processes
collapse in the deeps tropics and, thus, affecting evaiporaitensities at tropical sea surface by
reducing it. As a result, a decrease in material entropyymtion by latent heat fluxes can be noted
from the increase of the oceanic heat transport larger2taRWw.

Recentlyl Laliberté et iil. (2Q115) proposed a differentrtheatynamic point of view with respect to
what has been used here, indeed confirming the relevancelohtpat the climate system as a heat

engine. They studied using models and reanalyses the wipkiof the climate engine and showed
that it is constrained by the power necessary to maintaimyideological cycle which accounts for
the moisture inefficiency related to the addition of watepasmto unsaturated air. For a warmer
climate they found a reduction of the work output consisteitlh our results for increasing OHT.
[La.ﬂb.eﬂé_el_ah.[(ZQ]IS) attributed most of the response tmarease of the moistening inefficiency.
There is strong indication that this is also true in our case @ a large increase in near-surface

specific humidity and evaporation with only moderate chanigenear-surface relative humidity.
However, further diagnostic is necessary to quantify theaot of moistening inefficiency.

Overall, our study demonstrates the large impact of therdcdseat 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 circulationshifis the Hadley and the Ferrel cell.
In addition, changes in OHT substantially modify globalthedynamic 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—swerfamperature is one of the major fea-
tures of global warmin@l@ﬁ) showed a consistezgkening and poleward expansion
of the Hadley cell in IPCC AR4 simulations. Hence, changeth& oceanic 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 nedaddback 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.

Apart from the meridional overturning circulation in thelditic, significant modifications of the
oceanic circulation in a warmer climate can also be foundénetquatorial Pacific strongly linked to

El Nifio- -Southern Oscillation (ENSO) variability (eLng_aaﬂ.,LZleLEegmlaleos).
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This gives rise to an additional potential feedback medranelated to oceanic dynamics which is

not captured by slab ocean models (EAQJMJJM‘LJ 2003).

Complementing the investigation @mnd.&ulr&aﬁp@ne helping to understand the prop-
erties of warm equable climates a subsequent study may @ttt role of latitudinal location of
the peak OHT. In the present set of experiments the peak wceansport was fixed at the latitude
of 27°. Due to the local atmospheric compensation, thisepesitially affects the atmospheric heat
transport components relevant in this region which is thdydcansport of latent heat. The overall
response may be different if the OHT peak is located in regjiwhere other components of the
atmospheric heat transport are more important.

Another possible future line of investigation may deal vathdying 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 atmospdseof exoplanets along the lines of some
recent investigationt 013; Boschi &_@LL; Lucarini et zJIJ ZQ;I 3).

Appendix A: The mean meridional circulation

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

({KudllQ_S_lSl_Eha.s_s_élh._labl) Itis a diagnostic equatiorcivinélates the mean meridional circulation

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

Applying the quasi-geostrophic approximation and defirgiregreamfunctiony with

_ g o
= 2mrcosd Op

_ g
Wl =- 21 cos ¢ rd

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

fPg P g 0
0

271 cosd Op? 2713 p[0] O

(0 ws) = o o

_ fa_p
1 0 Ow*0*]cos¢
r2p[0] 96 cos g0
[ 0*u*v*]cos? o
rcos? ¢ Opdo

where, in addition to the symbols defined abof/és 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-
ferent sources to the mean meridional circulation, whiehddabatic heating (1st term r.h.s), friction
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(2nd), meridional eddy heat transport (3rd) and eddy moumemtansport (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 troA_Lc_s_LKlm_a.nhh@QlL[L)- 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 amirgone source will lead to changes in
other terms. For example, according to the equations ofanathanges of the meridional eddy mo-
mentum transport will have consequences for the frictiolsgipation of zonal mean momentum.
These indirect effects cannot be identified with our (lineaethodology.

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

circulation the transformed Eulerian mean (TEM) formali 61_19}6) pro-
vides a closer link to the total atmospheric meridional teatsport.
Defining the residual streamfunctign., with

o 9 Ores
" 21rcos¢ Op
9 OYres
res 2nrcosd rOd
and

Wres = [w] +

1 0 ([v*6*]cos¢
rcosgba_gb( 00 /0p )

an equation similar to the Kuo—Eliassen equation can beregtdor, ..

rp[T] 0¢ ¢,
OlF]
_ fa—p
[ O(divF)

~rcos¢  Op

¢ Op cospdg

f2g 821#7“63 . g 0 803 8wres . 1 g[ ]
2nrcos¢  Op? 2713 p[6] O N

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 cirtboifa(viewed from a Lagrangian per-
spective) is given by the divergence of the Eliassen—Pabn(#) with

Fy = —rcospluv”]
— reose 0L
F,= frcosgbaes/ap

22



765

770

775

780

785

790

795

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 tlilaé TEM circulation does not close at the

surfacel(Held and §ghngihEr, 1b99).

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 eqgnd#ind 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(;QbES) 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 temperatufig) 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 E,L_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 constaitandd..,
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 reitsnulf§+ pQtdAV + 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 =&+ + & =ndotd. (B1)

where the efficiency of the climate machine can be expressed a

+ 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 quantitigs ~) = f““ ’pQ = , Which are the instantaneous entropy
sources and sinks in the system. As explalnmwxm [(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 determinesmepirs 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 douidon 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 releeaparch 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 (B4)
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

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

S

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 the roduction related to the hy-
drological cycle has been proposed by t:.g._lzauhﬂ_s_a.n_ch EQWA‘:I ‘_EauluLS_a.n_d_H:iEIMZb) and
8). Nonetheless, as discussed in demmmll ‘;Oilﬁl), the overall contribution

of the entropy production due to the hydrological cycle canréconstructed in a fundamentally

correct way also in the simplified method proposed here, &/lo@e needs not to follow all the
complicated irreversible processes related to the hydicddcycle — evaporation of liquid water in
unsaturated air, condensation of water vapor in supeegatliair, and molecular diffusion of water
vapor.

Note that one can compute the entropy production as:

- €2 — Vv Fsens Fa m
S ) = [y [T et Fid gy [ Foene Lt g (86)
o0

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
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is the net entropy flux across the boundarie$0if 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 temperattme B8 represents the way entropy
production is typically computed in numerical models. lieoconsiders the whole climate system
as(), the boundary terms disappear. Nonetheless, another texpontional 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 ovey, corresponding to the whole climate system, the contidoutif 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 Hg.IB5 - or, equivalently, in[Ed. B6 tis 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 ppresence of

average dissipation ratg, ¢>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
where« is the degree of irreversibilit09) and detéres the ratio between the

contributions to entropy production by down—gradient tikebt transport and by viscous dissipation

(B8)

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 esé&hroirs 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 LgrecHJLOJ)S).

Appendix C: The Lorenz energy cycle

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

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

dp
TM = [Sp] = C(Pu, Pg) — C(Pu, K1)
4P
5 = 56+ C(Bu. Pe) — C(Pp, Kr)
dK
~ = Sk+C(Py, Kr) - C(Ke, Ku)
dKy
5 =[Sl + C (K, Kn) + C(Par, K

where[Sp]|, Sp. [Sk] and.S;; are external sources/sinks of the respective quantitie€an, B)
denotes the conversion frorto B.

To compute the individual contributions we follow the WomlLﬂbr_ich_&d_S_ps_Ilmn. In pres-

sure coordinates, the reservoirs are given by:

P = (211~ {T}?)

e

= (5P + )
e = (3 + 1)
and the conversion terms are:

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

C(Pu ) = = { (1]~ (] - ()
(e k) = - ( Zorm)

tang 0l

C(Kwum,Kg) = <<[u*v*]%ﬁ + [u*v*][u] [v*v*]@

2 4 w9+ o150 ) )

~[uu]lo o o

with [2] =zonal mean;z* =deviation from zonal mean{x} =global horizontal mean{z)
= ﬁfA fp xdpdA; A =horizontal Area;c, = specific heat at const. pressuke;= gravity; p
= pressurer =radius of the EarthR = gas constanf]’ = temperature?;, = virtual temperature;
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= zonal wind;v = meridional windyw = vertical (p) velocity; ¢ = latitude;~ = stability parameter
=& (o0 m ) o
p \ Op Cp P )

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 becauseddnally 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 ¢ime reservoirs?y; and Ky, and the

conversiorC( Py, Kyp) are affected.
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Figure 1. Oceanic heat transport (in PW) for Ol& =0, 1, 2, 3, and 4 PW.
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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)
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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 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
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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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