1

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

FemperatureEquilibrium temperature distribution and

Hadley circulation in an axisymmetric model.

Nazario Tartaglione

{School of Science and Technology, University ofitgino, Camerino, Italy} - A

Formattato: Inglese (Stati Uniti)

1

Correspondence to: N. Tartaglione (nazario.tartagli@unicam.it)

Abstract

The impact of theequilibrium temperature distributigndz on the Hadley circulation
simulated by an axisymmetric model is studied. Hmeperaturé: distributions that drive the
model are modulated here by two parametemndk, the former controlling the horizontal
broadness and the lattéefining-change-incontrollinthe verticallapse—rate.stratification of
Oe. In the present studythe—ehangesvariationef the temperatur@:- distribution mimic
changes of the energy input of the atmosphericesydeaving as amlmostinvariant the
equator-poleg)e difference. Both equinoctial and time-dependendleha circulations are
simulated and results compared. The results givdeaege that concentratédmperaturé:
distributions enhance the meridional circulatiord get wind speed intensities even with a
lower energy input. The meridional circulation ati subtropical jet stream widths are

controlled by the broadness of horizontamperatur@:- rather than the verticahpserate

kstratification which is important only when the temperature disttion is concentrated at/{
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the equator. The jet stream position does not silpwdependence withandk, except when
the temperatur@: distribution is very wide and in such a case #teig§ located at the mid-

latitude and the model temperature clamps to foralagUsing n=2 andk=1 we have the

formulation of the potential temperature adoptectlassical literature. A comparison with
other works is performed and our results show tthet model running in different
configurations (equinoctial, solstitial and timeepgndent) yields results similar to one

another.
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1 Introduction

The earth’s atmosphere is driven by differentiehtmg of the earth’s surface. At the
equator, where the heating is larger than thatregrdatitudes, air rises and diverges poleward
in the upper troposphere, descending more or te3@°datitude (subtropics). This circulation

is known as Hadley cell. Because of the earth’sitimn, this circulation produces two

subtropical jetsat about 30° north and 30° southpoleward shift (Fu and Lin, 2011) and an
enhanced wind speed of these jets (Strong and D20%¥) are associated with a possible
Hadley cell widening and strengthening, which hasrbobserved in the last decades (Fu et

al., 2006; Hu and Fu, 2007; Seidel et al., 2008adson and Fu, 2009; Nguyen et al., 2013).

There are a few studies suggesting possible canisésese phenomena. One of the
theories postulates global warming as a possiblseaf Hadley cell widening (Lu et al.,
2009). However, the atmosphere is a complex syst#rtaining many subsystems interacting
with one another and the global warming might nettlbe only cause that is suggested to
explain the widening. Ozone depletion (Lu et alQ2, Polvani et al., 2011), SST warming

(Chen et al., 2013taten et al., 2011) and aerosol (Allen et al. 20thvealsobeen invoked

to explain the Hadley cell widening.

Climate models vary to some extent in their respaand the relationship between global
warming and Hadley cell is not straightforward. Festance, Lu et al. (2007) found a smaller
widening than the observed one. Gitelman et al9719showed that the meridional
temperature gradient decreases with increasingagiolean temperature and the same result

can be found in recent modeling studies (Schatlat.2013).

Much of our understanding on the Hadley cell cofmes theories using simple models

(Schneider 1977, Schneider and Lindzen 1977 and &fed Hou 1980, hereafter HH80) and
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such a simple model will be adopted here in orderubhderstand how temperature

distributions can change the Hadley circulationwHouch temperature change impacts the
real Hadley circulation is not clear yet, perhapscause of discrepancies between
observations, reanalysig¥gliserWaliseret al., 1999) and climate model outputs, although
these differences are becoming less marked beaafusewer observational datasets or

correction of the older ones (Sherwood 2008, Ticlet al., 2008, Santer et al., 2008). Hence,
it is critical to understand the possible mechasifmhind the cell expansion starting from a

simple model.

The objective of this study is to analyze the #mmity of a model of the symmetric
circulation to the radiative-convective equilibriutemperature distribution. Our point of
departure is the symmetric model used by Cessi8)198hich is a bidimensional model
considering atmosphere as a thin spherical shieit model will be briefly described in Sect.
2. The model describes mainly a tropical atmosphleeace it does not allow for eddies.
Although eddies may play a central role in coninglithe strength and width of the Hadley
cell (e.g. Kim and Lee, 2001; Walker and Schnei@806), a symmetric circulation, driven
by latitudinal differential heating, can exist ewsithout eddies and it is a robust feature of
the atmospheric system (Dima and Wallace, 2003).t€mperature distributions used in this
study represent some paradigms of tropical atmesph&mong the possible causes that can
change temperature distributions there are El Ndiobal warming and change of solar
activity. We will show, in Sect. 3, that the energput is not as important as the
temperatureforcinglistribution. Our results are consistent with thabtained both by Hou
and Lindzen (1992) (hereafter HL92), and recentiyTlandon et al. (2013) who performed

experiments similar to those described here. Thelasions will be drawn in Sect. 4.
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2 The model
The model used in this study is a bidimensional ehad the axis-symmetric atmospheric
circulation described in Cessi (1998). The horiabririablecoordinatés defined ay =

asing from which we have

c(y) =cos¢p =/(1 —y?/a?) 1)

where a is the radius of a planet having a rotation ratethe height of atmosphere is

prescribed to beél.

The model is similar to the Held and Hou model @9} butthe-difference-is-that—the
modelit prescribes a horizontal diffusiony other than the vertical diffusion, . The
prognostic variables are the angular momentmdefined asV = Qac? + uc where u

represents the zonal velocity; the zonal vortigity with the meridional stream functiah

defined by

@y&/ﬂ%\ﬁ%ayl[} = w;

OAp=—evd, ) = —cv
)

and the potential temperatuéethat is forced towards a radiative-convective egailm

temperaturede. Starting from the dimensional equations of thgudar momentum, zonal
vorticity and potential temperature, we will obtairset of dimensionless equations. The new
equations are non-dimensionalized using a scafiagfollows Schneider and Lindzen (1977),

but the zonal velocity u is scaled wita. A detailed description can be found in Cessi 8)99

The non-dimensional model equations are:

My = 2 {M,, + ple* (2, ] } -, M) (33)
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et :%{6224_”[0293/]},4'a[eE(y,Z) _9]}_](1,0,6) (30)
The terny(4, B) = A, B, — A,B, is the Jacobian.

The thermal Rossby numbRr the Ekman numbek, the ratio of the horizontal to the vertical
viscosityu and the parameterare defined as
R = gHAy/(2%a*);E = vy /(QH?);u = (H*/a*) vy /vy ; a = H?/(Tvy) (4)

The terma is the ratio of the viscous timescale across #ahdof the model atmosphere to

the relaxation time toward the radiative-convective equilibrium.

The boundary conditions for the set of Eq. 3 are:

MZ=V(M_CZ)' Yy =YYy
Y=6,=0atz=0; (5)
M,=y,,=¢=0,=0atz=1.

Wherey = i—H is the ratio of the spin-down time due to the dimghe viscous timescale, the
\4

bottom drag relaxes the angular momentmo the local planetary valugac? through a

drag coefficienC.

The model flow started from an isothermal stateeat and is maintained by a Newton
heating function where the heating rate is propaogi to the difference between the model
potential temperature and a specified radiativereotive equilibrium temperature

distribution, which follows the HH80 one:

0 = 4= y? 42 (2 -2). ©)
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4 A 1
0p =5 = IyI" + 52 (2% -3) @)

Equation 6 is used extensively in dry axisymmetnodels (e.g. HH80, Farrell, 1990, Cessi

1998) and it is related to the thermal forcing texiihe equation system. A statically stable

state as a vertical profile ¢t is also assumed by Eqg. 6. HH80 suggested thatrpact of

latent heat released by water vapor condensatinnbeaincorporated in _dry axisymmetric

models by modifying the meridional distribution @ HL92 followed the HH80 argument

and altered the concentrationfefunder the constraint of equal energy input. Tiselteg6e

distributions used by HL92 were peaked distributoon and off the equator resulting in a

stronger Hadley circulation with respect the ciatign obtained applying Eq. Bandon et al.
(2013) used narrow and wide thermal forcing to mifi Nifio or global warming effect on a

tropical circulation in a Global Circulation ModeDn the opposite side, in fact, we can

suppose that if a warmer climate, especially in tilopical regions, happens a very weak

gradient of the equilibrium temperatuflz will be more extent in latitude, expanding

consequently the tropical region. This is alreadguored in the past, especially in the mid

Cretaceous and Eocene when the tropics extended 60°. This is the so called equable

climate (e.g. Greenwood and Wing, 1995) where thezbntal temperature gradient was

weaker than the present one. During those geolbaigas the temperature was generally

higher everywhere, but summing up a constant to témeperature does not change the

response of this kind of models. The equator-pefeperature gradient was smaller than the

present situation, whereas we prescribe equaterggofiradient at the surface constant. As

we shall show afterwards this is necessary to dstrate that it is the tropical temperature
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gradient rather than the equator-pole one the dafsthe Hadley circulation. Thus, in order to

study systematically these different conditionsadept the strategy to build forcing functions

dependent on a parameter that controlséh@radient in the tropical regions. Since, with

different horizontal distributions ofe we can figure out that even the vertical distiidnut

could be affected by some physical mechanismsntia&e the atmosphere more or less stable

than the stratification described by the z compori#nEq. 6. The changes of meridional

extension and vertical stability can be obtainedtignging the exponents of y and z in Eq. 6

transforming Eqg. 6 in the following equation:

Rientro: Prima riga: 0,85 cm,

— - - 7| Formattato: western, Giustificato,
SpazioPrima: 6 pt

a = 6.4 X 105 m—R-=27/{8.64310%) o=

Ay =1/3 4, =1/8

g=9.8ms™2 C =0.005ms™!
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vy =5m?s71 vy = 1.86m?s™1 8)

The valuesh andk control the horizontal distribution @k and its stratification respectively.

Small values ofn are associated with concentratéd distributions. Increasingn means

increasing broadness of the distribution. A larger value df increases the vertical stability,

especially at upper levels. Thus it comes quitaunahtto explore the response of Hadley

circulation by changingheparameters-in-Ef-are-the same-as-those-used-by-Cessi{1998).

.- . . . _1F ttato: Tipo di ttere: N
Fhe-meridional-and-vertical-gradients-are-contebligrthe parameters andk, wherewhich _ - {C‘;:S,“;';‘, 0F 11po € carattere: Tlon

control the distribution ofl, in closest ranges of 2 and 1 respectiviiigy vary from 0.5 to 3

with a 0.5 step, in such a way that we have afs&6 simulations|n fact, whem=2 andk=1

Eq. (7) becomes the reference equilibrium tempegativen in Eg.6 and the experiments

performed with n=2 and k=1 will be considered asréference experiments.

Formattato: western, Giustificato,

_The averageéemperatui@: along the latitudes and heights are shown in Eigdeating | rientro: prima riga: 0,85 cm,
SpazioPrima: 6 pt

functions withn value equal to 0.5 should not be regarded as Liireamerely as a simple
way to represent a specific state of the atmospHdre same assertion is valid for all other
parameters. A% increases the average temperature increases jsbwethe meridional

gradient decreasesh

- {Formattato: Inglese (Stati Uniti) J

——With the prescribedemperaturé:- as stated-inspecified b¥q. 7, thetemBeFM@E“/{gg;?;:mt;: Z!‘;i‘em' Glustificato, }

valuesat the boundaries and its equator-pole differeeceperaturaemain invariant with

respect ton-and, for a specifikk value The mean-temperatdreenergy inpstnot constant

here, which differs from HL92, which analyzed th#luence of concentration heating

perturbing the forcing functiofie (y,2) in such a way thats—averagé: averagedover the
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domain remained constant. It is easily visible ig. Eb. Highem values, keeping invariant,

have highemean-temperaturesaveragidat all levels. The same is true fqrwith higherk
values, forn constantthe-mean-temperature-fdiz at each level is always higher than that
with lower k values. The pole-equatemmperaturé: difference at upper and lower vertical

boundaries are the same for all the experiments having the samk, the meridional

Formattato: Tipo di carattere:
77777777777777777777777777777777 ~_ | Corsivo, Pedice

Whether global warming makes tlerthequilibriumtemperature distribution narrower or I(F:grrs'nzﬁam Tipo di carattere: Non }

wider is beyond the aim of the paper. One can dxtiet global warming broadens the
temperature distribution, but at the same timepitld have an impact above all on tB&¥

sea surface temperature (SIFjnging more water in the upper atmosphere wicichnges

the vertical distribution of the temperature in theertropical-convergence-zone.inter-tropical

convergence zone (ITCZ). It is supposed that tleaos force the atmosphere, so we have to

allow for the possibility that increasing SST cdrarge the forcing distribution. Increasing

uniformly SST might could a poleward expansion laswsed by Chen et al. (2013) with an

aquaplanet model, but in that case the mechanissrsugposed to be related mainly to mid-

latitude eddies rather than a tropical forci&ince other causes can change the temperature

distribution of a planet such as changes in tharsmitivity for instance, we will focus on the

temperature distribution regardless of its cause. __ { Formattato: Inglese (Stati Uniti) )

. . . . . _—-—1F ttato: t Giustificat
——Altheugh-inln this model the atmosphere is dag in many other studies (€.9. | pintro: prime riga: 0,83 om,
SpazioPrima: 6 pt

Schneider 1977, HH80, Caballero et #008), changing thetemperaturé: distribution

allows for a change in the static stability. Loakiat themean-temperatureaverage along

the vertical direction, low values &fare related to low values of static stability, exsplly in

- { Formattato: Inglese (Stati Uniti) J
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2 _ (gkAv/AHZ(k_l)) 8
T [a/3-ym+ay/ay(2E-1/2)] ©

It is clear from Eq98 that the Brunt-Véiséla frequency does not deperalat the poles afid { e e Glustifcato,

|

equator. On the contrarig,depends oi; large values ok imply a more stable atmosphere in
the upper levels, especially at poles, making tloglehatmosphere more similar to the real
one, simulating in some respects a sort of tropepaMoreover, this is equivalent to creating

a physical sponge layer in the upper levels ofrtielel that will have some effects on the

- { Formattato: Inglese (Stati Uniti)

. . . . _ - -1 F ttato: t Giustificat
Starting from Eq. 7 a set of experiments were perénl changing andk in such a way W Rientro: Prima riga: 083 cm,

SpazioPrima: 6 pt

to have a set of numerical results.order to isolate the contribution of the distribution on

the solution of Eq3, a set of parameters will be used:

a=64x105m 0=2m/(8.64x10%) s?
Ay =1/3 Ay =1/8

g=9.8ms2 C =0.005ms™?!
H=8x103m T =20days

2

vy =5m?s7? vy = 1.86m?s7! 0)

The parameters in E§.are the same as those used by Cessi (1998).

11
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3 Numerical Results

This section is divided into three subsections, fitst showing the results of the model
applying the equinoctial condition, when the surassumed to be over the equator. The
solution is steady as already shown for instancédasi (1998). The second subsection will
show the results of the model havingesmperaturé: distribution described by Eq. 7 but
moving following a seasonal cycle. The cas® andk=1 is discussed in the third subsection

in comparison with previous studies.

3.1 Equinoctial conditions

The axially symmetric circulation is forced by abky symmetric heating as in HH80 and
many others and as prescribed by Eq. (7). The natdeed from an isothermal state and it
was run for 300 days, even though it reached itslibgum approximately after 100 days, in

order to be sure that the model does not havehiififts in the long run.

The absolute value of the maximum stream functiotensity at the equilibrium

conditions for the 36 experiments is shown in FR2g.Whenn=0.5, with k constant, the

n (Fig. 2a). Withn=0.5 the experiment resembles the one describadLB2 where they

concentrated the latitudinal extent of heating &imd led to a more intense circulation.
However, they imposed the forcing functi@®n(x, y) in such a way that its average over the
domain remained the same as in the control expatjnme. without changing the energy
input. They found that concentration of the heatimgugh a redistribution of heat within the
Hadley cell led to a more intense circulation withaltering its meridional extent. Instead,
here, it is evident from Fig. 1 that the experimeith n=0.5 has an energy input lower than

the other cases. Nevertheless, the Hadley cironldad always more intense than the other

12
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cases and contrary to highervalue experiments, the circulation is confinedseldo the
equator.-Thus the results of HL92 are extended to a moremgrcase with a lower energy
input. It is worthnetingnoticingthe constraint of an equal pole-equator gradi¢ntnean

temperatur@: is assumed herghich-is-differentdifferentlyfrom HL92 (Fig. 1a).

The dependence dnis not as straightforward as the one mninstead. The stream
function reaches the highest value fe10.5 andk=3. With a highn values the Hadley cell
stream function intensity is lower and the depepdeonk loses its importance. In other

words, in our model, the symmetric circulation sg#h is modulated bk only when the

equilibriumtemperature distribution is concentrated to theagmyy __ { Formattato: Inglese (Stati Uniti)

Figure 2b shows the maximum zonal wind speed astitn ofn andk, it is inversely
proportional ton, the dependence dnis not as clear as the one mand whem=3 it almost
vanishes in accordance with the behavior of theimam stream function. These results are
in agreement with HL92, who found a stronger zomiald when theemperatureforcingvas

concentrated at the equator.

Some studies define the border of a Hadley cethasby the zero line of the 500 hPa

stream function (e.g. Frierson et al., 206 heeSince in this kind of model the zero stream

function is at the poles, it is problematic to defan edge of the Hadley cell based on the zero

stream function. Moreovethe circulation intensity changes greatly in operimentsso it

is problematic to define—widthan edgef the Hadley cell based dgheanabsolute value of

the circulation itselfMere

Hence, we will define the position of the cell ebtmathe position of the maximum value of
stream function, in this way we will study a possipoleward shift of the cell as a function of

the two parametens andk. Thewidthedgeof the cellwillmight be definedmere-erlesdy

13
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values ofisolines having—1/4—efthat are relative with respecttie maximum valuefor

example 1/%f the stream functiont-is-werth-neting-thatFor the sake of clarthis definition

is an operational one and does pmtemblefollowthe definition usedor exampleby Dima

andWallaneeWallac€2003) or Frierson et al. (2007).

The latitude of the maximum stream function vadhws a general dependenceron
andk. It increases witlm and decreases with However, as shown in Fig. 3a, this dependence
is not straightforward or linear, although we hawefew exceptions, for instance when
k=n=0.5. Hence in general whenincreases, and the total energy input is larder,stream

function is weakebut-peleward—Thisand the Hadley cell moves polewaithough this

result is in agreement with other model outcomies ét al., 2008; Gastineau et al., 2008; and

Tandon et al., 2013), i$ in contrast with the recent observations whestight strengthening

and widening of the Hadle@irculationcirculatiorfor the past three decades was observed by
Liu et al. (2012) andipoleward-expansion-was-alse-foundHiy and Fu (2007). However,
Liu et al. (2012) showed that if the observatiotastfrom 1870, the Hadley cdiecoemeshas

becomemore narrow and stronger.

The height of the maximum stream function valuecisfined for almost all the
simulations under 2200 m and the general rule & thhenn increases, the height of
maximum lowers, however a few experiments, thoga k0.5 andn=0.5, 1and 1.5 have
the maximum value between 4300 and 5600 m exhip#@imincrease in the height witl{Fig.

3b).

In general, the location of the maximum zonal weped does not show any evident
relationship with the parametensandk. It is always confined between 26° and 29° off the

equator; however whem=3, there is an abrupt transition to about 48°, irshejently from the

14
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k value. In Table 1, we show the latitude of the imasn wind speed whek=1 for different

n values.
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A=k=0.5(Fig—6a)anth—k=3(Fig—6bhThe difference betwedh andf, once the model

reaches the equilibrium, is quite interesting. Fégd shows meridional distributions &

andé for n=3 and k=0.5, 1 and 3. In Fig. #g,is unde#, whenk=1 we find6_is overf_in a

region around the equator (Fig. 4b), withcrossingd at about 47°, finding again the equal

area condition suggested by HH80 and that expknes the jet location, whereas in Fig.4c,

with k=3, we can see hoW is overf. Despite these differences in the distribution®of

andf the model produces with these differ&ntalues almost the same solution, in terms of

circulation strength and jet location. For otheluea ofn the situation is _similar, but with

more peaked distributions the differences are asemarkable.

We can understand these findings in the light o63C€1998) results obtained by

expanding the variabled, 6 and i in power series of R. The ternf R nonlinear expansion

part, the meridional advection depends on the rdiffees betweefi: andd, on the cube of the

meridional temperature gradient, and linearly om ithposed stratification deducing that for

unstable stratifications, this term would appeanasqgative diffusivity term. This seems to

be the case, in our simulation whierD.5. The thermal energy obtained in the modedrigdr

16
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than the imposed temperature (Fig.4a). Althoughsthatification imposed by Eq. 7 is stable,

i.i% > 0, the second derivative is negative wHerD.5 reducing the stability at upper

levels, so it can be thought as a way to simulsectfect of the latent heat released by water

vapor condensation. In any case the model actarig the vertical temperature gradient in a

more stable configuration and a Hadley circulai®in any case reproduced demonstrating

the robustness of the model.

With n getting larger, thé _distribution becomes flatter in the tropical ragi@ndd_clamps

to 6;. In general, we expect that a vigorous circulatigours in a fast rotating planet unless

the thermal gradient becomes small in the trodicssuch a case the angular momentum

homogenization is equivalent to a weaking of thmtion (Cessi, 1998). If the circulation is

proportional to the cube of the meridional temp@eigradient, it is quite evident that when

such a gradient has high values the circulatiomigsrously driven by this term, whereas

HH80 found that the edge of the Hadley cell wathatmid-latitudes when the pIanet‘aTyW R e 088 o "

SpazioPrima: 6 pt

rotation was lower than that of the earth. Sinég pihenomenon is here observed for a wider
temperatureforcinglistribution, this common result may be attributeca low efficiency in

the process of homogenization of momentum and teatyre.

17
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In order to explain equable climates like thosepsged to be occurred in Cretaceous

and Eocene, Farrell (1990) formulated an axisymmaindel starting from the Held and Hou

model and a forcing with n=2 and k=1 where the terapre gradients became flat because

of a dissipation term. For high valuesrothe 6 distributions are similar to those obtained by

our forcing conditions. In some respects, flattgnaf forcing distributions is equivalent to

have the same dissipation term in the Farrell (1986del.

Figure 5 shows the stream function and the zonaH vepeed for the experiments

n=k=0.5 (Fig. 5a) andi=k=3 (Fig. 5b. The parameten controls the Hadley cell and jet

stream widthsThe results show that such withkk=0.5 the Hadley cell and jet streams are

quite narrow.As far as the vertical position of the maximumueabf the stream function is

concerned, the experiments wkh0.5, 1 and 1.5 exhibit particular behavior withpest to

the other experiments. The stream function hamasimum at upper level§his is related to

the different stratification imposed by the parasndt. Stratification with low values of k

favor air to move to higher levels with respecéxperiments with highdgvalues.

3.2 Time-dependent simulations

Since heating depends on solar irradiation, ibfisnterest to analyze the solutions
obtained by the annually periodic thermal forcimgl & compare it with the steady solutions
described previously in this paper. Starting from E), we can formulatean equilibrium

temperature distribution having the maximum heatifighe equator at latitudeg,-:

4 4 1
O =§_|3’_}’0|n+ﬁ(zk_§)-

(+210

18
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wherey, in Eqg. (9) is dependent on time according to

o PoT ol 2mt
Yo(t) = sin (180) sin (360days)

(31)

whereg, is the maximum latitude off the equator where ingais maximum. Equationk211
andi312are the same used by Fang and Tung (1999) witbhbiee of maximum extension
of ¢, consistent with the choice of Lindzen and Hou @)98.e.¢, = 6°-°. A prescribed
equilibrium temperature varying seasonally makes #imulations more realistic. As
described previously, here we will focus on therage and maximum values, in absolute
terms, of the stream function and zonal speed wddaduring 360 days of simulations. The
averaged values are obtained in these cases bggivgithe outputs obtained every 30 days,

starting from the minimum corresponding to the sanhiadley cell in the boreal hemisphere.

The annual averages of the time-dependent andhaciidl circulations shows that

maximum streanfunetion-sfunctionsand zonal wind speeds behave quite similarhhe

shapshotgFig. A—Even-the real-earth-cireulation-neverreachestean6), nevertheless the

instantaneoudadley circulatiop-even—because—of-eddies—but-symmetric Hadleyw-eab

visible-in almost never resembléd®e averagemodeledirculation (Fang and Tung, 1999) as

well as the real ongDima and Wallace, 2003).

The maximum stream function is obtained hieyethewhenk=n=0.5 (Fig. 7a63. In
general, folk=0.5, we have stronger circulations and windsak bonfirmed the tendency to
a weaker stream function and wind speed whercreases. However, the circulation strength

expressed as averaged value is weakbanthe time-dependent solution, wheris low and
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k is high, otherwise it is stronger, but it is newaice as strong as that of the equinoctial
solution as found by Fang and Tung (1999). Wired andk=1 it appears-mereisonsistent
with the results of Walker and Schneider (2005)d&sussed in the Subsect. 3.3. The
maximum zonal wind speed shows a behavior sligtiifferent from the stream function
intensity; there is a clear dependence romand k. For example, there is not an analog
maximum whem=0.5 andk=3 found in the steady solution and thus for othealues where
the stream function has a relative maximum. Withhi value the static stability is higdt
upper levelsand the maximum of circulatioremainsconfined to lower levels prevents air
upwelling at the high levels. Thus, the transfemafmentum to high level is less effective

with respect to the ca&e0.5 where it is favorednstead.

The meridional positioand the heightf the stream function maximum shows that there
is no clear dependency anandk (Fig. 87). The difference between the time-dependent
simulations and the average of then-time-dependent-simulationssteady solutiisnguite
interesting- It is to be noticed that the latitude of the stnefanction maximum in the time-
dependent solution is in the range of 12.5° and (F&j. 8a73, whereas in the equinoctial
solutions the correspondent latitude is withinlarger range. It is probable that thisore
narrow interval is due to the averaging operatidre maximum stream function is located at
higher levels, between 4500 and 6000 foless than 2.5. Otherwise the maximum is

positioned under 2500 m except whrer8 andk=0.5 (Fig. 857H).

More than the steady solution, it is evident this height of the maximum stream

function is lower whek=3. In the steady solution this phenomenon is Imat ¢vident. When

k=3, the vertical gradient ofhe—potential-temperatui®;is higher in upper levels and it

prevents, evidently more than the equinoctial $mhytair from moving higher leaving
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circulation occurring at lower levels. The cdse3 is equivalent to imposing a “natural”
sponge layer at the top of the model. Thus it do@scome as a surprise that the maximum
stream function is lower than those observed irukitions with othek values. This result is
analogous to that of Walker and Schneider (200&)removed the maximum stream function
at higher levels found by Lindzen and Hou (1988)mithg a numerical sponge layer at the
top of the model. A comparison with previous wookshe simulations witln=2 andk=1 will

be discussed in the Subsect. 3.3.

The position of the jet stream is almost simitatite one observed in the steady solution.
It is confined between 28° and 30°, with latitudexeeraged jet remaining almost at the same
place-er—moving—egquatorsard-witin, except whem=3 the jets are located at about 44°
confirming the abrupt transition of the jet streposition whenn=3 already found for the
equinoctial experiment. Fu and Lin (2011) suggkat the jets moved poleward of about 1°
per decade in the last several years but StrongDands (2007) observed that Northern
hemisphere subtropical jet shifted poleward overdhst Pacific, while an equatorward shift
of the subtropical jet was found over the Atlardi#sin. Excluding the case3, all the other

subtropical jets in the different experiments h&we position of the maximum very close to

one another and the shifting range is very limitédwever—when-we-use-the-jet-latitude to

be-in-contrast-with-the-Held-and-Hou-moedel. Thusenvh vigorous circulation occurs the jet

location must be located at about 30°, whereascieduoo much the tropical gradient the

process of homogenization becomes weaker like isloav rotating planet and this is

confirmed in the time-dependent solutidoth Tandon et al. (2013) and Kang and Polvani

(2011) found a discrepancy in this area with ths feat do not follow the Hadley cell edge.

In an axisymmetric model, defining the Hadley edgea function of the stream function and
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connecting it to the jet location is problematicéease of lacking of a zero value of the stream

function.

Figure98 shows the annually averaged circulation for theesaases as shown in Féh,
which is obtained by annually averaged heatings itmpressive how the steady and time-
dependent solutions resemble each other. As in RawlgTung (1999) the annual mean
meridional circulation has the same extent, butedihtly from them the strength of the
annual mean circulation of the time-dependent smiuis almost the same of the steady

solution.

When the heating center is off the equator thenisity of the winter cell is stronger,
whereas the cell of the summer hemisphere is wadksametimes almost absent. Figures
109 and 4110 show the maxima of the stream function and zoriatlvepeed at the winter
solstitial as a function af andk. The maximum stream function as a functiomaidk has
the same configuration of the steady solution. Here expected the intensity of the
meridional circulation (Figt8a93a is twice as strong as that of the steady solufltre zonal
wind has a different configuration instead, the immaxn zonal windspeedis obtained when

n=1 (Fig4110.

We can inspect a couple of simulations when theast function reaches its maximum
in the boreal hemisphere. Figut@11 shows the stream function and the zonal wind speed
whenn=2 andk=0.5 (Fig.22alla, pandn=2 andk=3 (Fig.12-b11 c, }l Whenk=0.5 (upper
panels) the boreal (winter) circulation is muctosger wherk=0.5, with the austral (summer)
circulation almost absent. The vertical extenigér and the maximum is located at higher
levels. The summer and winter jets are both mdense than their counterparts fe13. The

tropical easterly winds are in this case strongan those fok=3 (13.8 m& vs 11.4 m$) and
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the easterly region is also wider. Whier, it is noted that theerealwintercell is located

closer to the equator than thestralsummecell (not easily visible in the figure whér0.5).

3.3 A discussion on the case n=2 k=1
Whenn=2 andk=1, corresponding to the classic case discussedaimy studies, we

found that the time-dependent solution is only Hlig stronger than the steady solution.
Lindzen and Hou (1988) proposed a study of the éladirculation in which the maximum
heating was 6° off the equator. In their non-tinependent model, the solution showed an
average circulation much stronger by a factor I5pfp= 6°with respect to the equinoctial
solution. -Lindzen and Hou (1988) suggested that this excealtistrength was due to a
nonlinear amplification of the annually averagedpanse to seasonally varying heating,
although Dima and Wallace (2003) in a study onstbasonality of the Hadley circulation did

not observe any nonlinear amplification.

With the parameters used for equinoctial and titependent simulations we performed
an experiment like that of Lindzen and Hou (1988}h ¢, = 6° that will be referred to as
solstitial experiment. We found that the wintercalation is stronger by a factor three with
respect to the steady solution obtained with tha@rexgtial heating consistent with the result
of the axisymmetric model in Walker and Schnei@®06). However, the average circulation
obtained by averaging two solstit@tperimentswith -¢, = 6° and-¢, = —6%° respectively
is only 1.5 times stronger than the steady solutith ¢, = 0° and it has a maximum in the
upper levels of the model domain as in Lindzen &fwdi (1988). We suggest that this
maximum is due to a numerical effect caused byamirg the single solstitial experiments
rather than a spurious effect caused by the rigich$ suggested in Walker and Schneider

(2005), even though a sponge layer actually lowgsshe maximum stream function height
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and we can see the effects of a stronger vertiealignt in the upper levels especially in the
time-dependent solution (cf Fig. 3 and Fig- 7). Single solstitial experiments did not show a
maximum in upper levels and so the equinoctial taimd-dependent experiments (Figz12).

Consequently the only operation performed to predeig.13¢12c, which exhibits the upper

levels maximawas to average the two solstitial experimentsctvliauses the maximum at

upper levels.

Finally, we notice that comparing a time-dependswiution withg, = 6° with the
equivalent steady solution having the heating lndf ¢quator is not properly correct, since for
the time-dependent mode|, represents only the maximum extension of heatiemce a
more correct comparison between time and no tinpedent solutions should be performed
with the time-dependent solution having= 3°. In such a case, the average solution is only
slightly weaker than the Hadley circulation drivienannually averaged heating or by a time-
dependent heating which does not show any maximutimei upper levels. Thus, the results of

equinoctial, time-dependent and solstitig} & 3°) experiments are mutually consistent.

4 Conclusions

The temperature—distributionforcin@f an Earth-like planet can change for several

reasons. For instance, a changethleftemperatureforcinglistribution can be caused by

different factors such as global warming or longrtevariation of solar activity.

Under the assumption of an equal equator-poleerdiffceat the surfaceve used an
axisymmetric model to study the sensitivity of thepical atmosphere to different
temperatur8; distributions modulated by two parametershat controls the broadness of the
distribution andk that modulates how themperatur@is distributed vertically. Equinoctial

and time-dependent solutions were simulated andpaosd. Moreover for the case2 and
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k=1, corresponding to the classical distributiondusseliterature, a few solstitial experiments
were also run. When=2 andk=1, the annually averaged circulation of equindctiane-
dependent and solstitial experiments are quiteedo®ne another, consistent with the results
of Walker and Schneide906200%. However, the results differ from those of Lindzand
Hou (1988) and Fang and Tung (1999). As in all ¢hasrks the maximum of the stream
function of the solstitial experimenppears-to-heiat upper levels, but it seems to be related

to a spurious effect of the averaging operatiohaiathan a spurious effect due to the rigid lid.

The results provide evidence that concentratgdilibrium temperature distributions
enhance the meridional circulation and jet windesp@tensities, confirming findings of
Lindzen and Hou (1988) even though these authquesed the same energy input. However,

in the present study the concentrated distribudicthe equator has lower energy input.

The width of the Hadley cell is proportional ipbut when the cell width increases its
intensity decreasedheSince theequator-pole gradient is the same for all the armnts
henee with the samk it isevident thatthe gradienteguator-subtropic—that in the tropical

regioncontrolsthe circulation strengthEvenk-henece-the-lapse-rate, The tdarontrolling the

imposed stratification has influence on the actiemhperature distribution that can differ

remarkably frond _distribution.

Vertical stratificatioris importantin determining the position and intensity of thedkg® =~ | Formattato: Rientro: Prima riga: 0,85

cell and jetwhenn is low, wherea& loses its importance when thamperatur@, distribution

is wider. Thislatterresult is consistent with results of Tandon e{2013) who found that the
Hadley cell expansion and jet shift had relatividtle sensitivity to the changeof the lapse
rate. Consequently, the subtropical jet streamrmsities are controlled by the broadness of

horizontal temperature rather than thetical-lapseratestartificatipmvith higher values of
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the jet when the thermal forcing is concentratethéoequator. However, results show that the

jet stream position does not show any dependenttenveindk, except when theemperature

Ogdistribution is the widestnE3); in such a case an abrupt change occurs anchdlkamum

of the zonal wind jet is located at mid-latitudése analytic study of this model performed

by Cessi (1998) suggest that when the meridioredignt becomes too small the process of

homogenization of temperature and momentum ocdavdysand the circulation behaves as

that of a slow rotating planet.
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Table 1. Latitudes (in degrees) of the maximum wépaed for the equinoctial and time-

dependent solutions wher k as a function of the parameter

n 0.5 1 15 2 25 3
Equinoctial 27.4 28.7 27.4 26.1 28.7 47.7
Time dependent  28.7 28.7 28.7 27.4 27.4 44.4
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Figure Captions

Figure 1. Meridional (a) and vertical (bBpreanaverage ohon-dimensional equilibrium
temperature as a function mfwith k=1(panels aandb)k with n=0.5, landkl.5 (panel B).

Figure 2. Maximum non-dimensional stream functiahpdnd zonal wind speed [fs(b) as

function of parameterps andk for the steady solution. - { Formattato: Tipo di carattere: Corsivo |

| ‘[ Formattato: Tipo di carattere: Corsivo J
Figure 3. Latitude [degree] (a) and Height [m] @f) maximum non-dimensional stream

function.

given-by-Eg—10y,=singg-Vertically averaged the (blue line) and, (red line) for the

simulations witmm=3 andk=0.5 (a) k=1 (b) andk=3 (c). - { Formattato: Tedesco (Germania) }

Figure 5.\

Figure-6-Non-dimensional stream functioe-grd-ccontoujsand zonal wind speegh-and
d[ms?] (colorg for the steady cases0.5,k=0.5 {pperpaneldaandn=3, k=3-k=3-{ower
panels (p.

Figure 76. Maximum of annually averaged non dimensionalastrdunction (a) and zonal

wind speed [m¥] (b) as function of parametensandk for the time-dependent simulations. - { Formattato: Tipo di carattere: Corsivo |

o ‘[ Formattato: Tipo di carattere: Corsivo J
Figure 87. Latitude [degree] (a) and Height [m] (b) of maxim annually averaged non-

dimensional stream function for the time-dependehition.

Figure98. Annually averaged non-dimensional stream func{@smnrd-ccontoujsand zonal

wind speedb-and-dm3] (colorg for the steady cases0.5,k =0.5 @pperpaneldaandn=3,
k=3 (fewer-panels).b)

Figure 9Eigure—10.Maximum of non-dimensional stream function (a) aodal wind speed
[ms?] (b) -as function of parameters n and k for the time-ddpat simulations.

Figure—24Figure 10.Latitude [degree] (a) and Height [m] (b) of maximunon-dimensional

stream function for the time-dependent solution.

Figure 12 \Winterl1. Boreal wintecirculation, non-dimensional stream function (al a)
and zonal wind spedhs’] (b and dwhenfor the time-dependent simulation wig2, k=0.5
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(upper panels) and=2, k=3 (lower panelsfor-the-time-dependent-simulation). Dashed lines

indicate negative values

Figure 4312 Non-dimensional annually averaged stream funcfie.econtoudsand zonal
wind speedb.d-fims'] (colory whenn=2 andk=1 for the steady (a), time-dependent (b) and

- { Formattato: Tedesco (Germania)

34



®
=
o

=
~

o =
0 kN

o
fe))

nondimensional temperature

o
~

latitude (degree)

n=05 | n=15 |[n=25

height (m)

1
nondimensional temperature

1.4




3

o o -y -y -y
[o2] oo -t N2 R [o2]
T

nondimensional temperature

o
~

—n=05
—n=1.0

0.2
-80 -60 -40 -20 0 20 80
latitude (degree)
n=05 n=15 n
8000 T T T

— k=05

7000 — k=10

k=15

6000 — k=20

— k=25

. 5000 k=3.0
E

£ 40001 h
=)
&

30001 7

20001 7

10001 7

i
0 | | | | | | |
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
nondimensional temperature
Figure 1.

36



[ Formattato: Allineato al centro

maximum stream function »

!

T T

L L

0.5 1 15 2 2.5 3

n
1 . .
b maximum zonal wind speed
3
2.5
2
+70
4
1.5
=160
1
0.5
0.5 1 1.5 2 2.5 3
n
2
3 | Figure 2.

37



[ Formattato: Allineato al centro
!

latitude of the maximum streamfunction value ,

0.5 1.5

n
height of the maximum streamfunction value

b 6000
5500

5000

414500

14000

- 3500

- 3000

2500

2000

1500

3 Figure 3.

38



Rossby number

0.5 e o

Yy
id
0-5 i
RS b
0.4 r 10 '/"‘4'([‘
—— i
1.5 pio
b
0.3
0.2
0.1

4]

Y
i oY

jury
™

o
@

nondimensional temperature
-

-60 -40 -20 1] 20 40 60
latitude (degree)




—_
I

Y
™

=
w

nondimensional temperature
-

-60 -40 -20 1] 20 40 60
latitude (degree)

ury

e
[}

nondimensional temperature

0.4 ! ! : ! !
-60 -40 -20 0 20 40 60

latitude (degree)

PR [ Formattato: Allineato a sinistra

Figure-4.

40



1.6

-

———————a

8000

7000

6000

5000

Height (m)
£y
=3
=3
=3

3000

2000

1000

Latitude (degree)

90

80

70

60

50

40

30

20

41



[ Formattato: Normale

F 70
F 160
F 50
F 40
Fs0
F 120

8000

1 L 1 L 1 L 1

o o o o o o o

=3 =3 =3 =3 =3 =3 =3

o =3 (=3 =] (=3 =3 o

~ o w - © ~N —
(w)yBray

|

New Roman, 12 pt, Inglese (Stati Uniti)

Formattato: Tipo di carattere: Times

1

80

Latitude (degree)

JFigure 5.

1
2

42



maximum streamfunction value

n

maximum zonal wind speed

T

43

J

[ Formattato: Inglese (Stati Uniti)



-
80

80

L M\O —0: o
© ©
o o
10 1< r 3
e—_ s 2
© ©
- EH'\\\Z wmm IHOl\\\l\ mm
[0 — — ——V e g
H—— Y 3 3
L 1o L s glo
[} [}
Y I 0 ° °
ID ‘}l@l = — H =1
Nl@oﬂlo o5 L lozs
e— | NJ 1B —0, /@ L=
—_————— '3 o '3
2 o o
D 4 L
5 5
L Jo L 2 [=}
© ©
N ? =] ?
o =2 1 o
[ e [ e
o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o
(s3] ~ © n < o™ N — (s3] ~ © n < o™ N —
(w) braH (w) yBraH
: :
L =) L =)
0 ©
L =) o
© ©
L =) o
< <
T T
e e
{=2] {=2]
(3} [}
% %
[} [}
° °
= =
o5 o5
N © N ©
rd rd
Bi=) o
b b
Jo o
@ @
b b
rv 8 r o
@ @
o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o
(s3] ~ © n < o™ N — (s3] ~ © n < o™ N —
(w) wbroH (w) wbroH

Figure 6.

3

44



maximum streamfunction value

0.5

1 15 2 2.5 3
n

maximum zonal wind speed

T

45



24

latitude of the maximum streamfunction value

T T T T

n

height of the maximum stream function

T T

Figure 7.

46

18

16

114

112

110

5000

4500

14000

+43500

3000

2500

2000

10

11

12

13

14

15

16

17

18

19

20

21

22

23

- {Formattato: Giustificato




8000 15 T T 90
80
7000 -
70
6000 160
. 5000 T
£
= F 40
= L
= 4000 F s
T
3000 20
110
2000
-0
1000~ 41-10
! I | L,
-80 -60 -20 0 20 80
Latitude (degree)
b
E 40
:é’ 4000
D .au
I
1 —-z0
Latitude (degree)
3 Figur -
a latitude of the maximum streamfunction value 4 es
: : 18 -
3r 5
16
6
414 7
412
47
410
8
6

- { Formattato: Tedesco (Germania)

J




5000

4500

4000

3500

3000

2500

2000

10

11

48



10

11

12

maximum stream function

0.5 1 15 2 2.5
n
maximum zonal wind speed

- { Formattato: Tedesco (Germania)

49



]9 L Jo
@ ok oT. @
lo WQm/ 1o
© 0, ©
I s v 12
g J o —3 10 o
——a———— 207 =« 20 S\\\\olZ
0 0 o o
o 10 a o 10
;) ) 0| s
=~ F ——— s
2 02,
[ 15 [ 1% c
= . 18 8
0 —3 A ¢ —
2 Ho||\\\ (&)
E ‘ B 2
ST § T T 5 T e s T 5 T T § T g S
S S S <3 8 8 8 8 =3 S =3 =1 =3 S S 8 =
@ ~ © n < (3] N — L=~ ~ © wn < ™ N - m
(]
st
o
] 19 S
© [=<)
8 S
E £
. s
° S
o
2
s -
y—
‘mw (@]
] |o )
: <€ o
) ° >
(=] d
fQ © \o ® =
o o o o o o o o o (=3 o o o o o o a
o o (=3 o o o o o i=3 i=4 i=3 i=4 i=4 i=3 i=4 i=3 —
o o o o o o o o o o o o o o o o
L=~ ~ © wn < (3] N - «© ~ © n < 3] N —
(&)
b
>
2
LL
— (o] on < ~ ()] o i ~ (42} < n o ~ o0 [o)]
— i i i i i i i i i

20

21

22

23

24

25

o
o




height of the maximum stream function

T

5000

4500

14000

-43500

3000

2500

2000




10

11

12

Figure 10.

52

maximum stream function

0.5 1 15 2 2.5
n

maximum zonal wind speed

n N - ‘[Formattato: Allineato a sinistra




=00 O
n.\-.lOa.';lnlnuun.ll‘\\V |
B

=zm0-=-]

=
oS
S

60 80

40

20

Latitude (degree)

-60 -40

000

<5
(w) wbray

3000

2000

1000

-80

60 80

40

20

-20

-60 -40

8000

7000

6000

5000

000

<
(w) broH

3000

2000

1000

0

-20

0

-80

Latitude (degree)

I

P30——— 3

0

FQL

\llﬁ\

= ——

10— s
v 10— 10— |

B

oo <~
=
—3 oS ]

1
80

.
60

.
40

.
-80

o o o o o o

o o o o o o

o o o o o o

© ~ © 3] < (32
(W) WBIoH

20001

1000

1
40

50 80
€ maximum s

= atitudeohh

o o o o o o

o o o o o o

o o o o o o

© ~ © 3] < (32
(w) ybroH

2000

1000

20

-20

-40

tream Tunction wees

a

10

53




b height of the maximum stream function

T

5000

4500

14000

-43500

3000

2500

2000

Figure 11.

54



P~

8000

7000~

6000~

5000~
000 -

5

(w) 3yBrey

3000~

2000~

1000

Latitude (degree)

I

| | | L L . L
S © ) g S ] 8 g
3 2 s =1 8 S H g
= ] S 3 2 3 | 2
=3 S 2 o ¥ L R -
(w) by

Latitude (degree)

i

| L L L L L :
3 S g S g g g 8
3 g s =1 g g 8 g
S g S 3 ] 3 8 2
=3 R 2 @ - L o -
(w) by

Latitude (degree)

55



P

Latitude (degree)

-60 -40 -20 20 40 60 80
Latitude (degree)

-80

80

40 60

20

-20

-20

-60

-80

= T—"—""""7 A I
#vb j =
S =
P\\w 5 15
L =]
@
I
| {19 E
@
o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o
© ~ © n < (32 N — @© ~ © n < (2l N —
(w) yBreH (w) yBreH
L {19 L
©
L =] L
©
L Jj]o L
<
e =
r S e r —————u—¢t
© 2 Q
i o2 | —
8
E———
| O
- Jo m llllllllll A p— 1S
S e PR
v <o
Jo
¥
=]
=]
@
o
@
n
o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o
© ~ © n < ™ N — @© ~ © n < @ N —
(w)ybraH (w) yBroH

Latitude (degree)

Figure 12.

3

56



« {Formattato: Default Style

13 °
o 3 — 8 8
— o 1g I
0 © @ 2
° le °
~—— < <4 2
B B 2
8 &9 8
1\.\.\.' > > =3
2 3 g
o2 o2 o
P P P
E E g
o2 o 2 -
8T 8T 8%
o\\|\v v S b} s
A o o o
w 3 5 S
3 3 2 3
@ ® %
[ 1
Ho——— o =3 =3
*? ? ®
S S S S S S S S S S S 5 S 5 S S S S S S S S S S
8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
8 8 8 8 8 8 S 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
8 R 3 3 S 8 Q S 8 R 5 3 g 3 S S _8 R 3 3 S 3 ] Ef
(w)ybraH (w) wbraH (w) ybraH
o 19 1o
8 8 8
o 1s 1s
8 5 3
° le 1o
S S <
@ T T
Q¢ Q¢ Qe
5 5 )
g g g
o2 o2 o2
@ P P
3 3 <
E] 3 ]
o £ o F o &
N T N ® N ®
Vg Vg NE
° le 1o
b b 5
o 1o °
g € 1%
o o °
lo 3 to 3 2 3
o
s S S S S S S S S S S S S S S S s S S S S S S S
8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 ]
8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
8 R 3 3 g 3 ] E 8 R 3 3 g 3 S S . @ R 3 3 S 3 ] S
(w) wbraH (w) broH (w) 1yBroH
- o~ (42} wn (\e] [ee] )] o i (o] o < n \e] ~ (o] ()] o - o~
— — — — — — — — — — ~N o~ o~



