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The impact of the equilibrium temperature distribnt 6 on the Hadley circulation
simulated by an axisymmetric model is studied. Fhadistributions that drive the model are
modulated here by two parametanrsandk, the former controlling the horizontal broadness
and the latter controlling the vertical stratificait of g. In the present study, variations of the
0e distribution mimic changes of the energy inputtted atmospheric system leaving as an
almost invariant the equator-pol@sdifference. Both equinoctial and time-dependerdiela
circulations are simulated and results comparee. fEsults give evidence that concentrated
O distributions enhance the meridional circulationl et wind speed intensities even with a
lower energy input. The meridional circulation atie subtropical jet stream widths are
controlled by the broadness of horizonfalrather than the vertical stratificatiowhich is
important only wherfg distribution is concentrated at the equator. Tétesjream position
does not show any dependence withndk, except when thég distribution is very wide
(n=3) and in such a case the jet is located at thlaitudes and the model temperature
clamps to forcinge. Usingn=2 andk=1 we have the formulation of the potential tempema
adopted in classical literature. A comparison vather works is performed and our results
show that the model running in different configioas (equinoctial, solstitial and time-

dependent) 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 thatrerdatitudes, air rises and diverges poleward
in the upper troposphere, descending more or e38°datitude. This meridional circulation
is known as Hadley cell. Two subtropical jets a& tholeward edges of the Hadley form
because of earth rotation and the conservatiomefangular momentum. A poleward shift
(Fu and Lin, 2011) and an enhanced wind speedesfetlets (Strong and Davis, 2007) are
associated with a possible Hadley cell widening stnengthening, which has been observed
in the last decades (Fu et al., 2006; Hu and FO728eidel et al., 2008; Johanson 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 nettibe only cause that is suggested to
explain the widening. Ozone depletion (Lu et alQ2, Polvani et al., 2011), SST warming
(Chen et al., 2013; Staten et al., 2011) and ak(8den et al., 2012) have also been 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 increasingabiolean temperature and the same result

can be found in recent modeling studies (Schatlat.2013).
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Much of our understanding on the Hadley cell cofmes theories using simple models
(Schneider 1977, Schneider and Lindzen 1977 and &fedl Hou 1980, hereafter HH80) and
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, reanalysis (Waliser et al., 1999) elimate model outputs, although these
differences are becoming less marked because aémelservational datasets or correction
of the older ones (Sherwood 2008, Titchner et20Q8, Santer et al., 2008). Hence, it is
critical to understand the possible mechanismsnigeliie cell expansion starting from a

simple model.

The objective of this study is to analyze the #&mtity of a model ofthe 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 Nglobal warming and change of solar
activity. We will show, in Sect. 3, that the enerigput is not as important as the forcing

distribution. Our results are consistent with thobtained both by Hou and Lindzen (1992)
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(hereafter HL92), and recently by Tandon et al1@0w~vho performed experiments similar to

those described here. The conclusions will be dravBect. 4.

2 The mode
The model used in this study is a bidimensional ehad the axis-symmetric atmospheric
circulation described in Cessi (1998). The horiabnbordinate is defined as= asing from

which we have

c(y) = cos¢p = (1 —y?/a?) @

where a is the radius of a planet having a rotation r@tethe height of atmosphere is

prescribed to beél.

The model is similar to the Held and Hou model @8} but it prescribes a horizontal
diffusienviscosityvyother than the verticaliffusienviscosityv,. The prognostic variables are
the angular momentuid, defined asM = Rac? + uc where u represents the zonal velocity;

the zonal vorticityy,, with the meridional stream functiah defined by

p=w— 0, = w;
&Ap=—evd, Y = —cv
2)

and the potential temperatutethat is forced towards a radiative-convective eguiim
temperaturede. Starting from the dimensional equations of thguder momentum, zonal
vorticity and potential temperature, we will obtairset of dimensionless equations. The new
equations are non-dimensionalized using a scdtiagfollows Schneider and Lindzen (1977),
but the zonal velocity u is scaled witba. A detailed description can be found in Cessi

(1998).
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The non-dimensional model equations are:

My = 2 {M,, + ulc*(2m)y ] } -, M) (3a)

1 _ 1 _ 1 1 -
Yygt = W—EZ)yC Z(Mz)z - Csz(lp: c 21/Jzz) + (RE?¢-2) 931 + (Rc-2) [C 2l/)zzzz + l“/Jzzyy] (3b)

et :%{6224_”[0293/]3,4'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/(@%a®); E =v/(QH?); p=(H?/a®)~gfve v /vy a = H?/(Tvy)
“4)
The terma is the ratio of the viscous timescale across ghdof the model atmosphere to

the relaxation time toward the radiative-convective equilibrium.

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

MZZV(M_CZ)' Yyr =Yy
Yv=0,=0atz=0; (5)
M,=vy,,=¢y=0,=0atz=1.

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

bottom drag relaxes the angular momentnto the local planetary valuac? 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
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potential temperature and a specified radiativereotive equilibrium temperature

distribution, which follows the HH80 one:

95=§—y2+A—V(z—l). (6)

Ay 2

Equation 6 is used extensively in dry axisymmetnizdels (e.g. HH80, Farrell, 1990, Cessi
1998) and it is related to the thermal forcing texfrthe equation system. A statically stable
state as a vertical profile @k is also assumed by Eq. 6. HH80 suggested thatipact of
latent heat released by water vapor condensationbeaincorporated in dry axisymmetric
models by modifying the meridional distribution @ HL92 followed the HH80 argument
and altered the concentrationéfunder the constraint of equal energy input. Tisaltang 6
distributions used by HL92 were peaked distribigi@m and off the equator resulting in a
stronger Hadley circulation with respect the ciatidn obtained applying Eq. 6. Tandon et al.
(2013) used narrow and wide thermal forcing to miii 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 happens, espgdialthe tropical regions, a very weak
gradient of the equilibrium temperatufez 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 extenddd 6f°. This is the so called equable
climate (e.g. Greenwood and Wing, 1995) where rbuglgual temperatures are present
throughout the world. During those geological atfes temperature was generally higher
everywhere, but adding a constant to the temperataes not change the response of this
kind of models. The equator-pole temperature gradies smaller than the present situation,
whereas we prescribe constant surface equatordpajeadient. As we shall show afterwards

this is necessary to demonstrate that it is theided temperature gradient drives the Hadley
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circulation. Thus, in order to study systematicdlgse different conditions we adopt the
strategy to build forcing functions dependent opasameter that controls tite gradient in
the tropical regions. Since, with different horitaindistributions ofdg we can figure out that
even the vertical distribution could be affecteddmyne physical mechanisms that make the
atmosphere more or less stable than the stratditaiescribed by the z component of Eq. 6.
The meridional and vertical changes of equilibritemperature can be obtained by changing

the exponents of y and z in Eq. 6 transforming@eiy. the following equation:

4 A 1
0p =5 —lyI" + ﬁ(zk —5). @)

The valuestermsn and k control the horizontal distribution ofg and its stratification
respectively. Small values afare associated with concentratiddistributions. Increasing

means increasing broadness of fhedistribution. Values ok larger thantone mean more

stable than upper levels. Thus, it comes quiterahtio explore the response of Hadley
circulation by changing the parametarandk, which control the distribution d@fz, in closest
ranges of 2 and 1 respectively. Thagindk will change from 0.5 to 3 with a 0.5 step, in such
a wayweto have a set of 36 simulations. Wher2 andk=1 Eq.{7} becomeghe-reference

equilibrium-temperature-given-Bq. 6 and thexperimentsexperimerperformed withsuch
values ofn=2 andk=% will be considered as the referermeerimentsexperiment - { Formattato: Tipo di carattere: Corsivo

h [ Formattato: Tipo di carattere: Corsivo ]

-The averaged=—along-thelatitudesmeridionand heights_vertical averages 6 are

shown in Fig. 1. Heating functions withvalue equal to 0.5 should not be regarded as linrea
but merely as a simple way to represent a spegtiditie of the atmosphere. The same assertion
is valid for all other parameters. Adncreases the average temperature increases laduiel

the meridional gradient decreases in the tropagibns- (Fig. 1a).
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With the prescribed)e as specified by Eq. -#he 0 values at the boundaries and its
equator-pole difference temperature remain invaneth respect tm, for a givenk value
The energy input is not constant here, which diffeom HL92, which analyzed the influence
of concentration heating perturbing the forcing diion 6g (y,2) in such a way thabte
averaged over the domain remained constant. ksgyevisible in Fig. 1b. Highen values,

keepingk invariant, have higher averag@gat all levels. The same is true fqmwith higherk

values, forn constantg at each level is always higher than that with loWwealues- The- { Formattato: Tipo di carattere: Corsivo |

pole-equatorge difference at upper and lower vertical boundages the same for all the
experiments having the sarke the vertical averageé: changes as a function &f for n

constant.

Whether global warming makes the equilibrium terapge distribution narrower or
wider is beyond the aim of the paper. One can dxge global warming broadens the
temperature distribution, but at the same timeoiild have an impact above all on the sea
surface temperature (SST) bringing more water éupper atmosphere which changes the
vertical distributionespeciallyof the temperature in the inter-tropical convergerzone
(ITCZ2). It is supposed that, in first approximatjamteans 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 laswed by Chen et al. (2013) with an
aguaplanetaqua-planatodel, but in that case the mechanism was supposée related
mainly to mid-latitude eddies rather than a tropioecing. Since other causes can change the
temperature distribution of a planet such as chang¢he solar activity for instance, we will

focus on the temperature distribution regardlestsafause.

In this model the atmosphere is dry as in manyrathelies (e.g. Schneider 1977, HH80,

Caballero et al. 2008), changing thedistribution allows for a change in the staticbdtty.
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Looking at the averagée along the vertical direction, low values bfare related to low

values of static stability, especially in higherdeof the model atmosphere.

The Brunt-Vaisala frequency, when the atmospherehes the equilibrium will be

2 _ (gkdv/AHZ(k_l)) 8
~ [a/3-yn+ay/ag(zk-1/2)] (8)

It is clear from Eq. 8 that the Brunt-Vaisala freqay does not depend arat the poles and
equator. On the contrary, it dependskptarge 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 tropspaMoreover, this is equivalent to creating
a“physical sponge layer in the upper levels of the model witithave some effects on the

verticalpesitionlocatiorof the stream function maximum.

Starting from Eq. 7 a set of experiments were peréal changing andk in such a way
to have a set of numerical results. In order ttatsothe contribution of thés distribution on

the solution of Eq. 3, a set of parameters willbed:
a=64%x105m 0 =2m/(8.64%10%)s"1

Ay =1/3 A, =1/8

g=98ms2 C =0.005ms™?!

H=8x103m T =20days

1

vy = 5m?s” vy = 1.86 m?s™1 9)

The parameters in Eq. 9 are the same as thosdyseelssi (1998).

10
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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 instanc@dasi (1998). The second subsection will
show the results of the model havingfa distribution described by Eqg. 7 but moving
following a seasonal cyclé&heFinally, thecasen=2 andk=1 iswill be discussed in the third

subsection in comparison with previous studies.

3.1 Equinoctial simulations

The axially symmetric circulation is forced by abky symmetric heating as in HH80 and

many others and as prescribed by &. The model started 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 havebitisitss in the long run. The stream function

values obtained whem=2 andk=1, i.e. the reference experimerare about the same of that

,,,,,, A e Y e e T A L A e

- { Formattato: Tipo di carattere: Corsivo ]

) [ Formattato: Tipo di carattere: Corsivo J

obtained by HH80. We will show the non-dimensiomalue, but to have the dimensional

values we need to multiply by, Re~1 = 484- m?s™.

The absolute value of the maximum stream functiotensity at the equilibrium
conditions for the 36 experiments is shown in F2g.Whenn=0.5, with k constant, the
circulation is always the stronge$te stream function intensity is inversely propmmtl ton
(Fig. 2a). Withn=0.5 the experiment resembles the one describedL®? where they
concentrated the latitudinal extent of heating &md led to a more intense circulation.
However, they imposed the forcing functip(x, y) in such a way that its average over the
domain remained the same as in the control expatjinie. without changing the energy

input. They found that concentration of the heatmgugh a redistribution of heat within the

11
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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 cironlag always more intense than the other

cases andentraryoppositéo highem valueexperimentsexperiment resylthe circulation is

confinedelesecloseto the equator. Thushe results of HL92 are extended to a more general
case with a lower energy input. It is worth notgeithe constraint of an equal pole-equator

gradient of meadk is assumed here differently from HL92 (Fig. 1a).

The dependence dnis not as straightforward as the one mninstead. The stream
function reaches the highest value f0.5 andk=3. With a-high n values the Hadley cell
stream-function-intensitystrengis lower and the dependence kioses its importance. In
other words, in our model, the symmetric circulat&irength is modulated byonly when

the equilibrium temperature distribution is concated to the equator.

Figure 2b shows the maximum zonal wind speed astiftn 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 zaviall when the forcing was concentrated

at the equator.

Someobservativestudies define the border ethe Hadley cellas-that-by-thezero-line

efwherethe500-hPastream functiomgoes to zero at 500 hie.g. Frierson et al., 2007). Since

in this-kind-efourmodel the zero stream function is at the poleis, roblematic to define an
edge of the Hadley cell based on the zero streawtiin. Moreoverthecirculation intensity
changes greatly in our experiments, so ipieblematicpuzzlingo define an edge of the

Hadley cell based on an absolute value of the leition itself. Hence, we wiltlefinelook at

12
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the pesition-of-the-cell-equal-to-thepesitionlocatmfithe maximumyalue-efstream function,

in-this-wayandwe will study-a-pessibleanalyze ppwleward shiftef-the-cellas a function of

the two parametens andk. The edge of the cell might @sodefined by values of isolines
that are relative with respect to the maximum vafoe example 1/4 of the stream function.
For the sake of clarity this definitioewould bean operational one and does not follow the

definition usedn observative studiefor example by Dima and Wallace (2003) or Friergbn

al. (2007).

The latitude of the maximum stream function vashews 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 when n increases, andhe temperature gradient at tropics

decreases, even thoutite total energy input is larger, the stream fiamcts weaker and the

Hadley cell moves poleward. This result is in agrest with other model outcomes (Frierson
et al, 2007, Lu et al., 2008; Gastineau et al.,82Gthd Tandon et al., 2013). The model
predicts a weakening of circulation, in contrasthwihe strengthening, together with
widening, of the Hadley circulation for the pasteth decades observed by Liu et al. (2012)
and Hu and Fu (2007). However, Liu et al. (2012)vedd that if the observations start from

1870, the Hadley cell has become more narrow andggr.

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 560@hibiting—an-increase-in-the-height-with
¢Fig-(Fig. 3b).

13
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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; howevemwhenn=3, there is an abrupt transition to about 48°, irhglently from
the k value. In Table 1, we show the latitude of the mmasn wind speed whek=1 for

differentn values.

The difference betweefl; and 8, once the model reaches the equilibrium, is quite

interesting whenk is not equal to ondrigure 4 shows meridional distributions &f andé

for n=3 andk=0.5, 1 and 3. In Fig. 4&=0.5, 65 is undegunderd, whenk=1 we find6y is
overd in a region around the equator (Fig. 4b), vithcrossingd at about 47°, finding again
the equal area condition suggested by HH80 andettains approximately the jet locatipn
whereas in Fig.4c, with=3, we can see hoWj; is overf. Despite-these-differences-in-the
distributions-of9—andg-the-model-producesNevertheless, all simulatisitis these-different

k-values=3 give almost the same solution, in terms of circulatirength and jet locatien
(Figs. 2 and 3)For other values afi the results are similar, but the differences betw#;

and@ are not so visible.

We can understand these findings in the light ofC€1998)resulis—obtainedwho

analyzed the model describéy expanding-the the set of Egs. 3 by using an aswiopto

expansion of theariablesM, 8 and-ip in power series ahe Rossby numbdR. ThetermR?

innenlinear-expansionpart—theeridional advectionin the nonlinear term of the expansion,

depends on the differences betwegnand 6, 6; — 0; on the cube of the meridional

temperature gradientand guasitinearly on the imposed stratificatipmleducing that for
unstablestratificationsstratificationthis term would appear as a negative diffusitéym_a

condition that can exist even with some stabldifitrations (Cessi, 1998-whereas-it-acts-as

14
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a—positive—diffusion.) This seems to béhe—case,—irour simulationcasewhen k=0.5-The

ig-4a).
Although the stratification imposed by Eq. 7 islMi.e.% > 0, the second derivative is

negative wherk=0.5, reducing the stability at upper levels, so thigation can be seen as a

way to simulate the effect of the latent heat redelaby water vapor condensatidvhenk=3

demenstrating—therobustness—ofthe—modelRunniregniodel with an enhanced vertical

viscosity (five time the value defined in Eqg. 9 thituation described by Fig. 4a changes to

look like that of Fig. 4b. Defining stratificatiowith k=0.5 is consequently equivalent to

reduce the actual vertical diffusivity

Whenk=3 the air in upper levels is very stable and thwward flow has to do more work

to rise_at upper levels; most of the thermal endiwt drives the model atmosphere is

evidently dissipated by this work, reducing theuatenergy with respect to that provided by

6. We performed some runs with reduced verticalosig, the actual value @f in Fig. 4c

slightly increases becoming closerég, but it remains constantly under thg curve, even

for values of vertical viscosity close to 0.1 (widertical viscosity very close to zero or

negative the model blows up). This should not preted as an unphysical result, but it has to

be seen as the difficulty of flow temperature ttaxeto 6;_because of very stable imposed

stratification In_any case, the Hadley circulation still reproduced demonstrating the

robustness of the model.

15
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With n getting larger, thé; distribution becomes flatter in the tropical regiandé
clamps tof;. In general, we expect that a vigorous circulabeours in a fast rotating planet
unless the thermal gradient becomes sraltheat tropics. In such a case the angular
momentum homogenization is equivalent to a weakgnofrthe rotation (Cessi, 1998). If the
circulation is proportional to the cube of the rdearhal temperature gradient, it is quite

evident that when such a gradient has high valuese tropical regiorthe circulation is

vigorously driven by this term, whereas when it @aghes to zero it is the teréy — 6
dominates. HH80 found that the edge of the Hadllywas at the mid-latitudes when the
planetary rotation was lower than that of the edsince this phenomenon is here observed
for a wider forcing distribution, this common resilay be attributed ta-lew-efficieney-inat

the process of homogenization of momentum and teatyein the equatorial region

In order to explain equable climates like thosepsged to be occurred in Cretaceous
and Eocene, Farrell (1990) formulated an axisymimetodel starting fronthethat ofHeld

and Houmedeland useda forcing withn=2 andk=1-where-the , introducing a radiative-

diffusive term to make flatter the mod&mperature gradientsecame—flat-because—of a

dissipation—term.at tropicdror high values oh the 6 distributions are similar to those

obtained byourfoercing-conditions.Farrell with high valuesitsf diffusive parametetn some

respects, flattening othe forcing distributiensdistributionis equivalent to havéhe—same

dissipationa diffusivaerm-in-the, and this also explains Fig. 4c. Tiarrell model (1990)

medel—Theshowed a poleward shift of the zonahpet it has to be noticed thaipaleward

shift of the subtropical jets was also observed Hi§80 when increasing the vertical

diffusienviscosity
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Figure 5 shows the stream function and the zonatvspeed for the experiments
n=k=0.5 (Fig. 5a) anch=k=3 (Fig. 5b). The parameter controls the Hadley cell and jet
stream widths. The results show that such with=0.5 the Hadley cell and jet streams are
quite narrow. As far as the vertical position of thnaximum value of the stream function is
concernedthe-experiments withkk=0.5, 1 and 1.5 exhibit particular behavior withpest to

the other experiments. The stream function hawé@simum at upper levels. This is related to

the different stratification imposed by the paragnét Stratification with low values ok -~ { Formattato: Tio di carttere: orsivo |

) [ Formattato: Tipo di carattere: Corsivo ]

favor air to move to higher levels with respecexperiments 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 &0 compare it with the steady solutions
described previously in this paper. Starting from &);, we can formulate an equilibrium

temperature distribution having the maximum heatifighe equator at latitudg:

Ay 1

4
0 =5~y —yol" + 35 (7 —3). (10)
wherey, in Eq.{10)} is dependent on time according to

Vo (t) = sin (%) . sin( 2nt ) (12)

360days

where ¢, is the maximum latitude off the equator where imngats maximum. Equations

4110, withn=2 and42k=1, and 1lare the same used by Fang and Tung (1999) with the

choice of maximum extension ¢f, consistent with the choice of Lindzen and Hou @)98

i.e. @, = 6°. A prescribed equilibrium temperature varying sealy makes the simulations
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more realisticAs-deseribed-previoushy-here-weWidl focus on the average and maximum

values, in absolute terms, of the stream functiwh Z0nal speed obtained during 360 days of
simulations. The averaged values are obtained é@sethcases by averaging the outputs
obtained every 30 days, starting from the minimumneasponding to the summer Hadley cell

in the boreal hemisphere.

The annual averages of the time-dependent andhaciidl circulations shows that
maximum stream functions and zonal wind speeds Jeehguite similarly (Fig. 6),
nevertheless the instantaneous Hadley circulatibmost never resembles the modeled

circulation (Fang and Tung, 1999) as well as tla¢ oee (Dima and Wallace, 2003).

The maximum stream function is obtained here whkvem=0.5 (Fig. 6a). In general, for
n=0.5, we have stronger circulations and winds. €hssnulations confirm the inverse
relationship between stream function strength an@he circulation strength expressed as
annually averaged value is weaker when comparel thidat obtained in the equinoctial
experiments, when is low andk is high, otherwise it is only slightly strongewytht is never
twice as strong as that of the equinoctial soluisrfound by Fang and Tung (1999). When
n=2 andk=1 our results are consistent with those obtaine@hlker and Schneider (2005) as
discussed in the Subsect. 3.3. For example, thametian analog maximum wher0.5 and

k=3 found in the steady solution. Theaximum of theannually averageehraximumwind

speed shows only a slight dependenc& whenk is low.

The meridional position and the height of the maxin stream function show that there
is no clear dependency anandk (Fig. 7). The difference between the time-dependent
simulations and the average of the steady solut®gsite interesting. It is to be noticed that

the latitude of the stream function maximum in tinge-dependent solution is in the range of
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12.5° and 16° (Fig. 7a), whereas in the equinoaidltions the correspondent latitude is

within a larger range. The maximum stream functolocated at higher levels, between 4500

is positioned under 3000 mxecept(Fig. 7b). Although-the The location and strength of

averaged resultseem—interesting—thegre impressively similar to those obtained thy
steady-experiment;

Its with steady

- { Formattato: Inglese (Stati Uniti)

)

More than the steady solution, it is evident ths height of the maximum stream
function is lower whek=3. In the steady solution this phenomenon is nat ¢vident. When
k=3, the vertical gradient d@fzis higher in upper levels making those levels nsiable and it
prevents, evidently more than the equinoctial $mhytair from moving higher leaving
circulation occurring at lower levels. The cdse3 is equivalent to imposing a “natural”
sponge layer at the top of the model. Thus it dascome 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&)regmoved the maximum stream function
at higher levels found by Lindzen and Hou (1988)hg a numerical sponge layer at the
top of the model. A comparison with previous wookshe simulations witm=2 andk=1 will
be discussed in the Subsect. 3.3. On the contnatly,low k values, the presence of weaker
6 gradient at upper levels favors air to move higiied the maximum stream function is

observed at upper levels

R : unction.
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The position of the jet stream is almost simitathite one observed in the steady solution.
It is confined between 28° and 30°, with latitudexeeraged jet remaining almost at the same
place, except when=3 the jets are located at about 44° confirmingaherupt transition of
the jet stream position whem=3 already found for the equinoctial experiment. Fd &m
(2011) suggest that the jets moved poleward of abdper decade in the last several years
but Strong and Davis (2007) observed that Northeemisphere subtropical jet shifted
poleward over the east Pacific, while an equataivaift of the subtropical jet was found
over the Atlantic basin. Excluding the case3, all the other subtropical jets in the different
experiments have the position of the maximum vdoges to one another and the shifting
range is very limited. Thus, when a vigorous ciatioh occurs the jet location must be
located at about 30°, whereas reducing too muchtiiygical gradient theprocess—of

homogenizationbecomes—weakerlooklike inthat of a slow rotating planet and this is

confirmed in the time-dependent solution. Both Tane@t al. (2013) and Kang and Polvani
(2011) found a discrepancy in this area with the feat do not follow the Hadley cell edge.
In an axisymmetric model, defining the Hadley edgea function of the stream function and
connecting it to the jet location is problematicéese of lacking of a zero value of the stream

function.

Figure 8 shows the annually averaged circulat@mrttie same cases as shown in Fig. 5,
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, butedkhtly from them the strength of the
annual mean circulation of the time-dependent smiuis almost the same of the steady

solution.
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When the heating center is off the equator thenisity of the winter cell is stronger,
whereas the cell of the summer hemisphere is wedlsametimes almost absent. Figures 9
shows the maxima of the stream function and zoriadl Wpeed at the winter solstitial as a
function of n andk. The maximum stream function as a functiomadndk has the same
configuration of the steady solution. Here, as efqmk the maximum intensity of the
meridional circulation (Fig. 9a) reached during #fiulation is twice as strong as that of the
steady solution or the annually averaged time dépetnsolution and it has about the same
strength of the observed circulation. Howewbe winds are much stronger too, in contrast
with observations. The zonal wind has a differemifiguration instead, the maximum zonal

wind speed is obtained wher1 (Fig.9b).

We can inspect a couple of simulations when theast function reaches its maximum
in the boreal hemisphere. Figure 10 shows theratfaaction and the zonal wind speed when
n=2 andk=0.5 (Fig. 10a, b) and=2 andk=3 (Fig. 10 c, d). Whek=0.5 (upper panels) the
boreal (winter) circulation is much stronger whe®.5, with the austral (summer) circulation
almost absent. The vertical extent is larger aedntiaximum is located at higher levels. The
summer and winter jets are both more intense tham tounterparts fok=3. The tropical
easterly winds are in this case stronger than thmsk=3 (13.8 m& vs 11.4 m$) and the
easterly region is also wider. Whkn3, it is noted that the winter cell is locatedseoto the

equator than the summer cell.

3.3 Adiscussion on the case n=2 k=1
Whenn=2 andk=1, corresponding to the classic case discussedainy 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 éadirculation in which the maximum
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heating was 6° off the equator. In their non-tinegpendent model, the solution showed an
average circulation much stronger with respechwmedquinoctial solution. Lindzen and Hou
(1988) suggested that this exceptional strength duesto a nonlinear amplification of the
annually averaged response to seasonally varyiatjnige although Dima and Wallace (2003)
in a study on the seasonality of the Hadley citbmita 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 (19&88@}h ¢, = 6°-that will be referred to as
solstitial experiment. We found that the wintercailation is stronger by a factor three with
respect to the steady solution obtained with tharexgtial heating consistent with the result
of the-axisymmetric-modelWalker and Schneider (2005). However, the averagalation
obtained by averaging two solstitial experimentghw, = 6° and¢, = —6° respectively is
only 1.5 times stronger than the steady solutidth ¢j, = 02-°, 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 byammg 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 loweesmaximum stream function height and
we can see the effects of@mengerstrongertical gradient in the upper levels especiailyhe
time-dependent solution (cFig. 3 and Fig. 7). Single solstitial experimedid not show a
maximum in upper levels and so the equinoctial time-dependent experiments (Figs. 11la
and 11b). Consequently the only operation perfortogaroduce Fig. 11c, which exhibits the
upper levels maxima, was to average the two dalstxperiments, which causes the

maximum at upper levels.
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Finally, we notice that comparingthe time-dependent solution witly, = 6° with the
equivalent steady solution having the heating lndf ¢équator is not properly correct, since for
the time-dependent model, represents only the maximum extension of heatirggpce a
more correct comparison betweémesteadyand-ne time-dependent solutions should be
performed with the time-dependent solution having= 3°. In such a case, the average
solution is only slightly weaker than the Hadleycailation driven by annually averaged
heating or by a time-dependent heating which dadsshow any maximum in the upper
levels. Thus, the results of equinoctial, time-defent and solstitialg, = 3°) experiments

are mutually consistent.

4 Conclusions
The forcing of an Earth-like planet can change dewveral reasons. For instance, a
change of forcing distribution can be caused bfed#ht factors such as global warming or

long-term variation of solar activity.

Under the assumption of an equal equator-poleerdifice at the surface we used an
axisymmetric model to study the sensitivity of ttrepical atmosphere to differerst
distributions modulated by two parameterghat controls the broadness of the distribution
and k that modulates how thégis distributed vertically. Equinoctial and time-@egplent
solutions were simulated and compared. Moreovethi®rcase=2 andk=1, corresponding to
the classical distribution used in literature, & folstitial experiments were also run. When
n=2 andk=1, the annually averaged circulation of equindctime-dependent and solstitial
experiments are quite close to one another, cemiswvith the results of Walker and
Schneider (2005). However, the results differ frimose of Lindzen and Hou (1988) and

Fang and Tung (1999). As in all those works the imar of the stream function of the
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solstitial experiment is at upper levels, but iems to be related to a spurious effect of the

averaging operation rather than a spurious effeettd the rigid lid.

The results provide evidence that concentratedliedqum temperature distributions
enhance the meridional circulation and jet windespé@tensities, confirming findings of
Lindzen and Hou (1988) even though these authqeesed 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 decreases. Poleward shift of the Hadlesuation with warming is very robust as it
has been observad many models and over large range of climateg(§on et al., 2007).
Since the equator-pole gradient is the same fdahalkexperiments with the sarkgit evident
that the gradient in the tropical region contrdis tirculation strength. The tetktontrolling
the imposed stratification has influence on thaialctemperature distribution that can differ

remarkably fromd distribution.

Vertical stratification is important in determinitige position and intensity of the Hadley
cell and jet whem is low, i.e. when for whereak loses its importance when th
distribution is wider. This latter result is coneist with results of Tandon et al. (2013) who
found that the Hadley cell expansion and jet dfaft relatively little sensitivity to the change
of the lapse rate. Consequently, the subtropidasti@am intensities are controlled by the
broadness of horizontal equilibrium temperaturdngatthan the stratification, with higher
values of the jet when the thermal forcing is coicgted to the equator. In the case of time
dependent solution with=0.5 (concentrated heating) akdakes the extreme values (0.5 and

3) the simulated maximum stream function has theesaagnitude order of the observed
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stream function, ten times larger than that obthime HH80 and with the reference

simulation, even though with stronger winds too.

The jet stream position does not show any deperdeiitt n andk, except when the
@gdistribution is the widestnE3); in such a case an abrupt change occurs anghdkanum
of the zonal wind jet is located at mid-latitudd§ 9 in steady solution and 44° in annually
averaged time-dependent solution). This behavioresalained by using the analytic study of
this model performed by Cessi (1998) claiming twaen the meridional gradient becomes

vhartbe

circulation behaves as that of a slow rotating @latmat exhibits poleward shift of the

subtropical jets.
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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 (b) averagaon-dimensional equilibrium temperature
as a function oh -with k=1_(a) andk with n=0.5, 1 and 1.5 (b). Dimensional values are

obtained multiplying by,=300 K.

Figure 2. Maximum non-dimensional stream functiahdnd zonal wind speed [fs(b) as
function of parametera andk for the steady solution. Dimensional values of sieam

function are obtained multiplying by, Re ™1 = 484- n¥s™.

Figure 3. Latitude [degree] (a) and Height [m] @f) maximum non-dimensional stream
function.
Figure 4. Vertically averaged tie(blue line) and; (red line) for the simulations with=3

andk=0.5 (a),k=1 (b) andk=3 (c). Dimensional values are obtained multiplying8,=300
K.

Figure 5. Non-dimensional stream function (contpansd zonal wind speed [ifis(colors)
for the steady cases0.5, k=0.5 (a) andn=3, k=3 (b). Dimensional values of the stream

function are obtained multiplying by, Re ™1 = 484- n¥s™.

Figure 6. Maximum of annually averaged non dimemsigtream function (a) and zonal wind
speed [md] (b) as function of parameters and k for the time-dependent simulations.

Dimensional values of the stream function are oleimultiplying byv,Re~! = 484- m’s™.

Figure 7. Latitude [degree] (a) and Height [m] @f) maximum annually averaged non-

dimensional stream function for the time-dependehition.

Figure 8. Annually averaged non-dimensional strdanction (contours) and zonal wind
speed [mg] (colors) for the steady cases0.5,k-=0.5 (a) anch=3, k=3 (b). Dimensional

values of the stream function are obtained mulifghby v, Re~* = 484- m’s™.

Figure 9. Maximum of non-dimensional stream funct{e) and zonal wind speed [figb)
as function of parameters n and k for the time-ddpat simulations. Dimensional values of

the stream function are obtained multiplyingpyRe ™! = 484- m’s™,

Figure 10. Boreal winter circulation, non-dimensibstream function (a and c) and zonal

wind speed [mY (b and d) for the time-dependent simulation witt2, k=0.5 (upper panels)
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andn=2, k=3 (lower panels). Dashed lines indicate negatalaas. Dimensional values of the

stream function are obtained multiplying fayRe ! = 484- m’s™.,

Figure 11. Non-dimensional stream function (corspand zonal wind speed Hjs(colors)
when n=2 andk=1 for the steady solution (a), annually averagedthe time-dependent
solution (b) and averaged for maximum heating 6ttaf equator (c)}:Dimensional values of

the stream function are obtained multiplyingupyRe ! = 484- m’s™,
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