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Abstract

The impact of the equilibrium temperature distribnt 6 on the Hadley circulation
simulated by an axisymmetric model is studied. #hédistributions that drive the model are
modulated here by two parametensandk, the former controlling the horizontal broadness
and the latter controlling the vertical stratificet of fg. In the present study, variations of the
O distribution mimic changes of the energy inputtled atmospheric system leaving as an
almost invariant the equator-pol@sdifference. Both equinoctial and time-dependentleia
circulations are simulated and results comparee. résults give evidence that concentrated
Ot distributions enhance the meridional circulation get wind speed intensities even with a
lower energy input. The meridional circulation athé subtropical jet stream widths are
controlled by the broadness of horizontalrather than the vertical stratificatiowhich is
important only wherdg distribution is concentrated at the equator. Tétesiream position

does not show any dependence witAndk, except when thég distribution is very wide



(n=3) and in such a case the jet is located at theelatitudes and the model temperature
clamps to forcinge. Usingn=2 andk=1 we have the formulation of the potential tempew
adopted in classical literature. A comparison vather works is performed and our results
show that the model running in different configiwas (equinoctial, solstitial and time-

dependent) yields results similar to one another.
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1 Introduction

The earth’s atmosphere is driven by differentiehting of the earth’s surface. At the
equator, where the heating is larger than thathegrdatitudes, air rises and diverges poleward
in the upper troposphere, descending more or ke38°datitude. This meridional circulation
is known as Hadley cell. Two subtropical jets a ftoleward edges of the Hadley form
because of earth rotation and the conservatiomefahgular momentum. A poleward shift
(Fu and Lin, 2011) and an enhanced wind speededetlets (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 FQ728eidel et al., 2008; Johanson and Fu,

2009; Nguyen et al., 2013).

There are a few studies suggesting possible canfsd®ese phenomena. One of the
theories postulates global warming as a possiblsecaf Hadley cell widening (Lu et al.,
2009). However, the atmosphere is a complex systertaining 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 al02, Polvani et al., 2011), SST warming
(Chen et al., 2013; Staten et al., 2011) and ak(éden et al., 2012) have also been invoked

to explain the Hadley cell widening.

Climate models vary to some extent in their respamnd the relationship between global
warming and Hadley cell is not straightforward. lmtance, Lu et al. (2007) found a smaller
widening than the observed one. Gitelman et al.97)19showed that the meridional
temperature gradient decreases with increasingablolean 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 cofnr@s theories using simple models
(Schneider 1977, Schneider and Lindzen 1977 and &&ll Hou 1980, hereafter HH80) and
such a simple model will be adopted here in orderunhderstand how temperature
distributions can change the Hadley circulationwHaouch temperature change impacts the
real Hadley circulation is not clear yet, perhapscduse of discrepancies between
observations, reanalysis (Waliser et al., 1999) elndate model outputs, although these
differences are becoming less marked because ofrnelservational datasets or correction
of the older ones (Sherwood 2008, Titchner et 20Q8, Santer et al., 2008). Hence, it is
critical to understand the possible mechanismsngeliie cell expansion starting from a

simple model.

The objective of this study is to analyze the gty of a model of symmetric
circulation to the radiative-convective equilibriutamperature distribution. Our point of
departure is the symmetric model used by Cessi8)198hich is a bidimensional model
considering atmosphere as a thin spherical shiels 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 coningllthe strength and width of the Hadley
cell (e.g. Kim and Lee, 2001; Walker and Schnei@06), a symmetric circulation, driven
by latitudinal differential heating, can exist ewerthout 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 atmasph@&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 enerngyput is not as important as the forcing

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

those described here. The conclusions will be drav8ect. 4.

2 The model

The model used in this study is a bidimensional ehad the axis-symmetric atmospheric
circulation described in Cessi (1998). The horiabnbordinate is defined 3s= asing from

which we have

c(y) = cosp =/(1—y?/a?) 1)

where a is the radius of a planet having a rotation r8tethe height of atmosphere is

prescribed to bél.

The model is similar to the Held and Hou model @9}l but it prescribes a horizontal
viscosity vyother than the vertical viscosity,. The prognostic variables are the angular
momentumM, defined asV = Qac? + uc where u represents the zonal velocity; the zonal

vorticity ., with the meridional stream functiah defined by

ayzp =w;
d,¥ = —cv

(2)

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

(1998).

The non-dimensional model equations are:
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My = 3 {My, +u[c*(c2m)y) } =7 M) (3a)

1 _ 1 _ 1 1 _
Yyzt = myc 2(1\/[2)2 - Cj](l/); c 2l/)zz) + mey + (Rc-2) [C 2l/)zzzz + Hl/)zzyJ'] (3b)

6, = %{sz +u[c?8,] +alb:(,2) 9]} —J(,0) (30
The termj(4, B) = A, B, — A,B, is the Jacobian.

The thermal Rossby numbiy the Ekman numbeg, the ratio of the horizontal to the vertical
viscosityu and the parameterare defined as

R = gHAy/(Q%a%); E=w/(QH?); p=(H?*/a?) vy/vy;a = H?/(tvy) 4)

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

the relaxation time toward the radiative-convective equilibrium.

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

MZ :y(M_CZ)' l/}ZZ:ylpZ;
Y=6,=0atz=0; %)
M,=¢y,,=¢y=6,=0atz=1.

Wherey = i—H is the ratio of the spin-down time due to the di@aghe viscous timescale, the
|4

bottom drag relaxes the angular momentdnio the local planetary valuRac? 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 propasi to the difference between the model
potential temperature and a specified radiativereotive equilibrium temperature

distribution, which follows the HH80 one:

9E=-—y2+“—V(z—l). (6)

3 Ay 2
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Equation 6 is used extensively in dry axisymmetniadels (e.g. HH80, Farrell, 1990, Cessi
1998) and it is related to the thermal forcing tesfrthe equation system. A statically stable
state as a vertical profile 6t is also assumed by Eq. 6. HH80 suggested thattpact 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 concentration@gfunder the constraint of equal energy input. Tiselteng 6
distributions used by HL92 were peaked distribugi@m and off the equator resulting in a
stronger Hadley circulation with respect the ciatian 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, espgdralthe tropical regions, a very weak
gradient of the equilibrium temperature 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 extendad 6@°. This is the so called equable
climate (e.g. Greenwood and Wing, 1995) where rbu@ugual temperatures are present
throughout the world. During those geological afjes 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 gradieas smaller than the present situation,
whereas we prescribe constant surface equatorépaeadient. As we shall show afterwards
this is necessary to demonstrate that it is theided temperature gradient drives the Hadley
circulation. Thus, in order to study systematicdhgse different conditions we adopt the
strategy to build forcing functions dependent opasameter that controls tlde gradient in
the tropical regions. Since, with different horirandistributions o= we can figure out that

even the vertical distribution could be affecteddmyne physical mechanisms that make the
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atmosphere more or less stable than the straidicaescribed by the z component of Eg. 6.
The meridional and vertical changes of equilibritemperature can be obtained by changing

the exponents of y and z in Eg. 6 transforming@ie. the following equation:

1

4 A
0 == —lyl" +ﬁ(zk —;). (7)

The termsn andk control the horizontal distribution @k and its stratification respectively.
Small values ofn are associated with concentrat@d distributions. Increasingn means
increasing broadness of tlde distribution. Values ok larger than one mean more stable
stratification at upper levels, vice-versa smalleralues means lower levels are more stable
than upper levels. Thus, it comes quite naturaxlore the response of Hadley circulation
by changing the parametarandk, which control the distribution @i, in closest ranges of 2
and 1 respectively. Thug,andk will change from 0.5 to 3 with a 0.5 step, in sacivay to
have a set of 36 simulations. When2 andk=1 Eq. 7 becomes Eq. 6 and the experiment

performed with such values nfandk will be considered as the reference experiment.

The meridional and vertical averagespfare shown in Fig. 1. Heating functions with
value equal to 0.5 should not be regarded as yriyveamerely as a simple way to represent a
specific state of the atmosphere. The same assastivalid for all other parameters. As
increases the average temperature increases adbutethe meridional gradient decreases in

the tropical regions (Fig. 1a).

With the prescribedg as specified by Eqg. P values at the boundaries and its equator-
pole difference temperature remain invariant webpect ta, for a giverk value The energy
input is not constant here, which differs from HL9&hich analyzed the influence of
concentration heating perturbing the forcing fumecie (y,2) in such a way tha#e averaged

over the domain remained constant. It is easilipl@sn Fig. 1b. Highen values, keeping
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invariant, have higher averagéd at all levels. The same is true fgrwith higherk values,
for n constant;¢e at each level is always higher than that with loweralues. The pole-
equator 6 difference at upper and lower vertical boundarges the same for all the
experiments having the sarkethe vertical average@e changes as a function &f for n

constant.

Whether global warming makes the equilibrium terapee distribution narrower or
wider is beyond the aim of the paper. One can axffet global warming broadens the
temperature distribution, but at the same timeoild have an impact above all on the sea
surface temperature (SST) bringing more water emupper atmosphere which changes the
vertical distribution especially of the temperature the inter-tropical convergence zone
(ITCZ). It is supposed that, in first approximati@eceans force the atmosphere, so we have to
allow for the possibility that increasing SST cdraiege the forcing distribution. Increasing
uniformly SST might could a poleward expansion laswsed by Chen et al. (2013) with an
aqua-planet model, but in that case the mechaniasswpposed to be related mainly to mid-
latitude eddies rather than a tropical forcing.c8imther causes can change the temperature
distribution of a planet such as changes in tharsattivity for instance, we will focus on the

temperature distribution regardless of its cause.

In this model the atmosphere is dry as in manyraghelies (e.g. Schneider 1977, HH80,
Caballero et al. 2008), changing thedistribution allows for a change in the staticogtty.
Looking at the averagég: 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 atmosphexrehies the equilibrium will be

2 _ (gkﬁv/AHZ(k_l)) (8)
~ [4/3-yn+ay/ay(zk-1/2)]
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It is clear from Eq. 8 that the Brunt—Vaisala fregay does not depend arat the poles and

equator. On the contrary, it dependskpfarge values ok imply a more stable atmosphere in
the upper levels, especially at poles, making tloelehatmosphere more similar to the real
one, simulating in some respects a sort of trops@aMoreover, this is equivalent to creating
a “physical” sponge layer in the upper levels @& thodel that will have some effects on the

vertical location of 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 th@: distribution on

the solution of Eq. 3, a set of parameters willubed:

a=64%x10°m Q=2m/(8.64%10%)s"?

Ay =1/3 A, =1/8

g =9.8ms? C =0.005ms™?!

H=8x103m 7 = 20days

vy =5m?s71 vy = 1.86 m?s1 9)

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

3 Numerical Results

This section is divided into three subsections, first 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€dssi (1998). The second subsection will
show the results of the model havingfa distribution described by Eqg. 7 but moving
following a seasonal cycle. Finally, the case2 andk=1 will be discussed in the third

subsection in comparison with previous studies.

10
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3.1 Equinoctial simulations

The axially symmetric circulation is forced by alky symmetric heating as in HH80 and
many others and as prescribed by Eq. 7. The meaktéd from an isothermal state and it was
run for 300 days, even though it reached its dopilim approximately after 100 days, in
order to be sure that the model does not havehitists in the long run. The stream function
values obtained whem=2 andk=1, i.e. the reference experiment, are about theesaf that
obtained by HH80. We will show the non-dimensiowalue, but to have the dimensional

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

The absolute value of the maximum stream funciimensity at the equilibrium
conditions for the 36 experiments is shown in F2g.Whenn=0.5, with k constant, the
circulation is always the stronge$tie stream function intensity is inversely propmrél ton
(Fig. 2a). Withn=0.5 the experiment resembles the one describedLi®2 where they
concentrated the latitudinal extent of heating &md led to a more intense circulation.
However, they imposed the forcing functiBp(x, y) in such a way that its average over the
domain remained the same as in the control expatime. without changing the energy
input. They found that concentration of the heathmgugh 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 experimefth n=0.5 has an energy input lower than
the other cases. Nevertheless, the Hadley cirounlas always more intense than the other
cases and opposite to highevalue experiment results, the circulation is coedi closer to
the equator. Thus, the results of HL92 are extertded more general case with a lower
energy input. It is worth noticing the constraifitam equal pole-equator gradient of méan

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

11
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The dependence dnis not as straightforward as the one mninstead. The stream
function reaches the highest value fe10.5 andk=3. With high n values the Hadley cell
strength is lower and the dependence twses its importance. In other words, in our model,
the symmetric circulation strength is modulatedklynly when the equilibrium temperature

distribution is concentrated to the equator.

Figure 2b shows the maximum zonal wind speed @astifin 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 zawiald when the forcing was concentrated

at the equator.

Some observative studies define the border ofHdley cell where the stream function
goes to zero at 500 hPa (e.g. Frierson et al., )2(08iice in our 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. Moreover, circulation intensityaolyes greatly in our experiments, so it is
puzzling to define an edge of the Hadley cell basedn absolute value of the circulation
itself. Hence, we will look at the location of tmeaximum stream function, and we will
analyze its poleward shift as a function of the pavameters andk. The edge of the cell
might be also defined by values of isolines tha&t welative with respect to the maximum
value, for example 1/4 of the stream function. ther sake of clarity this definition would be
an operational one and does not follow the de@nitised in observative studies, for example

by Dima and Wallace (2003) or Frierson et al. (9007

The latitude of the maximum stream function vadl®ws a general dependenceron

andk. It increases witlm and decreases wikh However, as shown in Fig. 3a, this dependence

12
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Is not straightforward or linear, although we haweew exceptions, for instance when
k=n=0.5. Hence, in general, wham increases, and the temperature gradient at tropics
decreases, even though the total energy inputgerathe stream function is 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.,82Ghd Tandon et al., 2013). The model
predicts a weakening of circulation, in contrastthwihe strengthening, together with
widening, of the Hadley circulation for the pasten decades observed by Liu et al. (2012)
and Hu and Fu (2007). However, Liu et al. (2012)veed that if the observations start from

1870, the Hadley cell has become more narrow andggr.

The height of the maximum stream function valuec@fined for almost all the
simulations under 2200 m and the general rule & thhenn increases, the height of
maximum lowers, however a few experiments, thosa k0.5 andn=0.5, 1and 1.5 have

the maximum value between 4300 and 5600 m (Fig. 3b)

In general, the location of the maximum zonal wameed does not show any evident
relationship with the parametemsandk. It is always confined between 26° and 29° off the
equator; however, whem=3, there is an abrupt transition to about 48°, imthelently from
the k value. In Table 1, we show the latitude of the mmasn wind speed whek=1 for

differentn values.

The difference betweefi; and 6, once the model reaches the equilibrium, is quite
interesting wherk is not equal to one. Figure 4 shows meridiondtiBistions of6; andé for
n=3 andk=0.5, 1 and 3. In Fig. 4&=0.5, 8, is underd, whenk=1 we findé; is overf in a
region around the equator (Fig. 4b), with crossingd at about 47°, finding again the equal

area condition suggested by HH80 and that explgipsoximately the jet location; whereas

13
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in Fig.4c, withk=3, we can see ho# is overd. Nevertheless, all simulations witk3 give
almost the same solution, in terms of circulatibersgth and jet location (Figs. 2 and 3). For
other values oh the results are similar, but the differences betw#; and8 are not so

visible.

We can understand these findings in the light c§SC€1998) who analyzed the model
described by the set of Egs. 3 by using an asympapansion of the variablés, 6 andy
in power series of the Rossby numerrhe meridional advection, in the nonlinear terim o
the expansion, depends on the differences betwWeeamd 8, ; — 6; on the cube of the
meridional temperature gradient; and quasi-linearythe imposed stratification; deducing
that for unstable stratification, this term woulgpaar as a negative diffusivity term, a

condition that can exist even with some stabletiBtrations (Cessi, 1998). This seems to be
our case whek=0.5. Although the stratification imposed by Eqgstable, i.e% > 0, the

second derivative is negative wh&r0.5, reducing the stability at upper levels, s th
situation can be seen as a way to simulate thetedfahe latent heat released by water vapor
condensation. Running the model with an enhanceticakviscosity (five time the value
defined in Eq. 9) the situation described by Fig.changes to look like that of Fig. 4b.
Defining stratification withk=0.5 is consequently equivalent to reduce the &atedical

diffusivity.

Whenk=3 the air in upper levels is very stable and thward flow has to do more work
to rise at upper levels; most of the thermal endigt drives the model atmosphere is
evidently dissipated by this work, reducing theuatenergy with respect to that provided by
0. We performed some runs with reduced verticalosgy, the actual value & in Fig. 4c

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

14
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for values of vertical viscosity close to 0.1 (wndertical viscosity very close to zero or
negative the model blows up). This should not prieted as an unphysical result, but it has to
be seen as the difficulty of flow temperature taxeto 8; because of very stable imposed
stratification In any case, the Hadley circulatien still reproduced demonstrating the

robustness of the model.

With n getting larger, th& distribution becomes flatter in the tropical regiandd
clamps tof;. In general, we expect that a vigorous circulabonurs in a fast rotating planet
unless the thermal gradient becomes small at sojicsuch a case the angular momentum
homogenization is equivalent to a weakening ofrttation (Cessi, 1998). If the circulation is
proportional to the cube of the meridional tempam®agradient, it is quite evident that when
such a gradient has high values in the tropicabrethe circulation is vigorously driven by
this term, whereas when it approaches to zerothiestermé, — 6 dominates. HH80 found
that the edge of the Hadley cell was at the midliidés when the planetary rotation was
lower than that of the earth. Since this phenomeisohere observed for a wider forcing
distribution, this common result may be attributedat the process of homogenization of

momentum and temperature in the equatorial region.

In order to explain equable climates like thosepsged to be occurred in Cretaceous
and Eocene, Farrell (1990) formulated an axisymmetodel starting from that of Held and
Hou and used a forcing with=2 andk=1, introducing a radiative-diffusive term to make
flatter the model temperature gradients at trogics. high values of the 8 distributions are
similar to those obtained by Farrell with high \eduof its diffusive parameter. In some
respects, flattening of the forcing distributioneguivalent to have a diffusive term, and this

also explains Fig. 4c. The Farrell model (1990)vekab a poleward shift of the zonal jet and it

15
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has to be noticed that a poleward shift of the reyintal jets was also observed by HH80

when increasing the vertical viscosity.

Figure 5 shows the stream function and the zonabvepeed for the experiments
n=k=0.5 (Fig. 5a) and=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 tmaximum value of the stream function is
concerned, experiments wikx0.5, 1 and 1.5 exhibit particular behavior withpest to the
other experiments. The stream function has its mari at upper levels. This is related to the
different stratification imposed by the paraméte6tratification with low values of favor

air to move to higher levels with respect to expemnts with highek values.

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 fromp E, we can formulate an equilibrium

temperature distribution having the maximum heatifighe equator at latitudg,:

1

4 A
O =5 = ly = yol" + 35 (2 = 3). (10)

wherey, in Eqg. 10 is dependent on time according to

yo(t) = sin (%) . sin( 21t ) (12)

360days

whereg, is the maximum latitude off the equator where imgais maximum. Equations 10,

with n=2 andk=1, and 11 are the same used by Fang and Tung)(1@89the choice of

16
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maximum extension ap, consistent with the choice of Lindzen and Hou @)98e. ¢, =

6°. A prescribed equilibrium temperature varying seadly makes the simulations more
realistic. We will focus on the average and maximuatues, in absolute terms, of the stream
function and zonal speed obtained during 360 d&ysnaulations. The averaged values are
obtained in these cases by averaging the outpugsneld every 30 days, starting from the

minimum corresponding to the summer Hadley cethaboreal hemisphere.

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

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

The maximum stream function is obtained here wkem=0.5 (Fig. 6a). In general, for
n=0.5, we have stronger circulations and winds. &hsgnulations confirm the inverse
relationship between stream function strength and@he circulation strength expressed as
annually averaged value is weaker when comparel thiat obtained in the equinoctial
experiments, when is low andk is high, otherwise it is only slightly strongeutht is never
twice as strong as that of the equinoctial soluasrfound 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, tBemetian analog maximum wher0.5 and
k=3 found in the steady solution. The maximum of dhaually averaged wind speed shows

only a slight dependence &mwhenk 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 solui®nsite interesting. It is to be noticed that
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the latitude of the stream function maximum in tinee-dependent solution is in the range of
12.5° and 16° (Fig. 7a), whereas in the equinodaltions the correspondent latitude is
within a larger range. The maximum stream funcisolocated at higher levels, between 4500
and 6000, whek is equal or less to one when amts less than 2.5. Otherwise the maximum
is positioned under 3000 m (Fig. 7b). The locatand strength of averaged results are

impressively similar to those obtained by experitaavith steady solution.

More than the steady solution, it is evident ttted height of the maximum stream
function is lower wherk=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 nstable and it
prevents, evidently more than the equinoctial smhytair from moving higher leaving
circulation occurring at lower levels. The cdse8 is equivalent to imposing a “natural”
sponge layer at the top of the model. Thus it da#scome as a surprise that the maximum
stream function is lower than those observed iruktions with othek values. This result is
analogous to that of Walker and Schneider (200&) rimoved 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 witm=2 andk=1 will
be discussed in the Subsect. 3.3. On the contnatly,low k values, the presence of weaker
0 gradient at upper levels favors air to move higlied the maximum stream function is

observed at upper levels.

The position of the jet stream is almost simitatite one observed in the steady solution.
It is confined between 28° and 30°, with latitudeveraged jet remaining almost at the same
place, except when=3 the jets are located at about 44° confirmingahrupt transition of

the jet stream position whew3 already found for the equinoctial experiment. Fd &m
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(2011) suggest that the jets moved poleward of abdbper decade in the last several years
but Strong and Davis (2007) observed that Northeemisphere subtropical jet shifted
poleward over the east Pacific, while an equataivenift of the subtropical jet was found
over the Atlantic basin. Excluding the case8, all the other subtropical jets in the different
experiments have the position of the maximum védogec to one another and the shifting
range is very limited. Thus, when a vigorous ciatioin occurs the jet location must be
located at about 30°, whereas reducing too muchrtpacal gradient the homogenization
looks like that of a slow rotating planet and tisiconfirmed in the time-dependent solution.
Both Tandon et al. (2013) and Kang and Polvani 120dund a discrepancy in this area with
the jets that do not follow the Hadley cell edge.an axisymmetric model, defining the
Hadley edge as a function of the stream functiod eonnecting it to the jet location is

problematic because of lacking of a zero valuédefdtream function.

Figure 8 shows the annually averaged circulatmrntiie same cases as shown in Fig. 5,
which is obtained by annually averaged heatings impressive how the steady and time-
dependent solutions resemble each other. As in Fawg Tung (1999) the annual mean
meridional circulation has the same extent, butedghtly from them the strength of the
annual mean circulation of the time-dependent swluis almost the same of the steady

solution.

When the heating center is off the equator thensity of the winter cell is stronger,
whereas the cell of the summer hemisphere is wedksametimes almost absent. Figures 9
shows the maxima of the stream function and zoniatl \8peed at the winter solstitial as a
function of n andk. The maximum stream function as a functionnadindk has the same
configuration of the steady solution. Here, as eigx the maximum intensity of the

meridional circulation (Fig. 9a) reached during fivaulation is twice as strong as that of the

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

steady solution or the annually averaged time dégensolution and it has about the same
strength of the observed circulation. However, wheds are much stronger too, in contrast
with observations. The zonal wind has a differemtfiguration instead, the maximum zonal

wind speed is obtained wher 1 (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 ardniaximum 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 m3 vs 11.4 ms) and the
easterly region is also wider. Whkn3, it is noted that the winter cell is locatedsgoto the

equator than the summer cell.

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

found that the time-dependent solution is only hglig stronger than the steady solution.
Lindzen and Hou (1988) proposed a study of the éiadirculation in which the maximum
heating was 6° off the equator. In their non-tinepehdent model, the solution showed an
average circulation much stronger with respechtdquinoctial solution. Lindzen and Hou
(1988) suggested that this exceptional strength duesto a nonlinear amplification of the
annually averaged response to seasonally varyiatinge although Dima and Wallace (2003)
in a study on the seasonality of the Hadley citbmta did not observe any nonlinear

amplification.
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With the parameters used for equinoctial and titependent simulations we performed
an experiment like that of Lindzen and Hou (1988jh ¢, = 6° that will be referred to as
solstitial experiment. We found that the wintercaiation is stronger by a factor three with
respect to the steady solution obtained with thénegtial heating consistent with the result
of Walker and Schneider (2005). However, the averagulation obtained by averaging two
solstitial experiments, witlp, = 6° and ¢, = —6° respectively is only 1.5 times stronger
than the steady solution withy, = 0°, and it has a maximum in the upper levels of tloel@h
domain as in Lindzen and Hou (1988). We suggesttthist maximum is due to a numerical
effect caused by averaging the single solstitigheedxnents rather than a spurious effect
caused by the rigid lid as suggested in Walker &claheider (2005), even though a sponge
layer actually lowers the maximum stream functi@ight and we can see the effects of a
strong vertical gradient in the upper levels esgdbcin the time-dependent solution (cf. Fig. 3
and Fig. 7). Single solstitial experiments did slbbw a maximum in upper levels and so the
equinoctial and time-dependent experiments (Fidga and 11b). Consequently the only
operation performed to produce Fig. 11c, which bithithe upper levels maxima, was to

average the two solstitial experiments, which catlse maximum at upper levels.

Finally, we notice that comparing the time-depend®lution withg, = 6° with the
equivalent steady solution having the heating loéf équator is not properly correct, since for
the time-dependent model, represents only the maximum extension of heatiegce a
more correct comparison between steady and timeralgmt solutions should be performed
with the time-dependent solution havipg = 3°. In such a case, the average solution is only
slightly weaker than the Hadley circulation drivieyannually averaged heating or by a time-
dependent heating which does not show any maximuitmei upper levels. Thus, the results of

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

The forcing of an Earth-like planet can change deveral reasons. For instance, a
change of forcing distribution can be caused bfedght 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 differert
distributions modulated by two parametarghat controls the broadness of the distribution
and k that modulates how thégis distributed vertically. Equinoctial and time-@eplent
solutions were simulated and compared. Moreovethicase=2 andk=1, corresponding to
the classical distribution used in literature, & olstitial experiments were also run. When
n=2 andk=1, the annually averaged circulation of equindctisne-dependent and solstitial
experiments are quite close to one another, cemsisvith the results of Walker and
Schneider (2005). However, the results differ frirose of Lindzen and Hou (1988) and
Fang and Tung (1999). As in all those works the imar of the stream function of the
solstitial experiment is at upper levels, but ie®s to be related to a spurious effect of the

averaging operation rather than a spurious effeettd the rigid lid.

The results provide evidence that concentratedliegqum temperature distributions
enhance the meridional circulation and jet windespéntensities, confirming findings of
Lindzen and Hou (1988) even though these authgpssed the same energy input. However,

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

The width of the Hadley cell is proportional hp but when the cell width increases its
intensity decreases. Poleward shift of the Hadisyutation with warming is very robust as it

has been observed many models and over large range of climatege(§on et al., 2007).
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Since the equator-pole gradient is the same fdhalkexperiments with the sarkieit evident
that the gradient in the tropical region contrdis tirculation strength. The teratontrolling
the imposed stratification has influence on theia@ctemperature distribution that can differ

remarkably fromg; 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 tigy
distribution is wider. This latter result is consi®t with results of Tandon et al. (2013) who
found that the Hadley cell expansion and jet diaftl relatively little sensitivity to the change
of the lapse rate. Consequently, the subtropidattf@am intensities are controlled by the
broadness of horizontal equilibrium temperaturdaatthan the stratification, with higher
values of the jet when the thermal forcing is coriaed 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 theesemagnitude order of the observed
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 deperdasiit n andk, except when the
Ogdistribution is the widestnE3); in such a case an abrupt change occurs anchdalkenum
of the zonal wind jet is located at mid-latituddgq{ in steady solution and 44° in annually
averaged time-dependent solution). This behavioresglained by using the analytic study of
this model performed by Cessi (1998) claiming twaen the meridional gradient becomes
too small the circulation behaves as that of a slotating planet that exhibits poleward shift

of the subtropical jets.
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Table 1. Latitudes (in degrees) of the maximum wapeed for the equinoctial and time-

dependent solutions wher k as a function of the parameter

n 0.5 1 15 2 2.5 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) averageon-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 [His(b) as
function of parametera andk for the steady solution. Dimensional values of gieeam

function are obtained multiplying by, Re ™! = 484 m’s™.

Figure 3. Latitude [degree] (a) and Height [m] @f) maximum non-dimensional stream

function.

Figure 4. Vertically averaged ttte(blue line) and; (red line) for the simulations with=3
andk=0.5 (a),k=1 (b) andk=3 (c). Dimensional values are obtained multiplylmg6,=300
K.

Figure 5. Non-dimensional stream function (contparsd zonal wind speed [ffis(colors)
for the steady casas0.5, k=0.5 (a) andn=3, k=3 (b). Dimensional values of the stream

function are obtained multiplying by, Re ! = 484 m’s™.

Figure 6. Maximum of annually averaged non dimemaigtream function (a) and zonal wind
speed [m3] (b) as function of parametens and k for the time-dependent simulations.

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

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

dimensional stream function for the time-dependeiition.

Figure 8. Annually averaged non-dimensional strdanction (contours) and zonal wind
speed [m3] (colors) for the steady cases0.5, k=0.5 (a) andh=3, k=3 (b). Dimensional

values of the stream function are obtained muliiigypy v, Re 1 = 484 m’s™.

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

the stream function are obtained multiplyingupyRe ™! = 484 m*s™.

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

wind speed [m§] (b and d) for the time-dependent simulation witf2, 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 tjyRe ™! = 484 m?s™.

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

the stream function are obtained multiplyingupyRe ! = 484 m*s™.
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