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ABSTRACT

Steady-state and time-dependent Hadley circulationsraestigated with an idealized dry GCM, in which thermal fogcis
represented as relaxation of temperatures toward a ragiedjuilibrium state. The latitudeg of maximum radiative-equilibrium
temperature is progressively displaced off the equatoraded in time to study how the Hadley circulation respondsdasonally
varying forcing; axisymmetric simulations are comparethveiddy-permitting simulations. In axisymmetric steattes simulations,
the Hadley circulations for all o approach the nearly inviscid, angular momentum—consgtininit, despite the presence of nite ver-
tical diffusion of momentum and dry static energy. In cosityan corresponding eddy-permitting simulations, the leyadirculations
undergo a regime transition ag is increased, from an equinox regime (smal) in which eddy momentum uxes strongly in uence
both Hadley cells to a solstice regime (largg) in which the cross-equatorial winter Hadley cell more elgsapproaches the angular
momentum—conserving limit. In axisymmetric time-deperidemulations, the Hadley cells undergo a similar traosifrom a linear,
viscous regime to a nonlinear, angular momentum—consgregime because viscosity can act more effectively in thekveguinox
cell than in the strong cross-equatorial winter cell. Ashia eddy-permitting simulations, the regime transitionthim axisymmetric
time-dependent simulations are rendered rapid, compaitedtiee timescale of thermal forcing changes, by a mean- eedback
involving the upper-level zonal winds, the lower-level fggrature gradient, and the poleward boundary of the crgsaterial Hadley
cell. However, the regime transitions in the axisymmetitouations are less sharp than those in the eddy-permigimlations
because eddy-mean ow feedbacks in the eddy-permittingllsitions additionally sharpen the transitions.

1. Introduction Hou 1988; Satoh 1994). For instance, Plumb and Hou
) ) (1992) showed that axisymmetric circulations driven by
Monsoons are generally viewed as regionally concen-y |pcalized off-equatorial thermal forcing undergo tran-
trated, thermally direct overturning circulations in the sjtions from a linear viscous regime to a nonlinear, an-
latitude-height plane, with ascending motion in the sum- gjar momentum—conserving regime beyond a threshold
mer hemisphere subtropics and descending motion ifgrcing value; they suggested that this threshold behav-
the winter hemisphere (Newell et al. 1972; Gadgil 2003;or may account for the rapid onset of monsoons.
Bordoni and Schneider 2008). These monsoonal circu- . . .
lations dominate the solstitial zonally averaged Hadley 1N€ nonlinearaxisymmetric theory of Plumb and Hou
circulation, which is characterized by a strong and broad(1992) has been extended in several studies, to ac-
cross-equatorial winter cell and a very weak and narrowUnt for the in uences of moist convection (Emanuel
summer cell. Most theories of the dynamics of these1995; Zheng 1998), of a subtropical continent (Privé
circulations have been developed in the context of ax-2nd Plumb 2007a,b), and of moisture-dynamics feed-
isymmetric models of the Hadley circulation, in which Packs such aswind-induced surface heat exchange (Boos
the upper branches of the circulation are assumed t@nd Emanuel 2008a,b). All of these studies, however,
be nearly inviscid and angular momentum conservingha"e postulated the existence of a localized subtropical

(e.g., Schneider 1977: Held and Hou 1980; Lindzen andheating (either provided by imposed surface temperature
anomalies or a subtropical continent) as necessary for
Corresponding author addres&imona Bordoni, National Center Monsoon development and have neglected the interac-
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and monsoonal circulations. Through idealized GCM 2. Idealized GCM
experiments, Walker and Schneider (2006) found thaLI_
over a wide range of climates, including Earth-like cli-

mates, the strength of a Hadley cell driven by hemi-
spherically symmetric thermal forcing is strongly in u-

enced by eddy momentum uxes of extratropical origin,
so that the scalings that nearly inviscid axisymmetric
:L]gv(\)/glgrl,vgz IE; ttt;]eerer{r)::?éri?ndg Sig?:géz %?ngésiﬁ)\fgydiative forcing is provided by Newtonian relaxation to-

more asymmetric about the equator, the cross-equatoria ar:d a rag!aﬂ\/.e—eq_mhbnurr; -state dOft at.selrimgrayt att)r]q'
Hadley cell undergoes a transition from a regime in sphere, which 1S axisymmetric and statically unstable in

which the Hadley cell strength is strongly tied to eddy the lower troposphere. The radiative-equilibrium surface

momentum uxes to a regime in which the in uence temperature varies with latitude as
of the e_ddle_s is .weaker and the angular momentymﬁrse = maxf200K; 350K  n[sin®  2sin o(t)sin |g;
conserving limit is more closely approached. A sim- @

@Iar transi_tion also oceurs in a simple single-layer ax- where ¢ is the latitude at whichT$ is maximal, and
Isymmetric model, in which eddy momentum uxes are h = 112:5K is the pole-to-equator temperature differ-
parameterlz_ed (Sobel and Schneider 2009). Schneldeé;nce for o = 0. In the steady-state simulations, is
and Bordoni (2008) (SB08 herea_fter) showgd that,. OVEry xed parameter; in the time-dependent simulations, it
Fhe course qf seasonal cycle_s simulated wnh an |deal-varies with time according to
ized GCM without a hydrological cycle and with a zon-
ally homogeneous lower boundary, the Hadley cell un- o(t) = 23:5 sin(2 t= 365d): 2)
dergoes rapid transitions between the eddy-dominated
regime around the equinoxes and a more closely anguThis thermal forcing fundamentally differs from that
lar momentum-—conserving regime around the solsticesused in Plumb and Hou (1992) in that it is not localized
SBO08 discuss how feedbacks among large-scale eddin the subtropics and in that the radiative-equilibrium
uxes, upper-level winds, and the tropical overturning temperature has nonzero curvature and (fgoré 0)
circulation mediate these transitions and render thema nonzero gradient at the equator. This implies that a
rapid. Bordoni and Schneider (2008) used reanalysismneridional circulation is to be expected for all values of
data to show that the onset of the Asian monsoon marks ¢ (Plumb and Hou 1992).
a transition between the two circulation regimes; simula-  Turbulent dissipation in a planetary boundary layer of
tions with an aquaplanet GCM with an active hydrolog- xed height (2.5 km) is represented as vertical diffusion
ical cycle demonstrated that rapid, eddy-mediated mon-of momentum and dry static energy. Above the bound-
soon transitions can occur even in the absence of surfacary layer, vertical diffusion of momentum and dry static
inhomogeneities, provided that the lower boundary hasenergy with Prandtl number one and constant diffusiv-
low enough thermal inertia. ity 5m?s ! needs to be included in the axisymmetric
simulations to achieve steady states. These diffusivities
are comparable to those used in previous studies of ax-
The importance of large-scale eddies and their inter-isymmetric Hadley circulations (Lindzen and Hou 1988;
actions with the tropical circulation for the existence and Fang and Tung 1999; Walker and Schneider 2005).
rapidity of monsoon transitions can best be evaluated The model does not include a hydrological cycle.
by comparing eddy-permitting simulations with axisym- However, the stabilizing effect of latent heat release is
metric (eddy-suppressing) simulations. Here we use thanimicked by a quasi-equilibrium convection scheme,
same idealized GCM as in SB08 in an axisymmetric con-which relaxes temperatures in an atmospheric column to
guration, to simulate steady states and seasonal cycles pro le with lapse rat€:7 4 = 6:8 Kkm 1, with dry
of axisymmetric Hadley cells, and to explore if and to adiabatic lapse ratey, if an atmospheric column is less
what extent regime transitions analogous to those in thestable than a column with lapse r&& 4. The convec-
eddy-permitting simulations still occur in the absence of tive relaxation time in the axisymmetric simulations is
eddies. After a brief description of the model in Section 1 day, 6 times larger than the value (4 hours) used in the
2, we present the steady-state simulations in Section 3eddy-permitting simulations in SB08. Such a large con-
Section 4 discusses results from time-dependent simulavective timescale allows the circulations to reach steady
tions of seasonal cycles. Conclusions follow in Sectionstates with smaller vertical diffusivities. Axisymmetric
5. simulations with a convective timescale of 4 hours and

he idealized GCM is the same hydrostatic primitive-
equation model as in SB08, where more details can
be found. The model is a spectral-transform model,
run in axisymmetric con guration (truncated at zonal

wavenumber zero) with T42 horizontal resolution and
30 unequally spaced sigma levels in the vertical. Ra-
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300 9 2 3 o radiative-equilibrium surface temperature, togethehwit
o M .0 °/£;’P the corresponding values from the eddy-permitting sim-
2 o /ﬁ,ﬁ/ ulations in SB08. In the eddy-permitting simulations,
= 1 Q/Qe//@;%?’;,// the scaling of the cross-equatorial Hadley cell strength
e g g as a function of ¢ is in two different regimes: a weaker

g o h g0 R 0 =
> D////77/,Q/////Diiifiifz'"‘“/? dependence ong for o . 9 (roughly é's), and
0 L T —T— a stronger dependence fop for o & 9 (roughly
* 5 10° 20° 3*%). In contrast, in the axisymmetric simulations, the
% cross-equatorial Hadley cell strength increases almost

linearly with ¢ throughout the parameter space. For the
as a function of ¢ in axisymmetric simulations of steady states Iarge_st_ o values, t_he Hadle_y ce_II stre_ngths in the eddy-
(open squares). For comparison, corresponding Hadley (:eIP_ermIttlng and axisymmetric simulations converge. "_1
strengths from the eddy-permitting simulations in SB08 and F19- 1, we also show the strength of the cross-equatorial
from nearly inviscid axisymmetric calculations analogaas ~ Hadley cell from numerical calculations analogous to
those of Lindzen and Hou (1988) are shown in open dots andthose of Lindzen and Hou (1988) but with the radiative-
crosses, respectively. The grey dashed, dotted and dashedonvective equilibrium state of our simulations. Simi-
dotted lines indicate linear,g > and 3> power laws. Inthe larly to what is seen in the axisymmetric simulations,
simulations, the strength is the maximum absolute valub®ft the nearly inviscid axisymmetric theory for our simu-

streamfunction of the mean meridional circulation above th |ations does not exhibit a transition in scaling regimes

FIGURE 1: Strength max Of the cross-equatorial Hadley cell

level =0:85. The scale of the x-axis is logarithmic. at o 9 , although it predicts a somewhat stronger
. L ) power-law dependence of the circulation strength gn
vertical diffusivities of10 n? s 1 do not differ substan- 4=3

(roughly 7). The axisymmetric cross-equatorial cir-
culations do not exhibit a transition in scaling regimes
in the parameter space because they tend to approach
the angular momentum—conserving limit for all values
of o, despite the nite vertical diffusion of momentum
and dry static energy.

tially from the ones reported here.

Steady-state simulations were conducted with xed
values of o ranging from0 (vernal equinox) t@3:5 N
(boreal summer solstice). For comparison with the re-
sults from these steady-state axisymmetric simulations
in section 3 we also show results from the statisti-
cally steady states of the eddy-permitting simulations The nearly angular momentum—conserving nature of
in SB08. The averages shown are surface pressureghe axisymmetric circulations is suggested in Fig. 2,
weighted sigma-coordinate averages over longitude andavhich shows streamlines of the mean meridional circu-
time (over 100 simulated days) in the axisymmetric andlation, angular momentum contours, and zonal winds for
eddy-permitting simulations. The time-dependent simu-four different values of . In the angular momentum-
lation of seasonal cycles was started from the equinoxconserving limit, streamlines and angular momentum
steady state (;( = O ) and run for 5 years. The re- contours coincide, and it is apparent that this is approx-
sults shown in section 4 are from the equilibrated re-imately the case throughout the upper branches of the
sponse, which is reached three years into the simulaeirculations. For ¢ = 0 (row 1 in Fig. 2), the tropical
tion. Our discussion mostly focuses on the comparisorcirculation has a northern and a southern cell symmetric
of the axisymmetric time-dependent simulations with about the equator. Diffusive vertical mixing of momen-
the eddy-permitting simulations in SB08 (control). We tum and dry static energy is clearly non-negligible near
also discuss how the longer convective timescale and théhe subtropical edges of the two cells, where strong shear
nonzero vertical diffusivities used in the axisymmetric zones in zonal winds form (cf. Held and Hou 1980); it
simulations impact our results, by comparing the controlleads to streamlines crossing angular momentum con-
eddy-permitting simulation with eddy-permitting simu- tours in the descending branch of the cells. However,
lations in which the longer convective timescale and thein the deep tropics, angular momentum contours are
vertical diffusivities are separately or simultaneously i  strongly displaced from the vertical, indicating signi -
troduced. cant nonlinear advection and homogenization of angu-
lar momentum by the mean meridional circulation in the
cells' upper branches. In this region, from the equator
up to about 10 latitude, the upper-level zonal wind ap-
Figure 1 shows the strength of the cross-equatorialproaches its angular momentum—conserving limit, not
Hadley cell in the axisymmetric steady-state simula- deviating by more than 15% from it poleward of kt-
tions for different values of the latitude, of maximum itude (Fig. 3). The local Rossby numbieo =  =f ,

3. Steady states
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FIGURE 2: Steady-state circulations. Rows correspond to the laitwdof maximum radiative-equilibrium surface temperature
indicated on the right. In the left column, black contourdidate streamfunction of meridional circulations (comtiterval

5 10°kgs ! in the rst row and20

10°kgs ! in rows 2—4), with solid contours for positive values (camtockwise

rotation) and dashed contours for negative values (claskwotation). Gray contours indicate absolute angular nméume per
unitmassm = ( acos + u)acos (contour interval a?=15). Arrows identify streamfunction maxima above= 0:85, with
maximum values given in units 4©0° kg s . In the right column, black contours indicate zonal windsnour interval 10 m st,
negative contour dashed and zero contour thick).
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FIGURE 3. Upper-level ( = 0:2) zonal winds in the equinoc-
tial Hadley cells from the steady-state axisymmetric sanul

tion with o =0 (solid) and angular momentum—conserving

winds,un = asin® = cos (dashed).

with relative vorticity and planetary vorticityf , is a

southern (cross-equatorial) cell intensi es and broadens
while the northern cell weakens and narrows (rows 2—
4 in Fig. 2). Unlike in the eddy-resolving simulations
(see Fig. 3 in SB08), however, the strength of the south-
ern cell does not intensify rapidly, and the streamfunc-
tion maximum does not move across the equator into the
summer hemisphere rapidly, at a critical value. The
streamfunction maximum moves gradually froni0

in the southern hemisphere af = 0 to near the equa-
torat o = 16 . Itis always located in a region where,
at upper levels, streamlines and angular momentum con-
tours tend to coincide. Zonal winds are within 10% of
the angular momentum-conserving winds over much of
the upper branch of the cross-equatorial Hadley cell. De-
viations from the angular momentum-conserving limit
are signi cant only near the poleward edge of the cell
in its descending branch, where vertical diffusion makes
it possible for the streamlines to cross angular momen-

nondimensional measure of the proximity of the circu- {,m contours. As the southern cell acquires a cross-
lation to the angular momentum conserving limit (e.g., equatorial component, low-level westerly ow develops

Schneider 2006) and reaches valls

0:7-0:8 in

north of the equator up to the poleward boundary of the

the upper branches of the cells near the latitudes of thecross-equatorial cell, as required by the approximate bal-

streamfunction extrema.

ance in the boundary layer between the Coriolis force

As ¢ is progressively displaced off the equator, the
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FIGURE 4. Streamfunction components associated with (left) viscgitssses and (right) nonlinear mean momentum ux di-
vergence. Rows correspond to the same four latitudesf mgximum radiative-equilibrium temperature as in Fig. Zhe
streamfunction components are calculated as= 2a=(fg) , div pscos (WvVv ;U _) d ° where_= D =Dt , and

r = m . Streamfunction components within 4.@f the equator, where they are poorly de ned because theo(m)pa-
rameter approaches zero, are not shown. Contours are &g i ffft). Arrows identify streamfunction maxima above= 0 :85,
with maximum values given in units a0° kg s *.

on the meridional near-surface ow and the drag on theis the component of the mean meridional circulation as-
near-surface zonal wind (SB08). sociated with nonlinear mean momentum uxesig-
The relative role of diffusion and nonlinear advection ure 4 shows the streamfunction componentsand
of momentum in the Hadley cells can be evaluated morefor the same four values ofy as in Fig. 2. It is evident
guantitatively by decomposing the total streamfunctionthat the nonlinear component dominates in the equinoc-
into a component ,, associated with the nonlinear tial and cross-equatorial Hadley cell for alj in the re-
mean momentum ux divergend® and aresidual com- gions around the total streamfunction maximum. The
ponent , which above the boundary is mainly vis- viscous component dominates only locally in the de-
cously driven (in the boundary layer, the residual stream-scending branch of the Hadley cell.
function has a component associated with the turbulent These results suggest that the equinoctial and cross-
drag on the zonal wind). The zonal momentum budgetequatorial Hadley cell in the axisymmetric simulations
in steady state can be written as responds directly to variations in the thermal forcing
fv=M + R 3) for all ( values. In contrast, in the eddy permitting
simulations in SB08, asg is displaced off the equa-
whereR denotes the viscous stresses in the interior andor, the cross-equatorial Hadley cell undergoes a tran-
turbulent drag in the boundary layer. This can be inte-sition between an eddy-dominated regime, in which the

grated in height to yield cell strength responds only indirectly to changes in the
= +
m r 1As in SBO08, for simplicity, we use pressure coordinates neeq
where tions throughout the paper. The simulation results arechaseav-
p erages in the model's vertical sigma coordinate, for whickans
2a cos M d po_ along isobars are replaced by surface-pressure weightedgas along

m(;p)= fg o sigma surfaces.
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FIGURES: Lower-level ( = 0:85) circulation elds as a func- -10 — 71—
tion of o in steady-state simulations. (a) and (b) Maximum 0° 50 10° 15° 20°
values of upward mass uxW =  _ (10*kgm !s 1) o
in the southern Hadley cell from axisymmetric and eddy-
permitting simulations, respectively, with atmospherias®i  FIGURE 6. Lower-level elds at 13 latitude as a function of
per unit length in a meridional cross sections 2 a cos o in steady-state simulations. (Top) Upward mass ux W and
ps=g. (c) and (d), upward mass uMV (colors, contour inter-  (bottom) zonal winds from axisymmetric (solid line) and gdd
val4 10'kgm 's '), streamfunction of mean meridional permitting (dashed line) simulations.
circulation (gray contours, contour inten0  10°kgs 1),
and position of streamfunction maximum and minimum (solid ux, move gradually from the winter hemisphere into
and dashed black line) for axisymmetric and eddy-perngittin  the summer hemisphere (Fig. 5¢). There is no rapid
simulations, respectively. shift across the equator, and the maximum values of the
lower-level upward mass ux increase more weakly with
thermal forcing, to an angular momentum—conserving o, for example, from 5 10*kgm s 'at (=8
regime, in which the cell strength responds more di-to 10 10*kgm 's 'at =16 (Fig.5a).
rectly to changes in the thermal forcing (see discussion |t is also of interest to explore how local circulation
in Schneider 2004, Walker and Schneider 2006; SB08). elds in the subtropics, which in the eddy-permitting
The lack of a rapid transition in circulation regimes simulations undergo drastic shifts at the regime transi-
in the axisymmetric steady-state simulations is also re-tion, behave in the axisymmetric experiments. Figure 6
ected in the smooth dependences of other circulationshows the lower-level upward mass ux and zonal wind
elds on . In the eddy-permitting simulations, at the at 13 N. No rapid changes are seen in the axisymmet-
transition of the southern Hadley cell from the eddy- ric simulations; in particular, the lower-level zonal wind
dominated regime to the angular momentum—conservingvhich in the eddy-permitting simulations reverse at the
regimeat o 9, the streamfunction maximum jumps transition from easterly to westerly in a fashion similar
across the equator from the winter into the summerto what is observed at the onset of large-scale Earth's
hemisphere. Figure 5d shows this shift for the stream-monsoons (e.g., Webster 1987), remain westerly for all
function maximum at the xed lower-level = 0:85, values of g.
which is close to the level at which both the axisym- If the axisymmetric steady states described above
metric and eddy-permitting Hadley cells have their over- were indeed achieved in time-dependent simulations
all streamfunction maxima (see Fig. 2 here and Fig. 3with a seasonally varying thermal forcing, the results
in SB08). Because by continuity the lower-level mass shown here would lead us to conclude that, in the ab-
ux at any given level vanishes at the streamfunction ex- sence of large-scale eddies, the tropical overturning cir-
tremum at that level, this shift is also accompanied by culation would not undergo rapid regime transitions, and
a jump in the position of the inner boundary of the re- that circulation elds would change sinusoidally in the
gion of upward mass ux to near the equator. At the course of the seasonal cycle. However, as noted, for
transition, the strength of the lower-level upward massexample, by Plumb and Hou (1992), Fang and Tung
ux increases markedly, from 9 10*kgm 's 'at  (1999), and Boos and Emanuel (2008a), the adjust-
o = 8 right before the regime transition to24 ment time for the axisymmetric circulations to achieve
10°kgm 's tat o = 16 (Fig. 5b). None of these a steady state is longer than 100 days, that is, longer
features are evident in the axisymmetric simulations,than the seasonal timescale. So there is no guarantee
in which the lower-level streamfunction maximum, and that steady-state circulations are relevant to the seasona
with it the inner boundary of the region of upward mass cycle of axisymmetric Hadley circulations. It is there-
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FIGURE 7: Mean circulations at four pentads in the course of the sedsgnle in an axisymmetric simulation. Rows correspond
to the pentads indicated on the right (in days after vernainex). Quantities and contour intervals are as in Fig. 2.

fore of interest to study the time-dependent circulation At day 11-15 (second row), the southern cell has
corresponding to periodic variations of (2), and to com- strengthened and the northern cell has weakened. The
pare it with the steady circulations. This is done in the streamfunction maximum of the southern cell has moved
next section. towards the equator and is now located &0 in the
southern hemisphere. Nonetheless, the cell is still in
the linear, viscous regime, as evidenced by the angular
momentum contours, which are almost vertical through-
Figure 7 shows the same quantities as Fig. 2, but forout the cell. Local Rossby numbers in the upper branch
four pentads in the course of the seasonal cycle in an axabove the streamfunction maximum remain relatively
isymmetric simulation. At day 1-5 (rstrow in Fig. 7), small, with maximum valueRo 0:4 0:5.

immediately after vernal equinox, the tropical circula-

tion is characterized by the equinoctial pattern, with two By day 26-30 (third row), the southern cell is un-
cells with ascending branches located near the equatodergoing a transition from the linear, viscous regime to
Unlike in the corresponding steady state with= 0 the nonlinear, angular momentum-conserving regime.
however, vertical diffusion appears to have a dominantin 15 days, the streamfunction maximum has moved
in uence on the two cells, forcing them to deviate signif- rapidly to a location close to the equator. In the as-
icantly from the angular momentum—conserving regime.cending and upper branch above the center of the cell,
This is particularly evident in the southern cell, where streamlines and angular momentum contours almost co-
streamlines of the meridional circulation cross the an-incide. The in uence of vertical diffusion remains non-
gular momentum contours, which are only slightly dis- negligible in the descending branch, making it possi-
torted from the vertical, throughout the cell. The stream-ble for streamlines to cross angular momentum con-
function maximum is located further away from the tours there. As the latitude, of maximum radiative-
equator than in the corresponding steady-state cell (agquilibrium surface temperature is further displaced into
about 20 into the southern hemisphere), in a region the northern hemisphere, the southern cell keeps in-
where local Rossby numbers in the upper branch do notensifying and broadening, with its maximum remain-
exceedRo  0:4. The structure of the zonal winds is ing fairly close to the equator and an almost angular
also different, with easterly ow spanning broader re- momentum-conserving upper branch. Once in the angu-
gions in the tropics, both at upper and lower levels. lar momentum-conserving regime, the tropical circula-

4. Seasonal cycle
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FIGURE 8: Seasonal cycle of circulation elds in axisymmet- FIGURE 9: Seasonal cycle of lower-level mean elds at 13
ric simulation. (a) Maximum value of lower-level upward raas latitude. (Top) Upward mass ux W and (bottom) zonal winds
ux (10°kgm s 1) in the southern Hadley cell (solid) and from axisymmetric (solid line) and eddy-permitting (dashe
northern Hadley cell (dashed). (b) Quantities and contour i line) simulations. The thin grey lines show least square si-
tervals are as in Fig. 5 (c, d) except that the contour intefva  nusoidal ts to the axisymmetric (solid) and eddy-pernmgfi
the lower-level upward mass ux2 10°kgm 's *. (dashed) eldsinthe rst half of the year.

tion and associated zonal wind patterns resemble closelyncreases rapidly, with maximum values increasing from
those of the corresponding steady states. The circulatiombout 3 10°kgm 's 'to 8 10*kgm !s?
at summer solstice is shown in the bottom row of Fig. 7. at the transition. After the transition, the lower-level

Thus, the presence of nite viscosity appears to af- upward mass ux increases more smoothly, reaching
fect the seasonal cycle in the axisymmetric simulationin12 10*kgm 's ! around summer solstice (Fig. 8a).
that it causes the time-dependent Hadley cells to undergd he regime transition is accompanied by rapid changes
transitions from a linear, viscous regime to a nonlinear,in local circulation elds in the subtropics, such as a
angular momentum—conserving regime. These transifapid increase in the lower-level upward mass ux and
tions are analogous to those in the eddy-permitting sim-a rapid shift in the lower-level zonal wind from easterly
ulations in SB08. That the in uence of vertical diffusion to westerly (Fig. 9). These changes are qualitatively sim-
on the tropical circulation might change in the course of ilar to those seen in the eddy-permitting simulations. As
the seasonal cycle, shifting from dominant in the weakerdiscussed below, some quantitative differences, such as
equinox cells to marginal in the strong cross-equatorialthe timing of the transitions and amplitude and latitudi-
winter cells, is not surprising, as in the former the vis- nal spread of the lower-level convergence zone can be
cous stresses have more time to act, hence increasing trescribed to the use of a longer convective timescale and
effectiveness of diffusion over advection (Held and Hou nonzero vertical diffusivities in the axisymmetric simu-
1980). lations.

As in the eddy-permitting simulations, the transi- The regime transitions in the seasonal cycle of the ax-
tions are accompanied by rapid changes in circulationgsymmetric Hadley cells resemble the regime transitions
elds. The seasonal cycle of the same circulation elds in the eddy-permitting simulations in SB08 because they
shown in Fig. 5 for the steady circulations is shown in mark analogous shifts from a linear equinox regime to
Fig. 8 for the time-dependent circulation. At the tran- an angular momentum—conserving solstice regime, with
sition of the Hadley cell from the linear to the non- viscous stresses acting in place of the eddy stresses.
linear regime, the streamfunction extremum shifts from The same nonlinear mean- ow feedbacks that act in the
the winter hemisphere to a position close to the equa-eddy-permitting simulations and that are discussed in
tor on a timescale shorter than the timescale of varia-SB08 also act at the regime transitions of the axisym-
tions in the thermal forcing. With it, the inner bound- metric circulations. When the cross-equatorial Hadley
ary of the region of the lower-level upward mass ux cell transitions from the linear viscous regime to the an-
moves rapidly into the summer hemisphere (Fig. 8b).gular momentum—conserving regime, the structure of the
The strength of the lower-level upward mass ux also upper-level zonal winds is dictated by the constraint of



Regime transitions of steady and time-dependent Hadleylaitions 9

angular momentum conservation, at least in the summeFig. 6 in SB08). Because the dynamics of the lower-level
hemisphere where the in uence of viscosity is negligi- convergence zone is controlled in both the axisymmet-
ble (third row in Fig. 7). This leads to the development ric and eddy-permitting simulations by the same bound-
of upper-level easterlies in the tropics, with a minimum ary layer momentum balance discussed in SB08, these
at the equator, and, by thermal wind balance, to a negdifferences cannot be ascribed to the presence or ab-
ative gradient in the lower-level potential temperature sence of the large-scale eddies. Rather, they result from
from an equatorial minimum to a subtropical maximum the use of a long convective relaxation time£ 1 d)
(cf. Lindzen and Hou 1988). The poleward advection of and nite vertical diffusivites ( = 5m?s 1) in the
relatively cold air up the lower-level temperature gradi- axisymmetric simulations. To assess the impact of the
ent in the lower branch of the cross-equatorial Hadleyconvective timescale and vertical diffusion on the sim-
cell pushes the subtropical temperature maximum far-ulated circulations, we have performed eddy-permitting
ther poleward into the summer hemisphere. The poletime-dependent simulations with the longer convective
ward cell boundary moves with the temperature maxi-timescale and/or with the vertical diffusivities of the
mum (Privé and Plumb 2007a,b), which in turn leads to axisymmetric simulations. In all simulations with ei-
strengthening of the cell and strengthening and expanther or both of the convective timescale and the verti-
sion into the winter hemisphere of the upper-level east-cal diffusivities changed, the Hadley circulations con-
erlies (rows 3 and 4 of Fig. 7). See SB08 for a moretinue to undergo rapid regime transitions between the
detailed discussion of this mechanism. eddy-dominated and the angular momentum-conserving
In the eddy-permitting simulations in SB08, another regime, albeit with differences in the timing of the transi-
feedback—between the upper-level zonal winds andtions within the seasonal cycle. Both the longer convec-
large-scale eddies of midlatitude origin—acts at thetive timescale and the nite vertical diffusion in uence
regime transitions. This feedback is absent in the ax-the boundary layer dynamics, but it is the longer con-
isymmetric simulations. As the Hadley cell acquires sig- vective timescale that primarily causes the lower-level
ni cant cross-equatorial ow at the transition to the an- convergence to attain smaller values and to spread over a
gular momentum—conserving regime, upper-level eastwider latitude band than seen in the SB08 simulation.
erlies develop in the tropics both in the summer andThis likely occurs because if the convective timescale
winter hemisphere. In the eddy-permitting simulations, is long, and hence the convective heating weak, the up-
the development of strong upper-level easterlies preventsvard mass ux required to satisfy large-scale constraints
the midlatitude eddies in the winter hemisphere, whichcannot be provided in a narrow convergence zone but
are primarily con ned to regions of upper-level west- must spread over a wider zone. In the eddy-permitting
erlies (Charney 1969; Webster and Holton 1982), fromsimulation with the same convective timescale and the
reaching the center and ascending branch of the crosssame vertical diffusivities as in the axisymmetric simu-
equatorial cell. This allows the cell to approach the angu-lations, the rapid transitions of the Hadley cell between
lar momentum-—conserving limit more closely, which in the equinox and solstice regimes are accompanied by
turn leads to strengthening of the cell and strengtheningchanges in the strength and location of the lower-level
and extension into the winter hemisphere of the upper-convergence zone that resemble those in the axisymmet-
level easterlies, further shielding the cross-equatogkl  ric simulations discussed here. However, it remains true
from the midlatitude eddies. The fact that in the time- that the transitions in the eddy-permitting simulations
dependent axisymmetric simulations, in which the eddy—are accompanied by more rapid changes in circulation
mean ow feedback is absent, the Hadley cell still un- elds, such as streamfunction strength and lower-level
dergoes rapid transitions from the linear to the nonlinearwinds, pointing to the importance of eddy—mean ow
regime suggests that such feedback is not necessary fdeedbacks in sharpening the transitions.
these transitions to occur. However, it shows that the
feedback sharpens the transitions, when it does act, bes
cause circulation elds such as streamfunction strength™
and lower-level winds change more rapidly in the eddy- To explore if and to what extent the rapid regime tran-
permitting simulations than in the axisymmetric simula- sitions of the Hadley cells in the eddy-permitting sim-
tions (see Fig. 9 and compare Fig. 8 with Fig. 6 in SB08). ulations in SB08 and Bordoni and Schneider (2008)
One aspect in which the axisymmetric and three-can still occur when large-scale eddies are suppressed,
dimensional circulations differ is that, in the nonlinear, we have performed steady-state and time-dependent ax-
angular momentum—conserving regime, the lower-levelisymmetric simulations. Although nite vertical diffu-
mass ux in the axisymmetric circulations is weaker and sion in momentum and dry static energy needs to be
occurs in a wider convergence zone (compare Fig. 8 withused to achieve steady states in the axisymmetric simu-
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lations, the equinoctial and cross-equatorial Hadleyscell lation to fully understand the dynamics of Hadley and
approach the nearly inviscid limit. As the latitude of monsoon circulations.
maximum radiative-equilibrium temperature is progres-
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