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Abstract

The seminal theory for the Hadley Cells has demonstrated that their existence is
necessary for the reduction of tropical temperature gradients to a value such that
the implied zonal winds are realisable. At the heart of the theory is the notion
of angular momentum conservation in the upper branch of the Hadley Cells.
Eddy mixing associated with extratropical systems is invoked to give continu-
ity at the edge of the Hadley Cell and to reduce the subtropical jet by a factor
of three or more to those observed. In this article a detailed view is presented
of the dynamics of the June-August Hadley Cell, as given by ERA data for the
period 1981-2010, with an emphasis on the dynamics of the upper branch. The
steady and transient northward fluxes of angular momentum have a very sim-
ilar structure, both having a maximum on the Equator and a reversal in sign
near 12°S, with the transient flux merging into that associated with eddies on
the winter subtropical jet. In the northward absolute vorticity flux, the Coriolis
torque is balanced by both the steady and transient fluxes. The overturning circu-
lations that average to give the Hadley Cell are confined to specific longitudinal
regions, as are the steady and transient momentum fluxes. In these regions, both
intraseasonal and synoptic variations are important. The dominant contributor
to the Hadley Cell is from the Indian Ocean and west Pacific regions, and the
maxima in OLR variability and meridional wind in these regions have a charac-
teristic structure associated with the Westward-moving Mixed Rossby-Gravity
wave. Much of the upper tropospheric motion into the winter hemisphere occurs
in filaments of air from the summer equatorial region. These filaments can reach
the winter subtropical jet, leading to the strengthening of it and of the eddies on
it, implying strong tropical-extratropical interaction.
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1 | INTRODUCTION

The Hadley Cell is one of the basic concepts in weather
and climate, a superb history of the early ideas on it having
been summarised by Lorenz (1967). A more recent review
was given in, for example, Schneider (2006). The zonal
mean overturning circulation in a latitude-height plane
for boreal summer is shown in Figure 1. The picture is
dominated by the rising motion in the belt of deep convec-
tion in the Northern (summer) Hemisphere (NH) between
the Equator and 20°N and the descending motion in the
Southern (winter) Hemisphere (SH) subtropics near 30°S,
with motion towards the summer hemisphere near the
surface and a return flow towards the winter hemisphere
in the upper troposphere. This boreal summer Hadley Cell
is complemented by an austral summer Hadley Cell and
a transition between the two in the equinoctial seasons,
giving an annual average picture with two Hadley Cells
almost symmetric about the Equator (Dima and Wallace,
2003).

Following the studies of Schneider (1977), Held and
Hou (1980) developed the seminal theory for the existence
and nature of Hadley Cells. In this theory, the Hadley Cells
must exist to give a reduction of the upper tropospheric
winds implied by thermal wind balance with tropical
temperature gradients to a magnitude that could be pro-
duced by angular momentum conservation in movement
from the Equator. Angular momentum conservation in the
upper branch of the Hadley Cells, together with frictional
dominance near the surface, are basic to deductions from
the theory. The annual average theory was extended to the
four seasons by Lindzen and Hou (1988). Plumb and Hou
(1992) gave a similar discussion in terms of a zero absolute
vorticity limit for the zonal wind balancing an equilibrium
tropical temperature gradient, beyond which Hadley Cell
over-turnings must occur. Based on the large-scale vortic-
ity equation, Emanuel (1995) suggested that the zero abso-
lute vorticity limit should apply in a three-dimensional
(3-D) Hadley Cell.

In the original Held and Hou theory, the extent of the
Hadley Cells was determined through energetic consis-
tency. However, Held (2000) discussed the alternative idea
that deep baroclinic instability may provide the limit to
their extent.

As recognised by Held and Hou, angular momen-
tum conservation from zero velocity at the Equator
moving to another latitude, ¢, gives a zonal wind,
u = uam = aQsin® p/cos ¢, that is many times larger
than that observed. This means that eddy angular momen-
tum mixing processes must be of order-one importance,
as proposed earlier by Jeffreys (1926). The importance
of the momentum flux associated with higher-latitude
eddies was stressed by Schneider (2006), and the emphasis

has shifted to the key role played by midlatitude eddies
and their momentum flux in many subsequent papers on
Hadley Cells and their latitudinal extent.

As will be discussed in Section 3, for consideration
of longitudinally limited regions, angular momentum has
the problem that pressure gradient terms tend to dom-
inate in changes following air parcels. Because of this,
analyses based on vorticity and potential vorticity (PV)
can be more illuminating and will mostly be used in
this article.

For solstitial Hadley Cells, with air moving from one
hemisphere to the other, it is helpful to consider the
inertial motion that would take place in the absence of
pressure forces. As calculated and discussed by Paldor
and Killworth (1988), air that crosses the Equator will
turn around and return to its original hemisphere. If the
air is moving eastward crossing the Equator it will con-
tinue to move eastwards, undulating back and forward
across the Equator. If it is moving westwards it can per-
form more of a figure-of-eight around the Equator. This
is the result of linear theory. However, in the nonlinear
case, the air conserves its vorticity (or PV). This leads
to the air parcel that has crossed the Equator having
the opposite sign in vorticity (or PV) compared with the
ambient air, and there is the possibility of local iner-
tial instability with the air accelerating away from the
Equator.

Rodwell and Hoskins (1995) analysed the low-level
flow that moves from the southern Indian Ocean, crosses
the Equator beside the East African Highlands and car-
ries moisture into the Indian Monsoon heating region.
PV sources and sinks near the surface were found to be
crucial for the assimilation of the air into the NH. If the
PV sources are not strong enough, the air tends to move
back towards the Equator and misses India. In addition,
the air moving rapidly into the NH carries its negative PV
with it and forms a strip of minimum PV. The strength
of the Somali Jet is thought to be associated with the
consequent inertial instability and acceleration down the
pressure gradient. In Tomas and Webster (1997), inertial
instability was seen as crucial to the location and strength
of near-equatorial convection.

In the upper branch of the Hadley Cells, away from
the region of ascent and deep convection in the region
of the upward branch, the heating and friction should
be small, so that PV is nearly conserved moving with
the air. Air moving from the summer hemisphere should
therefore carry its “wrong-signed” PV deep into the win-
ter hemisphere. However, this would be expected to lead
to instability. In addition, this broad occurrence of sum-
mer hemisphere PV deep in the winter hemisphere is not
seen in analyses. These considerations raise the question
of how air in the upper branch of the solstitial Hadley
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Cells can irreversibly cross the Equator and approach the
subtropical jet.

The aim of this article is to investigate some of the
questions raised using diagnosis of European Centre for
Medium-range Weather Forecasts (ECMWF) re-analysis
ERA-Interim data for boreal summer, June to August
(hereafter JJA). The structure of the article is that in
Section 2 the data and diagnostics used are briefly
described. The zonally averaged view of the Hadley
Cell in terms of angular momentum, vorticity and
potential vorticity will be discussed in Section 3. The
zonal and temporal variation of meridional flows in the

Hadley Cell region are investigated in Sections 4 and 5,
respectively. Events with strong convection and associated
cross-equatorial flow are illustrated in Section 6. Section
7 contains a concluding discussion. A summary of some
relevant equations is given in the Appendix.

2 | DATA AND DIAGNOSTICS

Data used in this study are ECMWF ERA-Interim
re-analysis horizontal winds (u, v), vorticity, and
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geopotential height (Z) for the 30-year period from 1981
to 2010. The fields are available 6-hourly with horizontal
resolution of about 0.7° and at 37 pressure levels from
1,000 to 1 hPa. In addition, potential vorticity is avail-
able on a limited number of isentropic levels. Detailed
information on the data can be found in Dee et al. (2011).
NOAA interpolated daily outgoing long-wave radiation
(OLR), which has a horizontal resolution of 2.5°x2.5°
(Liebmann and Smith, 1996), is also used as a proxy
for convection.

Three variables will form the basis for the analy-
sis in this article. They are specific angular momentum,
A, the vertical component of absolute vorticity (here-
after generally referred to as vorticity), ¢, and potential
vorticity (PV), P, and they are defined in the Appendix
in Equations A1-A3, respectively. Here the latitudinal
coordinate used is y = sin ¢, where ¢ is the latitude,
and the horizontal velocity variables are U = u cos ¢
and V = v cos ¢. The relationship between the lati-
tudinal gradient of A and ¢ is given in Equation A6.
Taking a zonal average, denoted by [], gives (as in
Equation A7):

1A _ e, )
a du

Thus, in a zonal average the latitudinal gradient of A
is proportional to ¢. In particular, [A] being uniform with
latitude implies that [¢] is identically zero.

On large horizontal scales the vertical component of
the vorticity term dominates in PV (Equation A4). In low
latitudes, the variation in vorticity dominates over vari-
ations in static stability, and so to a good approximation
PV and ¢ are related by a stratification that is a function
of the vertical coordinate only (Equation A5). In higher
latitudes the variation of the stratification can be of equal
importance to that of ¢ in the PV, and this approximation
is not valid.

The equation for the material rate of change of A is
given in Equation A8. As well as a frictional term, the
equation for A contains a zonal pressure gradient term that
in general means that arguments for material changes in
A must take the pressure field as known. The pressure gra-
dient force does not appear explicitly in the equations for
¢ and PV. On a fluid parcel, { can change only through
vortex stretching (and a twisting that is negligible on large
scales) as well as a frictional torque, but PV only changes
though frictional and diabatic processes.

The zonally averaged equation for A, when written in
the flux form (Equation A9), shows that A changes due
to the convergences of horizontal and vertical fluxes of A
and to friction. However, it is more convenient here to use
the zonally averaged equations for A (and U) and ¢ in the
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forms given in Equation A10 and A11:
0[A] J[U] 0 0
_— = —_— —_— J— — F
o %o aﬂ[UV] aap[a)U] af[V]+I[F],
()
d[A] J[U] oU
— — =—ag—— =q[V{] - — F]. 3
5 =95 —avel a[wap]ﬂ] (3)

Given that the terms involving w are likely to be
smaller, and in the long-term average the tendency terms
will be very small for small frictional torque, Equation 2
emphasises the balance between meridional momentum
flux convergence and the Coriolis force, and Equation 3
emphasises the role of meridional vorticity fluxes. These
are also highlighted in the flux form of the zonally aver-
aged vorticity equation (Equation A12):

==

e =25 eS| @

af] _ 10 10 waU 1 0
adu | dp azou
It should be noted that the absolute vorticity flux can
be written as the sum of the Coriolis torque and the flux of
relative vorticity, &:

[V =fIV]+ Vel (5)

It will prove useful to make a decomposition of the
meridional flux of both U and ¢ based on a time average
(below this will be for the JJA 30-year period), denoted by
an over-bar, and deviations from it by a prime. Then:

[UV]=[UV]+[UV], (6)
VS =fIVI+[VEl+[V'EN. (7)

[Correction added on 20 January 2020, after first online
publication. Equations (6) and (7) have been corrected in
this version. ]

In each case, the term involving only products of
time-averages will be referred to as the steady flux, and the
final term will be referred to as the transient flux. It should
also be noted that the momentum and vorticity fluxes are
related:

ve=-12 1wy - [Ua—“’ ] . ®)
aou op

This relationship gives the equivalence of the two
forms of the equation for A and U given above (Equations 2
and 3).

In the absence of frictional and diabatic processes, the
near material conservation of P and 6 away from the con-
vective regions means that P can trace the motion of upper
tropospheric air on 6 surfaces and will be used for that
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in this article. The inversion properties of PV also mean
that implications can be drawn from its distribution for
the dynamic and thermodynamic state of the atmosphere
(Hoskins et al., 1985).

3 | ANGULAR MOMENTUM,
VORTICITY AND PV
CONSIDERATIONS

Figure la-c show the zonally averaged mean meridional
circulation for JJA with colour block contours of A, ¢
and PV, respectively. Also shown on each are contours of
zonal mean U. The winter subtropical jet (STJ) is appar-
ent, centred near 200 hPa and 30°S. The JJA Hadley Cell is
clear in each, with its ascent near 10°N, descent near 20°S,
northward motion mostly below 850 hPa and southward
motion mostly between 150 and 250hPa. Clearly, the
northward-moving air in the lower branch of the Hadley
Cell moves through contours of all three variables. In
fact, with the frictional reduction in winds near the sur-
face, the values of A and ¢ there are close to those for
zero winds, that is a®?Q?cos?@ and f = 2Qsin ¢, respec-
tively. In the upper branch of the Hadley Cell, the con-
tours of each variable are deformed as if partially advected
by the southward-moving air. However, A is far from
uniform, and consistent with this, ¢, which is propor-
tional to its gradient (Equation 1) and PV, though reduced
in magnitude at low latitudes (as is clear by compar-
ing with the low-level contours), are certainly not zero.
The fact that ¢ is generally closer to f than zero over
the Southern Hemisphere subtropics is consistent with
the actual subtropical jet maximum being very much
smaller than the value that would be associated with the
conservation of A in the upper branch of the Hadley
Cell.

Looking in more detail at the upper branch of the
Hadley Cell in Figure 1a, from 10°N to the Equator the
value of A increases in the direction of the southward
motion. From 5°S to 25°S, the value of A decreases. In
the context of the zonally averaged momentum equation,
Equation 1, the fact that the vertical momentum flux
convergence and any frictional term are expected to be
relatively small means that in the time average the Corio-
lis force associated with the mean southward-moving air
must be nearly balanced by the horizontal momentum flux
convergence. Figure 2 shows latitude-pressure pictures
of the steady and transient horizontal momentum fluxes
(Equation 6). The large southward transient momentum
flux centred near 30°S at 250 hPa is associated with tran-
sients on the SH winter STJ. Less discussed, though high-
lighted by Dima and Wallace (2003) is the shallow region
of northward momentum flux centred near the Equator

Royal Meteorological Society

and 150 hPa. This is strongest in the steady flux, but also
present with a very similar structure in the transient flux.
The convergence of this flux from the Equator to about
10°N provides the required balance with the Coriolis force
here (f positive and V negative). In the SH, the divergence
of this equatorial momentum flux, together with that of the
transient flux on the SH STJ, provide the required balance
with the Coriolis force (f negative and V negative) from
about 5 to 25°S. The important role in the momentum bal-
ance of the steady and transient momentum flux centred
close to the Equator and in a shallow layer near 150 hPa is
evident from this discussion.

The vorticity flux form of the zonally averaged momen-
tum equation, Equation 3, also provides insight into
the dynamics in the upper troposphere. As discussed in
Section 2, except perhaps in the latitudes of deep convec-
tion and the ascending branch of the Hadley Cell, in the
zonal average in the upper troposphere the Coriolis term
must be nearly balanced by the meridional flux of relative
vorticity to give a near-zero flux of absolute vorticity. The
absolute vorticity flux (labelled “tot”) and the decomposi-
tion of it as in Equation 7 (with the terms labelled “Cor”,
“steady” and “trans”, respectively) are shown in Figure 3
for JTA 2009 and at the 200 hPa level. The latter is a com-
promise between 150 hPa, which is more suitable for the
deep Tropics, and 250 hPa, which is more suited to higher
latitudes. Consistent with expectation, there is generally
a large compensation between the terms so that the total
vorticity flux is indeed relatively small. Between the Equa-
tor and 10°N both the steady and transient fluxes act to
compensate the Coriolis term, but here the cancellation is
only partial, consistent with the possibility of a frictional
term associated with the convection in this region. The
ECMWF model used in their analysis system does con-
tain a parametrization of cumulus momentum transport.
In the latitudes 5°S-25°S the Coriolis term is balanced
by the steady and transient vorticity fluxes. The former is
about twice as large, but both are important. Further anal-
ysis shows that the contribution of the time-varying zonal
mean Hadley Cell ([V]'[£]’) to the transient flux is neg-
ligible, so that the zonally asymmetric eddy component
([V™*E™]))is totally dominant in the transient vorticity flux.
It should be noted that the steady and transient vortic-
ity fluxes for this 1 year are consistent with the latitudinal
gradients at 200 hPa of the momentum fluxes shown in
Figure 2 for the 30 years.

Both momentum and vorticity perspectives show that
in the upper troposphere, tropical zonally asymmetric
steady and transient motions play crucial and similar
roles in the dynamics of the Hadley Cell. Following this
insight, the nature of the steady zonal asymmetries and
the transient motions will be investigated in the next two
sections.
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4 | THE 3-D STRUCTURE OF THE
TIME-MEAN HORIZONTAL MOTION
ASSOCIATED WITH THE HADLEY
CELL

First the structure of the time-mean Hadley Cell
meridional motion is illustrated in two ways. The

latitude-longitude structure of the time-mean motion
in the upper and lower troposphere and of the OLR is
given in Figure 4a,b and the longitude-height section of V'
averaged from 10°S-5°N in Figure 5.

The mean winds in the lower troposphere (arrows
on Figure 4b) exhibit the northward flows from the SH
and across the Equator that average to give the 950 hPa
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the text

component of the lower branch of the Hadley Cell. The
dominant cross-equatorial motion is associated with the
flow from the southern Indian Ocean into the South Asian
and the west Pacific regions of convection. Also clear are
the flows from the SH into the east Pacific and Atlantic
intertropical convergence zone (ITCZ) heating regions.
Each of these Trade Wind flows changes from southeast
to southwest as it crosses the Equator. In the upper tro-
posphere (Figure 4a) there is a strong return flow in the
Indian Ocean/west Pacific sector and weaker return flows
in the ITCZ regions. It should be noted that in Figure 4
the upper troposphere is shown at 150 hPa in the Eastern

Hemisphere and 250 hPa in the Western Hemisphere, and
the lower troposphere at 950 hPa. These levels are chosen
to capture the maxima in most regions. However, they are
not optimum for the African sector where, as will now be
seen, 200 and 750 hPa would be more suitable.

In Figure 5 a 15° band of latitudes from 10°S to
5°N is used for averaging the meridional wind, this
being sufficiently narrow to delineate the structure of the
cross-equatorial motion and broad enough to indicate the
general structure of the entire upper and lower branches
of the Hadley Cell. The topography close to the Equator is
indicated below the panel. Consistent with Figure 4, the
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Hadley Cell is seen to be made of both upper and lower
branches in the Indian Ocean/west Pacific, the east Pacific,
the Atlantic and Africa. At low levels in the first region,
it is apparent that the strong cross-equatorial motion near
the Eastern Highlands of Africa is accompanied to the east
by other maxima that are generally also hugging the east-
ern sides of islands. As in Rodwell and Hoskins (1995), it
appears that the extra friction they provide may be impor-
tant in enabling the air to cross the Equator. However, the
recent experiments of Zhuang and Duan (2019) suggest
that the islands act to separate the cross-equatorial flow
and even slightly reduce its total mass transport. In the east
Pacific and Atlantic, the shallow southerly flows deepen
slightly to the west. Over Africa, as will be seen in Figure 5
below, the motion towards the summer hemisphere occurs
over the high plateau and is therefore not seen in
Figure 4b.

The return flow in the various regions in the upper tro-
posphere shows less detailed structure. Except over Africa,
the return flow in the Eastern Hemisphere maximises near
150 hPa. However, in the Western Hemisphere, in the east
Pacific and Atlantic, the maximum return flow is closer to
250 hPa, consistent with the convection there being gen-
erally not as deep. Also over the Atlantic, and to a lesser
extent the east Pacific, there is a weak return flow between
500 and 700 hPa, which leaves its signature on the zonally
averaged Hadley Cell motion (Figure 1). This is consistent
with there being some shallow convection in these ITCZ
regions. For later reference, it should be noted that the
370K 6-level is in the upper part of the Indian Ocean/west
Pacific region of southerly flow, and the 350K #-level is in
the lower part here and in the upper part in the east Pacific
and Atlantic.

The mean OLR is shown in colour in Figure 4b. The
dominant region of implied strong convection is that cen-
tred on South Asia and the Philippines. The low-level flow

0 30 60 90 120 150 180 210 240 270 300 330 360

Longitude

Near-equatorial orography

in this region is the major contributor to the lower branch
of the zonally averaged Hadley Cell, and feeds into it mois-
ture from the southern Indian and west Pacific Oceans.
Also clear are the east Pacific and Atlantic ITCZs with their
inflow from the south, and the continent of Africa, for
which the inflow is at a higher level.

We now turn to the horizontal structure of the upper
tropospheric momentum fluxes, whose role in the angu-
lar momentum budget were discussed in Section 2 and for
which zonal average sections were shown in Figure 2. In
Figure 6 are presented longitude-latitude pictures of the
steady and transient momentum fluxes for the upper tro-
posphere (150 and 250 hPa in the Eastern and Western
Hemisphere, respectively). It is striking that the signature
of positive momentum fluxes centred near the Equator
and negative fluxes poleward of about 10°S-15°S is seen
to occur in each of the Indian Ocean-west Pacific, east
Pacific, Atlantic and African sectors in both steady and
transient momentum fluxes. The positive signature is
larger in the steady flux, and the negative flux in the
STJ latitudes is dominated by the transient flux. In the
Indian Ocean-Australian sector, the latter is more evident
at 250 hPa, which is closer to tropopause level there.

5 | THE TEMPORAL BEHAVIOUR
ASSOCIATED WITH THE HADLEY
CELL

When compared with the mean OLR (Figure 4b), the stan-
dard deviation of OLR (Figure 4c) shows maximum values
in similar tropical regions. Its magnitude is comparable
with the variation of the mean OLR from convective to
non-convective regions, indicating that the variability is
sufficiently large that the convection tends to vary between
being large and being almost absent. The dominant signal
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is again the south Indian and Philippine regions, but this
time there is an indication of a break between the two.
Consequently, in some of the analysis below, the OLR in
the boxes shown will be considered separately and they
will be referred to as the Indian Ocean or IO Region
(60-100°E, 0-20°N) and the Warm Pool or WP Region
(110-160°E, 0-20°N).

To illustrate the nature of the transient behaviour, Hov-
mollers of 5°N-10°S v at 150 and 950 hPa, and 0-20°N
OLR for one JJA season are presented in Figure 7. An El
Nifio neutral year, 2009, is used for this illustration. The
average OLR for this season is very similar to that shown
for the 30-year average in Figure 4a. The Hovmoller for
OLR (Figure 7c) shows low (blue colours), indicating cold
cloud tops and deep convection for much of the time in
the Indian Ocean/west Pacific, some of the time in the
east Pacific sector (240°E-280°E) and occasionally in the
Atlantic/West African sector (340°E-30°E). However, the
transient nature of the OLR minima is also clear in each
region. In the Indian Ocean there are weeks with more
convection and some with less. In all the sectors, there
are clear indications of westward-moving extrema with

synoptic space- and time-scales. Separate OLR Hovmollers
for the latitudes 0°-10°N and 10°-20°N show that the
westward-moving synoptic signature is mostly derived
from the off-equatorial band. The meridional wind at
950 hPa, Figure 7b, shows that the southerlies seen in
Figure 5 that make up the lower branch of the Hadley
Cell also have significant transient behaviour on synoptic
space- and time-scales. Again, these transients mostly tend
to move westwards. When contours of 950/150 hPa wind
and OLR are superimposed on each other (not shown) con-
siderable evidence of coherence between the two fields is
found over time-scales of a few days.

At 150 hPa (Figure 7a) the westward movement of both
maxima and minima in the meridional flow are again
apparent. In the Indian Ocean-west Pacific this is seen
as an enhancement or diminishing of the southerly wind.
A quite regular westward-moving transient behaviour on
quite short space- and time-scales is apparent in the
Atlantic-West Africa sector and east Pacific sectors, with
some features moving westward from east of the zero
meridian to the date-line. At 250 hPa in the Western Hemi-
sphere (not shown), the southerly wind is more dominant
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Hovmoéllers for JJA 2009. (a) v at 150 hPa, averaged between 10°S and 5°N; (b) v at 950 hPa, averaged between 10°S and

5°N; (c) OLR averaged between 0° and 20°N. The unit is m s~ for vand W m~2 for OLR.

than at 150 hPa and the dominance of westward move-
ment is less apparent.

The synoptic time-scale transient behaviour found
here is consistent with that found for the Eastern Hemi-
sphere in JJA 1992 by Yang et al. (2007a; 2007b; 2007c).
Using westward-moving OLR averaged from 4°N to
16°N, convectively coupled wave structures were found
(Yang et al., 2007b, Fig. 2) to have coherent behaviour
in the upper and lower troposphere for more than a
week, and also zonal wavelength of 45-50° and period
7-8 days.

Based on the 30-year period, power spectra for OLR at
0-20°N and for v averaged at 10°S-5°N and at 150/250 hPa
are given in Figure 8. In both fields the importance of
variability on both intraseasonal and synoptic (princi-
pally 4-9 days) time-scales is apparent. This is the case
in the Indian Ocean-west Pacific region and in the
ITCZ regions of the east Pacific and Atlantic. There are
noticeable peaks near 9days in the WP region and near
2weeks in the IO Region. Further analysis (not shown)
gives that these peaks come predominantly from the
10°N-20°N band.

To conclude this section, we consider the correlation
behaviour of OLR in the IO and WP Regions. The auto-
correlations are shown in Figure 9a. In the IO Region,
there is a drop-off on synoptic time-scales, but then zeros
about +12 days and negative peaks near +15 and —17 days,

and positive peaks again around +30 and —37 days, con-
sistent with a 30-40-day period Intraseasonal Oscillation.
For the WP Region these features are less apparent, though
the autocorrelations reach near zero by about —20 and
+17 days and are positive again near —40 days.

The correlation between OLR in 10 and WP Regions
(Figure 9b) shows positive values at +8days, implying
that the OLR in the WP Region has a negative extremum
(maximum convection) about 8 days after the IO Region
has one. The maximum near —30days implies that 10
Region has a negative extremum some 30days after one
in the WP Region. Taken together and assuming oscil-
latory behaviour, these are consistent with a period of
38 (8+30) days. Also, the WP Region has a negative
peak 15days before the IO Region has a positive peak.
Together with 8-day lag referred to above, this is consis-
tent with a half period for the IO Region of 23 (8 +15)
days and a full period of 46 days. Following Wang and
Rui (1990) there have been many studies of the boreal
summer IntraSeasonal Oscillation (ISO). The evidence
here is for the eastward moving of the ISO in OLR with an
approximate 40-day period and with the IO Region leading
the WP Region by about 8 days.

The I0 and WP Regions used here are similar to those
of Lee and Wang (2016, hereafter LW) for their analysis
of the regional boreal summer ISO, with the principal dif-
ference being that the latitudinal domain of LW extended
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a further 10° on both the northern and southern sides.
Comparing with the first two empirical orthogonal func-
tions (EOFs) of their multivariate analysis of OLR and
850 hPa u in the two regions, it will be seen below that
the OLR for their EOF2 in their IO Region and EOF1
in their WP Region correspond, respectively, to the OLR
behaviour obtained here in the I0 and WP Regions. In con-
trast to the eastward movement found here, LW showed
a lack of such movement, but this was for their first
EOFs in the two regions. Further analysis (not shown)
gives that the major contribution to ISO time-scales
found here comes from the 0-10°N band. Also, consistent
with the analysis given above, LW found slightly longer
ISO time-scales in the WP Region compared with the
10 Region.

6 | EVENTBEHAVIOUR

In this Section, the major aim is to produce a more synoptic
picture of the events that involve large negative OLR in the
I0 and WP regions, centred on South Asia and the Philip-
pines, respectively. This will be done using data for the
30-year period, 1981-2010, and for 1 year, 2009.

As a context for this, we first show in Figure 10 PV on
the 370K isentropes averaged over 2009 JJA and for one
typical analysis time, 1200 UTC on 1 August 2009. In the
climatology (Figure 10a), the smooth picture shows the
Asian Monsoon anticyclone (low PV) almost surrounded
by higher values, as was discussed in Hoskins (1991). In
particular, to the east high PV is advected southwards and
then westwards in a broad tongue north of the Equator.
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At one analysis time, detailed structure associated with
synoptic variability is striking, being even more so in movie
loops over weekly periods (Video S1, Supporting informa-
tion). Of interest here is the evidence of several filaments
with near-equatorial PV values curved anticyclonically
(anti-clockwise) into the SH. The videos show that such
filaments can return to the tropical region, be mixed in
the SH subtropics or reach the anticyclonic side of the
STJ, like that near 90°E in Figure 10b. It is also seen in
Figure 10b that over Africa (around 40°E), in a wave-like
structure, negative PV from the SH has penetrated into
the NH, reaching 10°N. This is consistent with Yang et al.
(2018) who indicated that African Easterly Wave activity
can be influenced by non-stationary Rossby waves prop-
agating from the SH into NH in the upper tropospheric
easterlies in that region. In the Philippines region some
negative PV can be seen. Looking at the previous days, it
is evident that these negative values appear in this region
and are not advected from elsewhere. If these are real,
they could be due to mesoscale generation associated with
strong diabatic heating in a sheared environment.
Returning to the focus of this Section, Figure 11la,c
show, for the 30-year period, fields regressed on IO Region
OLR with zero lag. The OLR itself is given in Figure 11c.
The low values in the whole IO Region area are indica-
tive of the strong deep convection there, and the lack
of extension into WP Region indicates the simultaneous
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FIGURE 10 PV on the 370K isentrope. (a) JJA 2009
time-mean; (b) 1200 UTC on 1 August 2009. The unit is PVU

absence of convection there. The lower tropospheric
(950 hPa, Figure 11c) winds regressed on I0 Region OLR
show a strong flow starting from 35°S, around an enhanced
Mascarene High and through a strong Somali Jet into the
South Asian region of enhanced OLR. In the upper tropo-
sphere (150 hPa, Figure 11a), the return flow starts on the
eastern side of the Asian Monsoon anticyclone and then
involves a strong northeasterly flow from 10°N to 15°S in
the western and central Indian Ocean. The flow then turns
to a northwesterly direction and joins the anticyclonic side
of the STJ. This is clearly consistent with the strong north-
ward steady and transient momentum fluxes centred on
the Equator and the southward fluxes south of 15°S dis-
cussed above and seen in Figures 2 and 6. The coloured
field in Figure 11a shows the relative vorticity. Consis-
tent with its near-equatorial origin, the air in the region in
which the northwesterly flow approaches the STJ exhibits
large anticyclonic relative vorticity.

All the same features are evident, and are even
more striking, when the correlations are performed for
JJA for the 1lyear, 2009 (Figure 11b,d). In this 1year,
there are waves on the STJ and the upper tropospheric
northwesterly from 15°S comes in slightly ahead of a
trough.
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FIGURE 11

Fields regressed on OLR in the IO region for JJA for the 30-year climate (left; a,c) and for 2009 (right; b,d). The fields are

150 hPa wind vectors and relative vorticity block contours (top; a,b), and 950 hPa wind vectors and OLR block contours (bottom: c,d). The
scales for the wind vectors are shown at the top right of the top and bottom rows. The OLR unit is W m™2

Similar pictures for fields regressed on WP Region OLR
are given in Figure 12. Referring first to the climate pan-
els (left), in Figure 12 the OLR minimum is now mainly
in the wider Philippines, WP Region. There is inflow to
this around a broad anticyclonic region at 950 hPa. In
the upper troposphere (Figure 12a), the return flow has
a similar structure to that in Figure 11a but shifted some
40° to the east. For the single year, 2009, Figure 12d
shows evidence of strong convection in the extended
Philippines region and the inflow to it is around a very
strong Australian high, which is well separated from the
Mascarene high. The return flow in the upper troposphere
(Figure 12b) is like that in the climate fields (Figure 12a)
but the anticyclonic vorticity associated with it is more
marked. There is a clear interaction with waves on the
STJ, with the flow from the Tropics again joining ahead
of a trough.

The time development of the upper tropospheric fields
in these events in 2009 is illustrated in Figure 13 through
fields regressed on OLR in the IO Region (left panels) and
the WP Region (right panels) with lags of —3 days (top row)
and +3 days (bottom row). In both cases, the return flow is
largely limited to the near-equatorial region 3 days before
the OLR minimum. Three days after the OLR minimum
it is strongly interacting with the STJ and the waves on it.
Associated with it, there is large anticyclonic vorticity.

The upper tropospheric behaviour in two events in
20009 is illustrated in Figure 14 with 370 K PV and 150 hPa
winds for 8 July and 13 July. The general character of the
two events is very similar to those given above in Figure 11
for the IO Region and in Figure 12 for the WP Region.
The tongues of NH PV moving into the SH in the regions
of strong cross-equatorial winds are consistent with the
expected approximate material conservation of PV away
from the convective region in the northern Tropics. Low
magnitudes in PV are seen reaching to the STJs ahead of
the troughs. The fact that the PV values here are not even
closer to tropical NH values than they are may be because
of some mixing in the atmosphere or because the ERA
system itself introduces mixing.

The importance of both synoptic and longer time-scale
variability in the OLR minima in the climatology for
the WP Region is evident from Figure 15. Here, for lags
—3days, 0 and + 3 days with the OLR minima in the WP
Region, are shown regressed OLR anomalies from the
30-year mean, near-equatorial 150 hPa full (raw) v and var-
ious components of it. The negative OLR anomaly grows
and decays in the WP Region in the 6-day period. It is
basically stationary but there is a hint of a small, more
synoptic-scale component with some westward movement
from day —3 to day 0. Full v is negative throughout the
whole IO Region and WP region domain and throughout
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FIGURE 12 Asin Figure 11 but for fields regressed on OLR in the WP region
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the period. The anomaly (departure from the 30-year JJA As mentioned above, Yang et al. (2007a; 2007b; 2007¢)
mean) in v grows to become about 70% of the full vin  have shown that projection onto the horizontal structures
the WP Region at day 0 and decays with some westward  of classic equatorial waves indicated that much of the real
movement on synoptic scales. world near-equatorial synoptic behaviour in one summer
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OLR (0-20°N) and near-equatorial v (5°N-5°S) for the 30-year data
for regressions on OLR in the WP region. Shown are the OLR
anomaly (blue), 150 hPa v (continuous red line), and its anomaly
(dotted red line). Also shown is the component of 150 hPa equatorial
v associated with the projection onto the n = 0 equatorial MRG wave
structures at 150 hPa (dashed red line). See text for more details

can usefully be related to these wave modes, even though
many assumptions of the idealised theory are not strictly
valid. The projections of the 150 hPa v-field (filtered to
wave-numbers 2-40) onto the horizontal, n = 0 equato-
rial mixed Rossby—gravity wave structure is also given in

be expected to be minimal. Vertical advection of angular
momentum is also expected to be very small in this layer.
The implication is that in the time and zonal average, the
meridional absolute vorticity flux, W must be zero to
the first order. The splitting of this term into three different
components has shown that the Coriolis torque is indeed
nearly balanced by steady and transient relative vorticity
fluxes. The former is larger, but both are important. From
the momentum flux perspective, it has been seen that
the tropical structures of the steady and transient fluxes
are very similar, both having a northward maximum on
the Equator, and reversal of sign in the belt 10-15°S. The
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region of the southward transient momentum flux joins
continuously with the large flux associated with eddies on
the winter STJ.

The subsequent analysis of the longitude, latitude and
time structures of the motions that average to give the
Hadley Cell further add to the understanding that the
Hadley Cell motions are the result of tropical convection
and meridional circulations on longitudinally confined
sectors and the enhancement of this convection during
certain periods.

We now consider again the dynamical requirement
that [VV¢] ~0. In the classic angular momentum conserv-
ing view, this is satisfied by { = 0 everywhere in the upper
branch of the Hadley Cell. Based on the diagnostics pro-
duced here, a better idealised model may be to separate
into times/longitudes in which convection is strong and
times/longitudes in which it is not. The former can be asso-
ciated with near-equatorial PV and absolute vorticity being
transported into the winter hemisphere, and the latter with
more ambient conditions. Therefore, we assume:

where/when convection is active, { =0, and V is large,
amplitude V, say;

elsewhere ¢ is an ambient value, taken to be f, and
V=0.

If the convection occurs in a fraction of the longi-
tudes, a,, and a fraction, «, of the time, then the wind
and absolute vorticity in the upper branch of the Hadley
Cell would be approximately aV, and f (1—a), respec-
tively, where « = a,a;. The magnitude of the subtropical
jet would then be auay. Compared with uay ~ 134 m-s1,
the observed value, ~42 m-s~! would be consistent with an
active local Hadley Cell occurring about @ = a,a; = 0.3
of the longitude-time. This contrasts with the more usual
argument in terms of an axisymmetric Hadley Cell with
stresses from extratropical eddies being responsible for
reducing the zonal winds far below those given by angu-
lar momentum conservation. However, Hill et al. (2019)
showed that even without those stresses, some reduction
in zonal winds can be found in an axisymmetric model due
to the finite width of the Hadley Cell updraft and turbulent
mixing.

In an aqua-planet model with no longitudinal variation
in the boundary conditions, a; = 1 and so for the cor-
rect magnitude of the STJ, convection must occur at each
longitude about a; = 0.3 of the time.

The transient motions involved in the Hadley Cell
have both ISO and synoptic time-scales. The contribu-
tions to the JJA Hadley Cell are dominated by those from
the Indian Ocean-west Pacific sector. This sector seems
to split naturally into two, a South Asian/IO sector and
a Philippines/WP sector. In both the ISO is strong, and

the Hadley Cell extreme contributions come from times
at which westward-moving waves enhance convection
which is associated with a favourable phase of the ISO.
These westward-moving waves have been identified with
the WMRG waves coupled with convection analysed by
Yang et al. (2007a; 2007b; 2007¢).

In the upper troposphere, filaments of near-equatorial
air move southwestwards into the SH. Some may turn
cyclonically and return to the equatorial region. Others
may be mixed in with the ambient SH air. However, in
the big convective events they can reach the latitude of
the STJ, and seemingly enhance both the magnitude of the
STJ, the waves on it, and the transient momentum flux
associated with them. In the lower troposphere, there is a
suggestion that SH air feeding the NH convection comes
from much deeper in the SH and around enhanced anti-
cyclones there. In any case, it is clear that there is a strong
extratropical-tropical interaction in these events, and that
there is a strong two-way interaction between the Hadley
Cell and the STJ, including the eddies on it.

Several questions follow from the analysis described
here:

1. How well does the ERA-Interim dataset represent the
detailed behaviour in the upper branch of the Hadley
Cell?

2. How well is the behaviour represented in weather and
climate models?

3. Are the details of the flow that average to give the
Hadley Cell important?

The particular focus in Questions 1 and 2 is on the fil-
amentary structure of the upper tropospheric air flowing
from the summer hemisphere into the winter hemisphere,
and sometimes as far as the STJ and interacting with it.
Figure 14 does not indicate PV conservation in such fila-
ments, but it does indicate only a slow change of the values
with displacement from their origin. These filaments are
relatively narrow in the horizontal, and also likely to be
shallow in the vertical. The ERA-Interim analysis gives
a striking and convincing view of the detailed behaviour
in the upper branch of the Hadley Cell. However, it is
possible that the analysis acts to smooth the PV in the
region of such shallow, filamentary PV structures. Simi-
larly, weather and climate models may need to have high
horizontal and vertical resolution to represent them prop-
erly. In these models, the problem may be compounded
by explicit or implicit mixing, particularly in the vertical
direction. A further problem in modelling is that the fila-
ments occur at the level of outflow from convective events
in the summer Tropics. If this level is wrong or the sporadic
nature of the convection is not well represented, then the
behaviour will be wrong.
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In two aspects, the answer to Question 3 must be
yes. In the chemical composition of the atmosphere, the
fact that the transport of upper tropospheric air from the
summer to the winter hemisphere occurs in spasmodic,
almost undiluted filaments rather than in the smooth
manner suggested by the classic Hadley Cell picture must
be highly significant in terms of the chemical reactions
that take place.

Much of the discussion here has been about trop-
ical weather and in particular the localised flaring of
convection in tropical systems associated with the ISO
and synoptic, WMRG waves. This is clearly important
in tropical weather forecasting. The interaction of the
upper-tropospheric tropical filaments with the STJ and the
possible enhancement of the eddies on that jet means that
the interaction may be important for extratropical weather
and its prediction. There is also an intriguing hint that
the low-level inflow to the enhanced tropical convection
comes from deep in the SH.

Taking the view that climate is the ensemble of weather
and given that the answer to Question 3 for weather has
been yes, then it must also be yes in the case of cli-
mate. However, in other respects, whether the detailed
behaviour that averages to give the Hadley Cell mat-
ters in climate is not as obvious. The large-scale con-
straints given by energetic and angular momentum con-
sistency, as highlighted in, for example, the Held and
Hou approach and discussed in Hill et al. (2019), may
suggest that the details discussed here do not matter to
first order. However, the important transfers of angular
momentum by systems of tropical origin and the strong
interaction of tropical upper-tropospheric filaments with
the STJ suggest that it is indeed likely that they matter to
first order.

In a subsequent article, the detailed structure of the
Hadley Cell in the other solstitial season, December to
February, will be analysed. It will be shown that the gen-
eral conclusions drawn from the June to August season
are again valid. However, there are new features associ-
ated with the ITCZ regions remaining north of the Equator,
and with the occurrence of upper-tropospheric westerlies
across much of the Pacific and Atlantic Ocean regions that
will be highlighted.
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APPENDIX

Some equations used in the text

It is convenient to use x = sin ¢ as latitudinal coordi-
nate, where ¢ is the latitude,and U = u cos ¢, V =vcos ¢ as
velocity variables. The specific absolute angular momen-
tum is

A=a’Q(1 - u*) +aU, (A1)

where a is the radius of the Earth, and Q its rotation rate.

The vertical component of absolute vorticity is

1 oV 10U
=20+ —— " - 222 A2
C=2Uut T 597 aon (A2)
The potential vorticity (PV) is
1
P==¢-V0, (A3)
p
where ¢ is the 3-D absolute vorticity. On large

length-scales, the term corresponding to the vertical
component of { dominates, and

pr 20 (A4)
p 0z

In the Tropics the stratification varies little in the hori-
zontal and in time, so that

P~ 1 g@’ (A5)
p dz
where 0,(z) is a reference stratification.
From Equation Al,
10A 1 oV
- gt + —. A6
aon - T2 (A6)
Therefore, in a zonal average, denoted by [],
10d[A
LA _ g, (A7)
a du

The equation for the material rate of change of A is, in
pressure coordinates,

DA 00
= =_Z-4F, A8
Dt 0 (A8)
D_2 1 9 4 1y0 9 di }
where =% a(l—yZ)UzM + aVaM +a)ap,d>1sthegeopo
tential and F is the frictional torque.
In flux form,
0A 1 0 10
—=—-———UA--—WVA
ot a(1—;42)a,1( ) aa,u( )
0 7L
- —(wA)— — +F. A9
op (@4) - — (A9)

In the zonal average and using U instead of A in the
fluxes,

J[A]

:aM:

9 d
- = _E[UV] —ag[a)U] —af[V]+[F].

(A10)
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An alternative form emphasising the role of the abso-
lute vorticity flux is:

M—aM:a[V{:]_

= +[F
ot ot L7

[ U (A11)

For the vertical component of absolute vorticity,

D¢

A%
D1 C——k (wa$>+ak-(VxF), (A12)

where V = (U, V) and F/a is the friction in the equation
for V. Here the twisting term, the second term on the
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right-hand side will be small on large scales. In the zonal
average, the flux form, which can also be derived by taking
a~20/0u of Equation A11, is:

d[¢] 10 [ oU| 10
—=-a —V -— |lo=| - =—I[F Al3
ot [ C]+ad [ op a?ou - (AL3)
The material rate of change of PV is
DP _ 1l . vo+aVxF) Vo).  (Al4)
Dt p





