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[1] The meridional overturning circulation of the atmosphere between 45 S and 45 N is decomposed using
simulated 3D Lagrangian trajectories for calculating the
Lagrangian overturning streamfunctions. This permits an
analysis of meridional mass transports which otherwise
cancel in time-averaged zonal-mean Eulerian streamfunctions. Overturning circulations inferred from trajectories of
no net meridional transport are qualitatively similar to the
Eulerian mean, but yield half the Hadley cell amplitude, and
twice that of the Ferrel cell. Cross-equatorial transports of
some 130 Sv result in two cells that account for the remainder
of the Hadley cells. The overturning in midlatiudes is partly
cancelled by large (>150 Sv) meridional transports approximately following isentropes. Changes and implications for
various coordinate systems, e.g., isentropic, are also discussed. Citation: Kjellsson, J., and K. Döös (2012), Lagrangian
decomposition of the Hadley and Ferrel cells, Geophys. Res. Lett.,
39, L15807, doi:10.1029/2012GL052420.

1. Introduction
[2] The meridional overturning circulation of the atmosphere describes the mass transport between the tropics and
poles at different altitudes, which is perhaps the most fundamental property of the general circulation. Understanding
this mass transport is thus important for understanding the
transport of energy and atmospheric constituents (e.g., carbon dioxide), as well as their response to a changing climate.
However, as the circulation is three-dimensional and timedependent, it can be rather difficult to represent accurately in
one picture. Conventional Eulerian meridional overturning
streamfunctions, which represent the time-averaged zonalmean mass transport above a certain pressure level at a certain latitude, show a three-cell structure in each hemisphere;
the Hadley, Ferrel, and Polar cells [cf. Kållberg et al., 2005].
However, the results differ whether the zonal mean is taken
on isobars or isentropes [Townsend and Johnson, 1985;
Pauluis et al., 2010; Döös and Nilsson, 2011], where the
latter yields only one cell in each hemisphere. Furthermore,
the circulation on moist isentropes has been found stronger
than that on dry isentropes [Pauluis et al., 2010; Laliberté
et al., 2012]. Calculating the Transformed Eulerian Mean
(TEM) [Andrews and McIntyre, 1976; Karoly et al., 1997;
Held and Schneider, 1999; Juckes, 2001], and recently the
Statistical TEM [Pauluis et al., 2011], thus including an
eddy-induced contribution, yields two hemisphere-wide
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cells, as the Eulerian mean and eddy-induced circulations
partly cancel each other in midlatitudes. It was also shown by
McIntosh and McDougall [1996], that the TEM formulation
is a approximation of the isentropic circulation in isobaric
coordinates.
[3] In the present study, the meridional overturning circulation of the atmosphere is investigated using mass transports
from model-simulated Lagrangian trajectories and the corresponding Lagrangian streamfunctions [Blanke et al., 1999;
Döös et al., 2008], rather than using Eulerian methods. The
Hadley and Ferrel cells are decomposed by separating the
trajectories into classes depending at which latitudes they
start and end. The Lagrangian streamfunction is calculated
separately for each class. Thus, the overturning circulation is
decomposed into parts of net meridional transport, and other
parts of no net meridional transport. Information about the
mean vertical displacement of trajectories in the different
components of the overturning will be presented and discussed. The question of how well the conventional Eulerian
mean can describe paths of Lagrangian particles will also be
dealt with. In calculating the overturning circulation from
intrinsic transports, it is possible to quantify and visualize
some of the cancellations in it, and thus understand the paths
of meridional mass transports.

2. Lagrangian Trajectories
[4] Lagrangian trajectories were calculated using the
TRACMASS Lagrangian trajectory code [Döös, 1995;
Blanke and Raynaud, 1997] with surface pressure and horizontal winds on model levels from the ERA-Interim data set
[Berrisford et al., 2009], with 6-hourly output. TRACMASS
uses the 3D field of mass fluxes to compute the trajectory of
a mass element [de Vries and Döös, 2001]. Trajectories are
calculated using only mass continuity, with no parameterization such as convection or small-scale turbulence. This is in
contrast to many other trajectory schemes (based on, e.g.,
Runge-Kutta integrations) where position is calculated from
the velocity fields. A TRACMASS trajectory traveling from
grid box A to B can be considered as the mass in A being
transported to B. Thus, each time a trajectory crosses a grid
box wall in any direction, it can be registered as a mass
transport through that wall. Note that trajectories do not
represent individual particles or small air parcels, but rather
entire grid boxes being advected. Integrating the mass
transports temporally, zonally, and vertically yields the
Lagrangian streamfunction in model coordinates [Blanke
et al., 1999; Döös et al., 2008], which may then be interpolated to pressure levels. How well trajectories represent
the global-scale overturning may be found by comparing the
Lagrangian and Eulerian streamfunctions.
[5] The ERA-Interim data used in this study had a
horizontal resolution of 1.25 with 60 hybrid-coordinate
levels [Simmons and Burridge, 1981]. Horizontal winds were
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meridional transport, and also poleward flow from equatorward flow. Hence, it is not a method to isolate eddy-induced
transport as done by Döös and Nilsson [2011], as it is
included in the trajectory motion. However, while two trajectory mass transports may cancel each other, the two separate streamfunctions show the individual transports and
their magnitudes. The Lagrangian streamfunction also differs
from the Lagrangian mean [Kida, 1977; Bowman and Carrie,
2002], which uses mean displacements and spread of trajectories, not mass transports.

4. Lagrangian Decomposition
Figure 1. Schematic view of the mean pathway of each trajectory class. The green, red, yellow, and blue lines represent
the classes “South to South”, “North to North”, “North to
South”, and “South to North”, respectively. Maximum transport from the Lagrangian stream function is presented for
each class. Units in Sv (109 kg/s). Mean vertical displacement for each trajectory class is roughly to scale, while the
meridional displacement is only schematic.
available at each model level, and the vertical mass flux was
calculated using the continuity equation (see Appendix A for
discretization).

3. Meridional Overturning Streamfunctions
[6] The time-averaged zonal-mean Eulerian streamfunction in isobaric coordinates is defined as
yE ðy; pÞ ¼

1
t1  t0

Z
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dp′dxdt;
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where x, y, p′ are the coordinates and v(x, y, p′, t) is the
meridional velocity. yE(y, p) is then a measure of the total
meridional mass flux across the latitude line y above the
pressure level p averaged over the time period between t0 and
t1. The unit of yE is kg/s, however, the unit Sverdrup defined
as 1 Sv = 109 kg/s is more practical.
[7] Let T yn = (Dx0Dp0v0)/g be the meridional mass transport by trajectory n. The subscript 0 denotes that T yn is given
by its initial velocity and area, and thus remains unchanged
during transit. The Lagrangian streamfunction is then, following Blanke et al. [1999] and Döös et al. [2008],
yLj;k ¼

k X X
X
k′¼0

i

y
Ti;j;k′;n
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y
where T i,j,k′,n
is the meridional mass transport by trajectory n
through the zonal-vertical grid box wall at i, j, k′. The sum
over n (trajectories), i (zonal points), and to a level k at a
given latitude line j is thus the total Lagrangian mass transport above level k at line j for trajectories released at a certain
time. In essence, the Eulerian streamfunction uses the mass
fluxes from all grid boxes within a domain, while the
Lagrangian only uses those passed through by trajectories.
For a high-enough number of trajectories, they should thus be
very similar. The Lagrangian streamfunction differs by being
derived from trajectories, which may be separated by some
criteria. In this study, the criteria were such that trajectories of
net meridional transport were isolated from those with no net

[8] The meridional overturning circulation between two
latitudes was decomposed by representing the circulation by
Lagrangian trajectories. Model-simulated trajectories were
released from all levels and longitudes at the two latitudes,
every 6 hours during one year. This resulted in 25 million
trajectories for one year. Increasing this number by a factor of
two did not change the results, thus ensuring that the number
of trajectories was sufficiently large to sample and represent
the circulation accurately. Trajectories were terminated when
they reached either of the latitudes, and sorted into classes
depending on their initial and final latitude. This yielded four
classes for each latitude band; “North to South” (“N to S”),
“South to North” (“S to N”), “North to North” (“N to N”),
and “South to South” (“S to S”), the two former denoted as
“inter-cell” and the two latter as “re-circulating”. The
Lagrangian streamfunction was then calculated for each of
the four classes.
[9] This was carried out over three adjacent latitude bands,
45 S-15 S, 15 S-15 N, and 15 N-45 N. These latitude
bands were roughly as wide as the overturning cells, but cut
in halves such that the time-averaged zonal-mean mass flux
at each boundary had a preferred direction. For example, at
15 N the Eulerian mean gives the mass flux as southward
near the surface, and northward higher up, i.e., trajectories
released near the surface can be expected to move southwards, ascend and then move either northwards or southwards. However, as the Hadley and Ferrel cells are far from
stationary or zonally symmetric, trajectories may not adhere
to the Eulerian streamlines at all. Trajectories were released
in 1989, and traced until December 1991, or until they
reached one of the latitudinal boundaries.
[10] Figure 1 shows a schematic view of the mean paths of
each trajectory class, and the amplitudes of the corresponding
Lagrangian streamfunctions (Figure 2). In calculating the
mean vertical displacement, trajectories starting or ending at
a pressure lower than 100 hPa (a rough estimate of the tropopause) were excluded, as they most likely are not part of
the tropospheric overturning. It is noteworthy that the results
were similar if this limit was instead set to 200 hPa.
[11] Figure 2 shows the Lagrangian streamfunctions for all
four classes in all three latitude bands, the sum of the intercell Lagrangian streamfunctions, and also the sum of all
Lagrangian streamfunctions. As trajectories were released
every time step (6 hrs), the Lagrangian streamfunctions must
be divided by the number of time steps in one year (365  4 =
1460) in order to be comparable to the time-averaged
Eulerian mean. The total Lagrangian streamfunctions show
two clear Hadley cells, each of 30 width, stretching up
to 100 hPa, and two midlatitude Ferrel cells of smaller
amplitude. Differences between the total Lagrangian and
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Figure 2. The Lagrangian stream functions, interpolated to isobaric coordinates, for trajectories released at 45 S, 15 S,
15 N, and 45 N every six hours during the year 1989. Units in Sv. Note that each column represents a separate simulation.
Positive (red) amplitude implies clockwise circulation. The upper four rows show the Lagrangian stream function of transport
between the different latitudes, where “S - S” means from the southern boundary and back to the southern boundary and so on.
The fifth row shows the sum of the “N - S” and “S - N” stream functions. The total Lagrangian stream function for each latitude band is presented in the bottom row. The noise at the latitudinal boundaries are artifacts of the trajectories being traced
on model levels and plotted on pressure levels.
Eulerian streamfunctions are around 10% at most, indicating
that trajectories represent the paths of the meridional overturning well in a zonal mean. Similar results, but for the
ocean, were noted by Döös et al. [2008]. In the present
decomposition, the re-circulating streamfunctions resemble
the Eulerian streamfunction, but of different magnitudes.
Inter-cell streamfunctions, on the other hand, have larger
amplitudes and shapes different from the Eulerian mean. As
the poleward and equatorward inter-cell streamfunctions
represent mass transports between two latitudes and sometimes at the same pressure levels, it is clear that they tend to
partly cancel each other in the total result.
[12] As tropical trajectories generally ascended and exited
the domain at high altitudes (Figure 1), adding the two
tropical inter-cell streamfunctions yielded a net overturning
of the same sign as the re-circulating streamfunctions
(Figure 2). This implies that trajectories, on average, followed paths similar to Eulerian mean streamlines. In the
subtropics, the situation was reversed. The re-circulating
streamfunctions were found twice as strong as the total
Lagrangian, while the streamlines in both the “N to S” and
“S to N” classes tilted in the same direction (Figure 1)
resulting in a net overturning of opposite sign (Figure 2).
Thus, the Ferrel cell can be considered the residual of two
opposite transports, and trajectories do not, generally, agree
with Eulerian streamlines. Note that the total inter-cell

streamfunctions showed similarities to the Eulerian mean
averaged on isentropes [Townsend and Johnson, 1985;
Karoly et al., 1997; Held and Schneider, 1999], but of a
smaller amplitude. It is difficult to assess the extent to which
trajectories followed isentropes, but the paths tilted in the
same manner [Juckes, 2001; Kållberg et al., 2005]. Note,
however, that as air is transported any longer distance, it is
expected to cool diabatically from radiation.
[13] The total mass transport of each class, excluding trajectories above 100 hPa, is presented in Table 1. In all three
latitude bands, the re-circulating trajectories comprised significantly larger total transports than the inter-cell classes.
However, as the re-circulating trajectories by definition yield
no net meridional transport, they can only contribute to the
Lagrangian streamfunction if they result in net vertical displacement. On average, re-circulating trajectories in the tropics were displaced vertically by <200 hPa (Figure 1), and
much less outside the tropics, where convection is not as
deep. Thus the contribution of each re-circulating trajectory
to the isobaric overturning streamfunction was comparatively
small. The total transport of inter-cell trajectories was, by
definition, equal to the magnitude of the corresponding
Lagrangian streamfunction at the surface. These trajectories
contribute to the total streamfunction as long as the equatorward and poleward flow occur at different isobars, which
was not always the case. Differences seen between the values
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Table 1. Total Mass Transport (in Sv) of Trajectories With Initial
and Final Point Below 100 hPa in Each Classa

N to N
N to S
S to N
S to S

45 S-15 S

15 S-15 N

473 Sv
161 Sv
171 Sv
1064 Sv

496 Sv
129 Sv
126 Sv
506 Sv

15 N-45 N
900
152
140
481

Sv
Sv
Sv
Sv

a

Note the differences from Figure 1.

in Table 1 and Figure 1 for these classes are due to the
Lagrangian streamfunctions including all trajectories, while
the mass transports presented in Table 1 were based on trajectories starting and ending below the 100 hPa level. The
transport to/from/within the levels above thus amount to
10% of the total values, indicating that most of the mass
transport in the atmosphere occurs in the troposphere.

5. Discussion and Conclusions
[14] The meridional overturning circulation between the
tropics and the midlatitudes in 1989 has been decomposed using Lagrangian streamfunctions, as opposed to the
Eulerian time-averaged zonal-mean. It is a conclusion of this
study that the total Lagrangian mass transport comprises two
strong meridional flows in opposite directions, and two
re-circulating flows of no net meridional displacement. This
study has quantified these flows, and shown their contributions to the total meridional overturning. The re-circulating
streamfunctions were qualitatively similar to the Eulerian
mean, with magnitudes of 50–70 Sv for the Hadley cells
(smaller than the Eulerian mean) and 65 and 98 Sv for the
Ferrel cells (larger than the Eulerian mean). Inter-cell transports were 130 Sv in the tropics and >150 Sv between the
tropics and the midlatitudes. These trajectories yielded an
overturning similar to the isentropic circulation and the TEM
[McIntosh and McDougall, 1996; Karoly et al., 1997; Held
and Schneider, 1999], although weaker as not all of the
released trajectories were included. From Figure 2 it should
be noted that the inter-cell streamfunction was found considerably larger for the southern Hadley cell then for the
northern. This may partly be due to the large cross-equatorial
mass transports associated with the Indian monsoon. The
trajectory simulations were carried out for other years than
1989, yielding very similar results.
[15] The Hadley Circulations were shown to contain large
cross-equatorial (inter-hemispheric) mass transports that
partly cancelled. On the basis of the numbers given in
Figure 1 the residual was found to be 131  136 = 5 Sv,
which thus was the inter-hemispheric mass transport in 1989.
The Eulerian mean equivalent is yE(0 , ps), i.e., the Eulerian
streamfunction at the surface equator, which was 6 Sv.
It must be noted that the Eulerian value is simply the timeaveraged zonal-mean mass flux at 0 which does not necessarily represent the mass flux between 15 N and 15 S.
That the time-averaged inter-hemispheric mass transport is
southward was also noted by Berrisford et al. [2011], who
suggested that this to some extent is due to errors in the
reanalysis data.
[16] The amplitude and sign of the re-circulating streamfunctions may vary with the choice of vertical coordinate,
but the inter-cell streamfunctions will not. However, their
relative importance may well change in dry/moist isentropic
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coordinates. As the total Lagrangian stream function in isobaric coordinates represents the Eulerian mean well, it should
do the same in isentropic coordinates. From Figure 1, the
magnitude of inter-cell transports are similar to the amplitudes of the circulation on moist isentropes [Döös and
Nilsson, 2011]. It is thus conceivable that the poleward and
equatorward branches are more clearly separated in such
coordinates, hence the inter-cell streamfunctions yield less
cancellations, and the re-circulating streamfunctions may
also be less important, such that the inter-cell streamfunctions
in moist isentropic coordinates may explain most of the
overturning.
[17] With the ability to decompose streamfunctions, once
established, future work could be to further investigate the
Lagrangian mass transport on dry and moist isentropes, in
particular cancellations on dry isentropes [Laliberté et al.,
2012]. Also, Laliberté and Pauluis [2010] found that, in the
21st century, the circulation on dry isentropes may weaken
while it may intensify on moist isentropes in winter. It would
then be very interesting to produce Figure 2 using a climate
model with future scenarios. The inter-hemispheric transport
could also be examined more closely, e.g., finding the mixing
pathways of the hemispheres.

Appendix A: Lagrangian Trajectories
in the Atmosphere
[18] The TRACMASS trajectory code calculates Lagrangian
trajectories using fields of mass flux, not velocity. In the ERAInterim data, the vertical coordinate is a terrain-following
hybrid coordinate [Simmons and Burridge, 1981], where
the pressure at the lower interface of level k is given by pk =
Ak + Bk ps, where ps is the surface pressure and Ak and Bk are
parameters at the level k ∈ [0, 60], with p60 = ps and p0 = 0.
The meridional mass flux on model levels is obtained using
the width and depth of the grid box
Vi;j;k ¼ vi;j;k

Dxj ðDAk þ DBk ps Þ
;
g

where the relation Dpi, j,k = Ak  Ak1 + (Bk  Bk1)
ps = DAk + DBk ps has been used. The width Dxj depends on
the latitude while the depth varies in both space and time as
ps varies. Similar calculations can be made for the zonal mass
flux, Ui,j,k. Vertical velocity is obtained from the continuity
equation [Simmons and Burridge, 1981]:


k
∂p
∂pk X
h_

¼
r⋅ður ; vr ÞDpr :
∂h k
∂t
r¼1

ðA1Þ

Noting that ∂pk/∂t = ∂/∂t(Bk ps), and multiplying by DxDy
yields, in discretized form


∂p
Wk ¼ DxDy h_
∂h k

k
X
Ui;j;r  Ui1;j;r þ Vi;j;r  Vi;j1;r
¼
r¼1


pns  psn1
;
þ DxDyDBr
Dt

ðA2Þ

where Dt = 6 hours is the time between two consecutive
fields of data at n  1 and n. Thus, vertical motion is both
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due to mass flux divergence, and to temporal changes in the
pressure of the level interfaces. As continuity (equation (A1))
was used to obtain equation (A2), the scheme ought to conserve mass. However, due to the fact that the analysis fields
from ERA-Interim are not mass-conserving in the sense that
the horizontal mass fluxes of a column do not always match
changes in surface pressure [Berrisford et al., 2011], the
vertical mass flux at the Earth’s surface, Wk=60, may be nonzero. It may also be non-zero due to water vapor fluxes. To
avoid trajectories penetrating the Earth’s surface, the mass
flux must be explicitly prescribed as zero. In effect, a trajectory may thus go infinitesimally close to the surface but not
exactly at it, while being free to move horizontally.
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