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Abstract

The Lagrangian trajectory code TRACMASS is extended to the atmosphere to examine the tropi-
cal Hadley Cells using fields from the ERA-Interim reanalysis dataset. The analysis is made using
both pressure, temperature and specific humidity as vertical coordinates. By letting a trajectory
represent a mass transport and tracing millions of trajectories in a domain between the latitudes
15 ◦N and 15 ◦S, the mass stream function based on trajectories is obtained (Lagrangian stream
function). By separating the trajectories into classes depending on their starting point and des-
tination (“North-to-North”, “North-to-South”, “South-to-North” and “South-to-South”), the mass
stream function is decomposed into four paths. This can not be done if the stream function is cal-
culated directly from the velocity fields (Eulerian stream function). Using this technique, the mass
transports recirculating within the cells are compared to the mass transports between the cells,
giving further insight to the structure of the Hadley Circulations.
The magnitudes of the mass stream functions are presented by converting the volume flux unit
Sverdrup into a mass flux unit. It is found that the recirculating transports of the northern and
southern cells are 473 Sv and 508 Sv respectively. The inter-hemispheric mass transports are 126 Sv
northward and 125 Sv southward. It is also found that far from all trajectories follow paths sim-
ilar to the stream lines, since the stream lines are zonal and temporal means and the particle
trajectories chaotic.
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Chapter 1

Introduction

The general circulation of the atmosphere is a rather complicated matter, since it is three-
dimensional and time-dependent. One of the most common approaches to visualize it is to
integrate the meridional mass flux in the zonal and vertical direction and average over time to get
a meridional-vertical stream function. Such a stream function is called meridional overturning
stream function, and it is how we are used to see the Hadley, Ferrel and Polar Cells in the
troposphere. These six cells (two Hadley, two Ferrel and two Polar) combined gives a transport of
energy and momentum from the equator to high latitudes. Hence, much of the Earth’s climate,
such as the warm and dry weather in the Sahara Desert or the location of the subtropical jets, can
be explained just by studying the meridional overturning circulation (MOC).

Hadley (1735), following the work by Halley (1686) who proposed a meridional overturning circu-
lation cell extending from the equator to high latitudes, tried to find an explanation for the surface
easterlies in the tropics (the Trade Winds). Halley had suggested that heating at the equator would
make air ascend and, because of mass continuity, be transported poleward. Hadley added that as
an air parcel flows poleward, it conserves angular momentum and slowly descends due to cooling,
which would explain the westerlies at mid-latitudes. By reversing the argumentation, an air parcel
returning to the equator would also conserve angular momentum, giving easterlies instead, which
would explain the trade winds.

A little more than a century later, Thomson (1857)1 and Ferrel (1859) modified the Halley-Hadley
theory, since observations had shown that the mean meridional component of the wind at mid-
latitudes was directed poleward – not equatorward. They suggested that surface friction would
cause an imbalance between the Coriolis force and the pressure gradient force in the mid-latitude
westerlies, which would give a poleward wind component and a shallow (2-3 km deep) thermal
indirect cell embedded under the Hadley Cell.

Later on, when observations found no high-altitude, mean poleward transport at mid-latitudes,
it was realized that the Hadley Cells are confined to the tropics and subtropics. The region of trade
winds (∼ 30 ◦N to ∼ 30 ◦S) cover about half the Earth surface, while the region of mid-latitude
westerlies cover less area. In order for the total angular momentum of the Earth and atmosphere
to be conserved, the westerlies must be stronger than the easterlies, or there must be a poleward
transport of angular momentum (which Hadley, Ferrel and Thomson had suggested, but which
could not be found in observations). Defant (1921) and Jeffreys (1926) finally suggested that
large-scale eddies (cyclones and anticyclones) must be included in the theory of the mean MOC,
since they transport both angular momentum and energy. This would, however, demand more

1Brother of William Thomson (known as Lord Kelvin)
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observations and calculations than available or humanly possible at that time, but with the models
and databases of today, such as ERA-Interim or NCEP/NCAR, the MOC as well as its seasonal
and long-term variability can be investigated with accuracy.

The Hadley Cells, separated by the ITCZ – a region of intense convection between the cells,
are often seen as two cells surrounded by a zero stream line each, though it is obvious that the
exchange of mass between the Hadley Cells and to/from the adjacent Ferrel Cells is significant,
since there is a transport of energy and angular momentum. The zero stream line between the
cells is because stream functions are usually made from time-averaged, zonally integrated velocity
fields, where most of the flow between the cells cancel out over a one-year cycle. This study will
focus on decomposing the stream function into four parts, two for the circulation within the cells,
and two for the transports between the cells. This can be accomplished by calculating the stream
functions from trajectories of known starting and ending points, a method which has been used
to study the Deacon Cell by Döös et al. (2008) and the Pacific Equatorial Undercurrent by Blanke
& Raynaud (1997). Applying the same code to the atmosphere, and confining a domain between
15 ◦N and 15 ◦S, the cross-ITCZ flow, the recirculation within the cells, and the total turnover of
the Hadley Cells, can be estimated. If the Hadley Cells are indeed circulations with ascending air
between the cells, poleward flow at high altitude, and equatorward flow at low altitude, trajectories
will show a tendency to enter the domain in the lower troposphere and exit near the tropopause.

As the investigations of the MOC have become more thorough over the years, it has been
seen in different vertical coordinate systems. While the MOC is made up of six separate cells in
pressure or geopotential coordinates, the three cells in each hemisphere merge into one when
using equivalent potential temperature (Pauluis et al., 2008) or moist static energy (Döös &
Nilsson, 2009) as vertical coordinate. Hence, to perhaps view the cells from another perspective,
the study here will not only use pressure as vertical coordinate, but also temperature and specific
humidity, which are already available in the trajectory code.

In Chapter 2, the method used for calculating trajectories will be described, while Chapter 3 will
deal with the mathematics behind the Eulerian and Lagrangian stream functions. The results from
the decomposition will be presented and commented in Chapter 4. Finally, the main conclusions,
some discussion and suggestions of future work will be in Chapter 5.



Chapter 2

Calculating trajectories using
TRACMASS

2.1 Rectangular and non-rectangular grids in the ocean
TRACMASS1 is a trajectory code based on the works by Döös (1995) and Blanke & Raynaud (1997).
It computes trajectories through fields read in from outputs of an external model (for example an
ocean model such as OCCAM).

TRACMASS uses an Arakawa C-grid, where the zonal velocity at a certain point is given by vi,j,k,
and i, j, k denotes a grid point number in the zonal, meridional and vertical direction respectively.
To calculate a trajectory, one needs the velocities inside the grid box, which can be estimated by
linear interpolation between grid box walls. Horizontally, this is done as

u(x) = ui−1 +
x− xi−1

∆x
(ui − ui−1) (2.1)

v(y) = vj−1 +
y − yj−1

∆y
(vj − vj−1) , (2.2)

where Cartesian coordinates have been used. Equations (2.1) and (2.2) are presented for a rect-
angular grid, where all grid boxes have the same horizontal area. However, most GCMs (General
Circulation Models) use a grid made of discretised longitudes and latitudes, and, as such, ∆x and
∆y are not constants. Hence, equations (2.1) and (2.2) are not valid. Instead, TRACMASS calcu-
lates the volumetric flux (unit m3/s), which is defined as

Ui,j,k = ui,j,k∆y∆zk (2.3)
Vi,j,k = vi,j,k∆xj∆zk (2.4)
Wi,j,k = wi,j,k∆xj∆y, (2.5)

where the subscripts j and k indicate that the grid box size depends on latitude and vertical level.
For simplicity the calculations are presented in Cartesian coordinates, and the grid is assumed to
have a constant ∆y, a ∆x depending on latitude and ∆z depending on the vertical position, which
is common for GCMs. If we only consider the meridional direction, interpolating the volumetric
flux in the same manner as in equations (2.1) and (2.2) gives the equation

1short for Tracing the Water Masses of the North Atlantic and the Mediterranean
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V (r) = Vi,j−1,k + (r − rj−1) (Vi,j,k − Vi,j−1,k) , (2.6)

where V (r) is the flux and r = y/∆y is a scaled position in the meridional direction. The zonal
and vertical fluxes are interpolated in a similar fashion.

In a rectangular grid box, the relationship between velocity and position is v = dy
dt , but on a non-

rectangular grid the corresponding relationship is V = dr
ds , where s = t/(∆xj∆y∆zk) is a scaled

time variable. Applying this relationship to equation (2.6) gives a differential equation

dr

ds
+ αr + β = 0, (2.7)

where α = Vi,j−1,k−Vi,j,k and β = −Vi,j−1,k−αrj−1 are constants. Note that the time-dependence
of V has not been taken into account. Thus, equation (2.7) and the derivation of it is only valid for
a stationary velocity field. If one sets r0 = r(s0), this equation has the solution

r(s) =
(
r0 +

β

α

)
e−α(s−s0) − β

α
, (2.8)

and the time, s1, it takes to reach the position r1 (one of the zonal walls) can be expressed as

s1 = s0 −
1
α

ln

(
r1 + β

α

r0 + β
α

)
= s0 −

1
α

ln
(
V (r1)
V (r0)

)
. (2.9)

In equation (2.9), equation (2.6) has been used to get the right-hand side. If both V (r1) and if
V (r0) are positive, a trajectory will travel from the point r0 = rj−1 to r1 = rj . If both V (r0) and
V (r1) are negative the path will be reversed. If V (r0) and V (r1) are of opposite signs, the transit
time is infinite, in which case a trajectory will exit through a zonal or vertical wall instead.

Similar calculations can be made for the zonal and vertical directions. There will be three
transit times, st = s1 − s0, one for each direction. Of these, the shortest indicate through which
grid box wall, r1, the trajectory exits.

2.2 Moving from ocean to atmosphere
TRACMASS has, until now, only been used for oceanic studies, such as Drijfhout et al. (2003),
Döös & Engqvist (2007) and Döös et al. (2008). When applying the code to the atmosphere, some
calculations must be carried out differently.

First of all, the vertical coordinate is changed from depth, z, to a terrain-following coordinate
(Simmons & Burridge, 1981) defined at half-levels (top and bottom of each layer). The configuration
is shown in Figure 2.1b, which is the same as in the ERA-Interim reanalysis data. The pressure at
level k is a function of surface pressure and parameters Ak and Bk.

pk+1/2 = Ak+1/2 +Bk+1/2 · ps, (2.10)

where adding 1/2 indicate the half-levels (boundaries between the layers) so that k = NLEV is
the bottom layer and pNLEV+1/2 is the surface pressure. Note that although p is only subscripted
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(A) Horizontal grid (B) Vertical levels

FIGURE 2.1: Configuration of the horizontal grid and vertical levels in the ECMWF model, and
thus, TRACMASS. The boundaries are cyclic, so that the last i-point is followed by the first. Note
that at j = 0 and j = 144 all i-points coincide.
k = 1 is the top layer in the atmosphere while k = NLEV is the lowest. k = 0 is in outer space,
and so p1/2 = 0hPa

k, it is also dependent of i and j, since ps varies horizontally2.

In the ocean, TRACMASS lets each trajectory represent a certain volume transport and then
assumes this to be unchanged during motion. Incompressibility is, however, not valid in the atmo-
sphere, and so each trajectory is instead set to represent a certain mass transport (unit kg/s). This
means that equations (2.3)-(2.5) are rewritten as

Ui,j,k = ui,j,k
∆y∆pi,j,k

g
(2.11)

Vi,j,k = vi,j,k
∆xj∆pi,j,k

g
(2.12)

Wi,j,k = ωi,j,k
∆xj∆y

g
. (2.13)

This conversion from volume transport to mass transport also changes the scheme for calculating
the vertical flux. In the ocean, this is done by using the continuity equation (assuming volume
conservation), but in the atmosphere TRACMASS calculates the mass of a grid box as

Mi,j,k =
∆xj∆y∆pi,j,k

g
, (2.14)

and then sets the the sum of the local time derivative and the advection to be zero (dMi,j,k/dt =
0), which means that the rate of mass change is equal to the mass transport through the grid box
walls (mass conservation).

∂Mi,j,k

∂t
= − (Ui,j,k − Ui−1,j,k + Vi,j,k − Vi,j−1,k +Wi,j,k −Wi,j,k−1) . (2.15)

By assuming W1/2 = WNLEV+1/2 = 0 and inserting from equation (2.10), one can integrate
vertically to get the local time-derivative of the surface pressure.

2ps also varies in time, but as mentioned, we only consider stationary fields so far.
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∂ps,i,j
∂t

= − g

∆xj∆y

NLEV∑
k=1

(Ui,j,k − Ui−1,j,k + Vi,j,k − Vi,j−1,k) . (2.16)

Inserting equation (2.16) into (2.15), the vertical velocity at a certain level, k, can be expressed
as

Wi,j,k = Wi,j,k−1 − Ui,j,k + Ui−1,j,k − Vi,j,k + Vi,j−1,k −
∆Bk∆xj∆y

g

∂ps,i,j
∂t

. (2.17)

Furthermore, while one is interested in density, which is a function of temperature and salinity
in the ocean, in the atmosphere one is more interested in pressure, temperature and humidity.
Since TRACMASS can calculate stream functions using density, temperature or salinity as vertical
coordinate in the ocean, it has been configured to calculate them using pressure, temperature and
specific humidity in the atmosphere.

2.3 Lagrangian trajectories
A trajectory is an imagined line along which a particle is passively advected by the flow. A
trajectory in TRACMASS is released from one or several of the domain boundaries and then
moved by the flow while its position is stored every time it crosses a grid box wall. By associating
each trajectory with the mass transport of the grid box from which it was released (or half the mass
transport if two trajectories are released from the same box) every new position is a transport
of mass to that position, which, after tracing many trajectories, gives a field of mass flux. If, for
example, the temperature is known in every grid box, a transport from one grid box to another
where the temperature is different, gives a cross-isothermal transport. The same can be done for
iso-surfaces of pressure and humidity in the atmosphere or density and salinity in the ocean.

Since the time it takes for a trajectory to exit the domain, or the boundary at which it exits is not
known before the run, one must first make one model run, then mark the trajectories according
to where they exited, and then repeat the model run. Hence, the second run gives the stream
functions for the different trajectory classes, while the first can only give the total stream function.

2.4 Time-dependence
The analytical solution to the trajectory path in equation (2.8) is only valid for stationary fields.
However, almost all flows in the atmosphere and ocean vary significantly in time, thus on-line
tracking (trajectories are implemented into a circulation model and calculated each time step)
would be a natural method to use, although it would be very expensive in a high resolution model.

Vries & Döös (2001) showed that sampling the fields and then using linear interpolation in time
gave errors smaller than those introduced by the interpolation in space (equations (2.1) and (2.2)).
It was, however, also very expensive, since the crossing point for a trajectory through a grid cell
must be computed numerically, which increased the CPU time with 80%3. There is a possibility
to achieve a “quasi-”time-dependency by dropping the linear interpolation and just change the
sampled fields with every model output. The method has been used by Döös et al. (2008) to examine
the Deacon Cell in the Southern Ocean, where the total error was found to be small.

3Made with the ocean model OCCAM
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2.5 Data input from ERA-Interim (ECMWF)
When set up for the atmosphere, TRACMASS uses fields from the ERA-Interim reanalysis data,
supplied by the European Centre for Middle-range Weather Forecasting (ECMWF). ERA-Interim
is an improvement of its predecessor ERA-40, by using more vertical pressure levels, and a more
advanced data assimilation, as described by Uppala et al. (2008). The outputs from ERA-Interim
are made every 6 hours from 1989 to present. The fields in TRACMASS are set to be time-
dependent by assuming them to be stationary for a period of time equal to the time between two
outputs (6 hours), which, as mentioned before, saves much time while it does not loose much
accuracy.

The AGCM (Atmospheric General Circulation Model) used by ECMWF to calculate the ERA-
Interim data is a spectral model, hence the reanalysis data was projected to grid point space
(Arakawa A-grid) before it is used. The horizontal resolution is 1.25 ◦ × 1.25 ◦, which means that
∆x is smaller at higher latitudes. A schematic view of the horizontal grid is shown in Figure 2.1a.
There are NLEV = 60 vertical pressure levels, as defined in equation (2.10). From each level the
horizontal velocities, u and v, temperature, T , and specific humidity, q, along with the surface
pressure, ps, were read into TRACMASS every time step. Since TRACMASS uses a C-grid and the
in-data is on an A-grid, the velocities were interpolated to the grid walls, and the other variables
to the grid box centre.

A problem when using reanalysis data regards the conservation of variables such as tempera-
ture and specific humidity. The primitive equations used in a AGCM will give fields were the local
time derivative of a variable is determined by advection and diffusion or friction, along with some
sources and sinks. The fields in a reanalysis dataset are calculated by the model, after which they
are forced towards observed values. This forcing acts as an extra sink or source for the mentioned
variables. It should, however, be pointed out that the forcing is not applied to surface pressure,
since the AGCM needs to be mass conserving. Furthermore, the method of tracing Lagrangian
trajectories in TRACMASS is mass conserving per definition, since all trajectories entering a grid
box will exit at some point.



Chapter 3

Stream functions

If a flow is non-divergent (∇ ·U = 0) the vector identity

∇ · (∇×A) ≡ 0, (3.1)

makes the definition of a vector velocity potential, A, possible.

U = ∇×A. (3.2)

The vector velocity potential, A, is three-dimensional, but in the case of a two-dimensional flow,
it has only one non-zero component. This non-zero component is the stream function, ψ. A stream
function can be seen as the flow below a certain depth if defined in a (x, y, z)-coordinate system.
Using pressure-coordinates in the atmosphere, the stream function is instead integrated from the
top of the atmosphere to a certain pressure (downwards), hence, the stream function is a measure
of the flow above a certain pressure-level in a (x, y, p)-coordinate system.
Since large-scale oceanic flow is practically volume conserving, ∇ ·V = 0, it is possible to define a
stream function there. The same goes for the atmosphere, but the large-scale flow is instead mass
conserving so that, ∇ · (ρV) = 0, if the time average is long enough so that ∂ρ

∂t ≈ 0.

3.1 Eulerian stream function
Using a Cartesian (x, y, z)-coordinate system, the meridional overturning (Eulerian) stream func-
tion for a mass conserving flow is defined from the equations

∂ψE

∂y
=
∮
ρwdx, (3.3)

∂ψE

∂z
= −

∮
ρvdx. (3.4)

Moving to pressure-coordinates gives

∂ψE

∂y
= −

∮
ω

g
dx, (3.5)

∂ψE

∂p
=
∮
v

g
dx, (3.6)
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where ω ≡ dp
dt . To retrieve the stream function one could either integrate vertically or meridion-

ally, and the results are the same. However, the vertical velocity is seldom measured, but rather
calculated from the divergence of the horizontal velocity field. Hence, integrating meridionally
would just introduce an unnecessary source of error. Integrating (3.6) vertically gives the stream
function

ψE(y, p, t) =
∮ ∫ p

0

v(x, y, p′, t)
g

dp′dx, (3.7)

where p is the pressure-level to which the flux is integrated, thus ψ(y, p, t) is the sum of the
mass flux above the pressure-level, p, at latitude y at time t. p′ is the vertical coordinate (compare
with equation (2.12)). This definition is the same as used by Webster (2005) and Döös & Nilsson
(2009), but differs from the definition by Pauluis et al. (2008), who integrates from a pressure, p,
down to the surface, ps.

When integrating from the top of the atmosphere down to a pressure surface, it is important to
remember that the pressure varies in space and time, which is why the vertical integral must be
the innermost in equation (3.7). Finally, the stream function, ψ, is averaged in time (usually one
or several years) to eliminate the time-dependence. The Eulerian meridional overturning stream
function in pressure coordinates is then expressed as

ψE(y, p) =
1

t1 − t0

∫ t1

t0

∮ ∫ p

0

v(x, y, p′, t)
g

dp′dxdt. (3.8)

The stream function in equation (3.8) above can also be calculated using other vertical coordi-
nates. Following the same method as used by Döös & Nilsson (2009), the mass flux is integrated
to the pressure of an iso-surface of that vertical coordinate, for example temperature, T , or specific
humidity, q.

ψE(y, T ) =
1

t1 − t0

∫ t1

t0

∮ ∫ p(x,y,T,t)

0

v(x, y, p′, t)
g

dp′dxdt. (3.9)

ψE(y, q) =
1

t1 − t0

∫ t1

t0

∮ ∫ p(x,y,q,t)

0

v(x, y, p′, t)
g

dp′dxdt. (3.10)

Note that the vertical integration in equations (3.9) and (3.10) is still done by using pressure as
vertical coordinate in order to keep the same unit (kg/s).

It should be pointed out to the reader, that the frames of reference in T - and q-coordinates are not
Eulerian, since they are not fixed. All three stream functions are only called Eulerian since they
are calculated from the fields directly, and there is a need to distinguish them from the Lagrangian
stream functions, which are calculated from trajectories.

3.2 Lagrangian stream function
The Lagrangian stream function is made by summing up the mass transports associated with the
Lagrangian trajectories in TRACMASS. The method was first introduced by Blanke et al. (1999),
but for volume transports in the Atlantic Ocean. A trajectory indexed n is associated with the
mass transport Tn given by the grid box from where it was released and the number of trajectories
released from it per time step. The annual-mean of Tn is obtained by multiplying by the time
between two time steps, ∆t (= 6 hours), and dividing by one year. Hence,
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T yn =
∆t
1 yr

1
Ntraj

∆xinit∆pinitvinit

g
, (3.11)

where T yn is the annual-mean mass transport in the meridional direction associated with the
trajectory n, ∆xinit and ∆pinit are the zonal and vertical extents of the grid cell from which the
trajectory was released, Ntraj is the number of trajectories released per grid cell per time step and
vinit is the meridional velocity in that grid cell. Since every trajectory entering a grid cell sooner
or later exits the same, there is no convergence or divergence in mass, thus a stream function can
be made. It should also be noted that a trajectory which enters and exits the domain at the same
latitude gives both northward and southward transports of equal size. When the transports are
integrated vertically, these trajectories do not give any contribution to the stream function at the
surface.

The number of trajectories released per grid box per time step is the Lagrangian resolution
which should be high enough to leave the results almost unchanged if further increased. As
the Lagrangian resolution is increased (more trajectories released per grid box), the Lagrangian
stream function converges towards the Eulerian. The error introduced when using a finite
Lagrangian resolution can thus be estimated by calculating the difference between the two stream
functions.

Summing up all trajectories give the total annual-mean mass transport, and summing it up in
the zonal direction gives

∆ψL

∆j
= −

∑
i

∑
n

T zi,j,k,n, (3.12)

∆ψL

∆k
=
∑
i

∑
n

T yi,j,k,n, (3.13)

where i, j, k are the grid box numbers in the zonal, meridional and vertical direction. T zi,j,k,n
is the Lagrangian mass transport in the vertical direction (counted positive towards increasing
pressure). Note the similarities between equations (3.6) and (3.13). In the same manner as for
the Eulerian case, the meridional overturning stream function can be calculated by integrating
vertically/meridionally as

ΨL
j,k −ΨL

j−1,k = −
∑
i

∑
n

T zi,j,k,n, (3.14)

ΨL
j,k −ΨL

j,k−1 =
∑
i

∑
n

T yi,j,k,n. (3.15)

In equations (3.14) and (3.15), the vertical grid point number, k, is for either pressure, tempera-
ture or specific humidity coordinates, while the fluxes, T zi,j,k,n and T yi,j,k,n (calculated in the initial
grid box) are in pressure-coordinates, thus, the unit is kg/s in all stream functions.

It should also be noted that even though the mass transport of a trajectory is averaged over
one year, it could travel for more than one year. Hence, the annual-mean of a Lagrangian stream
function is not clearly defined.



11 3.3. THE SVERDRUP, SV

3.3 The Sverdrup, Sv

The mass stream function in (3.15) has the unit kg/s, which is often used when presenting stream
functions of mass transports in the atmosphere (see for example Webster (2005), Pauluis et al.
(2008), Hu & Fu (2007)). The values are, however, quite large (∼ 1011), and so another unit would
be more appropriate. When making stream functions of volume transports in the oceans, the unit
Sverdrup is commonly used, defined as 1 Sv = 106 m3/s. Assuming a water density of ρwater =
1000 kg/m3, the Sverdrup can be defined for the atmosphere as well.

1 Sv ≡ 106 m3/s ≡ 109 kg/s. (3.16)

By multiplying equations (3.8), (3.9),(3.10), (3.14) and (3.15) by a factor of 10−9, the unit kg/s is
converted into Sv.



Chapter 4

Lagrangian decomposition

4.1 Model set-up

A domain was defined between 15 ◦N and 15 ◦S in the meridional direction, from 0 hPa down to the
surface pressure in the vertical, and cyclic in the zonal direction. Horizontal velocities, temper-
ature, humidity and surface pressure were read in from ERA-Interim, while the vertical velocity
was calculated from the divergence/convergence of mass flux.

One trajectory was released from each grid box at 15 ◦N (provided that the flow in that grid box,
at that time, was in such a direction to make the trajectory enter the domain) every 6 th hour in
the year 1989. This gave a maximum of 288 x-points × 60 levels × 1460 time steps = 25 228 800
trajectories. The trajectories were then traced for an additional 2.5 years, or until they reached
one of the end latitudes. After the run the trajectories were separated into two different classes
depending on whether they exited at 15 ◦N (“North to North”) or 15 ◦S (“South to South”), after
which the run was repeated. When the run was repeated, the end points and residence times of
all trajectories were known before the run, allowing TRACMASS to produce stream functions for
each different class. The above procedure was then repeated for 15 ◦S (giving classes “South to
North” and “South to South”). The total maximum number of trajectories released was thus over
50 million. The four classes, their expected path, and calculated mass transport, are shown in
Figure 4.1.

The stream functions were calculated using three different variables as vertical coordinate;
pressure, temperature and specific humidity. The output was written in a coordinate system with
y from the South Pole to the North Pole, and pressure/temperature/humidity increasing upwards,
with 1000 vertical layers. The fields were then turned upside down since the pressure, temper-
ature, and humidity are the lowest at the top of the troposphere. Finally, the four Lagrangian
stream functions were calculated by integrating the mass flux vertically. The results are shown in
Figures 4.2, 4.3 and 4.4, as well as in Tables 4.1 and 4.2. The stream functions and a selection of
trajectories are shown in Figure 4.7

If the Hadley Cells always extended to 30 ◦N/S and the ITCZ coincided with the equator at all
times, the above configuration would mean that trajectories were released from within one cell
and traced until they reached the same latitude again, or the opposite boundary. However, the
Hadley Cells and the ITCZ shift their locations and extent over the year and only exist as zonal
mean flows. Hence, one should still keep in mind that a monthly-mean stream function can be
very different from the annual-mean.
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TABLE 4.1: The mass transport, in Sv (defined in equation (3.16)), of each of the classes defined
in Figure 4.1, separated into tropospheric and stratospheric components. By “stratosphere”, it
is meant “above 100 hPa”, thus including the mesosphere and everything above, but only a very
small part of the transport takes place above the stratosphere. Note that a transport from and
to the same latitude does not give a net transport. It can be seen that the transports within the
troposphere are much larger than the ones to, from or within the stratosphere. Furthermore, the
8 trajectories that enter but never exit the domain give a very small mass flux error.

Trajectory class Mass transport, Sv Number of trajectories
Troposphere to Troposphere
15 ◦N to 15 ◦N 472.7 6 174 794
15 ◦N to 15 ◦S 124.9 1 470 851
15 ◦S to 15 ◦N 125.6 1 548 584
15 ◦S to 15 ◦S 507.6 6 419 272
Stratosphere to Stratosphere
15 ◦N to 15 ◦N 1.9 154 327
15 ◦N to 15 ◦S 0.2 10 123
15 ◦S to 15 ◦N < 0.05 697
15 ◦S to 15 ◦S < 0.05 3 096
Troposphere to Stratosphere
15 ◦N to 15 ◦N 52.1 4 722 361
15 ◦N to 15 ◦S 5.9 349 141
15 ◦S to 15 ◦N 4.8 332 461
15 ◦S to 15 ◦S 49.5 4 866 824
Stratosphere to Troposphere
15 ◦N to 15 ◦N 17.3 204 250
15 ◦N to 15 ◦S 4.1 48 122
15 ◦S to 15 ◦N 0.1 1 005
15 ◦S to 15 ◦S 0.3 4 523
Total
15 ◦N to 15 ◦N 533.4 11 255 827
15 ◦N to 15 ◦S 134.9 1 878 273
15 ◦S to 15 ◦N 130.2 1 882 765
15 ◦S to 15 ◦S 547.8 11 293 810
Error
Mass flux in −Mass flux out < 0.05 8
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FIGURE 4.1: Schematics of the four trajectory classes and the expected paths, along with the
total annual-mean mass transport of each class within the troposphere (below 100 hPa). There is
much more mass transported back to the starting latitude than there is across the domain. The
difference between the red and green transports is the net meridional transport.

TABLE 4.2: Values of the Lagrangian and Eulerian stream functions at the centres of the
cells (maximum/minimum of the Eulerian stream function) and at the equator at surface, using
pressure, temperature and specific humidity as vertical coordinates. Units in Sv (as defined in
equation (3.16)). Negative values indicate southward transport and positive northward.

15 ◦N 15 ◦N 15 ◦S 15 ◦S
Total ↓ ↓ ↓ ↓

Eulerian Lagrangian 15 ◦N 15 ◦S 15 ◦N 15 ◦S
Pressure coordinates
691 hPa,11.25 ◦S −110.3 −110.0 0.1 −116.0 60.7 −54.8
439 hPa,15 ◦N 83.6 82.0 64.4 −65.4 83.0 0.0
Equator, 1100 hPa −6.0 −4.4 −0.4 −135.1 130.5 0.5
Temperature coordinates
3.6 ◦C, 12.5 ◦S −106.7 −110.9 0.0 −112.4 55.0 −53.5
2.8 ◦C, 15 ◦N 87.9 87.4 71.0 −72.2 88.6 0.0
Equator, 50 ◦C −6.0 −4.4 −0.4 −135.1 130.5 0.5
Sp. humidity coordinates
5.15 g/kg, 7.5 ◦S −88.3 −87.7 2.0 −108.2 60.9 −42.4
2.30 g/kg, 13.75 ◦N 41.1 41.7 38.5 −72.6 76.1 −0.2
Equator, 25 g/kg −6.0 −4.4 −0.4 −135.1 130.5 −0.5
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4.2 Trajectory mass transport
Table 4.1 shows the sum of the transport (in Sv) out of the domain for each trajectory class along
with the number of trajectories. Only the mass flux out of the domain is presented since the
mass flux is conserved during motion. The error shown in Table 4.1 is the difference between the
total mass flux in and the total mass flux out, which is only non-zero when a trajectory enters the
domain, but never exits. Apparently, there are only 8 trajectories with this behaviour, which is very
small compared to the about 25 million trajectories released. Hence, they introduce a negligible
error.

According to climatological data from Seidel et al. (2001) the mean tropopause height can be
approximated to 100 hPa1. Since 24 of the 60 vertical pressure levels have a lower pressure than
100 hPa, a large number of trajectories are released above the tropospheric Hadley Cells. To
estimate the transport to, from and within the stratosphere2, the trajectory classes have been
further separated into classes depending on if they enter or exit the domain above or below
100 hPa. As seen in Table 4.1, the mass transports within the stratosphere are small. About 10
million trajectories (∼ 40% of all trajectories released) enter and exit the domain at the same
latitude, but on different sides of the 100 hPa level. Some of these trajectories are probably not
travelling across the tropopause though, but it is hard to draw any precise conclusions about such
transports, since 100 hPa is only a rough estimate, and also since the tropopause is not clearly
defined. Even though the number of trajectories travelling within the troposphere is comparable
to the number of trajectories travelling across the tropopause, the associated mass transports are
an order of magnitude larger for the former, indicating that the latter enter the domain at high
altitude.

The net annual-mean inter-hemispheric mass transport can be calculated as the difference be-
tween the total “North-to-South” and the total “South-to-North” transports in Table 4.1. This is
−4.7 Sv. Since a trajectory that enters and exits the domain at the same latitude does not con-
tribute to the stream function at the surface, the value of ψL(y, psurf ) shown in Table 4.2, is also
the net annual-mean inter-hemispheric mass transport. This is −4.4 Sv. The number is taken at
the equator, but should be close to constant at the surface level since the only mass accumulated
comes from the 8 trajectories that never leave the domain. However, it varies between 4 and 5 Sv,
while the trajectories accumulated represent a mass flux of less than 0.05 Sv. It is possible that it
is a round-off error from the computer.

It would be surprising if the hemispheres were in exact balance, so a small net inter-hemispheric
transport is to be expected. The corresponding value obtained from the Eulerian stream functions
is 6.0 Sv.

1Actually, he argues that the 100 hPa-level is “a poor surrogate” for the tropopause pressure, but, judging from his data,
it should be sufficient for a rough estimate.

2Both the mesosphere and thermosphere are also located above 100 hPa, however at very low pressures, meaning very
small mass transports, which will be included in the “stratosphere”.

FIGURE 4.2 (following page): Annual-mean Lagrangian meridional overturning stream func-
tions of the mass flux in the domain between 15 ◦N and 15 ◦S in pressure coordinates (linear scale).
The top four are stream functions for each of the paths defined in Figure 4.1, below them are two
stream functions based on trajectories seeded from each of the boundaries. Hence, plot (e) is the
sum of (a) and (c), while (f) is the sum of (b) and (d). The bottom two are the total Lagrangian
stream function (sum of (e) and (f)) and the corresponding Eulerian stream function. In Figures
(a), (d), (g) and (h) red is associated with clockwise motion and blue with anti-clockwise motion. All
units are in Sv.
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One can define the “upper half” of a Hadley Cell as everything above the centre of it, and the
centre as the point of maximum and minimum value of the stream function for the northern
and southern Hadley Cell respectively. The centres were calculated from the Eulerian stream
functions in Figures 4.2h, 4.3h and 4.4h and are presented in Table 4.2. Since the stream function
is the sum of the annual-mean mass transport above a certain pressure, temperature or specific
humidity level, the Eulerian stream function at the centre of the Hadley Cell is the upper half net
annual-mean mass transport, which (in a simplified case) should be directed poleward for both
cells. Also, the transport in the lower half can be seen as the difference between the value of the
stream function at the surface and the value at the centre.

It is found that about 44% of the “North-to-North” trajectories enter the domain in the lower half
of the northern boundary and exit in the upper half. These 44% are associated with 58% of the total
annual-mean “North-to-North” mass transport. Of the “South-to-South” trajectories, 68% enter in
the lower half and exit in the upper half. They are associated with 84% of the total annual-mean
“South-to-South” mass transport.

For the trajectories crossing the domain, 76% of the “North-to-South” trajectories enter the do-
main in the lower half of the northern boundary and exit in the upper half of the southern, while
47% of the “South-to-North” trajectories enter in the lower half of the southern boundary and exit
in the upper half of the northern. They represent 81% and 55% of the total annual-mean mass
transports in the corresponding class. A selection of trajectories from each class are presented in
Figure 4.7, were it can be seen that some trajectories do not follow the stream lines at all.

It should be remembered that the Hadley Cells only exist as flows averaged zonally and in time,
and that the stream lines really are averages of trajectory paths. Hence, a trajectory is said to
enter at the upper half of a boundary, not a cell, since there might not be a cell when it enters.

Figure 4.5 shows the the number of trajectories in the domain plotted against the time from
that they were released. From Figure 4.5 one can calculate an e-folding time, which is the time it
takes for the number of trajectories to decrease by a factor of e−1 (63%). It can also be interpreted
as a time-scale of the residence time of a trajectory class. The e-folding times were 42, 162, 144
and 42 hours for the trajectory classes “North-to-North”, “North-to-South”, “South-to-North”,
“South-to-South” respectively. Not too surprising, the trajectories travelling across the domain are
generally in it for a longer time.

4.3 Hadley Cells in (y, p)-coordinates
It can be seen in Table 4.1 that the inter-hemispheric mass transport is smaller than the recircu-
lating mass transport within the cells (transport from and to the same latitude). Figure 4.1 shows
the four trajectory classes with the corresponding “troposphere-to-troposphere” mass transport.

The annual-mean meridional mass transport in the upper half of the southern boundary
is −110 Sv. If we only consider mass transport from the southern boundary, the upper half

FIGURE 4.3 (following page): Same as Figure 4.2 but with temperature as vertical coordinate.
Since the temperature mostly decreases with height, the lowest temperature is the highest up in
the plots. This makes the plots more comparable with the ones in Figure 4.2. Warm air (near the
surface) flows equator ward, while cold air (high altitude) flows poleward.
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actually has a net equatorward transport (6 Sv) since the “South-to-North” transport is larger
than the “South-to-South” transport. However, there is a significant transport from the northern
boundary (−116 Sv). The situation is similar in the upper half of the northern boundary, where
the annual-mean mass transport is 82 Sv. The upper half of the northern boundary also has a net
equatorward transport (−1 Sv) but a significant transport from the southern cell (83 Sv).

The difference between the total Lagrangian and the Eulerian stream function is presented in
Figure 4.6a. The errors introduced, for example when using non-infinite Lagrangian resolution,
when some trajectories enter but never exit the domain, or when using stationary fields changing
every 6 th hour, are all captured into this difference. Hence, it can be seen as an estimate of the
errors in the Lagrangian stream functions. There are, of course, other errors, such as those from
the numerical schemes in the ERA-Interim data and round-off errors, but these are most likely
much smaller than the errors in Figure 4.6a, and can thus be ignored.

Figure 4.6e shows the difference between the Total Lagrangian stream function and the Eulerian
stream function, but from a run where two trajectories were released from each grid box each
time step (Lagrangian resolution = 2). Comparing with Figure 4.6a shows that there is not much
difference. Hence, Lagrangian resolution = 1 is sufficient for the calculations.

The fields in ERA-Interim data and the trajectories in TRACMASS are calculated using 60 ver-
tical levels. Since Bk (equation (2.10)) is decreasing with altitude, and is exactly 0 in the top 23
levels, variations in pressure are small higher up in the atmosphere, which explains the “jaggy”
shape of the Eulerian stream function in Figure 4.2h. The Lagrangian stream functions, however,
are smoothed by interpolating pressure, temperature and specific humidity to 1000 vertical levels
for each trajectory every time it crosses a grid box wall and thus contributing to the stream func-
tion. This introduces differences between the Eulerian and Lagrangian stream functions which
gives a jaggy shape to Figure 4.6a.

Another contribution to the difference lies in the foundations of TRACMASS. Since all trajec-
tories entering a grid cell must exit after some time, no grid cell (apart from the starting/ending
latitudes) can accumulate or loose mass. This implies that the surface pressure in the domain is
the same at the end of the run as it was from the start, a scenario not very likely to happen in the
“Eulerian world”.

A problem with the annual-mean Lagrangian stream function, is that it is based on trajectories
with different residence times. While some exit after 6 hours, some might exit after 6 months.

Consider a simple example where every trajectory would be in the domain for exactly 31 days
before leaving it. If one would make an annual-mean stream function based on trajectories seeded
over one year, this would actually be the mean stream function between February 1st and January
31st. In this study, recirculating trajectories have a short e-folding time while those crossing the
domain have a longer. The assumptions made when speaking of a Lagrangian stream function (for
example Figure 4.2g) as an “annual-mean”, is that the trajectories all have the same individual
residence time, and that there is no inter-annual variability in the velocity, temperature, pressure
or humidity fields. These assumptions introduces errors, which are also included in the difference
in Figure 4.6a. Figure 4.6d shows the mean Eulerian stream function over the period January 1st

1989 to January 14th 1990 subtracted from the “annual-mean” Total Lagrangian stream function

FIGURE 4.4 (following page): Same as Figure 4.2 and 4.3 but using specific humidity as vertical
coordinate. Just as temperature in Figure 4.3, humidity tends to decrease with height, which is
why the vertical axis has been flipped upside down.
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FIGURE 4.5: The percent of trajectories left in the domain plotted against time. From this, an
e-folding time can be calculated and used as a typical value for how long the residence time (time
spent in domain) is for each trajectory class. Trajectories travelling across the domain have a
longer residence time in general.

in 1989. While the Total Lagrangian stream function is overall larger than the Eulerian in Figure
4.6a, the situation is the opposite in Figure 4.6d. The differences near the tropopause and surface
are, however, the same. Adding 2 weeks to the averaging period might “over-compensate” for the
“North-to-North” or “South-to-South” trajectories, while one has to extend the period further to
compensate for the “North-to-South” or “South-to-North” trajectories.

The difference between Figure 4.6a and 4.6d does indicate that the main error in the annual-
mean Lagrangian stream function is because the annual-mean is not easily defined.

4.4 Hadley Cells in (y, T )-coordinates
The meridional overturning cells in temperature coordinates (Figure 4.3) appears very similar
to the ones in pressure coordinates (Figure 4.2). One should, however, be careful when using
temperature as vertical coordinate, since temperature is not monotonically decreasing with height.
It decreases linearly to the tropopause height (roughly −80 ◦C), from where it increases with
height. Thus, the −60 ◦C-level can be both in the troposphere, stratosphere and mesosphere. We
have, however, seen that the mass transports in the stratosphere and above are much smaller than
the transports within the troposphere, and argued that the transports across the “tropopause”
most likely enters or exits in the upper troposphere, and has no major influence on the Hadley
Cells in the troposphere.

In temperature coordinates, the transports in the upper and lower halves of the cells have
the same directions as in p-coordinates, and only small differences in sizes. The feature of a
cross-domain flow larger than the recirculating transport within the cells remains, as well as the
net equatorward transport of each upper half.



4. LAGRANGIAN DECOMPOSITION 22

(A) Pressure (B) Temperature

(C) Specific humidity (D) Pressure (2 weeks longer mean Eulerian stream function)

(E) Pressure (double Lagrangian resolution)

FIGURE 4.6: The Eulerian stream function subtracted from the total Lagrangian. This is an
estimate of the error in the results presented. The “un-smoothness” is because the Lagrangian
stream functions are presented on 1000 vertical levels, while the Eulerian stream functions are
calculated directly from ERA-Interim which uses only 60 levels. Note that the colour scale is not
the same as in Figure 4.2, 4.3 or 4.4. Figures (a), (b) and (c) are the differences between the Total
Lagrangian and the Eulerian stream functions in pressure, temperature and specific humidity
coordinates. Figure (d) is the same as Figure (a), but with the Eulerian mean taken from January
1st 1989 to January 14th 1990. Figure (e) is the same as Figure (a), but with double Lagrangian
resolution (two trajectories released per grid cell per time step).
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FIGURE 4.7: A selection of trajectories from each trajectory class plotted both on top of the cor-
responding annual-mean Lagrangian stream function in (y, p)-coordinates and a horizontal world
map with the 15 ◦N and 15 ◦S latitude bands drawn. A thick dot indicates the starting point of a
trajectory.
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The errors in the Lagrangian stream functions (Figure 4.3) can, as already mentioned for p-
coordinates, be estimated by computing the difference between the total Lagrangian and the Eule-
rian stream function, as done in Figure 4.6b. Since the temperatures in ERA-Interim are computed
by data assimilation, and not by a scheme similar to equation (2.10), the temperature can vary as
it pleases, which should give a smooth Eulerian stream function. The fact that the Eulerian stream
function in temperature coordinates is jaggy at low, but not high, temperatures, implies that there
is a significant zonal variation in temperature near the surface, while it is fairly constant higher
up.

Comparing Figure 4.6b with Figure 4.6a, the differences between the Total Lagrangian and
Eulerian stream functions seem to be of similar amplitude and located at the same points. This
implies no other major error besides the difficulty to define the annual-mean Lagrangian stream
function.

4.5 Hadley Cells in (y, q)-coordinates

The use of specific humidity as vertical coordinate can be justified since it, in most cases, just
like pressure, decreases with height. It is, however, highly variable depending on the presence
of clouds, and very close to zero in cloud-free situations. Hence, much of the stream function is
situated at low values of q, giving a lot of transport barely visible in Figure 4.4.

It is worth noting that the northern Hadley Cell is smaller in humidity coordinates compared
with pressure and temperature. The net equatorward transport in the upper branch of the
southern boundary is 19 Sv in specific humidity coordinates, considerably more than in p- or T -
coordinates. For trajectories released from the northern boundary, the net equatorward transport
is 34 Sv.

In q-coordinates, the centres of the cells lie within the domain, away from the end latitudes,
meaning that they are closer to the equator than in p- or T -coordinates. In Table 4.2, the extremum
values of the total Lagrangian stream function are also smaller than the corresponding values in
p- and T -coordinates. A closer look reveals that the recirculation within the cells are small, while
the transports “North-to-South” or “South-to-North” are of similar sizes as in the other coordinate
systems. This indicates that recirculating trajectories do not cross iso-surfaces of specific humidity
as often as isosurfaces of temperature or pressure.

Considering a scenario with dry air at about 30 ◦ latitude in each hemisphere and moist air at
the ITCZ (near the equator), the iso-surfaces of q would lean from near the surface at 30 ◦ towards
higher altitudes in the ITCZ. Hence, the surfaces would lean in a direction along which trajectories
mostly move as they ascend, hence explaining the weaker Hadley Cells in humidity coordinates.

The error in the Lagrangian stream functions are, as in the other coordinate systems, estimated
in Figure 4.6c. The Eulerian stream function in Figure 4.4 is observed to be smooth, indicating a
strong zonal and temporal variation in specific humidity. This is not too surprising since q often
is higher over oceans than over continents, and the distribution of clouds in the tropics is highly
variable. As in the case with p or T -coordinates, the main source of error lies in the definition of
the annual-mean of a Lagrangian stream function.
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4.6 30 ◦N to 30 ◦S in (y, p)-coordinates
In January, when the northern cell stretches as far south as 15 ◦S, some trajectories that are meant
to recirculate within the northern cell might exit at 15 ◦S and fall under the class “North-to-South”.
Had the domain been twice as large, those trajectories could have fallen under “North-to-North”.
Hence, some part of the mass transport across the domain might take place during January or
July, and look like a transport between the cells, while it actually is the recirculating transport. In
order to examine this, the domain was expanded.

The trajectories were traced in the same manner as before, but in a domain twice as large,
between 30 ◦N and 30 ◦S. This domain included nearly both entire annual-mean Hadley Cells.
As such, on an annual-mean basis, the mean meridional velocity component should be close to
0 m/s at the boundaries. Hence, trajectories should be about as probable to enter and/or exit at
any vertical level in the troposphere. According to seasonal-mean meridional overturning stream
functions produced from five-decade averages (Webster, 2005), there are more or less stationary
zero stream lines at 30 ◦N and 30 ◦S, indicating zero meridional velocity. This is the main reason
to use 15 ◦N and 15 ◦S instead.

When expanding the domain, the maximum possible number of trajectories was the same (little
over 50 million), but the mass transports in the different trajectory classes were much different.
The recirculating transports were 836 Sv (“North-to-North”) and 994 Sv (“North-to-South”), while
the inter-hemispheric transports were 90 Sv northward (“South-to-North”) and 91 Sv southward
(“North-to-South”). If only the transports within the troposphere are counted, the “North-to-North”
and “South-to-South” transports were 656 Sv and 822 Sv, while the inter-hemispheric transports
were 75 Sv northward and 73 Sv southward. Compared to the smaller domain, the recirculating
transports are larger and the inter-hemispheric are smaller. This is expected since the Hadley
cell on the winter hemisphere often stretches across the entire 15 ◦N-to-15 ◦S domain, giving more
transport across a smaller domain than a larger.

Adding all transports and trajectories together, the smaller domain had 26 310 675 trajectories
transporting 1 346 Sv, while the larger domain had 25 394 885 trajectories transporting 2 011 Sv.
Hence, the mass transport per trajectory was significantly larger for the larger domain. A grid
cell at about 30 ◦ latitude has a slightly smaller ∆x than one at 15 ◦. Also, the subtropical highs at
about 30 ◦N could increase ∆p with ∆Bk(ps,30 ◦ − ps,15 ◦) ∼ 10 hPa, which is not enough. However,
there are the subtropical jets to consider, which can release some trajectories with high velocities.



Chapter 5

Discussion & Conclusions

In this project the Hadley Cells have been decomposed into four Lagrangian stream functions. The
corresponding meridional mass transport in and out of each cell has been investigated. This was
done by seeding trajectories into a domain defined between 15 ◦N and 15 ◦S, which should include
half of each of the annual-mean Hadley Cells.

We have seen that the stream lines are closed in the Eulerian stream function. However, La-
grangian stream functions showed that an annual-mean of 130 Sv and 135 Sv was transported
northward and southward across the domain. About 125 Sv each of these transports were within
the troposphere. It was also shown that not all trajectories follow paths similar to those in Figure
4.1.

The recirculating transports, “North-to-North” and “South-to-South”, were 473 Sv and 508 Sv
respectively. This is significantly larger than the inter-hemispheric transports.

About half of the “North-to-North” and “South-to-North” trajectories enter the domain in the
lower half at each end latitude and exits in the upper half of the northern boundary. For the “South-
to-South” and “North-to-South” trajectories, the corresponding percentages are slightly higher (∼
70%). It should be noted that more of the southern Hadley Cell was captured into the domain,
which could explain the higher percentages for trajectories exiting at the southern boundary.

One must consider the strong seasonal variations of the cells. In northern hemisphere winter,
the northern Hadley Cell is strong and stretches as far south as 15 ◦S. Such a circulation could
give a high altitude “South-to-North” transport, and a low altitude “North-to-South”. Thus “the
winter Hadley Cell” could give inter-hemispheric transports with little vertical motions, which
could account for some of the trajectories not following the streamlines. This can also explain why
the equatorward transport in the upper half of each end latitude is stronger than the recirculating
mass transported poleward.

Since the trajectories do not have a pre-known residence time, it would be difficult to produce
fair seasonal averages of the Lagrangian stream functions to investigate this.

It should be noted that the values of the mass transports and stream functions are only valid
for this particular case. When the domain was extended to 30 ◦N and 30 ◦S it was found that the
inter-hemispheric mass transport became smaller. This is because a trajectory has to travel 60 ◦

instead of 30 ◦ in order to count as inter-hemispheric. Overall, the mass transport per trajectory
was significantly larger, which could be explained by the fact that some trajectories were released
close to the subtropical jets where the velocities are high.

There are a number of errors to consider. In this study, errors from interpolations in space, the
“jump” in fields every 6 th hour, or the small number of trajectories which never leave the domain,
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are found to be negligible when compared to the error introduced by the difficulty to define the
annual-mean Lagrangian stream function. The temporal mean of the Eulerian stream function
was extended by an additional 2 weeks. This gave an “annual-mean” from January 1st 1989 to
January 14th 1990. The extension was found to over-compensate for some “North-to-North” and
“South-to-South” trajectories travelling in the year 1990, while it was not enough to compensate
for some “South-to-North” and “North-to-South” trajectories.

Another way to reduce the problem is to seed over a longer period of time, for example 5 years.
Then the “overshoot” of the annual-mean Lagrangian stream function by 1 month or so will be of
less significance. However, such a run would consume 5 times more computer memory.

Now that the code has been set up for atmospheric studies, this project could be further extended.
Some suggestions are presented below.

• Use other vertical coordinates. The Hadley cells transport energy and angular momentum. By
also using geopotential, Φ, as a vertical coordinate, one could combine the stream functions in
T -,q- and Φ-coordinates similarly as done by Döös & Nilsson (2009), thus obtaining the moist
static energy, E = cpT +Lq+ gΦ, and use this as vertical coordinate in a stream function. One
could perhaps also use angular momentum as vertical coordinate, since it should be conserved
during the meridional motions in the Hadley Cells. Hence, trajectories would show a tendency
to follow iso-surfaces of angular momentum. This would require the use of zonal velocity, u, as
vertical coordinate and then applying M(φ) = (Ωa cos(φ) + u)a cos(φ).

• Extend the domain to look not only at the Hadley Cells, but also at the Ferrel Cells. Either look
separately at the Ferrel Cells (60 ◦N to 30 ◦N) or combine with Hadley Cells (60 ◦N to 0 ◦). Using
different vertical coordinates (pressure, temperature, specific humidity, moist static energy,
equivalent potential temperature . . . ) could provide useful information in understanding this
complex cell.

• Extend to investigate a longer period of time in order to reduce the error from the time aver-
aging, perhaps the total ERA-Interim period (1989-2008). Studies have shown a correlation
between El Niño events and stronger Hadley Circulations (Quan et al., 2005). Making the time
average over a decade or more would include such inter-annual variations. However, there are
a number of computational constraints such as the demand for memory, not to mention the
very long CPU-time, making this very difficult.

• TRACMASS could be set up together with a climate model, such as EC-Earth, which uses
the IFS model (used by ECMWF) for the atmosphere and NEMO for the oceans, two models
TRACMASS is compatible with. In such a run, a trajectory could travel in the ocean, evaporate
into the atmosphere, precipitate as snow and freeze into a glacier, only to melt and flow into
the ocean again. However, such a project would most likely consume a lot of computer power.

There are a number of ways to improve the trajectory code. In this study each trajectory repre-
sented a mass transport, while it could instead be set to represent a mass element. By calculating
the time it takes for that mass element (the trajectory) to cross two x-z grid box walls, the merid-
ional mass transport could be obtained.

Furthermore, the time dependence could be improved by simple linear interpolation in time (as
done by Vries & Döös (2001)), so that the fields approach the field 6 hours later linearly. One
should, however, remember that it has been shown that the errors introduced by not using a lin-
ear time-interpolation are “overshadowed” by the difficulty to define an annual-mean Lagrangian
stream function.
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