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General circulation of the atmosphere
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Spinup of the general circulation in an idealized model

Fig. 1 
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General circulation of the atmosphere: subtopics

1. The impact of eddies: Midlatitude surface westerlies
and the Ferrel cells

2. Circulation in isentropic coordinates and transport 
of tracers
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Eddy meridional heat flux: poleward in both hemispheres

Zonal and time mean of v′θ′cos(lat) in ms-1K
Red line indicates the tropopause

Fig. 4
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Eddy meridional heat flux: poleward in both hemispheres

Fig. 4
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Eddy momentum flux: mostly poleward and converges at midlatitudes

Zonal and time mean of u′v′cos(lat) in m2/s2

Fig. 5
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Zonal and time mean of u′v′cos(lat) in m2/s2

Fig. 5
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Eliassen-Palm fluxes: upwards and then equatorward

EP fluxes (arrows); orange is divergence, blue is convergence
The reference arrow has units m3s-2.  The contour interval is 75 m2s-2. 

Red line is the tropopause.  Based on ERA-interim DJF 1980-2013.  (Dwyer & O’Gorman, 2017)
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FIG. 1. The time-mean EP flux (arrows) and EP flux divergence (contours) for the ERA-Interim reanalysis

from 1980–2013 in DJF (top row) and JJA (bottom row), calculated with the dry theory (a,d), with the effective

static stability (b,e) and with equivalent potential temperature (c,f). Contour intervals are 75 m2s�2 in all panels,

with blue contours indicating convergence and orange contours divergence. The horizontal arrow scale varies

between panels and is given in each panel in units of m3s�2. A vertical arrow of the same length has a flux

equal to the horizontal arrow multiplied by 4.5⇥10�3 Pa m�1. Data is not plotted below the level at which the

appropriate static stability (�∂q/∂ p, �∂qeff/∂ p, or �∂qe/∂ p) is smaller than 0.01 K hPa�1, as indicated by

the gray line. The red line indicates the mean level of the tropopause using the WMO’s lapse rate definition, and

the black lines in the lower panels show the zonal- and time-mean relative zonal angular momentum ucosf at

10 m above the surface.
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u’v’>0

u’v’<0

Tilts in Rossby waves leads to poleward flux of 
eastward momentum

Oort, 1989

Fig. 8
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Schneider et al, Rev. Geophysics, 2010

climate changes only via changes in the eddy momentum
flux divergence S, and possibly via changes in the width of
the Hadley cells that can affect the relevant value of the
Coriolis parameter f near their center. In this limit, changes
in thermal driving affect the Hadley circulation strength only
insofar as they affect the eddy momentum flux divergence S
or the relevant value of the Coriolis parameter f. The local
Rossby number Ro above the center of a Hadley cell is a
nondimensional measure of how close the upper branch is to
the angular momentum–conserving limit. In the limit Ro→ 1,
nonlinear momentum advection by the mean meridional
circulation, f Ro v = v (a cos !)−1∂! (u cos !), where u is the
mean zonal velocity, dominates over eddy momentum flux
divergence. In the limit Ro → 0, eddy momentum flux
divergence dominates over nonlinear momentum advection
by the mean meridional circulation.
[28] For intermediate local Rossby numbers 0 < Ro < 1,

the Hadley circulation strength can respond to climate
changes both via changes in the eddy momentum flux
divergence and via changes in the local Rossby number. The
zonal momentum balance (10) implies that a small fractional
change dv/v in the strength of the upper tropospheric mean
meridional mass flux must be met by changes in the eddy
momentum flux divergence, dS, in the local Rossby num-
ber, dRo, and in the relevant value of the Coriolis parameter,
df, satisfying

"v
v
! "S

S þ "Ro
1# Ro

# "f
f
: ð11Þ

For example, if Ro = 0.2 and if we neglect changes in the
relevant value of the Coriolis parameter near the center of

the Hadley cells, a 10% increase in the strength of the mean
meridional mass flux requires a 10% increase in S, an
increase in Ro of dRo = 0.08 or 40%, or a combination of
these two kinds of changes. A 40% increase in Ro implies
the same increase in the relative vorticity (meridional shear
of the zonal wind) and hence a similarly strong increase in
upper tropospheric zonal winds. Such a strong increase in
zonal winds would almost certainly affect the eddy
momentum flux divergence S substantially. For example,
according to the scaling laws described by Schneider and
Walker [2008], the eddy momentum flux divergence
scales at least with the square root of meridional surface
temperature gradients and thus upper tropospheric zonal
winds (by thermal wind balance). So for small Ro in general,
changes in S are strongly implicated in any changes in
Hadley circulation strength. Conversely, if Ro = 0.8 under
the same assumptions, a 10% increase in the strength of the
mean meridional mass flux requires an increase in Ro of
only dRo = 0.02 or 2.5%, implying much subtler changes in
upper tropospheric zonal winds with a weaker effect on
eddy momentum fluxes. So for large Ro in general, changes
in S play a reduced role in changes in Hadley circulation
strength, which therefore can respond more directly to
climate changes via changes in energetic and hydrologic
balances.
[29] Earth’s Hadley cells most of the year exhibit rela-

tively small local Rossby numbers in their upper branches,
but local Rossby numbers and the degree to which the
Hadley cells are influenced by eddy momentum fluxes vary
over the course of the seasonal cycle. Figure 5 shows
Earth’s Hadley circulation and the horizontal eddy momen-
tum flux divergence for December‐January‐February (DJF),

Figure 5. Earth’s Hadley circulation over the course of the seasonal cycle. Black contours show the
mass flux stream function, with dashed (negative) contours indicating clockwise motion and solid
(positive) contours indicating counterclockwise motion (contour interval is 25 × 109 kg s−1). Colors indi-
cate horizontal eddy momentum flux divergence div(u0v0 cos!), with the overbar denoting the seasonal
and zonal mean and primes denoting deviations therefrom (contour interval 8 × 10−6 m s−2, with red tones
for positive and blue tones for negative values). Gray shading indicates regions in which ∣Ro∣ > 0.5. The
vertical coordinate s = p/ps is pressure p normalized by surface pressure ps. Computed from reanalysis
data for the years 1980–2001 provided by the European Centre for Medium‐Range Weather Forecasts
[Kållberg et al., 2004; Uppala et al., 2005].

Schneider et al.: WATER VAPOR AND CLIMATE CHANGE RG3001RG3001

9 of 22

Eddy momentum fluxes also affect the Hadley cells

Colors: eddy momentum flux divergence (red positive)

Lines: Eulerian meridional streamfunction

Gray shading: Eddy momentum fluxes not as important in zonal momentum 
balance in this region 

Fig. 9
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Dry-isentropic mean meridional streamfunction (1010 kg s-1)
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January 
circulation

in the 
stratosphere

Fig. 12

January compared with 84 kgm! 1 s!1 across 301 S in
July.

Lagrangian Circulation

The transformed Eulerian mean circulation gives the
picture of smooth advection from the tropics into
middle and high latitudes. However, this is the
Eulerian averaged motion, it does not indicate the
motion of individual air parcels whose trajectories are
chaotic because of displacements by waves. This is
illustrated by Figure 4, which shows trajectories of
four air parcels started in April 1996 on the Equator at
25 km at four different longitudes (these can be taken

as typical trajectories of four molecules of a complete-
ly inert gas through the stratosphere). The trajectories
are run for 2 years, with the first 6months colored red,
the second 6months colored green, the third 6months
colored blue, and last 6 months colored black. Hence
the red and blue portions of the trajectories are in the
Southern Hemisphere winter, while the green and
black portions are in theNorthernHemispherewinter.
All the air parcels ascend in the tropics during the first
6 months. Trajectory 1 (Figure 4A) then follows the
general shape of an upper branch of the residual mean
meridional circulation (as shown in Figure 3B);
trajectory 2 (Figure 4B) follows a lower branch of
the circulation. For both of these trajectories, system-
atic descent occurs only in the blue (Southern Hem-
isphere winter) part of the trajectory. In contrast,
trajectory 3 (Figure 4C) descends into the Northern
Hemisphere in the green part of the trajectory,
recirculates back into the tropics where it ascends,
before descending again into the Northern Hemi-
sphere in the black part of the trajectory. Trajectory 4
(Figure 4D) first descends in the Northern Hemi-
sphere, is advected through the tropics, and then
descends further in the Southern Hemisphere. Note
that meridional displacements of the air parcels
are greater in the extratropics than in the tropics
because of the presence of planetary waves in the
extratropics. These fast meridional displacements
are superimposed on the slow descent in the winter
hemispheres.

Transport of Long-Lived Chemical
Tracers

The mean meridional circulation and mixing from
breaking planetary waves strongly influences the
distribution of long-lived chemical tracers. This is
illustrated in Figure 5, which shows for October the
zonally averagedmixing ratio ofmethane asmeasured
by Halogen Occultation Experiment (HALOE) on the
Upper Atmosphere Research Satellite (UARS). The
mixing ratio surfaces have been tilted by the upward
and downward motion of the mean meridional,
circulation, with mixing ratio surfaces lifted in the
tropics and pushed down near the South Pole. But at
the same time, the quasi-horizontal mixing in the
Southern Hemisphere mid-latitudes from breaking
planetary waves has tended to homogenize the tracer
distribution, producing approximately horizontal
mixing ratio surfaces in this region.

The mean meridional circulation transports ozone
from the photochemical production region above
25 km into the lower stratosphere, where it accumu-
lates. The maximum in column ozone occurs in high
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nal streamfunction calculated from UK Meterological Office
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Introduction

The circulation in the middle atmosphere strongly
influences the distribution of long-lived chemical
tracers. For example: ozone produced at altitudes
above 25 km is transported poleward and downward
into the lower stratosphere, where it accumulates;
man-made chlorofluorocarbons (CFCs) and other
tropospheric source gases are drawn up in the tropical
stratosphere to altitudes where they are photolysed by
energetic ultraviolet radiation. It has long been recog-
nized that to explain the dryness of the stratosphere
there must be a circulation in which air enters the
stratosphere at the Equator, where it is dried by
condensation, followed by poleward transport to
middle and high latitudes. This hemispheric Equator-
to-pole circulation is often called the Brewer–Dobson
circulation after the two scientists who first inferred
the circulation frommeasurements ofwater vapor and
ozone.

The Brewer–Dobson circulation is forced by non-
linear effects associated with upward propagation of
planetary and gravity waves from the troposphere
(see Stratosphere–Troposphere Exchange: Global As-
pects). Wave breaking, particularly planetary wave
breaking in the winter stratosphere, gives rise
to a westward force. Since the Earth is a rapidly
rotating planet, there is a gyroscopic effect in
which a westward force produces a poleward
drift. The poleward drift draws air up in the equatorial
region, which then becomes colder than radiative
equilibrium and so becomes radiatively heated, and
pushes air down at high latitudes accompanied by
radiative cooling.

Mean Meridional Circulation

The time-mean meridional (height–latitude) circula-
tion can be examined by considering the Eulerian or
Lagrangian averaged motion. The Eulerian mean
circulation averages the motion over a set of coordi-

nates fixed in latitude and height. The Lagrangian
mean circulation averages the motion following air
parcels.

Eulerian Mean Circulation

Figure 1 shows for January the Eulerian mean merid-
ional streamfunction, !ww, defined from the zonally
averagedmeridional, !vv, and vertical, !ww, velocities (eqn
[1]).

r0!vv ¼ " q!ww
qz

r0 !ww ¼ q!ww
qy

½1$

In eqn [1] z is a log-pressure vertical coordinate and
the basic density r0ðzÞ ¼ rse"z=H with rs surface
density and H an atmospheric scale-height.
Figure 1 shows ascent in the tropics and subtropics
of the Southern (summer) Hemisphere, downward
motion in mid-latitudes of the Northern (winter)

90° S 60° S 30° S 0° 30° N 60° N 90° N
Latitude

20

30

40

50

H
ei

gh
t (

km
)

-25

-7

-7

-7

7

7

7

7

7

25

25

70
Figure 1 January average (1993–1999) Eulerian mean merid-
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Relevance of isentropic circulation: 
Zonal-mean methane concentration

Fig. 13

times for air parcels to travel from the tropical
tropopause to a location in the stratosphere. Locations
near the tropical tropopause exhibit a sharply peaked
age spectra, indicating that most air has recently left
the tropopause. Locations at high latitudes have very
broad age spectra, indicating recirculation andmixing
of air parcels in the stratosphere (as indicated by the
trajectories in Figure 4C, D).

For an inert tracer that has a linearly increasing
source in the troposphere, the mean age in conditions
where the transport is in a steady state can be derived
from themixing ratio gðx; tÞ at a location x at time t as
the time lag since the tracer last showed the mixing
ratio in the troposphere. The mean age, GðxÞ (t in
years), is given by eqn [6], where a is the trend of the
mixing ratio (in years).

GðxÞ ¼ t $ gðx; tÞ
a

½6&

Carbon dioxide and sulfur hexafluoride are both
nearly inert and have approximately linear trends
(once the seasonal cycle in carbon dioxide is removed).
Measurements of these tracers from aircraft and
balloon have been used to infer mean age in the
stratosphere. These measurements show that mean age
increases with height in the tropics and in the extra-
tropics. It might have been thought, given the sense of
the mean meridional circulation, that the oldest air in
the stratospherewould be at high latitudes in the lower
stratosphere. The fact that this is not the case indicates
that young air is mixed out of the tropics in the lower
stratosphere.

The distribution of mean age for October from a
model simulation is shown in Figure 6. The mean age
increases with height everywhere (except for a small
region at the South Pole). The maximum mean age is
over 7 years in polar regions of the upper stratosphere
and is youngest at low altitudes in the tropics.
Comparison against observations is a powerful test
of the transport characteristics of models because
mean age is not affected by chemistry (as is, for
example, methane) and both the mean meridional
circulation and quasi-horizontal mixing by breaking
planetary waves must be correctly simulated.

See also

Middle Atmosphere: Planetary Waves; Zonal Mean
Climatology. Ozone: Photochemistry of Ozone. Strato-
sphere–Troposphere Exchange: Global Aspects.
Stratospheric Water Vapor.
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Figure 5 Zonally averaged mixing ratio of methane for October
(1993–1999) as measured by Halogen Occultation Experiment
(HALOE) on the UARS. Contour interval is 0.2 ppmv.
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1999) as calculated by the SLIMCAT chemical transport model,
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(Pauluis et al, Science, 2008)

Mean meridional circulation on dry and moist isentropes:
averaging on θe surfaces (moist isentropes) gives simplest circulation

Fig. 14

Moist isentropes give
very simple circulation
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