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The transformed Eulerian mean residual circulation is calculated from ERA-Interim
for 1989–2009. Known as the Brewer–Dobson circulation, this measures the tropical
upwelling of mass from troposphere to stratosphere, the mean meridional mass
transport in the stratosphere and the downwelling of mass in the Extratropics.
Major features of the Brewer–Dobson circulation, including the seasonal migration
of the tropical upwelling toward the summer pole, are well represented. In the tropical
lower stratosphere vertical velocities are less noisy than in other reanalyses, though
significant tidal variations demonstrate the need for 6-hourly data. Throughout the
year tropical lower stratospheric ascent rates are a minimum at the Equator and
strongest in the Northern Hemisphere. In each hemisphere the maximum tropical
ascent occurs during summer, whereas the strongest circulation and maximum
in extratropical descent occur in the winter hemisphere. At 70 hPa the annual
mean upwelling mass flux is 5.9 × 109 kg s−1, with the zonal drag from resolved
waves and parametrized orographic gravity wave drag (OGWD) providing 70% and
4% of the driving, respectively. Hence it is concluded that the OGWD probably
underestimates the momentum deposited above 70 hPa in addition to there being
an absence of drag from non-orographic gravity waves. A statistically significant
trend of −5% per decade in the upwelling mass flux is considered unreliable because
it is inconsistent with the negative temperature trend, assuming a mainly adiabatic
temperature response at this level (70 hPa) to the changes in upwelling. Copyright c©
2011 British Crown copyright, the Met Office. Published by John Wiley & Sons Ltd.
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1. Introduction

The Brewer–Dobson circulation describes the global-scale
meridional circulation of the stratosphere, with upwelling
in the Tropics and poleward and downward motion in
the Extratropics. It has been of recent interest, with global
models showing a consistent increase in the strength of the
circulation associated with rising greenhouse gas concentra-
tions (e.g. Butchart and Scaife, 2001; Butchart et al., 2006,
2010; Garcia and Randel, 2008; Li et al., 2008; McLandress
and Shepherd, 2009). The Brewer–Dobson circulation

is very difficult to diagnose directly from meteorological
observations and reanalysis data often provide the best tool
for deriving its properties. The availability of ERA-Interim
(Dee et al., 2011)–the latest reanalysis dataset from the
European Centre for Medium-Range Weather Forecasts
(ECMWF)–provides a good opportunity to update our
understanding of the basic features of the circulation.

There is currently a lack of consistency in how the
strength of the Brewer–Dobson circulation (WMO, 2010)
is characterized in terms of tropical upwelling. For instance,
Randel et al. (2008) and Calvo and Garcia (2009) use fixed
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latitude bands that do not include the Subtropics, while
Butchart et al. (2006, 2010) and McLandress and Shepherd
(2009) integrate the mass flux between the latitudes at
which the upwelling changes sign (so-called ‘turnaround
latitudes’; see section 4). The choice of vertical level also
differs between these studies.

The aim of this study is to diagnose the major features of
the Brewer–Dobson circulation and, in particular tropical
upwelling from the newly available ERA-Interim reanalysis
dataset. Tropical upwelling will be analysed directly using
the residual vertical velocity (see section 2) and via the down-
ward control principle (Haynes et al., 1991), and long-term
trends will be calculated. The effects of the different pub-
lished approaches noted above for quantifying the strength
of the Brewer–Dobson circulation in terms of upward
tropical mass fluxes will be assessed and the implications for
the analysed driving and calculated trends will be discussed.

2. Theoretical background

Since the Brewer–Dobson circulation describes Lagrangian-
mean transport (in this paper we consider only the
mean mass transport, not two-way mixing), it cannot be
diagnosed directly from the Eulerian velocity. However,
the transformed Eulerian mean (TEM) residual circulation
(v∗, w∗) provides a useful proxy for the Lagrangian-mean
motion under time-averaged conditions (e.g. Andrews
and McIntyre, 1976; Dunkerton, 1978; Holton, 1990). In
log(pressure) coordinates these are defined by

v∗ = v − 1

ρ0

(
ρ0v′θ ′

θz

)
z

= − 1
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∂ψ
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where v and w are, respectively, the meridional and vertical
components of the velocity, a is the Earth’s radius, φ is
latitude, z is log(pressure) − height, ρ0 = exp(−z/H), H is
the density scale height taken as 6800 m and θ is potential
temperature (hence, w = −(H/p)(dp/dt), where p is the
pressure). An overbar represents the zonal mean, and a

prime the deviation from this mean. Subscripts represent
the partial derivative. The stream function for the residual
flow is ψ(φ, z). Within the TEM formalism, the zonal
momentum equation becomes

ut + v∗
(

(u cos φ)φ

a cos φ
− f

)
+ w∗uz = DF + X ≡ F, (2)

where u is the zonal component of the velocity, f is the
Coriolis parameter, X represents unresolved drag, and DF is a
scaled version of the Eliassen–Palm (EP) flux divergence, i.e.

DF = ∇ · F

ρ0a cos φ
, (3)

where F is the EP flux vector, with components
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∇ · F represents forcing due to resolved wave breaking.
For a realistic and steady (i.e. ut = 0) zonal mean zonal

wind distribution u(φ, z), v∗ = w∗ = 0 is a solution of Eq. (2)
in the absence of wave driving (i.e. if X = 0 and DF = 0).
The introduction of non-zero wave forcing terms (X and/or
DF) will then generally result in the TEM residual circulation
also becoming non-zero to maintain the steady conditions.
Hence under this approximation the Brewer–Dobson
circulation can be considered as a wave-driven circulation.
Moreover, for the steady conditions, the downward control
principle of Haynes et al. (1991) allows the stream function
of the residual circulation, ψ(φ, z), to be expressed in terms
of a vertical integral of the total forcing term from Eq. (2):

ψ(φ, z) =
∫ ∞

z

{
ρ0aF cos2 φ

mφ

}
φ=φ(z′)

dz′ , (5)

where m = a cos φ(u + a� cos φ) is the angular momentum
per unit mass and � is the angular velocity of the Earth’s
rotation. The integration is along a line of constant angular

(a) (b)

Figure 1. December–January–February (DJF) and June–July–August (JJA) climatological averages (1989–2009) of zonal mean zonal wind (solid line, in
units of m s−1) and zonal mean absolute angular momentum per unit mass (dashed line, in units of 6.4 × 107 m2 s−1) from ERA-Interim. The bold solid
line is a contour of w∗ = 0, indicating the extent of tropical upwelling, or the ‘tropical pipe’.
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momentum, which is approximated as vertical, but this
breaks down near the Equator (cf. dashed contours in
Figure 1). By splitting F into its resolved (DF) and
unresolved (X) components in Eq. (5) the contribution
from each of these components in driving the upwelling can
be quantified.

3. Assimilation models and data

3.1. Models

The ECMWF Interim Reanalysis (ERA-Interim; Dee
et al., 2011) data incorporate observations from in situ
measurements, balloons, radiosondes, dropsondes, aircraft
and satellites (Simmons et al., 2007). The assimilation uses
the ECMWF Integrated Forecast System (IFS) model, run at
a horizontal resolution of T255, with 60 vertical levels and
including physical parametrization schemes for radiative
transfer, turbulent mixing, sub-grid-scale orographic drag,
moist convection, clouds and surface/soil processes (IFS
Documentation, 2007). A Rayleigh friction and diffusion
are also included in the model. ERA-Interim is similar
to the ERA-40 Reanalysis (Uppala et al., 2005) but uses
ECMWF’s operational four-dimensional variational data
assimilation system (4D-Var) as opposed to the 3D-Var
system used in ERA-40, and has improved humidity analysis,
model physics, data quality control, bias handling and other
improvements as noted in Simmons et al. (2007). Although
ozone is actively assimilated in ERA-Interim (Dragani,
2010), the sensitivity of mass and wind variables to ozone
data is switched off, and only an ozone climatology is used in
the radiation scheme. Therefore the meteorological variables
are not affected by the assimilated ozone. Greenhouse gases
are set to observed 1990 values plus a linear trend (as
specified in Houghton et al., 1995). In particular, carbon
dioxide is assumed to be well mixed with a concentration of
353 ppmv + 1.5 ppmv per year.

The UK Met Office (UKMO) stratospheric analysis
(Swinbank and O’Neill, 1994) are also used in this study, to
support the ERA-Interim results. The assimilation uses the
Met Office Unified Model (Davies et al., 2005). There was
a major change in the dynamical core of the assimilation
model in 2003 and therefore only data for 2004–2009 are
used in this study. Data are obtained at a resolution of 3.75◦
longitude × 2.5◦ latitude as daily instantaneous fields (at
1200 UTC), though the vertical velocity is averaged over all
assimilation time steps from 0900 UTC to 1500 UTC.

3.2. Data

The ERA-Interim data are available over the period
1989–2009, and obtained here on 37 pressure levels with
a 1.5◦ horizontal resolution. The uppermost pressure level
obtained is at 1 hPa with vertical resolution approximately
1 km throughout the stratosphere. These data have a good
representation of the stratosphere, as can be seen by the
zonal mean zonal wind shown in Figure 1. The polar jets are
represented clearly, with stratospheric flow largely eastward
in the winter hemisphere and westward in the summer
hemisphere.

Data are obtained at 6-hourly time intervals at the four
main synoptic times 0000, 0600, 1200 and 1800 UTC.
Figure 2 illustrates the importance of using data with at
least this temporal resolution, showing the residual mean
vertical velocity, w∗, at 70 hPa for both 6-hourly and daily
sampling rates. There is a clear anti-phase relationship
between the daily data sampled at 0600 UTC and 1200 UTC,
suggestive of a strong variation in upwelling with a 12-hour
period. A similar relationship exists between data sampled at
0000 UTC and 1800 UTC. The greatest difference between
6-hourly and daily sampled data occurs in the Tropics and
it is clear that a minimum of a 6-hourly sampling rate is
necessary for calculating properties of tropical upwelling.
Further, work comparing the residual mean vertical velocity
in the Met Office Unified Model calculated every model time
step (20 minutes), 6-hourly and daily shows that, in fact,

w
∗

Figure 2. Annual mean w∗ at 70 hPa for 6-hourly sampling rates (at 0000 UTC, 0600 UTC, 1200 UTC, and 1800 UTC) and daily sampling rates at
0600 UTC and 1200 UTC from ERA-Interim for 1989–2009. Annual mean w∗ at 68 hPa from the UKMO analysis (2004–2009) is also shown; this is
available daily, averaged between 0900 UTC and 1500 UTC.
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Figure 3. Seasonal mean TEM stream function from ERA-Interim for 1989–2009. Contours have units of kg m−1 s−1 and are spaced logarithmically.
Dashed contours represent negative values.

6-hourly data are sufficient (not just necessary) to accurately
diagnose w∗ in the lower stratosphere (not shown).

Figure 2 also shows the annual mean w∗ at 68 hPa
determined from the UKMO analysis. The UKMO data
show larger upwelling in the Tropics than 6-hourly ERA-
Interim, and the turnaround latitudes (the latitudes at which
w∗ changes sign) are shifted further south. However, there
is generally good agreement in the profile and magnitude of
upwelling between the two datasets.

4. Brewer–Dobson circulation

4.1. The transformed Eulerian-mean circulation

The climatology of the seasonal mean TEM stream function
defined in Eq. (1) is shown in Figure 3 for the ERA-
Interim data from 1989 to 2009. The stream function was
calculated by assuming w∗ was zero at 90◦N and 90◦S and
integrating Eq. (1b) from north to south and south to north,
respectively, then taking the average. A very similar result
(not shown) was obtained by integrating Eq. (1a) downward
from the top level assuming v∗ was zero above that level.
All the major features of the Brewer–Dobson circulation
are clearly seen in the figure; upwelling in the Tropics
and poleward–downward flow in the Extratropics. There
is a prominent annual cycle, with the upwelling displaced
from the Equator toward the summer hemisphere and the
strongest downwelling in the winter hemisphere. The shift
of the upwelling to the summer hemisphere becomes more

pronounced with altitude. In the troposphere the Hadley
cell is clearly visible in the stream function.

The annual cycle of the Brewer–Dobson circulation is
again seen in the latitude–month variation of w∗ at 70 hPa
and 100 hPa (Figure 4(a) and (c), respectively) with the
region of tropical upwelling, or ‘tropical pipe’, oscillating
between summer hemispheres by approximately 20◦ in
latitude at 70 hPa. Interestingly, this seasonal migration of
the edge of the tropical pipe toward the pole in spring and
then back toward the Equator in autumn is roughly the
same as that seen for the latitude of the zero zonal mean
zonal wind line in the lower stratosphere (not shown). The
ERA-Interim residual vertical velocities in Figure 4(a) and
(c) are broadly similar to those obtained from the 6 years
of UKMO analysis data for 2004–2009 (Figure 4(b) and
(d)). Compared to w∗ derived from ERA-40 (cf. Randel
et al., 2008, their Figure 1) the annual cycle in the tropical
upwelling is more smoothly represented in ERA-Interim,
most likely due to the use of 4D-Var data assimilation as
opposed to the 3D-Var assimilation used in the production
of ERA-40 (Simmons et al., 2007). Using mass-weighted
isentropic diagnostics, Iwasaki et al. (2009) also found that
ERA-Interim, along with the JRA-25 reanalysis (Onogi et al.,
2007), had less noisy zonal mean vertical velocities at 50 hPa
compared to other reanalysis datasets.

The vertical structure of the tropical pipe averaged for
December to February (DJF) and June to August (JJA)
further indicates that the displacement of the pipe toward
the summer hemisphere increases with altitude (Figure 1,
thick bold lines). At about 100 hPa there is a rapid increase
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(a) (b)

(c) (d)

Figure 4. Monthly and latitudinal variations of monthly mean w∗ at (a) and (b) 70 hPa, and (c) and (d) 100 hPa for both (a) and (c) ERA-Interim data
for 1989–2009, and (b) and (d) UKMO data for 2004–2009. Contours are in units of mm s−1, with the zero contour in bold. Dashed contours represent
negative values.
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Figure 5. For ERA-Interim for 1989–2009. (a) Monthly average w∗ (70 hPa) within the tropical pipe, transformed to normalized pipe latitude such that
latitude 0 always represents the centre of the pipe. The bold line represents the Equator in the transformed coordinates. Contours are in units of mm s−1.
(b) As (a) but with annual mean removed at each normalized pipe latitude.

with altitude in the width of the pipe and above 10 hPa the
region of upwelling extends all the way to the summer pole
(see Figure 1). These results are similar to those of Rosenlof
(1995) and Eluszkiewicz et al. (1996), who derived w∗ from
diabatic heating rates.

An advantage of the smoother representation of the
tropical upwelling in ERA-Interim compared to ERA-40
is that it allows the distribution of the upwelling within the
pipe to be examined in more detail than with the earlier

reanalysis or analysis datasets. To remove the effects of the
seasonal movement of the pipe toward and away from the
summer hemisphere, and the seasonal changes in pipe width,
the monthly and latitudinal variations in the strength of the
upwelling are shown in Figure 5(a) using a transformed
meridional coordinate that runs from −1 to +1 at the
southern and northern edges of the pipe, respectively (see
figure caption for details). The location of the Equator in
these coordinates is indicated by the thick bold line. This is
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Figure 6. Climatological mass flux across 70 hPa from ERA-Interim
(1989–2009). Tropical upwelling is calculated between turnaround
latitudes, and downwelling is calculated between the turnaround latitude
and the respective pole. The shading denotes the interannual standard
deviation.

also the location of the weakest upwelling within the pipe
and, from June to August, w∗ at the Equator is approximately
zero, confirming the local equatorial minimum in w∗ noted
by Butchart et al. (2006).

Although the movement of the Equator in the transformed
coordinates in Figure 5(a) is consistent with the well-
known displacement of the tropical pipe toward the summer
hemisphere, (e.g. Holton, 1990) the figure also indicates that
throughout the year the fastest ascent rates (as indicated by
the largest upward velocities) are found in the northern half
of the pipe and, indeed, in the Northern Hemisphere. Near
the centre of the pipe, the annual cycle in ascent rates has
opposite phases in the northern and southern halves of the
pipe, with ascent during the extended summer period in each
hemisphere (see Figure 5(b), which shows tropical upwelling
with the annual mean value removed at each normalized pipe
latitude). This contrasts to the extratropical downwelling,
which is a maximum in each hemisphere during winter
(see below and in particular Figure 6), demonstrating cross-
equatorial transport in the stratosphere.

On moving toward the edges of the pipe the seasonal
variations in the upwelling become more semi-annual than
annual, with weaker (stronger) ascent during the equinox
(solstice) seasons in both hemispheres (Figure 5(b)). This is
most likely a consequence of a similar semi-annual variation
in the quasi-horizontal areal cross-section of the pipe such
that the pipe size is a minimum during the two equinox sea-
sons (not shown). In turn, this arises because the duration
in each hemisphere of the poleward displacement of the
turnaround latitude during summer is less than 6 months
and hence there are months when neither turnaround lat-
itude is displaced poleward (e.g. see Figure 4(a)). However,
for most months the area of tropical ascent is slightly larger
than the area of extratropical descent and when averaged
over the whole year is 53.3% of the global surface area.

4.2. Mass flux

The upward tropical mass flux within the pipe is the mass
per unit time flowing between turnaround latitudes φ+ and
φ− at which w∗ changes sign north and south of the Equator,

respectively, i.e.

upward tropical mass flux = 2π

∫ φ+

φ−
w∗ρ0a2 cos φ dφ.

(6)

This flux, calculated at 70 hPa, is shown in Figure 6. Also
shown in the figure are the extratropical downward mass
fluxes in each hemisphere, calculated by integrating from the
relevant pole to the turnaround latitude. As expected from
mass conservation, the sum of the extratropical downward
mass fluxes equals the tropical upwelling mass flux.

In each hemisphere there is a strong annual cycle, with
the hemispheric downwelling reaching a maximum during
winter, then falling to almost zero during the summer
(Figure 6). Again there is a 6-month phase difference
between the two hemispheres and, because the winter
maximum is greatest in the Northern Hemisphere, the
annual cycle in the tropical upwelling is in phase with
that of the Northern Hemisphere downwelling. For all
three curves in the figure the interannual variability is
much smaller than the amplitude of the annual cycle.
Comparing Figures 5 and 6 also suggests that, in general, the
wintertime extratropical downwelling is balanced by tropical
upwelling that occurs mainly in the opposite hemisphere,
confirming that the pumping action of the wave driving
reaches into the opposite hemisphere, as has been noted
for large -scale transient events (e.g. Dunkerton et al., 1981;
Randel, 1993; Holton et al., 1995; Plumb and Eluszkiewicz,
1999).

4.3. Wave drag and downward control

The seasonal mean scaled EP flux divergence (DF) and
forcing due to parametrized processes (X) are plotted in
Figure 7 for the two solstice seasons. The greatest planetary
wave breaking is seen to occur in the winter hemisphere, of
which the Northern Hemisphere has the largest magnitude.
Planetary (resolved) wave breaking also extends further
poleward in the Northern Hemisphere (DJF) than in the
Southern Hemisphere (JJA) (Figure 7(a)).

The parametrized forcing X is largely westward in
Figure 7(b). This is due to the absence of parametrized
non-orographic gravity wave drag in the IFS model used
for ERA-Interim (IFS Documentation, 2007) such that X
represents only orographic gravity wave drag, at least in the
stratosphere. Parametrizations of non-orographic gravity
waves can, in general, produce weak eastward drag in the
high-latitude winter lower stratosphere of about 0.5 ms−1

per day (e.g. see Figure 3 of Scaife et al., 2002). This is
typically weaker than the westward drag produced at higher
altitudes by such schemes but is comparable in magnitude
to the westward drag from the resolved waves (DF) and
parametrized orographic waves (X) in the lower stratosphere
in Figure 7.

Figure 8 compares the DJF and JJA mean stream function
at 70 hPa calculated directly from w∗ (see Eq. (1)) with
that derived from the scaled EP flux divergence DF and
parametrized forcing X assuming downward control (see
Eq. (5) and figure caption for details). The stream function
calculated from DF (i.e. the resolved wave forcing) agrees
well with that obtained directly from w∗ apart from between
about 20◦ and 50◦, particularly in the winter hemisphere.
Because this difference is only partially accounted for (∼35%
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(a)

(b)

Figure 7. Seasonal average of (a) resolved wave drag (DF) and (b) parametrized wave drag (X) in the stratosphere from ERA-Interim (1989–2009).
Contours have units of m s−1 per day.

(a) (b)

w ∗w ∗

w ∗ w ∗

Figure 8. For ERA-Interim for 1989–2009, mass stream function at 70 hPa for (a) DJF and (b) JJA calculated from w∗, resolved waves (DF) and
parametrized processes (X) using downward control (DC), and the difference between stream functions calculated from w∗ and DF.

between ∼30◦N and 50◦N in DJF) by the contribution from
the parametrized drag X (dotted line in Figure 8) this
suggests that in the IFS model the orographic gravity wave
drag parametrization (i.e. X) is perhaps underestimating
the momentum deposited by these waves above 70 hPa by
up to a factor of three, at least in this latitude band in
DJF. On the other hand, if the parametrized waves already
break (i.e. saturate) below 70 hPa it would be difficult to
significantly increase the upward flux of momentum above
that level as only the unsaturated part of the momentum flux

is allowed to propagate upward. Therefore, other processes
such as parametrized non-orographic gravity wave drag
almost certainly play a role, particularly toward the Tropics,
where sub-grid-scale gravity waves from convective sources
are likely to be important (Chun et al., 2004). For the DJF
(JJA) results shown in Figure 8, 70% (75%) of the tropical
upwelling (or more strictly the corresponding extratropical
downwelling) is due to resolved waves (i.e. DF) and 8% (1%)
due to parametrized forcing (i.e. X), with the remainder due
to missing processes such as non-orographic gravity wave
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Figure 9. Time series for ERA-Interim of annual mean (top) temperature averaged between turnaround latitudes at 70 hPa (solid line) and 100 hPa
(dashed line), and (middle and bottom) tropical upwelling at 70 hPa and 100 hPa, calculated between turnaround latitudes (solid line), between fixed
latitudes 15◦S–15◦N (dot-dashed line) and via downward control between turnaround latitudes (dashed line).

drag. When averaged over the whole year (not shown) the
corresponding percentages are 70% for the resolved waves
(DF) and 4% for the parametrized forcing (X). Rayleigh
friction is included in the model above 10 hPa, but its
contribution to tropical upwelling is found to be just 0.4%
(not shown). It should be noted that data are only available
up to 1 hPa; thus the influence of the mesosphere is not
included in these downward control calculations.

These results show that the state-of-the-art chem-
istry–climate models analysed in Butchart et al. (2011)
represent well the contribution of resolved wave forc-
ing to driving the annual mean tropical upwelling at
70 hPa. Butchart et al. (2011) found the average contri-
bution across the chemistry–climate models to be 70.7%
from resolved waves, 21.1% from orographic gravity wave
drag (parametrized in ERA-Interim) and 7.1% from non-
orographic gravity wave drag (not included in ERA-Interim).

Another notable feature of the DJF stream function
calculated from the EP flux divergence (Figure 8(a),

dashed curve) is its relatively flat profile near the northern
turnaround latitude (i.e. the latitudes of the local maxima
of the solid curve where w∗ = 1

aρ0 cos φ

∂ψ

∂φ
= 0). The flat

dashed curve implies that w∗ resulting from DF is zero
either side of the turnaround latitudes and consequently the
extratropical downwelling driven by the EP flux divergence
is not particularly sensitive to the location of the turnaround
latitudes, in contrast to the findings of McLandress and
Shepherd (2009). As a corollary to this, most of the
latitudinal variability of w∗ near the edge of the tropical
pipe is determined by the sub-grid-scale forcing X and other
missing unresolved processes.

4.4. Time series: long-term trends

Figure 9 shows, for ERA-Interim, the time series of the
annual mean tropical temperatures and upwelling at both
70 hPa and 100 hPa, and averaged between the turnaround

Copyright c© 2011 British Crown copyright, the Met Office.
Published by John Wiley & Sons Ltd.

Q. J. R. Meteorol. Soc. (2011)



The Brewer–Dobson Circulation Inferred from ERA-Interim

Table I. Trends plus standard error in tropical upwelling
series shown in Figure 9. Values are expressed as a percentage

of the 20-year average, along with the standard error.

Tropical upwelling trends (% per decade)

Turnaround latitudes, 70 hPa −5 ± 2
Fixed 15◦S–15◦N, 70 hPa 0 ± 5
Turnaround latitudes, 100 hPa 1 ± 2
Fixed 15◦S–15◦N, 100 hPa 1 ± 4

latitudes. The upwelling results are also shown averaged
between 15◦S and 15◦N (as in Randel et al., 2008). At
70 hPa the annual mean upwelling mass flux calculated
between the turnaround latitudes and averaged over the
20 years is 5.9 × 109 kg s−1. This is in good agreement
with the 6.2 × 109 kg s−1 calculated between turnaround
latitudes at 68 hPa for the UKMO stratospheric analyses
for 2004–2009 and also with the multi-model mean value
of 5.9 × 109 kg s−1 calculated by Butchart et al. (2011) for a
range of climate-chemistry models, again at 70 hPa.

For the four upwelling time series shown in Figure 9 that
are calculated directly from w∗, the corresponding long-term
trends are listed in Table I as a percentage of the 20-year
mean. The only significant non-zero trend (that for which
the size of the uncertainty is not larger than the size of the
trend) is that calculated between the turnaround latitudes
for the upwelling at 70 hPa, which is decreasing. Trends
calculated for the other three time series are not statistically
significantly different from zero at the 95% confidence level.
Therefore, for the 20 years of ERA-Interim data, trends
in the Brewer–Dobson circulation inferred from tropical
upwelling are dependent on both the precise level at which
the upwelling is calculated and also the range of upwelling
latitudes included. Nonetheless, none of the four time series
support the statistically significant increase in upwelling
that has been predicted by models as a consequence of the
increasing amounts of CO2 in the atmosphere (e.g. Butchart
et al., 2010). Based on expected changes in adiabatic heating
the statistically significant negative temperature trend at
70 hPa in Figure 9 is also not consistent with the long-term
decrease in upwelling at 70 hPa though, interestingly, the
anti-correlation (correlation coefficient of −0.65 for the
detrended time series) of the interannual variability in the
two time series confirms an adiabatic temperature response
to the upwelling on the shorter time-scale. Further, as
discussed in section 3.1, the effects of ozone trends are
not included in ERA-Interim, which may in part explain
this inconsistency. Thus it is suggested that although the
climatology of w∗ is considered robust, the trends in w∗
should be considered unreliable.

Figure 9 also includes mass flux calculated using
downward control (Eq. (5)). As already noted in section 4.3,
the downward control values are consistently less than those
found directly from upwelling. Other than the apparent
direct intrusion from troposphere to stratosphere of reduced
upwelling in 1999, downward control captures interannual
variability well and the correlation coefficient with the
directly calculated mass flux is 0.7 at 70 hPa. The slight
downward trend in upwelling at 70 hPa is also captured. As
already mentioned, in 1999 a decrease is seen in upwelling,
with a corresponding increase in temperature, that is not
captured by downward control. That the anomalies in

temperature and upwelling are of opposite sign is consistent
with a change in upwelling driving a change in temperature
here. That the signal is not captured by downward control
suggests the forcing is directly from below, in this case
through an upward extension of the radiative–convective
heating of the troposphere.

5. Conclusions

The major features of the Brewer–Dobson circulation,
including tropical upwelling into the stratosphere and
poleward and downward flow in the Extratropics, have been
found to be reproduced in ERA-Interim. The annual cycle,
with the greatest upwelling in the Northern Hemisphere
winter and movement of the ‘tropical pipe’ between summer
hemispheres, is also well represented.

Considering the effect of sampling frequency on
calculating the transformed Eulerian-mean residual vertical
velocities, a strong tidal variation was found which is greatest
in the Tropics. Tidal fluctuations are a known feature of other
ECMWF-produced analyses in the lower stratosphere and
have been shown to be consistent with tidal theory (Hsu
and Hoskins, 1989). Consequently, a minimum 6-hourly
sampling was found necessary for diagnosing the climatology
of the Brewer–Dobson circulation. Further analyses of model
results suggests the 6-hourly sampling is also sufficient to
provide an accurate representation of the diurnally averaged
circulation.

The much smoother representation of the residual vertical
velocity in ERA-Interim compared to other reanalysis
datasets (e.g. ERA-40; see also Iwasaki et al., 2009) allowed
the spatial structure of the upwelling within the tropical pipe
to be diagnosed in more detail than had been previously
possible. In the lower stratosphere (70 hPa) it was found
that ascent rates within the pipe were a minimum (zero
from June to August) at the Equator and, throughout the
year, the fastest ascent always occurred in the Northern
Hemisphere. In both hemispheres the ascent was generally
stronger during summer than winter, in contrast to the
extratropical descent, which is a maximum during winter
in each hemisphere. Seasonal variations in the areal size
(width) of the tropical pipe were more semi-annual than
annual, with the minimum size occurring in the two equinox
seasons. This was because the winter regime in which the
edge of the tropical pipe is displaced equatorward lasts
longer than the summer regime.

In the lower stratosphere (70 hPa) the annual mean
upward tropical mass flux in ERA-Interim was 5.9 ×
109 kg s−1. This is a robust figure, consistent with mass fluxes
obtained from other analyses and climate-chemistry model
simulations. Seventy per cent of the annual mean upwelling
was driven by the resolved waves, with the unresolved drag
(essentially parametrised orographic gravity wave drag) in
the ERA-Interim model providing only 4% of the driving.
It was argued that this imbalance between the downward
control estimates and the actual upwelling mass flux resulted,
first, from the parametrized orographic gravity wave drag
underestimating the momentum deposited above 70 hPa,
particularly in the northern Subtropics and, secondly, the
absence of sub-grid-scale drag from non-orographic gravity
waves (e.g. waves with convective sources).

Over the 20 years 1989–2009 it was found that trends in
the upwelling mass flux depended on both the level chosen
(100 or 70 hPa) and whether or not the flux in the whole
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tropical pipe or just an equatorial latitude band (i.e. 15◦S-
15◦N) was considered. Only the trend at 70 hPa for the
flux in the whole pipe was statistically significantly different
from zero. As this includes all the upward mass flux, and
there is unlikely to be any two-way mass exchange at this
level, unlike 100 hPa, this is arguably the most useful zeroth-
order measure of the overall strength of the Brewer–Dobson
circulation. For the ERA-Interim it was estimated that this
measure of the upwelling mass flux was decreasing at 5% per
decade, in contrast to an increase of around 2% per decade
projected by models (Butchart et al., 2006, 2010; Garcia and
Randel, 2008; Li et al., 2008; McLandress and Shepherd,
2009). Although this weakening of the Brewer–Dobson
circulation inferred from ERA-Interim is consistent with
the observational study of Engel et al. (2009) using age of
air estimates, there is uncertainty over the reliability of the
calculated decrease in upwelling due to its inconsistency
(assuming an adiabatic temperature response to changes
in upwelling) with the ERA-Interim temperature trends in
the tropical lower stratosphere. Using a different diagnostic
approach Iwasaki et al. (2009) also concluded that the trend
estimates were unreliable because of the diversity among
the different reanalyses they considered, and because of
the short length of the ERA-Interim time series. Therefore,
despite the smoother representation of the Brewer–Dobson
circulation in ERA-Interim compared to other reanalysis
datasets, further development will be required to improve
the confidence in the trends estimates.
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