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EVIDENCE F O R  A W O R L D  CIRCULATION PROVIDED 
BY THE MEASUREMENTS OF HELIUM AND WATEK 

V.4POUR DISTRIBUTION IN T H E  STRATOSPHERE 
By A. W. BREWER, M.Sc. ,  A.1nst.P. 

(Manuscript received 23 February 1949) 

SUMMARY 
Information is now available regarding the vertical distribution 

of water vapour and helium in the lower stratosphere over southern 
England. The helium content of the air is found to be remarkably 
constant up to 2 0  km but the water content is found to fall very 
rapidly just above the tropopause, and in the lowest I km of the 
stratosphere the humidity mixing ratio falls through a ratio of 10-1. 

The helium distribution is not compatible with the view of a 
quiescent stratosphere free from turbulence or vertical motions. 
The water-vapour distribution is incompatible with a turbulent 
stratosphere unless some dynamic process maintains the dryness of 
the stratosphere. In view of the large wind shear which is normally 
found just above the tropopause it is unlikely that this region is free 
from turbulence. 

The  observed distributions can be explained by the existence of 
a circulation in which air enters the stratosphere a t  the equator, 
where it is dried by condensation, travels in  the stratosphere to 
temperate and polar regions, and sinks into the troposphere. The  
sinking, however, will warm the air unless it is being cooled by 
radiation and the idea of a stratosphere in radiative equilibrium 
must be abandoned. The cooling rate must lie between about 0 . 1  
and I . I " C  per day but a value near o.g°C per day seems most 
probablc. At the equator the ascending air  must be subject to 
heating by radiation. 

The  circulation is quite reasonable on energy considerations. 
I t  is consistent with the existence of lower temperatures in the 
equatorial stratosphere than in polar and temperate regions, and 
if the  flow can carry ozone from the equator to the poles then it 
gives a reasonable explanation of the high ozone values observed 
a t  high latitudes. The dynamic consequences of the circulation 
are not considered. I t  should however be noted that there is 
considerable difficulty to account for the smallness of the westerly 
winds in the stratosphere, as the rotation of the earth should 
convert the slow poleward movement into strong westerly winds. 

I. INTRODUCTION 
Between 1943 and 194s the writer made some 16 ascents into 

the stratosphere over Southern England during which humidity 
measurements were made by means of a frost-point hygrometer. On 
some of the ascents the carbon dioxide (CO,) content of the air of 
the stratosphere was  measured by using the hygrometer at the CO, 
point. The hygrometer has been described by Brewer, Dobson and 
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tropopause rather than in the stratosphere as is suggested here. 
Shaw calculates the energy released by the circulation to be 
23.7 x 1 0 7  ergs per gram and the thermodynatnic efficiency of the 
cycle is 0 . 2 3 .  ‘The large amount of energy liberated and the high 
efficiency makes the circulation \ ery probable. Shaw suggests that 
this circulation may provide the energy necessary to maintain the 
general circulation of the atmosphere, hut he notes that “ The 
evidence for a direct descent of air through the layers beneath is 
not bery strong ”. It is suggested that evidence is now available. 

lsotherms over the Globe 
F I G .  5 .  A SUPPIY of dry air is maintained by a slow mean circulation from 

the equatorial tropopause. 

\Ye may use this to calculate the total  energ) released by the 
circulation. Let H be the radius of the earth and ZPI the mean rate 
of sinking through the tropopause which is presumed to occur in 
all latitudes higher than 45’. Let p be the density of the air at 
the tropopause, then the weight of air circulated in both hemispheres 
is + ~ K ~ p w ( i  -sin 45’) writing R=6,ooo km and w=50 m/day we 
obtain 2 . 5  x IO’* gm per day as the weight of air circulated. ‘This, 
by Shaw’s data,  would release 23’7 x lo7 ergs per g m  or 6 x 1oZ6 
ergs per day. T h i s  would be increased to about loz7 i f  
w= IOO ni /day. 

The energy required to maintain the general circulation has hem 
variously estimated by different workers. Sverdrup (1918) estimates 
the requirement at 2 per cent of the solar energy which equals 
1.4 x 102’ ergs/day, Brunt (1926) estimates the requirements at 
5 watts/m’ which is equal to 2 x 102’ ergs/d;iy. I t  will be seen 
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Obituary Professor G. O. P. ObasiObituary Prof. Alan Brewer

Prof. Alan Brewer (1915–2007) was an out-
standing meteorologist and an innovative 
designer of instruments for observation 
of the structure and composition of the 
stratosphere. Interpreting data from these 
observations enabled him to make original 
and seminal contributions to knowledge of 
the physics, chemistry and dynamics of the 
stratosphere.  

Alan Brewer was born in 1915, in Montreal, 
Canada, where his parents were living for a 
short period. His real home, though, was 
in Derby, where his father’s family had 
lived for generations; and indeed two of 
his forbears were famed painters of Crown 
Derby porcelain. His father was a craftsman 
and from him, perhaps, Brewer acquired his 
lifelong love of craftsmanship. His mother 
was a schoolmistress, later headmistress and 
was widowed quite young. However, this 
did not mean he always excelled at school. 
Until the age of 15 he was consistently near 
the bottom of the class. He then decided, or 
was persuaded by his mother, that results 
mattered and thereafter was consistently 
top. It has been said of Brewer that he was 
good at things he wished to be good at 
– and he decided what those were. 

From school he gained a scholarship to 
University College, London where he read 
Physics (BSc 1936, MSc 1937) after which 
he joined the Meteorological Office as a 
scientist. The outbreak of war found him as 
a weather forecaster at an RAF station near 
Oxford.

Brewer’s scientific career began in 1942, 
in the dark days of the Second World 
War, when he was taken off the rota of 
weather forecasters and asked urgently to 
investigate how aircraft could avoid making 
condensation trails. Because these trails 

are so visible, scores of aircraft were being 
shot down. Together with Gordon Dobson, 
Professor of Meteorology at Oxford, he built 
new instruments to measure temperature 
and humidity from high-flying aircraft and 
was soon getting a handle on the problem of 
condensation trails. In 1944 he was awarded 
a King’s Commendation for service in the 
air. In the course of this work, he made the 
remarkable discovery that the stratosphere 
is uniformly and exceptionally dry. 

After the war, for a short time Brewer 
joined Elliott Brothers, a scientific instrument 
firm before he was appointed lecturer in 
meteorology in Dobson’s department at 
Oxford University in 1949. 

Since his discovery of the very dry 
stratosphere, Brewer reflected on how 
it could be so dry and realized that the 
only known source of such dry air was the 
region of the tropopause in tropical regions. 
Another discovery from Dobson’s ozone 
observations around that time was that 
there was more ozone in the stratosphere 
over the polar regions than over the Equator 
even though ozone is made through 
the action of sunlight. Brewer put these 
discoveries together and in 1949 wrote a 
seminal paper for the Quarterly Journal of 
the Royal Meteorological Society describing 
how air enters the stratosphere over the 
Equator and leaves it at higher latitudes in 
what became known as the Brewer-Dobson 
circulation (Brewer, 1949). This paper and 
his subsequent work investigating this 
circulation created a lot of scepticism and 
some disbelief (it cut across established 
thinking at the time – typical of Brewer’s 
style!) but it created an essential framework 
on which subsequent research has been 
built. Its lasting value was recognized in 
1999 when a symposium held at Oxford 
celebrating the fiftieth anniversary of the 
1949 paper attracted some of the world 
leaders in stratospheric research. Brewer’s 
name will forever live on in the Brewer-
Dobson circulation. 

Brewer not only provided this valuable 
conceptual framework, he also designed 
and constructed innovative and elegant 
instruments that provided the means for 
much observational research to be pursued. 
The Brewer ozone sonde and the Brewer 
spectrophotometer for ozone measurement 
(a modern development of the original 
Dobson spectrophotometer) both still today 
widely in use all over the world are prime 
examples. 

Brewer’s influence also permeated 
through his colleagues and his students. I 
became his first research student in 1951. The 
task I was given was to make measurements 
of the flux of infrared radiation in the 

lower stratosphere from which it might be 
possible to infer the size of the vertical 
motion that was maintaining the dry 
stratosphere. He was a wonderfully patient 
teacher and mentor. As we worked together 
on a radiometer for a Mosquito aircraft, 
he passed on his exceptional knowledge 
of experimental techniques, his skill as an 
instrument designer, his remarkable feel for 
the way the atmosphere works, and his deep 
enthusiasm for science. I could not have had 
a more inspiring start as a research scientist 
– even though the radiation measurements 
we were able to make proved not to be 
sufficiently accurate to infer the amount 
of vertical motion. Those of us who had 
the privilege of working in the rather 
cramped quarters of Room 256 in Oxford’s 
Clarendon Laboratory gained a great deal 
from interactions with him and also had 
enormous fun as we pursued our different 
projects in atmospheric science. 

In 1957, when Gordon Dobson retired, 
Brewer took over as Reader in Meteorology. 
He was a Vice-President of the Royal 
Meteorological Society from 1957 to 1959 and 
also a member of the Research Committee of 
the Meteorological Office during this period. 
In 1962 he moved from Oxford to found 
a department of meteorology at Toronto 
University in Canada where he continued to 
work on the design of improved instruments 
for stratospheric observation and to 
contribute to understanding of chemical 
and physical processes in the stratosphere, 
especially those that could shed light on 
the characteristics of the Brewer-Dobson 
circulation he had postulated in 1949. 
Jointly with two of his students, he was 
awarded the Royal Meteorological Society’s 
Darton Prize for novel instrumentation twice 
– in 1954 and in 1965. While in Canada, 
the Canadian Meteorological Society was 
founded under his leadership and he 
became its first president. 

He was elected to Honorary Membership 
of the Royal Meteorological Society in 
1982, from which he resigned in 2000 
characteristically because he wanted a 
younger person to take over a membership 
that he felt he no longer needed. 

In 1976 aged 60, Brewer returned to the UK 
and bought a farm in Devon (being a farmer 
had always been one of his ambitions) and 
began work on restoring a very old, derelict 
farmhouse. In 1994, he retired from there to 
East Garston, a village south of Oxford. From 
there he would travel regularly to Oxford to 
attend seminars at his old department at the 
Clarendon Laboratory. He lived there until 
2007 when he moved to a nursing home 
in Bristol where he died on 21 November 
2007.
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• Trace gas transport is a challenge for climate prediction 

• The “age-of-air” can be used to connect trace gas 
measurements to the overturning circulation

• Modern reanalyses struggle with the overturning 
circulation; could assimilation of trace gases help?

• Ozone recovery projections vary considerably due 
to differences in transport

• Transport depends critically on the numerical 
formulation and resolution; modern atmospheric 
model cores exhibit significant differences

Trace gases in the stratosphere 
Opportunities and Challenges



Age-of-air: an idealized tracer that measures the 
mean elapsed time since air left the surface

How long has this air 
been in the stratosphere?

troposphere

stratosphere

equator polepole

[Linz et al. 2016]



rate of  
change 
in age

+
transport 
of newer/ 
older air

= “aging” 
(1 yr/yr)

How long has this air 
been in the stratosphere?

troposphere

stratosphere

equator polepole

@�

@t
+

1

⇢
~v ·r� = 1

<latexit sha1_base64="6umdnikGOmKhjT30PPKLiQp/YUQ="></latexit>

Age-of-air: an idealized tracer that measures the 
mean elapsed time since air left the surface

[Linz et al. 2016]



rate of  
change 
in age

+
transport 
of newer/ 
older air

= “aging” 
(1 yr/yr)

In steady state, transport balances local aging:
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Age flux across an isentropic surface must equal 
the mass above the surface in steady state
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age as a mass weighted average)[Linz et al. 2016]
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Age from satellite SF6 measurements by MIPAS 

[Haenel et al. 2015] [Kovacs et al. 2017]



Age can also be estimated from N2O 
due to it’s compact relationship with CO2

Age from satellite N2O, using Andrews cubicBalloon + aircraft measurements 
from 1990s
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Age from SF6, N2O, and models vary a lot

Age on the 500 K isentrope (c. 21 km)

WACCM - SF6 age

WACCM - ideal age

MIPAS - SF6 age

GOZCARDS - N2O age

[Linz et al. 2017]



Theory holds well in a model (WACCM)  
allowing us to test assumptionsNATURE GEOSCIENCE DOI: 10.1038/NGEO3013 ARTICLES

measurements29, accounting for the linear growth in tropospheric
N2O. Following the procedure outlined in theMethods, we calculate
age of air from the Global OZone Chemistry And Related trace
gas Data records for the Stratosphere (GOZCARDS) N2O data
for 2004–201330. Because of the range of tracer values over which
the empirical relationship holds, global coverage exists for a small
range in potential temperature (about 450K–500K, Supplementary
Fig. 8). An additional empirical relationship31 is explored in the
Supplementary Information.

The age on the 500K surface calculated from its empirical rela-
tionship with N2O is shown in Fig. 1b. The Southern Hemisphere
winter polar coverage is limited because N2O concentrations are
below 50 ppb, the lower limit of the empirical fit. Age from the N2O
data is generally younger than MIPAS SF6-age, although older than
age fromWACCM. The temporal correlation ofMIPAS SF6-age and
N2O-age at every latitude on the 500K surface is around r=0.5,
except in the Northern Hemisphere mid-latitudes, where the corre-
lation is not significant.

Age di�erence and the diabatic circulation
In steady state, the diabatic circulation (M) through an isentropic
surface wholly within the stratosphere can be calculated as the ratio
of themass above the surface (M) to the di�erence in themass-flux-
weighted age of downwelling and upwelling air on the surface (1� ,
or age di�erence)11.

M=M/1� (1)

M is the totalmass flux upwelling (or downwelling, as in steady state
these must be equal) through the isentropic surface. (See Figure 1 of
ref. 11 for a diagram.) Intuitively this reflects the idea of a residence
time; the age di�erence is how long the air spent above the surface,
and it is equal to the ratio of the mass above the surface to the mass
flux passing through that surface.

The real world is not in steady state, and so averaging is necessary
for this theory to apply. A minimum of one year of averaging was
necessary for the theory to hold in an idealized model11. As the
MIPAS instrument has five years of continuous data, the longest av-
erage possible for this study is five years. To test the validity of apply-
ing the steady-state theory to five-year averages, we have calculated
the 2007–2011 averages of ideal age di�erence and the ratio of the
total mass above each isentrope to the mass flux through that isen-
trope fromWACCMoutput. These are shown in the blue lines (solid
and dotted, respectively) in Fig. 2. The total overturning strength is
calculated from the potential temperature tendency, ✓̇ , which is the
total all-sky radiative heating rate interpolated onto isentropic sur-
faces. The upwelling and downwelling regions are defined where ✓̇
is instantaneously positive or negative, and the mass fluxes through
these regions are averaged to obtain the total overturning mass flux,
M. If the age di�erence theory held exactly, the two blue lines in
Fig. 2 would be identical. In the upper stratosphere, these two calcu-
lations agree closely; in the lower stratosphere, the ratio of the mass
to the mass flux is greater than the ideal age 1� . This behaviour
is consistent with the neglect of diabatic di�usion, which is greater
in the lower stratosphere32. Using area weighting of ideal age, since
mass-flux weighting is not possible with data, results in about a 10%
low bias of 1� compared to the mass-flux weighting shown here.

We calculate the five-year average (2007–2011) of the di�erence
in area-weighted age of air in the regions poleward and equatorward
of 35� from the SF6-age from both MIPAS and WACCM, and from
the N2O-age. (See Supplementary Information and Supplementary
Fig. 1 for a discussion of this latitudinal extent.) The results of
this are shown in Fig. 2. The MIPAS SF6-age 1� is di�erent from
the other estimates except around 450K. At 400K, it is smaller, in
part because of older tropical air at that level (see Supplementary
Fig. 10). Above 500K, MIPAS SF61� is much greater than the
model1� using either ideal age or SF6-age. Age di�erence for N2O
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Figure 2 | The average age di�erence between downwelling and upwelling
age of air on each isentrope between 2007–2011. 1� is plotted in solid
lines: MIPAS SF6-age in purple, GOZCARDS N2O-age in black, WACCM
SF6-age in green, and WACCM ideal age of air in the blue. The blue dotted
line shows the ratio of the total mass above each isentrope to the mass flux
through the isentrope (M/M) from WACCM. The shading shows one
standard deviation of the five annual averages that are averaged to get the
mean. The mean height of each isentrope in the tropics (calculated from
MIPAS pressure and temperature) is on the right y-axis. Where the line
for the MIPAS SF6-age di�erence is thinner, we believe there is a bias in
either the data or the SF6 to age conversion (see discussion in
Supplementary Information).

is calculated only where data is available over the entire surface at
almost all times, 450–480K (extended in Supplementary Fig. 9). In
this limited range, the age di�erence from N2O-age is greater than
the age di�erence fromWACCM and agrees with the age di�erence
calculated fromMIPAS SF6-age.

To gain insight into the role of the mesospheric sink, we compare
the ideal age 1� with SF6-age 1� in WACCM. The ideal age
1� is the mass-flux-weighted age di�erence between upwelling
and downwelling regions, and the SF6-age 1� from WACCM is
calculated in the same way as the MIPAS SF6-age 1� . Because of
the area weighting, we expect the SF6-age 1� to be 10% lower than
the ideal age 1� . This is true from 450–550K, but above that, the
SF6-age 1� is either equal to or greater than the ideal age 1� ,
and at 1,200K SF6-age 1� is 50% greater. Since WACCM does not
include the dominant sink of SF6 for the mesosphere, we cannot
estimate an upper bound on the true bias.

All three calculations of 1� from the model as well as the
1� from MIPAS SF6-age show a peak in the middle stratosphere.
This peak indicates a relative minimum of the diabatic velocity at
that level, and so this provides evidence that there are indeed two
branches of the circulation33.

Circulation from reanalyses, model, and age
Figure 3 shows the total overturning circulation strength calculated
using the ratio of the total mass above the isentrope to 1� for the
MIPAS SF6-age and the N2O-age. Total mass is determined from
the simultaneously retrieved pressure in the former case and from
pressure from the Modern Era Retrospective analysis for Research
and Applications (MERRA34) for N2O. Also shown is the directly
calculated overturning circulation strength from the three reanalysis
products MERRA, Japanese 55-year Reanalysis (JRA 55 (ref. 35))
and the ECMWF Reanalysis Interim (ERA-Interim36), and from
WACCM. The total overturning strength is calculated from the
potential temperature tendency, ✓̇ , from the total diabatic heating
rates from JRA55 andERA-Interim forecast products and from total
temperature tendency provided by MERRA, and then following the
same procedure as above for WACCM.
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Figure 3 | The strength of the total overturning circulation through each
isentrope averaged between 2007–2011. The solid lines are for the
data-based estimates MIPAS SF6 in purple and GOZCARDS N2O in black.
Reanalyses are shown in dashed lines: JRA 55 in light blue, MERRA in green
and ERA-Interim in gold. The dotted blue line is WACCM. The shading
shows one standard deviation of the five annual averages. The details of the
calculation for each data product, the model and the reanalyses are
described in the text. The mean height of each isentrope in the tropics
(calculated from MIPAS pressure and temperature) is on the right y-axis.
Where the line for the MIPAS SF6-age di�erence is thinner, we believe there
is a bias in either the data or the SF6 to age conversion (see discussion in
Supplementary Information).

These six estimates of the strength of the circulation are quite
di�erent, as can be seen by examining the circulation at individual
levels. At the lowermost levels, the reanalyses tend to agree, while
the MIPAS SF6-age circulation estimate is much greater because
of its very low 1� . In the range where we have estimates from
both observational data sets, they agree closely and are flanked
by the reanalyses, which vary more widely (see Supplementary
Information for more details). At 500K and above, the MIPAS
SF6-age-based circulation strength has the lowest value, and at 900K
and above, it is lower by a factor of three. The circulation strength
from MIPAS SF6-age 1� is biased low, consistent with the sink
of SF6 in the mesosphere24. The disagreement at 1,200K would
require that the bias be nearly 300% for the model and reanalyses
to agree with the data. In addition to the disagreement of MIPAS
SF6-age circulation strength with the model and reanalyses, there
is significant disagreement between di�erent reanalyses. MERRA
has a distinct vertical structure, with weaker circulation in the
lower stratosphere and stronger circulation in themid-stratosphere.
JRA 55 and ERA-Interim have a similar vertical structure; JRA
55 is stronger by around 3 ⇥ 109 kg s�1, except above 800K,
where it decreases more quickly with potential temperature than
ERA-Interim so that they converge by 1,200K. The shading is the
standard deviation of the annual averages thatmake up the five-year
average, and it shows the small interannual variability.

A benchmark and the need for more data
The strength of the stratospheric circulation helps determine trans-
port of stratospheric ozone, stratosphere–troposphere exchange,
and the transport of water vapour into the stratosphere37. Strato-
spheric water vapour has been demonstrated using both data38 and a
model39 to impact the tropospheric climate. The stratospheric ozone
hole recovery is also influenced by the strength of the circulation40.

We have calculated the strength of the overturning circula-
tion of the stratosphere from observations, reanalyses, and a
model. We find that at 460K (about 60 hPa or 20 km in the
tropics), the total overturning circulation of the stratosphere is
7.3 ± 0.3 ⇥ 109 kg s�1, based on the agreement of two independent

global satellite data products towithin 4% and including interannual
variability estimated from WACCM (see Methods). Accounting
for the potential high bias induced by the method, this estimate
becomes 6.3–7.6⇥109 kg s�1. Despite this wide range, two of the
three reanalysis products lie outside of this range, suggesting defi-
ciencies in their lower stratospheric transport (see Supplementary
Table 1). This value can be used as a metric to determine the accu-
racy of the mean transport of climate models. Because the diabatic
circulation and not the residual circulation is used, the computa-
tional demands for this metric are minimal, requiring only monthly
mean total diabatic heating and temperature on pressure levels.

The global SF6 data have enabled this quantitative calculation
of the diabatic circulation in the middle and upper stratosphere.
However, the interpretation of age from SF6 is limited because we
cannot quantify the impact of the mesospheric sink of SF6, which is
important above 550K. This makes the age di�erence a minimum
of 60% too high at 1,200K, which would imply a 35% low bias
in the overturning strength at 1,200K, and we cannot estimate an
upper bound on the bias. The reanalyses may correctly represent
the stratospheric circulation where they agree at the uppermost
levels, although the data becomes more limited there41. Beneath
900K, however, the reanalyses disagree with each other as well as
with the circulation strength implied by data; it is clear that the
data assimilated into these reanalyses are not su�cient to constrain
estimates of the circulation.

Climatemodels predict an increase in the strength of the Brewer–
Dobson circulation of about 2% per decade42,43, and much e�ort
has recently gone towards calculating trends in the stratospheric
circulation based on observations and reanalyses to see if such a
trend can be detected2,9,44,45. However, the mean diabatic circulation
strength is not known except at one level. At upper levels, the
circulation is uncertain to within at least 100%. We suggest
cautious interpretation of trends in light of this uncertainty. More
global age of air tracer data, in particular CO2, would provide an
independent estimate of age di�erence and thus the strength of
the diabatic stratospheric circulation. High-altitude balloon and
aircraftmeasurements could be very useful; further characterization
of compact relationships between age and long-lived tracers, such
as N2O or methane, would provide additional constraints on the
circulation in the lower stratosphere by enabling more complete
utilization of current global satellite data.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Significant disagreement with modern reanalyses

Overturning (109 kg/s) at 460 K
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Figure 3 | The strength of the total overturning circulation through each
isentrope averaged between 2007–2011. The solid lines are for the
data-based estimates MIPAS SF6 in purple and GOZCARDS N2O in black.
Reanalyses are shown in dashed lines: JRA 55 in light blue, MERRA in green
and ERA-Interim in gold. The dotted blue line is WACCM. The shading
shows one standard deviation of the five annual averages. The details of the
calculation for each data product, the model and the reanalyses are
described in the text. The mean height of each isentrope in the tropics
(calculated from MIPAS pressure and temperature) is on the right y-axis.
Where the line for the MIPAS SF6-age di�erence is thinner, we believe there
is a bias in either the data or the SF6 to age conversion (see discussion in
Supplementary Information).

These six estimates of the strength of the circulation are quite
di�erent, as can be seen by examining the circulation at individual
levels. At the lowermost levels, the reanalyses tend to agree, while
the MIPAS SF6-age circulation estimate is much greater because
of its very low 1� . In the range where we have estimates from
both observational data sets, they agree closely and are flanked
by the reanalyses, which vary more widely (see Supplementary
Information for more details). At 500K and above, the MIPAS
SF6-age-based circulation strength has the lowest value, and at 900K
and above, it is lower by a factor of three. The circulation strength
from MIPAS SF6-age 1� is biased low, consistent with the sink
of SF6 in the mesosphere24. The disagreement at 1,200K would
require that the bias be nearly 300% for the model and reanalyses
to agree with the data. In addition to the disagreement of MIPAS
SF6-age circulation strength with the model and reanalyses, there
is significant disagreement between di�erent reanalyses. MERRA
has a distinct vertical structure, with weaker circulation in the
lower stratosphere and stronger circulation in themid-stratosphere.
JRA 55 and ERA-Interim have a similar vertical structure; JRA
55 is stronger by around 3 ⇥ 109 kg s�1, except above 800K,
where it decreases more quickly with potential temperature than
ERA-Interim so that they converge by 1,200K. The shading is the
standard deviation of the annual averages thatmake up the five-year
average, and it shows the small interannual variability.

A benchmark and the need for more data
The strength of the stratospheric circulation helps determine trans-
port of stratospheric ozone, stratosphere–troposphere exchange,
and the transport of water vapour into the stratosphere37. Strato-
spheric water vapour has been demonstrated using both data38 and a
model39 to impact the tropospheric climate. The stratospheric ozone
hole recovery is also influenced by the strength of the circulation40.

We have calculated the strength of the overturning circula-
tion of the stratosphere from observations, reanalyses, and a
model. We find that at 460K (about 60 hPa or 20 km in the
tropics), the total overturning circulation of the stratosphere is
7.3 ± 0.3 ⇥ 109 kg s�1, based on the agreement of two independent

global satellite data products towithin 4% and including interannual
variability estimated from WACCM (see Methods). Accounting
for the potential high bias induced by the method, this estimate
becomes 6.3–7.6⇥109 kg s�1. Despite this wide range, two of the
three reanalysis products lie outside of this range, suggesting defi-
ciencies in their lower stratospheric transport (see Supplementary
Table 1). This value can be used as a metric to determine the accu-
racy of the mean transport of climate models. Because the diabatic
circulation and not the residual circulation is used, the computa-
tional demands for this metric are minimal, requiring only monthly
mean total diabatic heating and temperature on pressure levels.

The global SF6 data have enabled this quantitative calculation
of the diabatic circulation in the middle and upper stratosphere.
However, the interpretation of age from SF6 is limited because we
cannot quantify the impact of the mesospheric sink of SF6, which is
important above 550K. This makes the age di�erence a minimum
of 60% too high at 1,200K, which would imply a 35% low bias
in the overturning strength at 1,200K, and we cannot estimate an
upper bound on the bias. The reanalyses may correctly represent
the stratospheric circulation where they agree at the uppermost
levels, although the data becomes more limited there41. Beneath
900K, however, the reanalyses disagree with each other as well as
with the circulation strength implied by data; it is clear that the
data assimilated into these reanalyses are not su�cient to constrain
estimates of the circulation.

Climatemodels predict an increase in the strength of the Brewer–
Dobson circulation of about 2% per decade42,43, and much e�ort
has recently gone towards calculating trends in the stratospheric
circulation based on observations and reanalyses to see if such a
trend can be detected2,9,44,45. However, the mean diabatic circulation
strength is not known except at one level. At upper levels, the
circulation is uncertain to within at least 100%. We suggest
cautious interpretation of trends in light of this uncertainty. More
global age of air tracer data, in particular CO2, would provide an
independent estimate of age di�erence and thus the strength of
the diabatic stratospheric circulation. High-altitude balloon and
aircraftmeasurements could be very useful; further characterization
of compact relationships between age and long-lived tracers, such
as N2O or methane, would provide additional constraints on the
circulation in the lower stratosphere by enabling more complete
utilization of current global satellite data.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Figure 3 | The strength of the total overturning circulation through each
isentrope averaged between 2007–2011. The solid lines are for the
data-based estimates MIPAS SF6 in purple and GOZCARDS N2O in black.
Reanalyses are shown in dashed lines: JRA 55 in light blue, MERRA in green
and ERA-Interim in gold. The dotted blue line is WACCM. The shading
shows one standard deviation of the five annual averages. The details of the
calculation for each data product, the model and the reanalyses are
described in the text. The mean height of each isentrope in the tropics
(calculated from MIPAS pressure and temperature) is on the right y-axis.
Where the line for the MIPAS SF6-age di�erence is thinner, we believe there
is a bias in either the data or the SF6 to age conversion (see discussion in
Supplementary Information).

These six estimates of the strength of the circulation are quite
di�erent, as can be seen by examining the circulation at individual
levels. At the lowermost levels, the reanalyses tend to agree, while
the MIPAS SF6-age circulation estimate is much greater because
of its very low 1� . In the range where we have estimates from
both observational data sets, they agree closely and are flanked
by the reanalyses, which vary more widely (see Supplementary
Information for more details). At 500K and above, the MIPAS
SF6-age-based circulation strength has the lowest value, and at 900K
and above, it is lower by a factor of three. The circulation strength
from MIPAS SF6-age 1� is biased low, consistent with the sink
of SF6 in the mesosphere24. The disagreement at 1,200K would
require that the bias be nearly 300% for the model and reanalyses
to agree with the data. In addition to the disagreement of MIPAS
SF6-age circulation strength with the model and reanalyses, there
is significant disagreement between di�erent reanalyses. MERRA
has a distinct vertical structure, with weaker circulation in the
lower stratosphere and stronger circulation in themid-stratosphere.
JRA 55 and ERA-Interim have a similar vertical structure; JRA
55 is stronger by around 3 ⇥ 109 kg s�1, except above 800K,
where it decreases more quickly with potential temperature than
ERA-Interim so that they converge by 1,200K. The shading is the
standard deviation of the annual averages thatmake up the five-year
average, and it shows the small interannual variability.

A benchmark and the need for more data
The strength of the stratospheric circulation helps determine trans-
port of stratospheric ozone, stratosphere–troposphere exchange,
and the transport of water vapour into the stratosphere37. Strato-
spheric water vapour has been demonstrated using both data38 and a
model39 to impact the tropospheric climate. The stratospheric ozone
hole recovery is also influenced by the strength of the circulation40.

We have calculated the strength of the overturning circula-
tion of the stratosphere from observations, reanalyses, and a
model. We find that at 460K (about 60 hPa or 20 km in the
tropics), the total overturning circulation of the stratosphere is
7.3 ± 0.3 ⇥ 109 kg s�1, based on the agreement of two independent

global satellite data products towithin 4% and including interannual
variability estimated from WACCM (see Methods). Accounting
for the potential high bias induced by the method, this estimate
becomes 6.3–7.6⇥109 kg s�1. Despite this wide range, two of the
three reanalysis products lie outside of this range, suggesting defi-
ciencies in their lower stratospheric transport (see Supplementary
Table 1). This value can be used as a metric to determine the accu-
racy of the mean transport of climate models. Because the diabatic
circulation and not the residual circulation is used, the computa-
tional demands for this metric are minimal, requiring only monthly
mean total diabatic heating and temperature on pressure levels.

The global SF6 data have enabled this quantitative calculation
of the diabatic circulation in the middle and upper stratosphere.
However, the interpretation of age from SF6 is limited because we
cannot quantify the impact of the mesospheric sink of SF6, which is
important above 550K. This makes the age di�erence a minimum
of 60% too high at 1,200K, which would imply a 35% low bias
in the overturning strength at 1,200K, and we cannot estimate an
upper bound on the bias. The reanalyses may correctly represent
the stratospheric circulation where they agree at the uppermost
levels, although the data becomes more limited there41. Beneath
900K, however, the reanalyses disagree with each other as well as
with the circulation strength implied by data; it is clear that the
data assimilated into these reanalyses are not su�cient to constrain
estimates of the circulation.

Climatemodels predict an increase in the strength of the Brewer–
Dobson circulation of about 2% per decade42,43, and much e�ort
has recently gone towards calculating trends in the stratospheric
circulation based on observations and reanalyses to see if such a
trend can be detected2,9,44,45. However, the mean diabatic circulation
strength is not known except at one level. At upper levels, the
circulation is uncertain to within at least 100%. We suggest
cautious interpretation of trends in light of this uncertainty. More
global age of air tracer data, in particular CO2, would provide an
independent estimate of age di�erence and thus the strength of
the diabatic stratospheric circulation. High-altitude balloon and
aircraftmeasurements could be very useful; further characterization
of compact relationships between age and long-lived tracers, such
as N2O or methane, would provide additional constraints on the
circulation in the lower stratosphere by enabling more complete
utilization of current global satellite data.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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And it matters for future climate projections…

Quantifying the Brewer-Dobson Circulation  
is a challenge



Tracer transport important for climate prediction: 
When will the ozone hole heal?

present-day diagnostics X and the projected model
values of the quantity of interest Y, which can be writ-
ten as

Y5 1b01Xb1 e , (1)

where 15 f1,1, . . . ,1gT is a column vector of size n,
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, m is the number of

diagnostics, e is the vector of independent random var-
iables representing the uncertainty in the projections,
and b0 and b are the regression model parameters to
be estimated, with b being a column vector of size m.
The vector e can be understood to represent the in-
fluence on the projections of all factors not accounted
for by X, the nonlinear interactions between the di-
agnostics in X and the climate noise.
The first two terms of Eq. (1) can be combined by

combining the vector 1 with the matrix X into the design
matrix (von Storch and Zwiers 1999). However, we keep
the terms separated in order to explicitly demonstrate
that in the case b5 0 our approach reduces to the
uMMM. The model parameters b0 and b can be esti-
mated using the maximum likelihood approach, which
in the case of normally distributed residuals is the simple
least squares estimator:

b̂05 (1T1)21(1TY2 1TXb) [ NTY2NTXb, (2a)

b̂5 (XTX2XT1NTX)21(XT 2XT1NT)Y, (2b)

where N [ (1T1)211 is a column vector of size n with all
elements equal to 1/n. We next assume that the re-
lationship defined by the regression model in Eq. (1),
with parameters estimated in the model world, holds for
the true climate. Under this assumption, Eq. (1) can be
used to predict the expected future change y 0, given the
vector of observed diagnostics X0:

ŷ 05 b̂01XT
0 b̂

5 [NT 1 (XT
0 2NTX)(XTX2XT1NTX)21

3 (XT2XT1NT)]Y, (3)

where ŷ 0 is the estimate of y 0. The error vector e is not
present in Eq. (3) because the equation is written for an
estimate rather than for the random variable y 0. Note
that NTY [ y is the uMMM. Therefore, if there is no
link between simulated present-day diagnostics and
Y(b5 0), then the second term in the right-hand part of
Eq. (3) vanishes and the best estimate of true climate
change is equal to the uMMM:

ŷ 0 5 b̂05NTY [ y .

For illustrative purposes we present here an example
with m 5 1 using data from CCMs participating in the

FIG. 1. Time series of (a) Antarctic October total ozone anomalies with respect to 1980 and (b) October total Cly at
50 hPa, 808S from the CCMVal-1 (REF-2) and CCMVal-2 (REF-B2) models. All model time series are smoothed
with a 1–2–1 filter repeated iteratively 30 times.
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Tracer transport important for climate prediction: 
Ozone recovery

present-day diagnostics X and the projected model
values of the quantity of interest Y, which can be writ-
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iables representing the uncertainty in the projections,
and b0 and b are the regression model parameters to
be estimated, with b being a column vector of size m.
The vector e can be understood to represent the in-
fluence on the projections of all factors not accounted
for by X, the nonlinear interactions between the di-
agnostics in X and the climate noise.
The first two terms of Eq. (1) can be combined by

combining the vector 1 with the matrix X into the design
matrix (von Storch and Zwiers 1999). However, we keep
the terms separated in order to explicitly demonstrate
that in the case b5 0 our approach reduces to the
uMMM. The model parameters b0 and b can be esti-
mated using the maximum likelihood approach, which
in the case of normally distributed residuals is the simple
least squares estimator:
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elements equal to 1/n. We next assume that the re-
lationship defined by the regression model in Eq. (1),
with parameters estimated in the model world, holds for
the true climate. Under this assumption, Eq. (1) can be
used to predict the expected future change y 0, given the
vector of observed diagnostics X0:
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where ŷ 0 is the estimate of y 0. The error vector e is not
present in Eq. (3) because the equation is written for an
estimate rather than for the random variable y 0. Note
that NTY [ y is the uMMM. Therefore, if there is no
link between simulated present-day diagnostics and
Y(b5 0), then the second term in the right-hand part of
Eq. (3) vanishes and the best estimate of true climate
change is equal to the uMMM:

ŷ 0 5 b̂05NTY [ y .

For illustrative purposes we present here an example
with m 5 1 using data from CCMs participating in the

FIG. 1. Time series of (a) Antarctic October total ozone anomalies with respect to 1980 and (b) October total Cly at
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Karpechko et al. 2013: 
spread between models 
most strongly correlates 
with transport  

20
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-4
9

term (i.e., CH4-SP) only. Table 3 shows that predictions
based on these three regression models are close to each
other. Thus, the final choice of themodel impacts mainly
the confidence intervals of the prediction. We choose
the model with the CH4-SP term only because this
model performs best in the cross-validation tests (sec-
tion 5b), suggesting that the other models may be
overfitted. This choice is also the most conservative
one because this model has the largest uncertainty
and its prediction interval covers the prediction in-
tervals based on the other models. This model explains
53% of the spread among CCMs in projected ozone
change. Using Eq. (3) with CH4-SP being the only term
in X and the observed CH4-SP value (X0) taken from
Table 2 we predict a future ozone change by 2040–49 of
217 6 32 DU (Fig. 4).
It is instructive to test the sensitivity of the MDER

method to the absence of CH4-SP diagnostic. When
CH4-SP is excluded, the algorithm based on an F test
selects the regression model including the Cly-SP term
only; that is, it is the samemodel as that shown in Fig. 2b.
Cly-SP strongly anticorrelates with the excluded CH4-SP
diagnostic (r 5 20.59), and the fact that the automated
selection algorithm stops after selecting Cly-SP provides
further evidence that the additional terms in the regres-
sion model are unnecessary. Reassuringly, regression
models based on either CH4-SP or Cly-SP predict

future ozone change values that are close to each other
and consistent with each other within the uncertainty
(Table 3).
We next test the sensitivity of the result to CCM

sampling by applying MDER to the CCMVal-1/-2
dataset. The algorithm based on an F test selects a re-
gression model with both CH4-SP and Cly-SP terms.
This model predicts future ozone change of 223 DU,
which is consistent with the predictions based on
CCMVal-2 (Table 3). Like in CCMVal-2, the contribu-
tion of the second selected term is small; thus, it may be
redundant. On the other hand, this model performs well
in cross validation (section 5b) and therefore the in-
clusion of both terms might be justified. The regression
model including CH4-SP only predicts future ozone
change of217DU, which is close to the previous model.
Thus, for predicting purposes, the choice of the model
is not crucial. Results for the model containing both
CH4-SP and Cly-SP are shown in Fig. 4b. When CH4-SP
is excluded, the resulting regression model contains only
the Cly-SP term; that is, it is the samemodel as that shown
in Fig. 2b. All three statistical models predict future ozone
change values that are close to each other and consistent
with each other within the uncertainty (Table 3).
The 95% prediction intervals for the future ozone

change by the MDER method are comparable to the
spread across individual model projections. However,

FIG. 4. Scatterplots of climatological-mean Antarctic October total ozone change (2040–49) vs (a) the quantity
(252 1 57 3 CH4-SP) for the CCMVal-2 models and (b) the quantity (1 1 44 3 CH4-SP-17 3 Cly-SP) for the
CCMVal-1/-2 models. CH4-SP and Cly-SP are climatological-mean Antarctic October CH4 and Cly , respectively, for
the present day (1990–99). The models are numbered according to Table 1. The error bars show the simulated 1s
error of the mean values. The solid blue and turquoise lines show the least squares fit to the model data. The gray
shading around the least squares fit marks the 95% confidence interval for the total ozone response. The dotted lines
show the ensemble-mean ozone anomaly (uMMM). The blue/turquoise diamond and dashed lines indicate the
regression-predicted ozone anomalies. The orange shading shows measurement uncertainty.
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Numerics and Transport

• Karpechko et al. (2013): uncertainty in ozone recovery 
due more to transport than chemistry or climatology 

• Kent et al. (2014) establish short term test of transport by 
dynamical cores, the numerical heart of an AGCM 

• Today: an update of the Held and Suarez (1994) test to 
assess the climatological properties of transport         
(and stratosphere-troposphere coupling more generally)



• In the last 25 years, growing 
awareness of importance of 
strat-trop coupling + chemistry

v2.0
[Gupta et al. (in review)]



• In the last 25 years, growing 
awareness of importance of 
strat-trop coupling + chemistry


• Update Teq to Polvani and 
Kushner (2002): polar night jet 
(perpetual January)

γ=4 K/km

v2.0
[Gupta et al. (in review)]



• In the last 25 years, growing 
awareness of importance of 
strat-trop coupling + chemistry


• Update Teq to Polvani and 
Kushner (2002): polar night jet 
(perpetual January)


• Topography to stimulate SSWs 
[Gerber and Polvani 2009]

Numerical Impacts on Transport 34

Figure 6. (a) Zonal mean zonal wind (in m/s) (b) clock tracer concentration and (c) age-of-air (in years) at 60N and 10hPa for a 1000-day interval for the CAM-SE
NE30L80 run. Zonal wind reversal, from westerly to easterly, indicates major stratospheric sudden warming events characterized by temporary disintegration of the boreal
winter polar vortex. These events are marked by a dashed red line around the 9400th, 9625th and 9800th model day.
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• In the last 25 years, growing 
awareness of importance of 
strat-trop coupling + chemistry


• Update Teq to Polvani and 
Kushner (2002): polar night jet 
(perpetual January)


• Topography to stimulate SSWs 
[Gerber and Polvani 2009] 

• Add clock tracer to evaluate 
age-of-air

v2.0
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Compare 4 dynamical cores

  

We test 4 different dynamical cores

CAM-FV 

CAM FINITE VOLUME (CAM-FV)

Horizontal :    2o x 2o

Vertical     :    40 levels

… and their robustness to changing resolution

GFDL-FV3 

CUBED SPHERE FINITE VOLUME

Horizontal :    1o x 1o

Vertical     :    40 levels

Horizontal :    2o x 2o

Vertical     :    80 levels

Horizontal :    1o x 1o

Vertical     :    80 levels

double horizontal 

double vertical
double
both 

Most re
solved!

GFDL-PS 

PSEUDOSPECTRAL

CAM-SE

CAM SPECTRAL ELEMENT

(new core of fvGFS)

(NCAR’s  
CESM2 core)

[Gupta et al. (in review)]



Initial Results: Large spread between models 
(in layman’s terms, a real mess!)

Numerical Impacts on Transport 35

Figure 7. Ensemble mean age of air (years) in the stratosphere in solid contours for (a) the FR integrations and (b) the specified runs . The colors in the background show
the fractional age deviation from the ensemble mean. A deviation of 0.1 at a position where the ensemble mean age is 10 yrs means a total standard deviation of 1 yr across
the ensemble.
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fractional deviation across the four cores

large differences in 
midlatitude surf zone 

+ 
the tropical pipe



Differences are stratospheric in origin 

Numerical Impacts on Transport 35
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the fractional age deviation from the ensemble mean. A deviation of 0.1 at a position where the ensemble mean age is 10 yrs means a total standard deviation of 1 yr across
the ensemble.
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Figure 7. Ensemble mean age of air (years) in the stratosphere in solid contours for (a) the FR integrations and (b) the specified runs . The colors in the background show
the fractional age deviation from the ensemble mean. A deviation of 0.1 at a position where the ensemble mean age is 10 yrs means a total standard deviation of 1 yr across
the ensemble.
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Differences are stratospheric in origin 
reflecting a split between spectral and FV cores

finite volume

spectral

[Gupta et al. (in review)]



Key is divergence of tropical winds: 
spectral models develop westerly jets

Numerical Impacts on Transport 29

Figure 1. Zonal Winds ū (in m/s) in 2 different dynamical cores : (left) pseudospectral (GFDL-PS) and (right) finite volume (CAM-FV) with 40 vertical levels (top) and
80 vertical levels (bottom). At high vertical resolution, pseudospectral core develops westerlies in the tropical stratosphere (20-80hPa). The finite volume core consistently
resolve easterlies at both vertical resolutions. Both the cores have comparable horizontal resolution. Contour intervals : 10 m/s.
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[cf. Yao and Jablonowski 2015]
[Gupta et al. (in review)]



Key is divergence of tropical winds: 
spectral models develop westerly jets
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Figure 1. Zonal Winds ū (in m/s) in 2 different dynamical cores : (left) pseudospectral (GFDL-PS) and (right) finite volume (CAM-FV) with 40 vertical levels (top) and
80 vertical levels (bottom). At high vertical resolution, pseudospectral core develops westerlies in the tropical stratosphere (20-80hPa). The finite volume core consistently
resolve easterlies at both vertical resolutions. Both the cores have comparable horizontal resolution. Contour intervals : 10 m/s.
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[cf. Yao and Jablonowski 2015]

westerlies permit enhanced mixing into tropics



• In the last 25 years, growing 
awareness of importance of 
strat-trop coupling + chemistry


• Update Teq to Polvani and 
Kushner (2002): polar night jet 
(perpetual January)


• Topography to stimulate SSWs 
[Gerber and Polvani 2009] 

• Add clock tracer to evaluate 
age-of-air


• Specify winds in the tropics 
(i.e., constrain QBO region)

Numerical Impacts on Transport 30

Figure 2. Zonal winds ū averaged over [�2�, 2�] for the 4 dynamical cores : GFDL-PS (blue), GFDL-FV3 (orange), CAM-SE (green) and CAM-FV (red), as obtained
from the (left) FR integrations and (right) SP integrations. The solid curves and dashed curves show resolved winds at low (40) and high (80) vertical resolution respectively.
The black line shows the analytical wind profile specified in the cores in the tropics (see Section 3).
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v2.1
[Gupta et al. (in review)]



Greater agreement amongst cores 
but differences persist

Numerical Impacts on Transport 35

Figure 7. Ensemble mean age of air (years) in the stratosphere in solid contours for (a) the FR integrations and (b) the specified runs . The colors in the background show
the fractional age deviation from the ensemble mean. A deviation of 0.1 at a position where the ensemble mean age is 10 yrs means a total standard deviation of 1 yr across
the ensemble.
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Greater agreement amongst cores,  
but differences persist between spectral and FV

Numerical Impacts on Transport 35

Figure 7. Ensemble mean age of air (years) in the stratosphere in solid contours for (a) the FR integrations and (b) the specified runs . The colors in the background show
the fractional age deviation from the ensemble mean. A deviation of 0.1 at a position where the ensemble mean age is 10 yrs means a total standard deviation of 1 yr across
the ensemble.
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CAM-SE and GFDL-FV3 Converge towards 
different solutions!

Numerical Impacts on Transport 39

Figure 11. Age of air (in years) from the specified (SP) integrations from all four dycores at all four resolutions are shown. (a) and (b) show the age for GFDL-FV3 and
CAM-SE at (a) 30hPa and (b) 65hPa. (c) and (d) show the age for GFDL-PS and CAM-FV at (c) 30hPa and (d) 65hPa. The low (high) horizontal resolution runs are shown
using lighter (dark) curves and the low (high) vertical resolution runs are shown using dashed (solid) curves. The GFDL-pseudospectral is shown in blue, the GFDL-FV3
in orange, the CAM-SE in green and the CAM-FV in red. Higher horizontal (0.5� L80; NE60L80) and higher vertical (1� L160; NE30L160) CAM-SE runs are shown
using dashed-dotted and dotted black curves in (a) and (b) respectively.
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Uncertainty in diabatic circulation dominates 
difference between CESM-SE and GFDL-FV3
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Opportunities and Challenges
• Trace gas observations can still help us better 

understand the circulation of the stratosphere 

• Trace gas transport is a challenge for climate prediction 

• The “age-of-air” can be used to connect trace gas 
measurements to the overturning circulation

• Modern reanalyses struggle with the overturning 
circulation; could assimilation of trace gases help?

• Ozone recovery projections vary considerably due 
to differences in transport

• Transport depends critically on the numerical 
formulation and resolution; modern atmospheric 
model cores exhibit significant differences


