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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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loss of heat is necessary in the polar and temperate stratosphere if 
subsidence occurs without disturbing the isothermal state. 

The ratio of the mean subsidence rate to the mean value of the 
diffusion constant just above the tropopause can be fixed by the 
water vapour profiles fairly closely to 3 x I O - ~  cgs units. In  the 
absence of data of the rate of radiative cooling or of the degree 
of turbulence of the lower stratosphere actual values for w and K 
cannot be fixed. The values can probably be said to lie within the 
limits 300 and 4,000 cgs units and 8 and IOO mlday. 

The  matter can only be decided by measurements of K or  of 
the radiative conditions of the stratosphere and both are possible. 

The writer considers that K will prove to be of the order of 
I o r  2 x 103/cm2 sec-’ and w about 50 m/day. If the circulation 
is as rapid as this it will make a significant contribution to the energy 
of the general circulation. 

The  dynamic consequences of the circulation have not been 
discussed. There are considerable difficulties in this respect. 
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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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loss of heat is necessary in the polar and temperate stratosphere if 
subsidence occurs without disturbing the isothermal state. 

The ratio of the mean subsidence rate to the mean value of the 
diffusion constant just above the tropopause can be fixed by the 
water vapour profiles fairly closely to 3 x I O - ~  cgs units. In  the 
absence of data of the rate of radiative cooling or of the degree 
of turbulence of the lower stratosphere actual values for w and K 
cannot be fixed. The values can probably be said to lie within the 
limits 300 and 4,000 cgs units and 8 and IOO mlday. 

The  matter can only be decided by measurements of K or  of 
the radiative conditions of the stratosphere and both are possible. 

The writer considers that K will prove to be of the order of 
I o r  2 x 103/cm2 sec-’ and w about 50 m/day. If the circulation 
is as rapid as this it will make a significant contribution to the energy 
of the general circulation. 

The  dynamic consequences of the circulation have not been 
discussed. There are considerable difficulties in this respect. 
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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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loss of heat is necessary in the polar and temperate stratosphere if 
subsidence occurs without disturbing the isothermal state. 

The ratio of the mean subsidence rate to the mean value of the 
diffusion constant just above the tropopause can be fixed by the 
water vapour profiles fairly closely to 3 x I O - ~  cgs units. In  the 
absence of data of the rate of radiative cooling or of the degree 
of turbulence of the lower stratosphere actual values for w and K 
cannot be fixed. The values can probably be said to lie within the 
limits 300 and 4,000 cgs units and 8 and IOO mlday. 

The  matter can only be decided by measurements of K or  of 
the radiative conditions of the stratosphere and both are possible. 

The writer considers that K will prove to be of the order of 
I o r  2 x 103/cm2 sec-’ and w about 50 m/day. If the circulation 
is as rapid as this it will make a significant contribution to the energy 
of the general circulation. 

The  dynamic consequences of the circulation have not been 
discussed. There are considerable difficulties in this respect. 
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Questions 
• What drives the Brewer-Dobson Circulation?


• How will the Brewer-Dobson Circulation respond to anthropogenic forcing?
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The JJA Residual Circulation in ECHAM6
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Puzzle pieces fit together to provide a smooth 
circulation!
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This decomposition of the BDC is used to assess 
the roles of each type of wave driving.
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of the )turn-around latitudes3 where�w* is zero (i.e., the 
latitudes where the tropical upwelling changes to extra-
tropical downwelling 6 Figure 4.9b). The annual cycle in 
the integrated upward mass  ux between these turn-around 
latitudes was also generally well reproduced, though again 
the SOCOL and ULAQ models did not perform as well 
as the other models (Figure 4.9c). In the REF-B2 simula-
tions, the turn-around latitudes are, on average, the same 
as in the REF-B1 simulations to within 0.5°. The multi-
model mean REF-B2 upwelling is 0.1-0.2 mm/s greater in 
DJF and SON and 0.1-0.2mm/s less in March-April-May 
(MAM) and June-July-August (JJA) than that for REF-B1, 
though the annual mean upwelling is the same in both sets 
of simulations to within 1%.

On average the annual-mean tropical upwelling mass 
 uxes in the REF-B1 simulations, calculated between the 
turn-around latitudes at 70 hPa and following the seasonal 
movement of those latitudes, agrees with the mass  uxes 
derived from the UKMO analysis (Figure 4.10a, black 
bars). The standard error in the multi-model mean is less 
than the interannual variability in the analysed mass  uxes 
(not shown). The contributions of resolved and parameter-
ised wave drag in driving this upward mass  ux can be es-

timated using the Haynes et al. (1991) Downward Control 
Principle (e.g., Butchart et al., 2010). These contributions 
are shown by the grey bars in Figure 4.10a. With the ex-
ception of the UMUKCA-METO there is a signi cant con-
tribution from the parameterised orographic gravity wave 
drag (OGWD) (for those models that supplied OGWD 
data), which on average accounts for 21.1% of the driving 
of the upwelling at 70 hPa decreasing to 4.7% at 10 hPa 
(Figure 4.10b). At 70 hPa the resolved waves accounted for 
70.7% (71.6% at 10 hPa) and non-orographic gravity wave 
drag (NOGWD) 7.1% (10.9% at 10 hPa) of the driving 
again averaged over those models which provided these 
diagnostics. In general, however, there was a wide spread 
between the models in the contributions from the wave 
drags. At 70 hPa, the contributions from the resolved waves 
ranged from 31.4 % (ULAQ) to 102.1% (UMUKCA-
METO), while the range for OGWD and NOGWD was 
2.0 (UMUKCA-METO) to 40.9% (CCSRNIES) and -3.4 
(CMAM) to 16.8% (SOCOL), respectively. It is also worth 
noting that the models generally overestimate the 100 hPa 
heat  ux (~vertical component of the EP-Flux) between 
20°S and 40°S (Section 4.3.4, Figure 4.12), which includes 
the southern latitude (i.e., the turn-around latitude, c.f., 

(a) Annual mean upward mass flux at 70 hPa (b) Annual mean upward mass flux at 10 hPa
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Figure 4.10: Annual mean upward mass  ux averaged from 1980 to 1999 for the REF-B1 simulations and 
from 1992 to 2001 for the UKMO analyses. Averaging the modelled upwelling from 1992-2001 gives very 
similar values to those shown for 1980-1999. Upwelling calculated from�w * is shown by black bars. Upwelling 
calculated by downward control is split into contributions from: resolved waves (dark grey), orographic gravity 
wave drag (OGWD) (grey), and non-orographic gravity wave drag (NOGWD) (light grey). OGWD and NOGWD 
are shown combined for the GEOSCCM and MRI model. For some models only the resolved wave contribu-
tions are shown due to the unavailability of gravity wave drag diagnostics. In the CMAM, NOGWD produces 
a negative upwelling and so cancels some of the upwelling produced by the OGWD and the resolved waves. 
This cancellation is shown by diagonal lines. The black horizontal lines show the multi-model mean and the 
inter-model standard error. The 95% con dence interval for the UKMO analyses is shown by the unshaded part 
of the bar with the horizontal line at the mid-point being the multi-year (10-year) mean. Values shown at (a) 70 
hPa, and (b) 10 hPa. The numbers above the bars in (b) are the ratio for that model of the upwelling mass  ux 
(normalised by the multi-model mean) at 10 hPa to upwelling mass  ux (normalised by the multi-model mean) 
at 70 hPa.
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Figure 4.9b) at which the downward control integral is per-
formed, though it is unclear what impact this would have 
on the upwelling estimated from the EP- ux divergence.

Similar results were obtained for the REF-B2 simu-
lations (not shown) with the multi-model mean upwelling 
within 3% of that in the REF-B1 simulations. The largest 
differences occurred for the CNRM-ACM which had over 
15% less upwelling for the REF-B2 than for the REF-B1 
simulation.

In REF-B1 simulation, the ratio of the upwelling (as 
calculated from�w*) at 10 hPa to that at 70 hPa (weighted 
by the multi-model means) gives some indication of the 
relative leakiness of the tropical pipe in the lower strato-
sphere with respect to the multi-model mean (Neu and 
Plumb, 1999; see also Chapter 5, Section 5.2.1.2). This 
ratio is shown in Figure 4.10b (see  gure caption for de-
tails). The UMUKCA and GEOSCCM simulations show 
too little upwelling at 70 hPa and too much upwelling at 

10hPa, with the ratio of upwelling at 10 hPa to that at 70 
hPa being around 115% of that of the multi-model average. 
Conversely, the CCSRNIES model, and the CMAM show 
too much upwelling at 70 hPa and too little upwelling at 10 
hPa, with a ratio of 90% or less of that of the multi-model 
average.

For all the models the annual mean upward mass  ux 
at 70 hPa increased from the start (1960) to the end of the 
REF-B2 simulations (see Figure 4.11). On average the 
trend in the upward mass  ux was about 2% per decade 
(Figure 4.11b, c, d) with the largest trends occurring in JJA 
(not shown). With the exception of the SOCOL model, in-
terannual variability in the annual mean upward mass  ux 
is less than the multi-model spread (Figure 4.11a). For the 
end of the 20th century (1980-1999) the trends predicted by 
the REF-B2 simulations (Figure 4.11) were very similar to 
those for the REF-B1 simulations (not shown). The largest 
difference was found for the CCSRNIES model, which had 

(a) (b) Annual mean mass flux trend at 70 hPa, 1980-1999

(c) Annual mean mass flux trend at 70 hPa, 2000-2049 (d) Annual mean mass flux trend at 70 hPa, 2050-2099
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Figure 4.11: For the REF-B2 simulations. (a) Annual mean upward mass  ux at 70 hPa, calculated from�w* . 
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What “drives” the BDC?    
Experiments with an idealized GCM

negative-correlation integration (Fig. 3b), the parame-
terized wave driving is trapped in the lower strato-
sphere, and the wave driving above 70 hPa is extremely
weak. In the positive-correlation integration (Fig. 3a),
however, there is a substantial drag on the upper
stratosphere.

The difference between the OGWD in the positive
and negative integrations is shown in Fig. 4a. The am-
plitude of the zonally integrated perturbation is quite
significant, on the order of 109N, and can be put into
context by considering the residual-mean mass circula-
tion implied by downward control, as shown in Fig. 4b.

FIG. 1. A comparison between model configurations with Rayleigh friction, the ‘‘old’’ model used in Gerber and
Polvani (2009), and the Alexander and Dunkerton (1999) NOGW parameterization, the ‘‘new’’ model used in this
study: (a),(b) the time- and zonal-mean zonal winds (m s21), (c),(d) the time- and zonal-mean parameterized gravity
wave driving (109N), and (e),(f) the residual-mean mass streamfunction (109 kg s21).
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• dry primitive equations on the sphere


• Newtonian relaxation of temperature 
to radiative-convective equilibrium 
profile [Held and Suarez 1994; 
Polvani and Kushner 2002]


• Simple large scale topography 
[Gerber and Polvani, 2009]


• Alexander and Dunkerton [1999]  
non-orographic gravity wave drag


• Pierrehumbert [1987] orographic 
gravity wave drag

[Cohen et al. 2013]
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What is going on here?



Back to Basics: Haynes et al. 1991 
(Near) steady response to a localized torque

zonal wind streamfunction ψ



QG Potential Vorticity

qy = � � uyy + f
⇥y

⇥p

zonal wind

For what torques is the circulation reasonable? 



For what torques is the circulation reasonable? 
Stability depends critically on meridional scale

QG Potential Vorticity

qy = � � uyy + f
⇥y

⇥p

For

perturbation to  
PV gradient

L
u � A

L2

L << LR

� A

L4

zonal wind

amplitude A, 
meridional scale L



Stability of the circulation for a compact torque
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gradient in the relative vorticity 2u1yy and vortex
stretching 2(!u1p)p.

d For L ! Ld, when L is large compared to the Rossby
radius of deformation, the vertical gradient in u1,
associated with the vortex stretching, dominates the
PV gradient and (11) yields a simple condition on the
necessary condition for instability:

A.
QyL

2

tr
. (12)

In this limit the amplitude must be fairly large to
satisfy the necessary condition for instability.

d For L " Ld, when L is small compared to Ld, the
relative vorticity gradient dominates and (11) yields
the following necessary condition for instability:

A.
QyL

4

trL
2
d

H2
r

H2
. (13)

Here, the critical amplitude for instability decreases
rapidly with the meridional scale of the perturbation,
and so is extremely sensitive to L. In addition, the
critical amplitude is inversely proportional to the square
of the wave forcing height scale: the larger the vertical
extent, the smaller the critical amplitude for instability.

d If L 5 Ld and H 5 Hr, the condition is

A[Ac5
QyL

2
d

tr
. (14)

If we suppose that Qy scales as b, then we get a rough
estimate of the critical amplitudeAc’ 83 1026m s22’
1ms21 day 21, based on the parameters consistent with
our model,N5

ffiffiffi
5

p
3 1022 s21,H5 7km, tr5 40 days,

and where the torque is centered around f 5 508N.

WhenA and L are such that q0y 1q1y , 0, as in (7a), the
only way that a stable equilibrated limit can be achieved
is if a resolved wave driving is generated such that

q0y1 (q1y1 qRy). 0, (15)

where qR stands for the contribution of a perturbed re-
solved Rossby wave to the QG-PV meridional gradient.
In an OGW parameterization, L is set primarily by the
spatial extent of the subgrid-scale mountain height and
surface winds. In practice, both tend to vary on a much
shorter scale than the deformation radius Ld of the
stratosphere, which is about 50% larger than in the tro-
posphere because of increased stratification. Typical am-
plitudes for the OGWDare on the order of 1ms21 day 21

(Alexander et al. 2010), thus the necessary condition for
instability is quite likely to be satisfied.

As discussed above, Haynes et al. (1991) denoted
Ld/L as Hr/HR, because Ld/L5NHr/f0L5Hr/HR. In-
spection of (8) and (11) reveals that the necessary con-
dition for instability depends on the second and fourth
meridional derivatives of the wave forcing, hence we be-
lieve that Ld/L is a better instability measure thenHr/HR.
Figure 9 sketches out where the necessary condition

for instability in (11) is satisfied as a function of the wave
driving amplitude and length, using Qy 5 0.1b, b, and
2b, where tr 5 40 days, N5

ffiffiffi
5

p
3 1022 s21, H 5 29 km,

and the forcing is centered at f0 5 508 such that Ld ’
138. Clearly, Qy has a stabilizing effect; the larger it is,
the more stable the flow is. The nonlinear shaded gray
indicates the region where the Rossby number exceeds 1,
hence the QG approximation breaks down and the QG
downward control limit is no longer applicable. Note,
however, that the flow is likely to go unstable before it
reaches this limit. The boldface cross in the figure denotes
the amplitude and meridional scale of the perturbation
generated by the GFDLOGW scheme, shown in Fig. 3a.
Clearly, this wave forcing had to be compensated to yield
a sensible mean state.

b. Verification of the theory in the model

We next test the hypothesis that compensation is re-
lated to instability in our AGCM, where we can explore

FIG. 9. The necessary condition for instability, as in (11), as
a function of the wave driving’s amplitude A, meridional extent
L, and background PV gradient Qy, where tr 5 40 days,
N5

ffiffiffi
5

p
3 1022 s21,H5 29 km, centered atf05 508. The solid lines

correspond to instability thresholds for Qy 5 0.1b, b, and 2b. To
the lower-right, the flow is likely to be stable and to the upper
left, the flow is likely to be unstable. The shaded gray area indicates
the nonlinear region where the downward control limit is no longer
applicable. The open circles indicate the different A and L values
that we explored in our AGCM. The thick cross denotes the am-
plitude and meridional scale of the perturbation generated by the
GFDL OGW scheme, shown in Figure 3a.
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a sensible mean state.

b. Verification of the theory in the model
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k 5 R/cp ’ 2/7, where cp is the specific heat at constant
pressure, and R is the dry gas constant.
Following the downward control derivation, using

(3a) in (3b) we get

y*52
G

f0
0

v*(y,p)5
1

f0

ðp

p
1

Gy(y, s) ds1v*(y,p1) . (4)

Taking the y derivative of (3c) and using (4) yields

(ur 2 u)y5 trvy
*up

5
trup
f0

ðp

p
1

Gyy(y, s) ds1 trupvy
* (y, p1) . (5)

Multiplying (5) by f0/up and taking the p derivative gives

trGyy5 f0

"
(ur 2 u)y

up

#

p

5 [!(u2 ur)p]p , (6)

where the equality on the right follows using (3d).
Equation (6) provides the essence of the downward
control: the mean flow fields u and u are solely de-
termined by thewave forcingG (up to a boundary term).
In a stable dynamically equilibrated stratosphere, the

background qy is positive (e.g., in regions with no shear
flow, qy 5b. 0) and so we write the necessary condi-
tion for instability as qy , 0. Let us consider a mean
wave driving G0 that determines the zonal-mean fields
u0 and u0 such that qy 5 q0y $ 0, where q0 denotes the
zonal-mean QG-PV of the mean state. For example,
Fig. 8 shows q0y over the Northern Hemispheric strato-
sphere for the default integration with the NOGW (sim-
ulation 1 in Table 1); q0y is strictly positive and its overall
amplitude is on the order of b. Now, consider a pertur-
bation to the stable system. We denote the perturbed
wave driving as G1 and the resultant flow as u1 and u1.
Under the assumption that the wave forcing is linearly
additive, with no interactions between the wave forcings,
G5G0 1G1, the necessary condition for instability in (2)
becomes

qy5 q0y1 q1y, 00q0y, u1yy1 (!u1p)p , (7)

where q1y is defined to be

q1y [ 2 u1yy 2 (!u1p)p . (8)

In words, the necessary condition for instability is that
the perturbed QG-PV meridional gradient overwhelms

the existing meridional gradient. Equation (6) can be sep-
arated for a basic-state balance governed byG0 and a bal-
ance due to the perturbationG1, where the latter balance is

trG1yy5 (!u1p)p . (9)

Using standard dimensional analysis technics (e.g.,
Barenblatt 1996), let the perturbed wave driving G1

scale with amplitude A, let L and H be the meridional
and vertical scales on which the wave driving varies,
respectively, and let u1 scale with U. The scale of the
background QG-PV gradient q0y is denoted as Qy. To
make analytical progress, we simplify ! by assuming con-
stant stratification N2 52g2rup/u and that the tempera-
ture is equal to the reference temperature T5T0. Thus,
! simplifies to ( f0gp/RT0N)2 5 (p/Ld)

2, whereLd5NHr/
f0 is the Rossby radius of deformation and Hr 5 RT0/g is
the density height scale. It follows from (9) thatu1 scales as

u1 }U } trA
L2
d

L2

H2

H2
r

. (10)

The same scaling analysis can be found in Garcia (1987)
and Haynes et al. (1991), though in the latter they denote
Ld/L asHr/HR, whereHR5 f0L/N is the ‘‘Rossby height’’
for the problem. Using (9) and (10), we scale each term in
the necessary condition for instability [(7b)] to get

Qy ,
trA

L2
max

(
L2
d

L2

H2

H2
r

, 1

)
. (11)

Note that the factorL2
dH

2/L2H2
r is the ratio between the

amplitude of the QG-PV associated with meridional

FIG. 8. The time and zonal mean of the meridional gradient of
theQG-PV q0y (m

21 s21) in the default integrationwith theNOGW
and g 5 6Kkm21. The black contours denote the location and
strength of the wave forcing G1 discussed in section 4.
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Test the prediction

waves in the mesosphere. Even though the wave driving
is determined separately for each column, the structure
of the subgrid-scale mountain height parameter gives
the resulting drag significant zonal structure relative to
the climatological stationary planetary waves as seen—
for example, in our integrations in Figs. 2c and 2d. The
parameterized wave forcing can thus be a source of
planetary waves, providing a resolved Eliassen–Palm flux
divergence that could compensate the parameterized
torque. McLandress andMcFarlane (1993) found further
evidence for the generation of planetary waves by the
OGWD, although their analysis suggested a different
mechanism than initially proposed by Holton (1984).

To assess the significance of the spatial and temporal
structure of the parameterized wave driving, we turned
off the OGW parameterization and ran simulations us-
ing a steady specified torque derived from the OGW
forcing of the positive-correlation (with k 5 2) simula-
tion. Specifically, we ran three simulations with specified
forcing by applying (i) the time mean and (ii) the time
and zonal mean, and by (iii) using the time-mean forcing
but shifting its phase by 1808. Note that the latter ex-
periment is similar, in structure, to the sensitivity case D
in McLandress and McFarlane (1993), except that they
instead shift the resolved waves. Figure 7 (see labels
‘‘time-mean forcing,’’ ‘‘time- and zonal-mean forcing,’’

FIG. 6. The residual-mean streamfunction at 70 hPa, as a function of latitude, for the (a) positive-correlation and
(b) negative-correlation integrations (109 kg s21). ‘‘Direct’’ refers to the total residual-mean streamfunction com-
puted directly from the definition of the residual-mean velocities. ‘‘EPFD1GWD’’ refers to the total residual-mean
mass streamfunction computed by downward control, while ‘‘EPFD,’’ ‘‘NOGWD,’’ and ‘‘OGWD’’ refer to the
residual-mean streamfunctions associated with each of the wave components: resolved, nonorographic, and oro-
graphic gravity wave driving (the thick black curve is thus the sum of the blue, green, and red curves).

FIG. 7. (a) The compensation metric C for the various integrations. Each bar corresponds to a difference between two
integrations as listed inTable 1. For example, the control run is the difference between integrations 3 and 4 in Table 1. The
error bars correspond to one standard deviation in C. (b) The bootstrap kernel density estimate for the integrations
labeled by ‘‘L 5 2.5,’’ ‘‘L 5 5.0,’’ . . . , ‘‘L 5 25.0.’’ The colored bars in (a) and the colored curves in (b) match.
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d For L ! Ld, when L is large compared to the Rossby
radius of deformation, the vertical gradient in u1,
associated with the vortex stretching, dominates the
PV gradient and (11) yields a simple condition on the
necessary condition for instability:
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In this limit the amplitude must be fairly large to
satisfy the necessary condition for instability.

d For L " Ld, when L is small compared to Ld, the
relative vorticity gradient dominates and (11) yields
the following necessary condition for instability:
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Here, the critical amplitude for instability decreases
rapidly with the meridional scale of the perturbation,
and so is extremely sensitive to L. In addition, the
critical amplitude is inversely proportional to the square
of the wave forcing height scale: the larger the vertical
extent, the smaller the critical amplitude for instability.

d If L 5 Ld and H 5 Hr, the condition is
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If we suppose that Qy scales as b, then we get a rough
estimate of the critical amplitudeAc’ 83 1026m s22’
1ms21 day 21, based on the parameters consistent with
our model,N5
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and where the torque is centered around f 5 508N.

WhenA and L are such that q0y 1q1y , 0, as in (7a), the
only way that a stable equilibrated limit can be achieved
is if a resolved wave driving is generated such that

q0y1 (q1y1 qRy). 0, (15)

where qR stands for the contribution of a perturbed re-
solved Rossby wave to the QG-PV meridional gradient.
In an OGW parameterization, L is set primarily by the
spatial extent of the subgrid-scale mountain height and
surface winds. In practice, both tend to vary on a much
shorter scale than the deformation radius Ld of the
stratosphere, which is about 50% larger than in the tro-
posphere because of increased stratification. Typical am-
plitudes for the OGWDare on the order of 1ms21 day 21

(Alexander et al. 2010), thus the necessary condition for
instability is quite likely to be satisfied.

As discussed above, Haynes et al. (1991) denoted
Ld/L as Hr/HR, because Ld/L5NHr/f0L5Hr/HR. In-
spection of (8) and (11) reveals that the necessary con-
dition for instability depends on the second and fourth
meridional derivatives of the wave forcing, hence we be-
lieve that Ld/L is a better instability measure thenHr/HR.
Figure 9 sketches out where the necessary condition

for instability in (11) is satisfied as a function of the wave
driving amplitude and length, using Qy 5 0.1b, b, and
2b, where tr 5 40 days, N5

ffiffiffi
5

p
3 1022 s21, H 5 29 km,

and the forcing is centered at f0 5 508 such that Ld ’
138. Clearly, Qy has a stabilizing effect; the larger it is,
the more stable the flow is. The nonlinear shaded gray
indicates the region where the Rossby number exceeds 1,
hence the QG approximation breaks down and the QG
downward control limit is no longer applicable. Note,
however, that the flow is likely to go unstable before it
reaches this limit. The boldface cross in the figure denotes
the amplitude and meridional scale of the perturbation
generated by the GFDLOGW scheme, shown in Fig. 3a.
Clearly, this wave forcing had to be compensated to yield
a sensible mean state.

b. Verification of the theory in the model

We next test the hypothesis that compensation is re-
lated to instability in our AGCM, where we can explore

FIG. 9. The necessary condition for instability, as in (11), as
a function of the wave driving’s amplitude A, meridional extent
L, and background PV gradient Qy, where tr 5 40 days,
N5

ffiffiffi
5

p
3 1022 s21,H5 29 km, centered atf05 508. The solid lines

correspond to instability thresholds for Qy 5 0.1b, b, and 2b. To
the lower-right, the flow is likely to be stable and to the upper
left, the flow is likely to be unstable. The shaded gray area indicates
the nonlinear region where the downward control limit is no longer
applicable. The open circles indicate the different A and L values
that we explored in our AGCM. The thick cross denotes the am-
plitude and meridional scale of the perturbation generated by the
GFDL OGW scheme, shown in Figure 3a.
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Is the circulation really going unstable? 



fraction of time

Is the circulation really going unstable? 
Yes (at least in some models)

qy < 0 and r·F > 0 qy < 0



But it doesn’t have to… 
         

thinking, we provide a quantitative prediction of the
wave driving.
The zonal-mean QG PV equation in (x, y, p) Carte-

sian longitude–latitude–pressure coordinates is [e.g.,
Andrews et al. 1987, their (3.3.4)]

qt 52(y0q0 1X)y1 S . (1)

Using common notation, an overbar represents a zonal
mean, a prime denotes a geostrophic perturbation
therefrom, and a subscript denotes a partial derivative.
The QGPV is denoted by q, y is the meridional velocity,
X is the unresolved gravity wave driving, and S repre-
sents nonconservative terms, mostly due to diabatic
heating. Here y0q0 is the zonal-mean meridional flux of
PV and, in the QG limit, is equal to the Rossby wave
driving or Eliassen–Palm flux divergence (EPFD). In
accordance withQG scaling (Edmon et al. 1980), the PV
and its meridional gradient are

q5 f 2 uy1

0

@ fu

u0p

1

A

p

and qy5b2 uyy 1

0

@fuy

u0p

1

A

p

,

(2)

where u is the zonal wind, u is the perturbed potential
temperature about a stratified background state that is
independent of latitude, u0 5 u0(p), and f 5 f0 1 by is
the Coriolis frequency.
In this framework, we now make a crude approxi-

mation, supposing that the nonconservative term can be

approximated by a linear relaxation toward a back-
ground PV profile. That is,

S’2
q2qb

t
, (3)

where qb is a background PV and t is a relaxation time
scale. We visualize this simple thought experiment using
the arrows in Fig. 3. Denoting the total wave forcing with
G5 y0q0 1X, (1) becomes

FIG. 2. A latitude–longitude diagram, for a generic level in themidstratosphere, of Rossby wave and gravity wave breaking that result in
PV mixing. (a)–(d) Large-scale orography is in dashed black, and the red lines denote PV isopleths increasing poleward. In (a) Rossby
waves generated by large-scale orography propagate upward, and in (b) they distort the materially conserved PV, thus transporting lower
PV values poleward and higher PV values equatorward. In (c) the wavy distortion continues irreversibly until the wavy pattern breaks,
resulting in PV mixing, as shown in (d). (e) Gravity waves generated by a small-scale orography propagate upward, break, and exert
a retrograde forcing, (f) thus changing the PV. This PV change acts as a local mixing, effectively separating PV isopleths. (g) We assume
many such gravity wave breaking events. (h) Aggregation of them or applying a zonal-mean result in effective PV mixing.

FIG. 3. The conceptual model for the stratospheric surf zone.
Planetary wave breakingmixes the PV (dashed blue) and drags the
flow away from the background PV (solid red). Given the width of
the mixing region, the total wave driving is constrained to be equal
to the absolute value of the area between the two curves.
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therefrom, and a subscript denotes a partial derivative.
The QGPV is denoted by q, y is the meridional velocity,
X is the unresolved gravity wave driving, and S repre-
sents nonconservative terms, mostly due to diabatic
heating. Here y0q0 is the zonal-mean meridional flux of
PV and, in the QG limit, is equal to the Rossby wave
driving or Eliassen–Palm flux divergence (EPFD). In
accordance withQG scaling (Edmon et al. 1980), the PV
and its meridional gradient are
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where u is the zonal wind, u is the perturbed potential
temperature about a stratified background state that is
independent of latitude, u0 5 u0(p), and f 5 f0 1 by is
the Coriolis frequency.
In this framework, we now make a crude approxi-

mation, supposing that the nonconservative term can be

approximated by a linear relaxation toward a back-
ground PV profile. That is,

S’2
q2qb

t
, (3)

where qb is a background PV and t is a relaxation time
scale. We visualize this simple thought experiment using
the arrows in Fig. 3. Denoting the total wave forcing with
G5 y0q0 1X, (1) becomes

FIG. 2. A latitude–longitude diagram, for a generic level in themidstratosphere, of Rossby wave and gravity wave breaking that result in
PV mixing. (a)–(d) Large-scale orography is in dashed black, and the red lines denote PV isopleths increasing poleward. In (a) Rossby
waves generated by large-scale orography propagate upward, and in (b) they distort the materially conserved PV, thus transporting lower
PV values poleward and higher PV values equatorward. In (c) the wavy distortion continues irreversibly until the wavy pattern breaks,
resulting in PV mixing, as shown in (d). (e) Gravity waves generated by a small-scale orography propagate upward, break, and exert
a retrograde forcing, (f) thus changing the PV. This PV change acts as a local mixing, effectively separating PV isopleths. (g) We assume
many such gravity wave breaking events. (h) Aggregation of them or applying a zonal-mean result in effective PV mixing.

FIG. 3. The conceptual model for the stratospheric surf zone.
Planetary wave breakingmixes the PV (dashed blue) and drags the
flow away from the background PV (solid red). Given the width of
the mixing region, the total wave driving is constrained to be equal
to the absolute value of the area between the two curves.
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A remote response to localized torque

where the flux is the vector F 5 (F (f), F ( p)) com-
prising F(f) 5 a cosf(2u0y0 1upy0u

0/up) and F ( p) 5
a cosf[( f 1 j)y0u0/up 2 u0v0]. Besides terms that were
defined in section 2, v is the vertical velocity,
j 5 2(u cosf)f/(a cosf) is the relative vorticity, a is
Earth’s radius, and $ ! F5 (F(f) cosf)f/(a cosf)1F( p)

p is
the divergence of the Eliassen–Palm flux (e.g., Andrews
et al. 1987, chapter 3). In addition, p1, p2,f1, andf2 are the
top, bottom, left, and right boundaries of the region,
respectively. The integrals are evaluated over the re-
gion surrounding the applied torque (the solid gray box
in Fig. 8) and adjacent regions, poleward and equa-
torward of the torque (dashed gray boxes).

Inspection of theNHEliassen–Palm budgets in Fig. 8a
shows that resolved waves respond to the torque by re-
ducing the local EPFD. Compensation is not perfect; the
applied torque of 276 3 1016 N m is associated with
a 62 3 1016 N m reduction in the retrograde forcing of
the planetary waves—that is,296 before the torque but
only 234 afterward (here and following, we omit the
units, always 1016 N m, for the sake of brevity). This is
achieved primarily by a reduction of themomentum flux
from the poleward side (183 before, 131 afterward) and,
to a lesser extent, less heat flux from below (24 before
the torque, 17 after), while the equator and top sides
exhibit only minor changes. Thus the reduction in the
local PV mixing is associated with a large change of the
flux from the pole side, the chief source of wave activity
in the climatological integration. This poleward region
exhibits an increase in wave driving as the resolved
waves redistribute the torque (the net EPFD here in-
creases from2141 to2167), and, most importantly, less
net flux into the stratosphere from below (from 400 to
377): less wave activity enters the high-latitude strato-
sphere, consistent with the reflection hypothesis of a
saturated surf zone. The budget analysis thus supports our
hypothesis of surf-zone interaction through PV mixing.
We also note the similarity in the response of our

idealized model with the middle- and high-latitude budget
analyses presented at Sigmond and Scinocca (2010, their
Fig. 6) and Sigmond and Shepherd (2014, their Fig. 3).
These studies examined the response of resolved Rossby
waves to perturbations of the OGW driving that fell
largely in the middle of the surf zone. In addition to
a compensating decrease in the resolved wave breaking in
the surf zone, they observed an increase in the resolved
wave breaking poleward of the OGW perturbation, asso-
ciatedwith a decrease in the zonal winds. Comparisonwith
Fig. 8 shows that this effect is quite similar to the response
of our idealized model to a torque in the surf zone. Once
PV gradients are flattened in the surf zone, excess Rossby
wave activity will be reflected poleward (reducing the net
meridional propagation). This leads to increased breaking
on the poleward flank of the surf zone and, ultimately, less
wave activity allowed into the stratosphere (reducing the
net upward wave propagation).
The SHEliassen–Palm budgets in Fig. 8b, on the other

hand, tell a different story. Changes are limited to the
torque region and its boundaries, with negligible changes to
the fluxes entering or leaving the adjacent regions. The local
EPFD changes sign in the torque region, from218 to126,
indicating that Rossby waves are being locally generated
to compensate for the applied torque. This leads to less heat
flux from below, more momentum flux that leaves on the
equatorward side, and, most importantly, momentum
flux directed poleward, opposite to the climatological

FIG. 8. Eliassen–Palm flux budgets (31016 N m) for the (a) NH
and (b) SH torque experiments. Dashed arrows characterize the
fluxes in the climatological (unperturbed) integrations and solid
arrows characterize the integrations with the applied torques. An
upward or equatorward arrow indicates a negative flux of mo-
mentum, so that the arrows illustrate the direction of wave prop-
agation. The solid gray boxes mark the region surrounding the
torque, and dashed gray boxes mark adjacent regions. Green
numbers at the center of each box denote the net EPFD within the
region, and a dashed (solid) circle denotes the unperturbed (ap-
plied torque) integrations. The net fluxes across each boundary are
evaluated using the right-hand side of (10) on the circumference of
each box, and the total integrated EPFD is evaluated as the sum of
the fluxes across all sides.
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negative-correlation integration (Fig. 3b), the parame-
terized wave driving is trapped in the lower strato-
sphere, and the wave driving above 70 hPa is extremely
weak. In the positive-correlation integration (Fig. 3a),
however, there is a substantial drag on the upper
stratosphere.

The difference between the OGWD in the positive
and negative integrations is shown in Fig. 4a. The am-
plitude of the zonally integrated perturbation is quite
significant, on the order of 109N, and can be put into
context by considering the residual-mean mass circula-
tion implied by downward control, as shown in Fig. 4b.

FIG. 1. A comparison between model configurations with Rayleigh friction, the ‘‘old’’ model used in Gerber and
Polvani (2009), and the Alexander and Dunkerton (1999) NOGW parameterization, the ‘‘new’’ model used in this
study: (a),(b) the time- and zonal-mean zonal winds (m s21), (c),(d) the time- and zonal-mean parameterized gravity
wave driving (109N), and (e),(f) the residual-mean mass streamfunction (109 kg s21).
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Interaction between wave driving suggest that the 
“forcings” are somewhat fungible.

F = � · F + GOGW + GNOGW

� = �EPFD + �OGW + �NOGW
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How will the Brewer-Dobson Circulation respond to 
anthropogenic forcing? 



• Models uniformly predict that it will increase [e.g. Butchart et al. 2012],               
but can’t be validated w/ available measurements [e.g. Garcia et al. 2011]. 

• Do we understand why? 

Chapter 4: Stratospheric Dynamics118

Figure 4.9b) at which the downward control integral is per-
formed, though it is unclear what impact this would have 
on the upwelling estimated from the EP- ux divergence.

Similar results were obtained for the REF-B2 simu-
lations (not shown) with the multi-model mean upwelling 
within 3% of that in the REF-B1 simulations. The largest 
differences occurred for the CNRM-ACM which had over 
15% less upwelling for the REF-B2 than for the REF-B1 
simulation.

In REF-B1 simulation, the ratio of the upwelling (as 
calculated from�w*) at 10 hPa to that at 70 hPa (weighted 
by the multi-model means) gives some indication of the 
relative leakiness of the tropical pipe in the lower strato-
sphere with respect to the multi-model mean (Neu and 
Plumb, 1999; see also Chapter 5, Section 5.2.1.2). This 
ratio is shown in Figure 4.10b (see  gure caption for de-
tails). The UMUKCA and GEOSCCM simulations show 
too little upwelling at 70 hPa and too much upwelling at 

10hPa, with the ratio of upwelling at 10 hPa to that at 70 
hPa being around 115% of that of the multi-model average. 
Conversely, the CCSRNIES model, and the CMAM show 
too much upwelling at 70 hPa and too little upwelling at 10 
hPa, with a ratio of 90% or less of that of the multi-model 
average.

For all the models the annual mean upward mass  ux 
at 70 hPa increased from the start (1960) to the end of the 
REF-B2 simulations (see Figure 4.11). On average the 
trend in the upward mass  ux was about 2% per decade 
(Figure 4.11b, c, d) with the largest trends occurring in JJA 
(not shown). With the exception of the SOCOL model, in-
terannual variability in the annual mean upward mass  ux 
is less than the multi-model spread (Figure 4.11a). For the 
end of the 20th century (1980-1999) the trends predicted by 
the REF-B2 simulations (Figure 4.11) were very similar to 
those for the REF-B1 simulations (not shown). The largest 
difference was found for the CCSRNIES model, which had 

(a) (b) Annual mean mass flux trend at 70 hPa, 1980-1999

(c) Annual mean mass flux trend at 70 hPa, 2000-2049 (d) Annual mean mass flux trend at 70 hPa, 2050-2099
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Figure 4.11: For the REF-B2 simulations. (a) Annual mean upward mass  ux at 70 hPa, calculated from�w* . 
Also shown is the annual mean mass  ux trend at 70 hPa from (b) 1980-1999, (c) 2000-2049 and (d) 2050-
2099. The grey shading and diagonal lines are as in Figure 4.10. The values are calculated from a linear  t to 
the annual mean mass  ux from (b) 1980-1999 shown as a percentage of 1980 mass  ux values, (c) 2000-2049 
and (d) 2050-2099 shown as a percentage of 2000 mass  ux values. The horizontal lines show the multi-model 
mean and the inter-model standard error.
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Contributions of Anthropogenic
and Natural Forcing to Recent
Tropopause Height Changes

B. D. Santer,1* M. F. Wehner,2 T. M. L. Wigley,3 R. Sausen,4
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Observations indicate that the height of the tropopause—the boundary between
the stratosphere and troposphere—has increased by several hundred meters since
1979. Comparable increases are evident in climate model experiments. The latter
show that human-induced changes in ozone and well-mixed greenhouse gases
account for!80%of the simulated rise in tropopause height over 1979–1999. Their
primary contributions are through cooling of the stratosphere (caused byozone) and
warming of the troposphere (caused by well-mixed greenhouse gases). A model-
predicted fingerprint of tropopause height changes is statistically detectable in two
different observational (“reanalysis”) data sets. This positive detection result allows
us to attribute overall tropopauseheight changes to a combinationof anthropogenic
and natural external forcings, with the anthropogenic component predominating.

The tropopause represents the boundary be-
tween the troposphere and stratosphere and is
marked by large changes in the thermal, dy-
namical, and chemical structure of the atmos-
phere (1–3). Increases in tropopause height
over the past several decades have been iden-
tified in radiosonde data (2, 4), in optimal
combinations of numerical weather forecasts
and observations (“reanalyses”) (3, 5), and in
climate models forced by combined natural
and anthropogenic effects (6). Model exper-
iments suggest that such increases cannot be
explained by natural climate variability alone
(6, 7).

To date, no study has quantified the contri-
butions of different anthropogenic and natural
forcings to 20th-century tropopause height
changes. We estimate these contributions here
and demonstrate the usefulness of the thermally
defined tropopause as an integrated indicator of
human-induced climate change. We also iden-
tify a model-predicted “fingerprint” of tropo-
pause height changes in reanalysis data.
Detection of this fingerprint enables us to
attribute tropopause height changes to the
combined effects of anthropogenic and nat-
ural forcing.

The anthropogenic forcings we consider
are changes in well-mixed greenhouse gases
(G), the direct scattering effects of sulfate
aerosols (A), and tropospheric and strato-
spheric ozone (O). The natural forcings con-
sidered are changes in solar irradiance (S)
and volcanic aerosols (V). All of these fac-
tors are likely to have modified the thermal
structure and static stability of the atmos-
phere (6–11), thus affecting tropopause
height. To isolate the thermal responses that
drive tropopause height changes, we analyze
the effects of G, A, O, S, and V on temper-
atures averaged over broad layers of the
stratosphere and troposphere.
Model and reanalysis data. We used

the Department of Energy Parallel Climate
Model (PCM) developed by the National
Center for Atmospheric Research (NCAR)
and Los Alamos National Laboratory (12). A
wide range of experiments has been per-
formed with PCM, of which seven were an-
alyzed here for tropopause height changes. In
the first five experiments, only a single forc-
ing is changed at a time; for example, G
varies according to historical estimates of
greenhouse gas concentration changes,
whereas A, O, S, and V are all held constant
at preindustrial levels (13–18). In the sixth
experiment (ALL), all five forcings are varied
simultaneously. Both natural forcings are
changed in the seventh experiment (SV). G,
A, O, and S commence in 1872, whereas V,
SV, and ALL start in 1890. The experiments
end in 1999. To obtain better estimates of the
underlying responses to the imposed forc-
ings, four realizations of each experiment
were performed. Each realization of a given

experiment has identical forcing but com-
mences from different initial conditions of an
unforced control run.

The detection part of our study requires
estimates of observed tropopause height chang-
es, which were obtained from two reanalyses
(19, 20). The first is from the National Center
for Environmental Prediction and the National
Center for Atmospheric Research (NCEP); the
second is from the European Centre for Medi-
um-Range Weather Forecasts (ERA). Reanaly-
ses use an atmospheric numerical weather fore-
cast model with no changes over time in either
the model itself or in the observational data
assimilation system. NCEP data were available
from 1948 to 2001, but data before January
1979 were excluded because of well-document-
ed inhomogeneities (21, 22). ERA spans the
shorter period from 1979 to 1993.

We estimate tropopause height using a
standard thermal definition of pLRT, the pres-
sure of the lapse-rate tropopause (23). This
definition has the advantage that it can be
applied globally and is easily calculated from
vertical profiles of atmospheric temperature
under most meteorological conditions (24,
25). The algorithm that we used to compute
pLRT primarily monitors large-scale changes
in the thermal structure of the atmosphere.

Multidecadal changes in pLRT are gener-
ally smaller than the vertical resolution of the
atmospheric models used in PCM and the two
reanalyses (Fig. 1A). This raises concerns
regarding the sensitivity of our estimated
pLRT trends to the vertical resolution of the
input temperature data in the vicinity of the
tropopause. Three independent pieces of ev-
idence support the reliability of our pLRT

changes. First, calculations of NCEP pLRT

trends performed at high and low vertical
resolution are in close agreement (26). Sec-
ond, climate models with different vertical
resolutions yield similar pLRT trends in re-
sponse to external forcing (6). Finally, pLRT

trends computed from ERA and NCEP are in
good agreement with pLRT changes obtained
from high-resolution radiosonde temperature
soundings (4, 6). All three lines of evidence
enhance confidence in the robustness of our
procedure for estimating pLRT changes.

At each grid point in the model and reanal-
ysis data, we compute pLRT from the monthly
mean temperature profile at discrete pressure
levels (25). For PCM, we also calculate strato-
spheric and tropospheric temperatures equiva-
lent to those monitored by channels 4 and 2 (T4
and T2) of the satellite-based Microwave
Sounding Unit (MSU) (22, 27–29). The simu-
lated MSU data are useful in relating changes in
pLRT to broad changes in atmospheric thermal
structure. Direct comparisons with observed
MSU T4 and T2 data are given elsewhere (30).
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1979. Comparable increases are evident in climate model experiments. The latter
show that human-induced changes in ozone and well-mixed greenhouse gases
account for!80%of the simulated rise in tropopause height over 1979–1999. Their
primary contributions are through cooling of the stratosphere (caused byozone) and
warming of the troposphere (caused by well-mixed greenhouse gases). A model-
predicted fingerprint of tropopause height changes is statistically detectable in two
different observational (“reanalysis”) data sets. This positive detection result allows
us to attribute overall tropopauseheight changes to a combinationof anthropogenic
and natural external forcings, with the anthropogenic component predominating.

The tropopause represents the boundary be-
tween the troposphere and stratosphere and is
marked by large changes in the thermal, dy-
namical, and chemical structure of the atmos-
phere (1–3). Increases in tropopause height
over the past several decades have been iden-
tified in radiosonde data (2, 4), in optimal
combinations of numerical weather forecasts
and observations (“reanalyses”) (3, 5), and in
climate models forced by combined natural
and anthropogenic effects (6). Model exper-
iments suggest that such increases cannot be
explained by natural climate variability alone
(6, 7).

To date, no study has quantified the contri-
butions of different anthropogenic and natural
forcings to 20th-century tropopause height
changes. We estimate these contributions here
and demonstrate the usefulness of the thermally
defined tropopause as an integrated indicator of
human-induced climate change. We also iden-
tify a model-predicted “fingerprint” of tropo-
pause height changes in reanalysis data.
Detection of this fingerprint enables us to
attribute tropopause height changes to the
combined effects of anthropogenic and nat-
ural forcing.

The anthropogenic forcings we consider
are changes in well-mixed greenhouse gases
(G), the direct scattering effects of sulfate
aerosols (A), and tropospheric and strato-
spheric ozone (O). The natural forcings con-
sidered are changes in solar irradiance (S)
and volcanic aerosols (V). All of these fac-
tors are likely to have modified the thermal
structure and static stability of the atmos-
phere (6–11), thus affecting tropopause
height. To isolate the thermal responses that
drive tropopause height changes, we analyze
the effects of G, A, O, S, and V on temper-
atures averaged over broad layers of the
stratosphere and troposphere.
Model and reanalysis data. We used

the Department of Energy Parallel Climate
Model (PCM) developed by the National
Center for Atmospheric Research (NCAR)
and Los Alamos National Laboratory (12). A
wide range of experiments has been per-
formed with PCM, of which seven were an-
alyzed here for tropopause height changes. In
the first five experiments, only a single forc-
ing is changed at a time; for example, G
varies according to historical estimates of
greenhouse gas concentration changes,
whereas A, O, S, and V are all held constant
at preindustrial levels (13–18). In the sixth
experiment (ALL), all five forcings are varied
simultaneously. Both natural forcings are
changed in the seventh experiment (SV). G,
A, O, and S commence in 1872, whereas V,
SV, and ALL start in 1890. The experiments
end in 1999. To obtain better estimates of the
underlying responses to the imposed forc-
ings, four realizations of each experiment
were performed. Each realization of a given

experiment has identical forcing but com-
mences from different initial conditions of an
unforced control run.

The detection part of our study requires
estimates of observed tropopause height chang-
es, which were obtained from two reanalyses
(19, 20). The first is from the National Center
for Environmental Prediction and the National
Center for Atmospheric Research (NCEP); the
second is from the European Centre for Medi-
um-Range Weather Forecasts (ERA). Reanaly-
ses use an atmospheric numerical weather fore-
cast model with no changes over time in either
the model itself or in the observational data
assimilation system. NCEP data were available
from 1948 to 2001, but data before January
1979 were excluded because of well-document-
ed inhomogeneities (21, 22). ERA spans the
shorter period from 1979 to 1993.

We estimate tropopause height using a
standard thermal definition of pLRT, the pres-
sure of the lapse-rate tropopause (23). This
definition has the advantage that it can be
applied globally and is easily calculated from
vertical profiles of atmospheric temperature
under most meteorological conditions (24,
25). The algorithm that we used to compute
pLRT primarily monitors large-scale changes
in the thermal structure of the atmosphere.

Multidecadal changes in pLRT are gener-
ally smaller than the vertical resolution of the
atmospheric models used in PCM and the two
reanalyses (Fig. 1A). This raises concerns
regarding the sensitivity of our estimated
pLRT trends to the vertical resolution of the
input temperature data in the vicinity of the
tropopause. Three independent pieces of ev-
idence support the reliability of our pLRT

changes. First, calculations of NCEP pLRT

trends performed at high and low vertical
resolution are in close agreement (26). Sec-
ond, climate models with different vertical
resolutions yield similar pLRT trends in re-
sponse to external forcing (6). Finally, pLRT

trends computed from ERA and NCEP are in
good agreement with pLRT changes obtained
from high-resolution radiosonde temperature
soundings (4, 6). All three lines of evidence
enhance confidence in the robustness of our
procedure for estimating pLRT changes.

At each grid point in the model and reanal-
ysis data, we compute pLRT from the monthly
mean temperature profile at discrete pressure
levels (25). For PCM, we also calculate strato-
spheric and tropospheric temperatures equiva-
lent to those monitored by channels 4 and 2 (T4
and T2) of the satellite-based Microwave
Sounding Unit (MSU) (22, 27–29). The simu-
lated MSU data are useful in relating changes in
pLRT to broad changes in atmospheric thermal
structure. Direct comparisons with observed
MSU T4 and T2 data are given elsewhere (30).
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Global-scale changes. For any specified
forcing, the ensemble members define an en-
velope of possible climate trajectories (Fig.
1A). The time at which the ALL and SV
envelopes separate completely (and remain
separated) is a simple qualitative measure of
the detectability of an anthropogenic signal in
PCM data. For tropopause height, this sepa-
ration occurs in the mid-1980s. Divergence
of the ALL and SV solutions occurs earlier
for T4 data [before the eruption of Mt.
Agung in 1963 (Fig. 1C)] and later for T2
[in the early 1990s (Fig. 1E)].

The short-term (3- to 4-year) pLRT signa-
tures of major volcanic eruptions are clearly
evident in reanalyses and the SV and ALL
experiments (Fig. 1A). Large explosive volca-
nic eruptions warm the lower stratosphere and
cool the troposphere (Fig. 1, C and E). Both
effects decrease tropopause height and increase
pLRT (6 ). In PCM, pLRT changes after the
eruptions of Santa Maria, Agung, El Chi-
chón, and Pinatubo are large, relative to
both the “between realization” variability
of pLRT and the pLRT variability during
volcanically quiescent periods.

The total linear pLRT decrease in ALL is 2.9
hPa over 1979–1999, corresponding to a tropo-
pause height increase of roughly 120 m (Fig.
1A). Tropopause height in NCEP rises by !190
m. The smaller increase in PCM is primarily due
to two factors. The first is the unrealistically large
stratospheric cooling in NCEP (31). Because
stratospheric cooling tends to increase tropopause
height (4, 6), excessive cooling amplifies
NCEP’s height increase. The second factor is
PCM’s overestimate of volcanically induced
stratospheric warming (30). Excessive strato-
spheric warming yields a volcanically induced
tropopause height decrease that is too large, thus
reducing the overall height increase in ALL.

The largest contributions to PCM’s overall
tropopause height increases are from changes in

Fig. 1. Time series of global mean, monthly mean anom-
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temperature (T4) (C and D), and mid- to upper tropo-
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17). Five experiments use a single forcing only (G, A, O, S,
or V ). Two integrations involve combined forcing changes,
either in natural forcings (SV ), or in all forcings (ALL).
There are four realizations of each experiment. In (B), (D),
and (F), only low-pass filtered ensemble means are shown.
In (A), (C), and (E), both the low-pass filtered ensemble
mean and the (unfiltered) range between the highest and
lowest values of the realizations are given. All model
anomalies are defined relative to climatological monthly
means computed over 1890–1909. Reanalysis-based pLRT
estimates from NCEP (19) and ERA (20) were filtered in
the same way as model data (A). NCEP pLRT data are
available from 1948–2001, but pre-1960 data were ig-
nored because of deficiencies in the coverage and quality
of assimilated radiosonde data (22). The ERA record spans
1979–1993. NCEP (ERA) was forced to have the same
mean as ALL over 1960–1999 (1979–1993). The SUM
results [(B), (D), and (F)] are the sum of the filtered
ensemble-mean responses from G, A, O, S, and V.
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Meridional overturning of the atmosphere decays 
rapidly from the troposphere to stratosphere

Tests for statistical significance of the correlation and
regression fields are based on the Student’s t test with the
number of temporal degrees of freedom (or ‘‘effective
sample size’’) estimated using Eq. (31) in Bretherton
et al. (1999).
In section 4c on the analysis of the tropical upwelling

on monthly and seasonal time scales, we utilize the
variable [T ]* defined as the local [T ] minus the global-
mean [T ] at each level. Subtracting the global-mean [T ]
helps eliminate the effects of volcanic eruptions and the
long-term stratospheric cooling trend in the interannual
variability. Additionally, the quasi-biennial oscillation
was removed following themethod described inWallace
et al. (1993). Briefly, the two leading PC time series
derived from EOF analysis of low-pass filtered, desea-
sonalized equatorial zonal wind measurements at 10–
70-hPa levels were linearly regressed out from monthly
mean ERA-Interim and MSU-4 data.

3. Structure of the tropical upwelling in the BDC

The time-mean structure of the TEM streamfunction
c* field in themodel is shown in Fig. 1a and compared to
the climatological-mean boreal winter structure of c*
in ERA-Interim in Fig. 1b. The tropospheric contours
highlighted with colored shading depict the tropical
Hadley cells and their eddy-driven extension to higher
latitudes. In this perpetual-January integration of the
model, the simulated Southern Hemisphere (SH) cir-
culation cell is substantially stronger than observed be-
cause of the unrealistically strong baroclinic eddies in
themodel’s summer hemisphere. The wave-driven BDC
in the stratosphere is indicated by the upper set of con-
tours that appear above the colored shading. As in the
troposphere, the SH (summer) stratospheric circulation
is too strong in the model: the BDC cells in the two
hemispheres are of comparable strength in the simula-
tion (Fig. 1a), whereas the Northern Hemisphere (NH)
cell is clearly dominant in ERA-Interim (Fig. 1b) and
stronger than its SH counterpart in boreal summer,
shown in Fig. 1c. The hemispherically symmetric pattern
of c* in the simulation resembles the climatological
annual mean structure of c* in the reanalysis (not
shown). Since the model does not simulate the effects
of latent heating on tropical convection, the simulated
tropical cold-point tropopause at about 200 hPa is lower
than observed.
The greater strength of the circulation in the NH

winter stratosphere (Fig. 1b) than in the SH winter
stratosphere (Fig. 1c) gives rise to the observed January–
February peak in tropical lower-stratospheric upwelling
and the associated temperature minimum noted by
Reed and Vlcek (1969). In ERA-Interim, the tropical

upwelling region widens from about 158S–128N in the
troposphere to about 308S–308N in the lower strato-
sphere, illustrating the greater meridional width and
the stronger equatorial symmetry of the upwelling

FIG. 1. (a) Vertical cross section of the time-mean c* field in the
model simulation. (b),(c) As in (a), but based on December–Feb-
ruary and June–August ERA-Interim (1979–2010) data, respec-
tively. Contour values of c* are 60.05, 0.1, 0.2, 0.3, 0.5, 1 3
1010 kg s21 at levels at or below (a) 220 and (b),(c) 150 hPa with
solid (dashed) lines representing positive (negative) values, and at
an interval of 2 3 1010 kg s21 below those levels.
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Tests for statistical significance of the correlation and
regression fields are based on the Student’s t test with the
number of temporal degrees of freedom (or ‘‘effective
sample size’’) estimated using Eq. (31) in Bretherton
et al. (1999).
In section 4c on the analysis of the tropical upwelling

on monthly and seasonal time scales, we utilize the
variable [T ]* defined as the local [T ] minus the global-
mean [T ] at each level. Subtracting the global-mean [T ]
helps eliminate the effects of volcanic eruptions and the
long-term stratospheric cooling trend in the interannual
variability. Additionally, the quasi-biennial oscillation
was removed following themethod described inWallace
et al. (1993). Briefly, the two leading PC time series
derived from EOF analysis of low-pass filtered, desea-
sonalized equatorial zonal wind measurements at 10–
70-hPa levels were linearly regressed out from monthly
mean ERA-Interim and MSU-4 data.

3. Structure of the tropical upwelling in the BDC

The time-mean structure of the TEM streamfunction
c* field in themodel is shown in Fig. 1a and compared to
the climatological-mean boreal winter structure of c*
in ERA-Interim in Fig. 1b. The tropospheric contours
highlighted with colored shading depict the tropical
Hadley cells and their eddy-driven extension to higher
latitudes. In this perpetual-January integration of the
model, the simulated Southern Hemisphere (SH) cir-
culation cell is substantially stronger than observed be-
cause of the unrealistically strong baroclinic eddies in
themodel’s summer hemisphere. The wave-driven BDC
in the stratosphere is indicated by the upper set of con-
tours that appear above the colored shading. As in the
troposphere, the SH (summer) stratospheric circulation
is too strong in the model: the BDC cells in the two
hemispheres are of comparable strength in the simula-
tion (Fig. 1a), whereas the Northern Hemisphere (NH)
cell is clearly dominant in ERA-Interim (Fig. 1b) and
stronger than its SH counterpart in boreal summer,
shown in Fig. 1c. The hemispherically symmetric pattern
of c* in the simulation resembles the climatological
annual mean structure of c* in the reanalysis (not
shown). Since the model does not simulate the effects
of latent heating on tropical convection, the simulated
tropical cold-point tropopause at about 200 hPa is lower
than observed.
The greater strength of the circulation in the NH

winter stratosphere (Fig. 1b) than in the SH winter
stratosphere (Fig. 1c) gives rise to the observed January–
February peak in tropical lower-stratospheric upwelling
and the associated temperature minimum noted by
Reed and Vlcek (1969). In ERA-Interim, the tropical

upwelling region widens from about 158S–128N in the
troposphere to about 308S–308N in the lower strato-
sphere, illustrating the greater meridional width and
the stronger equatorial symmetry of the upwelling

FIG. 1. (a) Vertical cross section of the time-mean c* field in the
model simulation. (b),(c) As in (a), but based on December–Feb-
ruary and June–August ERA-Interim (1979–2010) data, respec-
tively. Contour values of c* are 60.05, 0.1, 0.2, 0.3, 0.5, 1 3
1010 kg s21 at levels at or below (a) 220 and (b),(c) 150 hPa with
solid (dashed) lines representing positive (negative) values, and at
an interval of 2 3 1010 kg s21 below those levels.

1634 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 70

1011 kg/s
109 kg/s

only 1/5 of the mass upwelling at 100 hPa  
makes it to 70 hPa!

residual mean 
streamfunction, 

ERA-I (DJF)



Experiments with the Free University Climate Model  
(EMAC = ECHAM MESSy Atmospheric Chemistry)

X - 22 OBERLÄNDER-HAYN ET AL.: BDC INCREASE OR SHIFT?

Figure 1. Time series of EMAC simulations RCP4.5 (black), RCP6.0 (blue), RCP6.0-O (green)

and RCP8.5 (red) from 1960 to 2100 (1960 – 2096 for RCP6.0-O) and ERA-Interim data (grey)

from 1979 to 2013 in the annual mean for (a) tropical upward mass flux at 100 hPa [108kgs−1];

(b) tropical upward mass flux at tropopause level [108kgs−1] and (c) tropopause height at the

equator [km], where the tropopause is identified using the standard lapse rate definition [WMO ,

1957; Reichler et al., 2003].
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Experiments with the Free University Climate Model  
(EMAC = ECHAM MESSy Atmospheric Chemistry)
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The importance of how we average: 
on pressure levels

OBERLÄNDER-HAYN ET AL.: BDC INCREASE OR SHIFT? X - 23

Figure 2. Annual mean linear trend in residual mean mass stream function (Ψ∗) between

1960 and 2096 for the simulation RCP6.0-O with respect to pressure levels (left) and to the

tropopause (right). Colored shading indicates statistical significance at the 95%-level. The con-

tours are (±0.05, 0.1, 0.15, 0.2, 0.4, 0.8, 1.0) × 109kgs−1/decade with solid lines indicating positive

(zero line in grey) and dashed negative values. The annual mean tropopause and the 100 hPa

height for 1960 are included in dashed red and grey, respectively.
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The importance of how we average: 
on pressure levels or relative to tropopause
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tours are (±0.05, 0.1, 0.15, 0.2, 0.4, 0.8, 1.0) × 109kgs−1/decade with solid lines indicating positive

(zero line in grey) and dashed negative values. The annual mean tropopause and the 100 hPa

height for 1960 are included in dashed red and grey, respectively.
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Different averaging:  
mass flux across tropopause 

X - 22 OBERLÄNDER-HAYN ET AL.: BDC INCREASE OR SHIFT?

Figure 1. Time series of EMAC simulations RCP4.5 (black), RCP6.0 (blue), RCP6.0-O (green)

and RCP8.5 (red) from 1960 to 2100 (1960 – 2096 for RCP6.0-O) and ERA-Interim data (grey)

from 1979 to 2013 in the annual mean for (a) tropical upward mass flux at 100 hPa [108kgs−1];

(b) tropical upward mass flux at tropopause level [108kgs−1] and (c) tropopause height at the

equator [km], where the tropopause is identified using the standard lapse rate definition [WMO ,

1957; Reichler et al., 2003].
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Quantifying the impact of the rise in the circulation 
on the mass flux at a pressure level (i.e. 100 hPa)
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Partitioning the increase in the residual circulation 
at 100 hPa in EMAC

X - 24 OBERLÄNDER-HAYN ET AL.: BDC INCREASE OR SHIFT?

Figure 3. Annual mean change in tropical upward mass flux at 100 hPa of EMAC simulations

RCP4.5 (black), RCP6.0 (blue), RCP6.0-O (green) and RCP8.5 (red) from 1960 to 2100 (1960 –

2096 for RCP6.0-O) and ERA-Interim data (grey) from 1979 to 2013 compared to the mean of

the years 1960 – 2000 (ERA-Interim: 1979 – 2000) [%] for (a) total change (∆Ftrop); (b) change

from shift of the tropopause (∆Fshift) and (c) structural change (∆Fstruct) from (a) – (b).
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Results are consistent in other CCMI atmospheric 
models  (all RCP6.0 integrations)OBERLÄNDER-HAYN ET AL.: BDC INCREASE OR SHIFT? X - 25

Figure 4. Climatology and changes in annual mean tropical upward mass flux at 100 hPa for

the simulations under the RCP6.0 scenario from Table 1. (a) Annual mean Ftrop averaged for the

period 1960 to 2000 (CNRM-CCM: 1961 to 2000) [108kgs−1]. For comparison climatological data

as mean for the period 1979 to 2000 is added from ERA-Interim. (b) Changes in Ftrop (white),

Fshift (green) and Fstruct (blue) between the periods 2060 – 2100 (2060 – 2096 for RCP6.0-O and

2060 – 2099 for CNRM-CCM, GEOS-CCM) and 1960 – 2000 (1961 – 2000 for CNRM-CCM)

[%/decade]. The red bars denote the uncertainties at the 95% confidence level. Note that coarser

vertical resolution was available for the GEOS integrations, such that the decomposition likely

suffers from larger truncation errors which are not accounted for in the uncertainty intervals.
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Figure 4. Climatology and changes in annual mean tropical upward mass flux at 100 hPa for

the simulations under the RCP6.0 scenario from Table 1. (a) Annual mean Ftrop averaged for the

period 1960 to 2000 (CNRM-CCM: 1961 to 2000) [108kgs−1]. For comparison climatological data

as mean for the period 1979 to 2000 is added from ERA-Interim. (b) Changes in Ftrop (white),

Fshift (green) and Fstruct (blue) between the periods 2060 – 2100 (2060 – 2096 for RCP6.0-O and

2060 – 2099 for CNRM-CCM, GEOS-CCM) and 1960 – 2000 (1961 – 2000 for CNRM-CCM)

[%/decade]. The red bars denote the uncertainties at the 95% confidence level. Note that coarser

vertical resolution was available for the GEOS integrations, such that the decomposition likely

suffers from larger truncation errors which are not accounted for in the uncertainty intervals.
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of the )turn-around latitudes3 where�w* is zero (i.e., the 
latitudes where the tropical upwelling changes to extra-
tropical downwelling 6 Figure 4.9b). The annual cycle in 
the integrated upward mass  ux between these turn-around 
latitudes was also generally well reproduced, though again 
the SOCOL and ULAQ models did not perform as well 
as the other models (Figure 4.9c). In the REF-B2 simula-
tions, the turn-around latitudes are, on average, the same 
as in the REF-B1 simulations to within 0.5°. The multi-
model mean REF-B2 upwelling is 0.1-0.2 mm/s greater in 
DJF and SON and 0.1-0.2mm/s less in March-April-May 
(MAM) and June-July-August (JJA) than that for REF-B1, 
though the annual mean upwelling is the same in both sets 
of simulations to within 1%.

On average the annual-mean tropical upwelling mass 
 uxes in the REF-B1 simulations, calculated between the 
turn-around latitudes at 70 hPa and following the seasonal 
movement of those latitudes, agrees with the mass  uxes 
derived from the UKMO analysis (Figure 4.10a, black 
bars). The standard error in the multi-model mean is less 
than the interannual variability in the analysed mass  uxes 
(not shown). The contributions of resolved and parameter-
ised wave drag in driving this upward mass  ux can be es-

timated using the Haynes et al. (1991) Downward Control 
Principle (e.g., Butchart et al., 2010). These contributions 
are shown by the grey bars in Figure 4.10a. With the ex-
ception of the UMUKCA-METO there is a signi cant con-
tribution from the parameterised orographic gravity wave 
drag (OGWD) (for those models that supplied OGWD 
data), which on average accounts for 21.1% of the driving 
of the upwelling at 70 hPa decreasing to 4.7% at 10 hPa 
(Figure 4.10b). At 70 hPa the resolved waves accounted for 
70.7% (71.6% at 10 hPa) and non-orographic gravity wave 
drag (NOGWD) 7.1% (10.9% at 10 hPa) of the driving 
again averaged over those models which provided these 
diagnostics. In general, however, there was a wide spread 
between the models in the contributions from the wave 
drags. At 70 hPa, the contributions from the resolved waves 
ranged from 31.4 % (ULAQ) to 102.1% (UMUKCA-
METO), while the range for OGWD and NOGWD was 
2.0 (UMUKCA-METO) to 40.9% (CCSRNIES) and -3.4 
(CMAM) to 16.8% (SOCOL), respectively. It is also worth 
noting that the models generally overestimate the 100 hPa 
heat  ux (~vertical component of the EP-Flux) between 
20°S and 40°S (Section 4.3.4, Figure 4.12), which includes 
the southern latitude (i.e., the turn-around latitude, c.f., 

(a) Annual mean upward mass flux at 70 hPa (b) Annual mean upward mass flux at 10 hPa
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Figure 4.10: Annual mean upward mass  ux averaged from 1980 to 1999 for the REF-B1 simulations and 
from 1992 to 2001 for the UKMO analyses. Averaging the modelled upwelling from 1992-2001 gives very 
similar values to those shown for 1980-1999. Upwelling calculated from�w * is shown by black bars. Upwelling 
calculated by downward control is split into contributions from: resolved waves (dark grey), orographic gravity 
wave drag (OGWD) (grey), and non-orographic gravity wave drag (NOGWD) (light grey). OGWD and NOGWD 
are shown combined for the GEOSCCM and MRI model. For some models only the resolved wave contribu-
tions are shown due to the unavailability of gravity wave drag diagnostics. In the CMAM, NOGWD produces 
a negative upwelling and so cancels some of the upwelling produced by the OGWD and the resolved waves. 
This cancellation is shown by diagonal lines. The black horizontal lines show the multi-model mean and the 
inter-model standard error. The 95% con dence interval for the UKMO analyses is shown by the unshaded part 
of the bar with the horizontal line at the mid-point being the multi-year (10-year) mean. Values shown at (a) 70 
hPa, and (b) 10 hPa. The numbers above the bars in (b) are the ratio for that model of the upwelling mass  ux 
(normalised by the multi-model mean) at 10 hPa to upwelling mass  ux (normalised by the multi-model mean) 
at 70 hPa.
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Conclusions

• What drives the Brewer-Dobson Circulation?

Downward control can be misleading.

Gravity waves key role is to  
steer Rossby waves.

To move forward 
• focus on gravity wave momentum drag itself [DynVarMIP]; 
• connect models with observations through data assimilation.

synoptic and planetary waves
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• How will the Brewer-Dobson Circulation respond to anthropogenic forcing?

The Brewer-Dobson Circulation is rising with the rest of the circulation 
• explains robustness of the increase at a given pressure level 

across GCMs with varying representation of the stratosphere

• complements focus on rising critical levels by Shepherd and 

McLandress (2011), emphasizing that mechanism depends 
primarily on tropospheric response to greenhouse gases


• inter-model differences in wave driving likely reflect tuning and 
limitations of current gravity wave parameterizations, but not 
fundamental gap in our understanding





Conclusions
• Parameterized gravity waves strongly interact with the resolved circulation


• compensation (mixing and instability)

• nonlinear impacts through index of refraction


• Downward control analysis can be misleading

• strong and/or narrow forcings, particular in the surf zone, are likely to 

be compensated: think OGW (as they are parameterized in GCMs) 
• weak and/or diffuse forcing can have strong indirect impact: NOGW


• The Brewer-Dobson Circulation is rising with the rest of the circulation

• explains robustness of the increase at a given pressure level across a 

range of GCMs with varying representation of the stratosphere

• a fundamental response of the atmosphere to greenhouse gas forcing

• inter-model differences in wave driving likely reflect tuning and 

limitations of current gravity wave parameterizations, but not 
fundamental gap in our understanding


