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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 

W
ea

th
er

 –
 O

ct
ob

er
 20

08
, V

ol
. 6

3,
 N

o.
 10

 

312

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.



The tropical tropopause 
layer’s notable annual cycle

[Fueglistaler et al. 2009]
Zone (ITCZ), and the monsoons and are weakly anticorre-
lated (not shown) with tropopause temperatures.
[13] Figure 4b shows the meridional structure of the

amplitude of the annual cycle in temperatures from ERA-
40 data. Consistent with the first description by Reed and
Vlcek [1969], the annual cycle in temperature in the tropics
shows a maximum at 80 hPa of !8 K (peak to peak). In
ERA-40 the region of maximum amplitude of the tropical
annual cycle is shifted toward the Northern Hemisphere, but
the amplitude of the annual cycle is more symmetric about
the equator than in the original analysis of Reed and Vlcek
[1969]. The annual character of temporal variability of
tropical mean temperatures around the tropopause seems
at odds with the seasonal ITCZ migration (crossing the
equator twice per year) and has prompted different expla-
nations (see discussions in sections 3.2, 3.4, and 3.7). The
large amplitudes on the poleward sides of the subtropics
may be explained, at least in part, as a consequence of the
north/south displacement with seasons of the position of

large meridional temperature gradients over the subtropics.
Accordingly, the phase of the annual cycle over the northern
subtropics is shifted by 6 months compared to that over the
southern subtropics.
[14] Interannual variability of temperatures in the TTL,

typically of order 1 K at the tropopause [e.g., Randel et al.,
2004], may arise because of the El Niño–Southern Oscil-
lation (ENSO), volcanic eruptions, and temperature pertur-
bations induced by the quasi-biennial oscillation (QBO).
While there is consensus that the lower stratosphere is
cooling [Ramaswamy et al., 2001], temperature trends at
tropopause levels have larger uncertainties, and we only
touch on the subject in section 5.
[15] Figure 5 shows maps of monthly mean temperature

from ERA-40 reanalysis data at 150, 100, and 70 hPa for
January and July 2000 (ozone and water vapor will be

Figure 3. Zonal mean, annual mean Northern Hemi-
spheric structure of (a) temperature (in K, grey scale, dotted
lines), potential temperature (in K, solid lines), level of zero
clear-sky radiative heating (LZRH, dashed line), and stream
function (in 1010 kg/s, bold line) and (b) potential
temperature and LZRH as in Figure 3a, potential vorticity
3 PVU (dash-dot-dot-dotted line), and zonal wind (in m/s,
grey scale, dotted lines). All data from ERA-40 [Uppala et
al., 2005].

Figure 4. (a) Climatological tropical (10!S–10!N) mean
annual cycle of temperatures (black lines, as labeled) and
temperature anomalies from annual mean profile in K (contour
lines, negative values grey shaded and dashed contour lines).
The thick black line shows the pressure level of the cold point
tropopause as represented in ERA-40. (b) Latitudinal structure
of peak to peak difference of annual cycle of zonal mean
temperatures (contour lines, values exceeding 5 and 7 K light
and dark grey shaded, respectively). All data from ERA-40
[Uppala et al., 2005].
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Plate 1. Time-height sections of (a) MLS water vapor mixing ratio q shown as the deviation from 
the time-mean profile, between 12øS and 12øN; (b) HALOE • =2(CH4)+(H20), the variable part 
of total hydrogen, between 12øS and 12øN; (c) SAGE II water vapor mixing ratio q, annual and 
semiannual Fourier harmonics for January 1986 to May 1991, between 15øS and 15øN (retrieval 
affected by aerosol layer, 20-25 km); and (d) TEM 2-D back-trajectory calculation of q (see 
text). For each panel, tick marks on the ordinate indicate the vertical grid points used, and 
the color scheme is as indicated in the color bar to the right. This figure is available on the 
Internet at web site http://www.damtp.cam.ac.uk/atmos-dynamics, or by anonymous ftp from 
ftp.damtp.cam.ac.uk, cd pub/papers/mem, get tapel.ps. 

[Fueglistaler et al. 2009]
Zone (ITCZ), and the monsoons and are weakly anticorre-
lated (not shown) with tropopause temperatures.
[13] Figure 4b shows the meridional structure of the

amplitude of the annual cycle in temperatures from ERA-
40 data. Consistent with the first description by Reed and
Vlcek [1969], the annual cycle in temperature in the tropics
shows a maximum at 80 hPa of !8 K (peak to peak). In
ERA-40 the region of maximum amplitude of the tropical
annual cycle is shifted toward the Northern Hemisphere, but
the amplitude of the annual cycle is more symmetric about
the equator than in the original analysis of Reed and Vlcek
[1969]. The annual character of temporal variability of
tropical mean temperatures around the tropopause seems
at odds with the seasonal ITCZ migration (crossing the
equator twice per year) and has prompted different expla-
nations (see discussions in sections 3.2, 3.4, and 3.7). The
large amplitudes on the poleward sides of the subtropics
may be explained, at least in part, as a consequence of the
north/south displacement with seasons of the position of

large meridional temperature gradients over the subtropics.
Accordingly, the phase of the annual cycle over the northern
subtropics is shifted by 6 months compared to that over the
southern subtropics.
[14] Interannual variability of temperatures in the TTL,

typically of order 1 K at the tropopause [e.g., Randel et al.,
2004], may arise because of the El Niño–Southern Oscil-
lation (ENSO), volcanic eruptions, and temperature pertur-
bations induced by the quasi-biennial oscillation (QBO).
While there is consensus that the lower stratosphere is
cooling [Ramaswamy et al., 2001], temperature trends at
tropopause levels have larger uncertainties, and we only
touch on the subject in section 5.
[15] Figure 5 shows maps of monthly mean temperature

from ERA-40 reanalysis data at 150, 100, and 70 hPa for
January and July 2000 (ozone and water vapor will be

Figure 3. Zonal mean, annual mean Northern Hemi-
spheric structure of (a) temperature (in K, grey scale, dotted
lines), potential temperature (in K, solid lines), level of zero
clear-sky radiative heating (LZRH, dashed line), and stream
function (in 1010 kg/s, bold line) and (b) potential
temperature and LZRH as in Figure 3a, potential vorticity
3 PVU (dash-dot-dot-dotted line), and zonal wind (in m/s,
grey scale, dotted lines). All data from ERA-40 [Uppala et
al., 2005].

Figure 4. (a) Climatological tropical (10!S–10!N) mean
annual cycle of temperatures (black lines, as labeled) and
temperature anomalies from annual mean profile in K (contour
lines, negative values grey shaded and dashed contour lines).
The thick black line shows the pressure level of the cold point
tropopause as represented in ERA-40. (b) Latitudinal structure
of peak to peak difference of annual cycle of zonal mean
temperatures (contour lines, values exceeding 5 and 7 K light
and dark grey shaded, respectively). All data from ERA-40
[Uppala et al., 2005].
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What drives the annual cycle 
in the TTL temperature?

• Dynamics: more upwelling in boreal winter than summer 

• extratropical planetary waves forcing stronger in NH winter than SH 
winter [e.g. Yulaeva et al. 1994, Chen and Sun 2011] 

• tropical planetary waves excited by convection (warm pool) respond 
to annual variations wind structure [e.g. Ortland and Alexander 2014]  

• synoptic wave forcing has a greater annual cycle in the is NH than SH 
[e.g. Jucker et al. 2013] 

• All three are important [Randel et al. 2008, Grise and Thompson 2013] 

• Radiation: annual cycle of ozone (which is itself driven by cycle in 
upwelling); Fueglistaler et al. 2011 show it explains ~ 2 K
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A reasonable climatology



Representing the key forcings 
in an idealized model

1. extratropical planetary waves: midlatitude topography
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Representing the key forcings 
in an idealized model

1. extratropical planetary waves: midlatitude topography
2. tropical planetary waves: oceanic heat flux in tropics
3. synoptic wave activity: reduced heat capacity in NH
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Tropics: 

Strong effect on 
height, temperature, 
and sharpness

Extratropics: 

Neither land-sea contrast nor orographic facing 
have a strong effect on annual mean cold point 
structure

“warmpool” 
tropical waves

“land-sea contrast” 
synoptic waves

topography 
planetary waves

Tropical planetary waves control 
annual mean cold point structure
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Annual Cycle of TTL 
Temperature

Tropics: 

No annual cycle 
anywhere.

Land-sea contrast: 

Strong dependence, 
peak in TTL.

Midlat topography: 

Weak dependence, 
throughout strat.

“warmpool” 
tropical waves

“land-sea contrast” 
synoptic waves

topography 
planetary waves



Nonlinear impact on TTL temperature 
annual cycle with combined forcings



planetary waves keenly sensitive 
to annual cycle in zonal wind
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to annual cycle in zonal wind



Conclusions
• propose a new step in the hierarchy of idealized 

atmospheric models 

• tropical planetary waves critically control mean TTL 
structure 

• asymmetry in synoptic variability of NH and SH 
alone can drive a large fraction of TTL annual cycle 

• planetary waves (from tropics or midlatitudes) 
substantially amplify impact of synoptic variability 
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Abstract. Diagnostics of atmospheric momentum and en-
ergy transport are needed to investigate the origin of cir-
culation biases in climate models and to understand the at-
mospheric response to natural and anthropogenic forcing.
Model biases in atmospheric dynamics are one of the factors
that increase uncertainty in projections of regional climate,
precipitation and extreme events. Here we define require-
ments for diagnosing the atmospheric circulation and vari-
ability across temporal scales and for evaluating the trans-
port of mass, momentum and energy by dynamical processes
in the context of the Coupled Model Intercomparison Project
Phase 6 (CMIP6). These diagnostics target the assessments
of both resolved and parameterized dynamical processes in
climate models, a novelty for CMIP, and are particularly vi-
tal for assessing the impact of the stratosphere on surface
climate change.

1 Introduction

The challenge of addressing the atmospheric circulation re-
sponse to global warming has recently been highlighted by
Shepherd (2014) and Vallis et al. (2015). Understanding cir-
culation changes in the atmosphere, particularly of the mid-
latitude storm tracks, has been identified by the World Cli-
mate Research Programme (WCRP) as one of the grand
challenges in climate research. Accurate simulation of the
storm track climatology and variability has long proved a
challenge for climate prediction models, particularly in the
austral hemisphere, where storm track and associated mid-

latitude jet stream is generally located too far equatorward
and is too persistent (e.g., Kidston and Gerber, 2010; Simp-
son and Polvani, 2016; Swart and Fyfe, 2012; Wenzel et al.,
2016). The storm tracks depend critically on the transport
of momentum, heat and chemical constituents throughout
the whole atmosphere. Changes in the storm tracks are thus
significantly coupled with lower atmosphere processes such
as the planetary boundary layer, surface temperature gradi-
ents and moisture availability (e.g., Garfinkel et al., 2011;
Booth et al., 2013), as well as with processes in the strato-
sphere, from natural variability on synoptic to intraseasonal
timescales (e.g., Baldwin and Dunkerton, 2001) to the re-
sponse to changes in stratospheric ozone (e.g., Son et al.,
2008) and other anthropogenic forcings (e.g., Scaife et al.,
2012). Wave coupling between the tropics and high latitudes
(e.g., Li et al., 2015) makes regional circulation change a
global problem, requiring a careful assessment of dynamical
processes across all latitudes.

The Dynamics and Variability Model Intercomparison
Project (DynVarMIP) is an endorsed participant in the
Coupled Model Intercomparison Project Phase 6 (CMIP6).
Rather than proposing new experiments, the DynVarMIP re-
quests additional model output from existing CMIP6 exper-
iments. This additional output is critical for understanding
the role of atmospheric dynamics in past, present and future
climate. Both resolved processes (e.g., Rossby waves, large-
scale condensation) and parameterized processes (e.g., grav-
ity waves, subgrid-scale convection and the planetary bound-
ary layer) play important roles in the dynamics and circula-
tion of the atmosphere in models. The DynVarMIP seeks to

Published by Copernicus Publications on behalf of the European Geosciences Union.

(better vertical resolution though UTLS and stratosphere 
diagnostics for momentum + heat transport) 
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Tropical temperature profiles
• MiMA has different lapse rates throughout the column, so 

matching to reanalysis is difficult. 
• Our choice was to match in mid-troposphere, and subsequently 

have the same tropical temperature at 700hPa for all simulations 
(adjusting albedo)



SSW frequency
• 2 Gaussian mountains 

(4km) 

• 2 Gaussian mountains 
(4km); 10m land



Ozone influence on annual 
cycle in TTL

• Fueglistaler, Haynes, and Forster (2011), Fig 5(b):

3706 S. Fueglistaler et al.: Lower stratospheric temperatures
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Fig. 4. (a) Buoyancy frequency (N2) calculated from climatologi-
cal annual mean, zonal mean temperatures. (b) Ratio ofN2(�) (cal-
culated from climatological monthly mean data) to value at equator
(N2(� = 0)), expressed in percent.

diagnostic point of view, where the atmospheric temperature
T and residual circulation w⇤ are given, Eq. (4) yields an an-
nual cycle in diabatic heatingQ that is in agreement with that
of the “real”Q only if the annual cycle in TE is taken into ac-
count. For a time-constant TE, Eq. (4) would yield variations
in Q that are larger than those of the “real” Q and in gen-
eral

⌦
w⇤↵

glo 6= 0 (i.e. yields a violation of mass conservation).
As such, the temperature change calculated with the SEFDH
calculation can be interpreted as the contribution of ozone
variations to the annual cycle of observed temperatures for a
givenw⇤. For a given mechanical forcing, however, a change
in radiative equilibrium temperature yields a temperature re-
sponse that is generally smaller, since - expressed in terms of
Eq. (4) – part of the change in TE will be compensated by the
dynamical heating term. For the case analysed here, where
the change in TE is relatively broad in latitude, it is likely that
the resulting change in temperature is a substantial fraction
of the change in TE.
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Fig. 5. (a) The climatological mean annual cycle of ozone concen-
trations from HALOE (anomalies from annual mean, in percent).
(b) The corresponding temperature adjustment under the seasonally
evolving fixed dynamical heating assumption; area-weighting for
comparison with Figs. 1b, 2b.

4.4 Model with adjustments for ozone-induced varia-
tions in equilibrium temperature and the latitudinal
structure of N2

In order to quantify the effect of ozone and N2 on the bal-
ance between tropical and combined extratropical tempera-
tures we introduce an adjusted temperature as follows (see
Eq. 4):

Tadj(�,t) ⌘
�
T (�,t)�1Tozone(�,t)

�N2(� = 0,t)
N2(�,t)

(7)

where 1Tozone is the temperature difference calculated with
the SEFDH calculation (as shown in Fig. 5b), and the sec-
ond term is the (time dependent) correction for the latitudinal
structure of N2 (as shown in Fig. 4). The adjusted tempera-
tures for the effects individually are

Tadj,O3(�,t) ⌘ T (�,t)�1Tozone(�,t) (8)

Atmos. Chem. Phys., 11, 3701–3711, 2011 www.atmos-chem-phys.net/11/3701/2011/

Only ~2K (of 8K) can be 
attributed to O3.



Annual Mean Cold Point 
Structure

Tropics: 

Strong effect on 
height, temperature, 
and sharpness

Extratropics: 

Neither land-sea contrast nor orographic facing 
have a strong effect on cold point structure



Seasonal Cycle of TTL 
Temperature

Tropics: 

No seasonal cycle 
anywhere.

Land-sea contrast: 

Strong dependence, 
peak in TTL.

Midlat topography: 

Weak dependence, 
throughout strat.



Nonlinearity of Results 
TTL seasonal cycle



Nonlinearity of Results


