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Figure 3. Dynamical aspects of stratosphere-troposphere exchange. The tropopause is shown by the 
thick line. Thin lines are isentropic or constant potential temperature surfaces labeled in kelvins. The 
heavily shaded region is the "lowermost stratosphere," where isentropic surfaces span the tropopause 
and isentropic exchange by tropopause folding occurs. The region above the 380-K surface is the 
"overworld," in which isentropes lie entirely in the stratosphere. Light shading in the overworld denotes 
wave-induced forcing (the extratropical "pump"). The wavy double-headed arrows denote meridional 
transport by eddy motions, which include tropical upper tropospheric troughs and their cutoff cyclones, 
as well as their midlatitude counterparts including folds [see Hoskins et al., 1985, Figure 2a]. Not all eddy 
transports are shown, and the wavy arrows are not meant to imply any two-way symmetry. The broad 
arrows show transport by the global-scale circulation, which is driven by the extratropical pump (see 
section 3). This global-scale circulation is the primary contribution to exchange across isentropic surfaces 
(e.g., the 400-K surface) that are entirely in the overworld. 

stratosphere generally has a potential temperature 
around 380 K, depending on cloud top heights (see 
Figure 3). In this review the 380-K isentrope will be 
used to designate the lower boundary of the over- 
world, but the reader should keep in mind that the 
actual boundary is somewhat variable. 

It is useful then to distinguish transport in the over- 
world from transport in the lowermost stratosphere. 
Transport in the lowermost stratosphere requires con- 
sideration of the details of synoptic-scale and small- 
scale processes and how these link to the overworld. 
Horizontal mixing can be especially significant in the 
lowermost stratosphere and, most of all, as was al- 
ready mentioned, during blocking events, when me- 
ridional motions are enhanced. Thus exchange be- 
tween the troposphere and the lowermost stratosphere 
can be significantly faster than exchange between the 
overworld and the lowermost stratosphere. 

The distinction between the overworld and the low- 
ermost stratosphere is therefore of prime importance. 
It should be clear that owing to this distinction it is not 

essential (indeed, it may be misleading) to measure 
STE by the transport across the tropopause. For many 
purposes, transport across another control surface 
may be more relevant and more effectively evaluated. 
For example, consider the case of a chemical species 
(e.g., methane (CH4), nitrous oxide (N20), or one of 
the chlorofluorocarbons (CFCs)) that has a tropo- 
spheric source and a stratospheric sink, with the sink 
being above 18 km or so, in the overworld. The trans- 
port across the 380-K isentrope (see Figure 3), which, 
as will be argued in sections 3 and 4, can largely be 
understood as part of the global-scale circulation of the 
overworld, is then a perfectly acceptable measure of 
exchange, indeed often more relevant because of the 
higher location of the photochemical sink. 

The same applies to a species that has a strato- 
spheric source and a largely tropospheric sink. In this 
context, details of the transport across the tropopause, 
involving processes such as tropopause folding and 
overshooting tropical cumulus anvils, are largely irrel- 
evant. On the other hand, such details are important 

Holton et al., Rev. Geophys., 1995 



“how is the great dryness of the air only one or two km above 
the tropopause of southern England maintained?” 

HELIUM AND IVATER VAPOUR DISTRIBUTION 357 

50 m/day.  T h e r e  is n o  reasonable theory of dift'usion which could 
account for  the  removal of such large quantities of heat  f rom every 
layer of the  lower s t ra tosphere with a dift'usion coefficient of t h e  
order  of I o r  2 x lo3. Priestley and  Swinbank (1947) s u g g e s t  tha t  
on  account of t h e  effect of buoyancy forces the  t ransfer  of heat  by 
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occasions, compared' with the calculated frost point curves for the lower stratosphere. 

turbulence in the  s t ra tosphere may be extremely small in spite o f  
turbulence and  the  isothermal conditions. 

O n  the other  hand radiative cooling of the. s t ra tosphere by this 
amount  i s  not unreasonable though a radical change  is necessary 
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EVIDENCE F O R  A W O R L D  CIRCULATION PROVIDED 
BY THE MEASUREMENTS OF HELIUM AND WATEK 

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

(Manuscript received 23 February 1949) 

SUMMARY 
Information is now available regarding the vertical distribution 

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

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

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

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

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

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

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

the equatorial tropopause. 

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

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

QJRMS, 1949 



Dobson puzzled over 
chemistry and transport. 
 
Corpuscular radiation 
(energetic particles) as 
main O3 source at poles? 
 
Vertical motions important 
to bring down ozone from 
above in mid-lats.   

Proc. Roy. Soc., 1930 
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Observations of the Amount of Ozone in the Earth's Atmosphere, 
and its Relation to other Geophysical Conditions.-Part IV. 

By G. M. B. DOBSON, D.Sc., F.R.S. 

With Reports by Dr. H. H. KIMBALL and Dr. E. KIDSON. 

(Received July 14, 1930.) 

In the previously published papers* on this subject it has been shown that 
there is a marked relation between the amount of ozone in the upper atmosphere 
and the type of atmospheric pressure distribution. By means of simul- 
taneous observations at six stations in N.W. Europe, a fair idea of the dis- 
tribution of ozone with different pressure distributions was obtained. To get 
further insight into this relation it was necessary to know the distribution of 
ozone over the world at different times of the year. The instruments were, 
therefore, redistributed to get observations in widely different latitudes, 
and a year's observations have been taken at these stations. While the results 
for one year only cannot establish the annual variations with great accuracy, 
they are enough to show the main features, and several years' observations 
would be necessary to give a greatly improved accuracy. 

The places where the observations have been made are as follows : 

Place. Latitude. Longitude. 
Arosa (Switzerland) .......... 46? 45' N. 9? 40' E. 
Table Mountain (California) .... 34? 22' N. 117? 41' W. 
Helwan (Egypt) ............ 29? 50' N. 31? 10' E. 
Kodaikanal (India) .......... 10? 10' N. 77? 30' E. 
Christchurch (New Zealand) .... 43? 30' S. 172? 40' E. 

An instrument was lent to Prof. Pontremoli to go with the Italian Airship 
Expedition to the Arctic in order to get observations in very high latitudes. 
Unfortunately, owing to the disaster to the airship, in which Prof. Pontremoli 
was killed, no results were obtained. During the summer of 1929 Dr. G6tz 
(who has most kindly made observations for us at Arosa, extending continu- 
ously over three years) went himself to Spitzbergen, taking one of our instru- 
ments with him. When the other instruments were redistributed, the Arosa 

* ' Proc. Roy. Soc.,' A, vol. 110, p. 660 (1926); vol. 114, p. 521 (1927); and vol. 122, 
p. 456 (1929). 
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logical conditions in each region, it was arranged that Dr. Kimball of the 
Weather Bureau, Washington, and Dr. Kidson, Government Meteorologist 
in New Zealand, should examine the subject in their respective areas. They 
both have most kindly supplied reports of their work which are given verbatim 
overleaf. 

I 
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3.5 ppmv at 21 km (Kley et al.; Mastenbrook et al.) suggests 
Tfrost < -82C at entry.  Where is such air to be found? 
 
Western tropical Pacific, Australia, Indonesia, monsoon region? 
But….what is the absolute accuracy of the H2O data? 
 JAS, 1981. 
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What is the role of clouds? 
GEOPHYSICAL RESEARCH LETTERS, VOL. 9, NO. 6, PAGES 605-608, JUNE 1982 

A DEHYDRATION MECHANISM FOR THE STRATOSPHERE 

Edwin F. Danielsen 

NASA-Ames Research Center, Moffett Field, California 94035 

A.bs. trac_t. Although mean circulations are gen- 
erally credited with dehydration of the earth's 
stratosphere, convective instability in the 
tropics converts mean circulations to small re- 
siduals of local convective circulations. The 
effects of large cumulonimbus which penetrate 
the stratosphere and form huge anvils in the 
lower stratosphere are discussed with respect to 
hydration and dehydration of the stratosphere. 
Radiative heating at anvil base combined with 
cooling at anvil top drives a dehydration engine 
considered essential to explain the dry strato- 
sphere. Seasonal and longitudinal variations in 
dehydration potentials are examined with maximum 
potential attributed to Micronesian area during 
winter and early spring. 

Introduction 

Stratospheric air is characterized by extreme 
dryness, water vapor mixing ratios 3-6 ppmv, de • 
spite mounting evidence that a substantial frac- 
tion of its mass is exchanged each year with the 
moist troposphere. Intermittent outflows from 
the lower polar stratosphere at extratropical 
latitudes are thought to be compensated by 
quasi-steady inflows of ascending air in the 
tropics. Dehydration of the ascending air by 
ice crystal formation and precipitation is then 
invoked to explain the dryness. These concepts, 
requiring extremely cold temperatures are quali- 
tatively consistent because the coldest tropo- 
spheric temperatures are observed in the tropics. 
The zonally symmetric Hadley circulation is a 
logical candidate for the inflow but it fails 
quantitatively because zonal mean temperatures 
are not cold enough. Recently Newell and 
Gould-Stewart (1981) proposed using monthly mean 
temperatures to identify the inflow area and 
compute the mean ascent rates. Their criterion 
satisfies the necessary condition of cold temper- 
atures but does not assure a sufficient condition, 
that slow mean ascents are physically realizable. 
For example, if the mean circulations are but 
small mathematical residuals of much la•ger lo- 
cal convective circulations, the actual dehydra- 
tion processes could be physically independent of 
the mean motions. Since large, tropical cumulo- 

Effects of Convective Instability 

Tropical tropospheric temperatures are charac- 
terized by small deviations from zonal or temporal 
means. Larger deviations are observed in water 
vapor mixing ratios X v, but the lower troposphere 
is almost always convectively unstable. Its inev- 
itable effect is to destroy homogeneous material 
circulations by amplifying small deviations, con- 
verting them to larger and larger cloud driven lo- 
cal circulations. Small, buoyant plumes coalesce 
to form cumulus updrafts; cumulonimbus clouds con- 
verge to form cloud clusters. 

We can take advantage of small deviations and 
consider mean T profiles as representative of an 
undisturbed state. Then, disturbing effects of 
large cumulonimbus clouds can be analyzed by sim- 
ulating the release of instability caused by low 
level convergence. Since maximum T and X v occur 
close to the surface, maximum potential energy 
for cumulonimbus development is released by 
ascending from the surface. We will consider 
first an isolated parcel to identify the energy 
source and its effects, then correct these for 
interactions imposed by mass continuity and 
friction. 

As the parcel ascends it cools by expansion, 
causing water vapor to condense. The heat re- 
leased reduces the rate of cooling with height 
such that the parcel's temperature is warmer and 
less dense than its environment throughout the 
troposphere (see Fig !). Positive buoyancy 
forces accelerate the parcel to its maximum veloc- 
ity at the equilibrium level. There the parcel 
overshoots until negative buoyancy decelerates it, 
first stopping, then reversing its direction of 
motion. If it were an isolated parcel it would 
oscillate about its equilibrium level. The 
stratospheric penetration would be transient and 
reversible. No mass transfer would occur. 

Stratospheric Anvil Formation 

When a parcel moves upward continuity requires 
that air above it be accelerated up and away 
from its path, while air beneath it converges and 
ascends to follow. Work done in generating these 
convective circulations reduces the mean kinetic 

nimbus clouds function like atmospheric elevators, energy of the resulting updraft but doesn't sig- 
rapidly transporting near surface air upward to nificantly alter the equilibrium level. The most 
the lower stratosphere, they are local centers 
of action for cloud microphysical processes, mass 
transfer, mixing and radiative processes in the 
tropics. For these reasons they were the object 
of this experiment and focus of this study. 

important differences are caused above the equi- 
librium level by entrainment and mixing of envi- 
ron•ental air, frictionally induced during rapid 
deceleration of cloud turrets. Entraining and 
mixing with warmer str atospheric air, the mean 
temperature in the turret increases, its maximum 
height decreases and its equilibrium level rises 

This paper is not subject to U.S. copyright. Pub- above that for an isolated parcel. As shown in 
lished in 1982 by the American Geophysical Union. Fig 2a, the collapsing turret and the still as- 

cending air beneath it must diverge horizontally 
Paper number 2L0212. to form a large anvil cloud of ice crystals in 
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“Radiative heating at anvil 
base combined with cooling at 
anvil top drives a dehydration 
engine considered essential 
to explain the dry 
stratosphere…maximum 
potential attributed to 
Micronesia…” 
 
But is the air rising in the key 
region, or descending?  

606 Danielsen: A Stratospheric Dehydration Mechanism 
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Fig. 1. September 1980 monthly mean tempera- 
ture, •, and temperature of ascending air parcel. 
Small positive deviations below equilibrium 
level are balanced by large negative deviations 
in the stratosphere. 

blocked. Similar rates are computed by Griffith, 
Cox and Knollenberg (1980) for comparable ice 
crystal concentrations. 

Radiative cooling reduces the saturation Xv, 
but induces subsidence and compressire warming. 
If the latter balances radiative cooling, the net 
effect would be to lower the elevation of the 
anvil and decrease the potential temperature of 
the mixture. This downward trend is opposite to 
that required to explain the dry air observed sev- 
eral kilometers higher in the stratosphere by 
Kley et al., (1979; 1980). An alternate balance 
is required. 

A Dehydration Engine 

A characteristic of tropical cumulonimbus 
(Danielsen, 1982) is their extremely large anvils, 
areas _>(200 ks) z which persist for 5-10 hrs. 
most of the anvil extends well beyond the cumulus 
which feeds it, therefore, the anvil base is ex- 
posed to upward radiation emitted at warm temper- 
atures. Radiative warming at the anvil base will 
accompany radiative cooling at the top. The 
combined effect is to maintain static instability 
and buoyancy generated turbulence in the extended 
anvil. 

The associated turbulent heat flux carries 
energy absorbed near the base to the top where 
it is radiated to space. For an anvil ~1 km deep 
a cooling rate of 10C day -1 at the top can be 
maintained by w'T' = 5C cm s -1 at the center of 
the layer. If w', vertical velocity deviation, 

the stratosphere. Assuming these two turbulent and T' were perfectly correlated, T' need not 
flows will mix, as well they must, the temperature exceed +_ 0.1C for w'= +- 50 cm s -• . A correlation 
profile in the anvil will approach an adiabatic as small as 0.25 is compatible with w' = *- 2m s -1 

the value produced by 0.1C buoyancy acting over 
0.5 ks. As in a turbulent boundary layer, the 
temperature deviations need not be large. 

In marked contrast, X• and w'X$ will be large 
because the anvil's base temperature is 10C warm- 
er than its top. Assuming saturation with re- 

gradient -10C km -• . Correspondingly large posi- 
tive gradients will then join the anvil tempera- 
tures to that of the less disturbed environment. 

The predicted profile would include two mini- 
mums in T, one closely related to the mean tropo- 
pause, the other 1 to 2 km higher in the strato- 
sphere. Plotted with the predicted profile in spect to ice and Xv -- 4 ppmv at the top, X v -•12 
Fig 2b are observed temperatures from the U2 flight ppmv at the base. The resulting upward flux will 
of Sept 12. The predicted profile is confirmed. produce supersaturation with respect to both water 
Minimums in T and X v are at the anvil's top. See and ice near the top. New ice crystals wili' rap- 
Knollenberg et al., (1982) and Kley et al., (1982) idly form there; any larger crystals carried up- 
for ice crystal and water vapor measurements. ward will grow. The latter, accelerating down- 

Potentials for Hydration or Dehydration 

The mixture of tropospheric and stratospher ic 
air in the anvil has potentials to hydrate or dehy- 
drate the lower stratosphere. An immediate effect 
depends upon the difference between X v in the anvil 
and Xvs in the stratospheric environment. If 
Xv>Xvs some of the smallest ice crystals will e•zap- 
orate, hydrating the entrained stratospheric air. 
Measurements by Kley et al., (1982) Support this 
effect, indicating a relative-maximum of X v at the 
heights of the penetration anvils. Thus the po- 
tentials for hydration are apparently realized. 

However, we must consider also the potentials 
for dehydration, which are complicated by radiative 
effects of ice crystals in the anvil. Comparisons 
between observed and satellite infrared cloud tem- 
peratures indicate emissivities >0.9 for large 
portions of the anvil (Danielsen, 1982). These 
emissivities imply radiative cooling rates of 
10-15C day -• for the anvil top because the up- 
ward flux from the warmer lower troposphere is 
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Fig. 2a. Anvil formation in stratosphere due to 
entrainment and mixing of stratospheric air in 
overshooting turret. Predicted temperature pro- 
file (heavy line) includes two minimums. 
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Horizontal transport: the fountain gets lost in the swimming pool 

“Horizontal processing of air by 
passage through the Western 
Pacific cold trap is an effective 
means to explain the extreme aridity 
of the equatorial stratosphere and to 
explain the presence of thin cirrus” 

GEOPHYSICAL RESEARCH LETTERS, VOL. 28, NO. 14, PAGES 2799-2802, JULY 15,2001 

Horizontal transport and the dehydration of the stratosphere 
James R. Holton 

University of Washington, Seattle, Washington 

Andrew Gettelman 

National Center for Atmospheric Research, Boulder, Colorado 

Abstract. The coldest tropopause temperatures occur over the 
equatorial West Pacific during Northern Hemisphere winter. 
Horizontal transport through this "cold trap" region causes air 
parcels that reach the tropopause at other longitudes to be 
dehydrated to the very low saturation mixing ratios characteristic 
of the cold trap, and hence can explain why observed tropical 
stratospheric water vapor mixing ratios are often lower than the 
saturation mixing ratio at the mean tropopause temperature. 
Horizontal transport of water vapor can also explain how a 
persistent layer of subvisible cirrus can exist near the tropopause 
in the cold trap even though observations suggest that there is 
diabatic cooling and subsidence, rather than diabatic heating and 
rising through the tropopause in this region. Thus, horizontal 
transport in the tropical transition layer in the vicinity of the 
tropopause plays an important role in the water balance of the 
stratosphere. 

1. Introduction 

It is now recognized [e.g., Highwood and Haskins, 1998] that 
the tropical tropopause is not a sharp boundary. Rather, there is a 
tropical transition layer (TTL) between about 14-19 km, in which 
the dynamical and chemical properties of the atmosphere 
gradually change from those characteristic of the troposphere to 
those characteristic of the stratosphere. The purpose of this paper 
is to demonstrate that horizontal motion within the TTL plays an 
important role in the dehydration of the stratosphere. 

Since the work of Brewer [1949] explanations for the 
observed aridity of the stratosphere have focused on vertical 
transport across the tropical tropopause accompanied by freeze 
drying to the saturation mixing ratio characteristic of the local 
tropopause. Although Brewer's qualitative model is now 
generally accepted, the space and time scales of the motions, and 
the dynamical, radiative, and physical processes involved remain 
controversial. In focusing solely on vertical motions, previous 
studies have ignored the fact that the ratio of the characteristic 
horizontal velocity (-5 m s -•) to the global-scale mean vertical 
velocity (-0.5 mm s -1) is about 104 near the tropical tropopause. 
Thus, air parcels moving with the mean wind in the TTL travel 
horizontally several thousand kilometers while ascending only a 
few hundred meters. Saturation mixing ratios for such parcels 
will be influenced by horizontal temperature gradients as well as 
by vertical gradients. Hence, insofar as large-scale motions 
dominate transport in the TTL, it is not appropriate to consider 
only vertical advection of air parcels. If, however, overshooting 

Copyright 2001 by the American Geophysical Union. 
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cumulus convective turrets were to account for the bulk of the 
irreversible transport across the tropical tropopause, the ratio of 
horizontal to vertical displacement would be far smaller, and 
processes associated with horizontal advection would be 
secondary. 

Some studies [e.g., Danielsen, 1982; Sherwood and Dessler, 
2001] have in fact suggested that dehydration is controlled by 
convective scale motions. In this model, convective overshooting 
creates anomalously cold air parcels with very low ice saturation 
mixing ratios. This is followed by detrainment and subsequent 
mixing of cloud air with stratospheric air. Efficient dehydration 
requires, however, that an air parcel remain at or near the 
temperature of the tropical tropopause for sufficiently long so 
that ice crystals formed by the freeze drying process can sediment 
out. It is by no means clear that the convective overshooting 
model could meet this requirement. Furthermore, recent studies 
[e.g., Highwood and Haskins, 1998; Folkins et al., 1999; 
Gettelrnan et al., 2001] suggest that overshooting of tropical 
convection into the interior of the TTL is not a common 
occurrence, and that the characteristics of the bulk of the TTL are 
not primarily controlled by convective fluxes. Detrainment from 
convection does, however, apparently provide a significant 
fraction of the mass input into the lower half of the TTL [Dessler, 
2001], though there is little evidence for convective input above 
about the 16-km level. 

Thus, the bulk of evidence suggests that large-scale slow 
vertical ascent dominates mass transport across the tropical 
tropopause, and that slow ascent is required for effective 
dehydration. It has long been generally believed, however, that 
the ice saturation mixing ratio at the mean temperature of the 
tropical tropopause is too high to account for observed 
stratospheric mixing ratios if cross-tropopause motion occurs 
uniformly throughout the tropics [e.g., Newell and Gould- 
Stewart, 1981]. This belief is not universally accepted; Dessler 
[1998] argued, on the contrary, that dehydration of air to the 
saturation mixing ratio at the mean tropical tropopause 
temperature could indeed account for the observed stratospheric 
humidity. Other recent analyses [e.g., Michelsen et al., 2000; 
Zhau et al., 2001] suggest, however, that the mean mixing ratio 
of water vapor at entry to the stratosphere (-3.8 ppmv), is indeed 
lower than the ice saturation mixing ratio at the mean tropopause 
temperature (-4.5 ppmv). 

The apparent inability of freeze drying at the mean tropical 
tropopause temperature to dehydrate the stratosphere to observed 
water vapor mixing ratios led Newell and Gould-Stewart [ 1981] 
to propose the "stratospheric fountain" hypothesis. According to 
this hypothesis transport of air into the stratosphere occurs 
preferentially in areas where the tropical tropopause temperatures 
are below their annual and longitudinal mean values. The coldest 
tropopause conditions are in the tropical West Pacific in Northern 
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Hemisphere winter. This region has come to be commonly 
known as the "fountain" region. Recent observational and model 
results suggest, however, that the tropical Western Pacific is 
actually an area with net subsidence at the tropopause [e.g., 
Sherwood, 2000; Gettelman et al., 2000] despite the fact that in 
this region the tropopause is colder than the tropical mean and 
subvisible cirrus clouds are commonly observed. 

Thus, there is a paradox: Freeze drying to the saturation 
mixing ratio characteristic of the exceptionally cold tropopause of 
the tropical Western Pacific is apparently required to account for 
the observed very low stratospheric water vapor mixing ratios. 
Such freeze drying would appear to require slow upwelling in 
that region to produce cooling and condensation and to allow 
time for the ice crystals formed in the freezing process to 
sediment out. Observations, however, suggest that the mean 
vertical motion is downward at the tropopause over the Western 
Pacific, not upward. Thus the term "fountain" is not appropriate. 
Rather, this region will be referred to below as the "cold trap". 

2. An Alternative Hypothesis for Dehydration 
An explanation for the observed characteristics of the cold trap 

region was recently proposed by Hartmann et al. [2001]. They 
showed that when thin cirrus clouds occur just below the 
tropopause, but above a thick layer of convective anvil clouds 
that extend to about 14 km in altitude, the tropopause layer cirrus 
are radiatively cooled, leading to subsidence and an anomalously 
low tropopause temperature. Hartmann et al. [2001] suggested 
that horizontal advection of air parcels that crossed the 
tropopause upstream of the cold trap could provide the moisture 
source for maintenance of the thin cirrus near the tropopause in 
the cold trap. At the same time, owing to particle sedimentation 
in the thin cirrus, passage of air through this region would 
dehydrate air to mixing ratios less than the saturation mixing ratio 
at the tropopause outside the cold trap region. 

For a typical horizontal velocity of 5 m s -• and a cooling rate 
of 0.5 K day -l, a cooling of order 5 K would occur during 
passage of a parcel from the edge to the center of the cold trap 
(-5000 km). Owing to the relatively long time scales (several 
days) associated with horizontal advection in this region, ice 
crystals formed would be able to undergo significant 
sedimentation [Jensen et al., 1996; Boehm et al., 1999] and 
irreversible dehydration would occur. Downstream of the cold 
trap the newly dehydrated parcels would again become subject to 
diabatic heating and rise irreversibly into the stratosphere. 

In this alternative model, the equatorial Western Pacific region 
continues to play a crucial role in dehydration, but not as a 
preferred region of net uplifting at the tropopause. In order to 
elucidate the role of this region it will be necessary to contrast 
conditions in the TTL in the Western Pacific to those at other 
longitudes. 

Climatological analyses [e.g., Highwood and Hoskins, 1998; 
Simmons et al., 1999] show that during Northern Hemisphere 
winter the equatorial tropopause is indeed coldest over the 
Western Pacific. The altitude of the tropical tropopause has a 
relatively small longitudinal variation [Seidel et al., 2001]. Thus, 
the potential temperature at the tropical tropopause has a distinct 
minimum in the Western Pacific; isentropic surfaces are 
displaced upward in this region. Air parcels that have ascended to 
the tropopause at other longitudes will be adiabatically cooled as 
they are advected into the West Pacific cold trap. More 
importantly, once such parcels enter the TTL over the Western 
Pacific, where high altitude anvil clouds are prevalent in the 
troposphere, they will, as shown by Hartmann et al. [2001], 
undergo significant diabatic cooling and subsidence. Hence, they 

will have reduced ice saturation mixing ratios owing both to the 
temperature decrease and the pressure increase. 

The mean Northern Hemisphere winter circulation in the TTL 
over the tropical Western Pacific and Maritime Continent region 
features a subtropical anticyclone in each hemisphere bounded on 
the poleward side by a subtropical westerly jet and on the 
equatorial side by equatorial easterlies. Back trajectory 
calculations [Pfister et al., 2001] indicate that air parcels in the 
TTL over the Indian Ocean during northern winter can be 
advected poleward into the subtropical jet. They are then rapidly 
advected eastward into the Central Pacific, where they drift 
equatorward. They then can return westward through the cold 
trap region and, if they are sufficiently close to the cold point 
tropopause can be dehydrated to the very low saturation mixing 
ratio characteristic of that region. In other words, there is 
potential for air that has entered the TTL in regions of warmer 
tropopause temperatures to be dehydrated by quasi-horizontal 
transport through the cold trap. This dehydration by horizontal 
transport can also explain how thin cirrus can exist near the 
tropopause in the cold trap even in the presence of net sinking 
motion. The thin cirrus in turn provide evidence that dehydration 
is occurring in this region, and through their effect on the 
radiation budget provide a feedback process to maintain the cold 
anomaly. Thus, processing of air by horizontal transport through 
the cold trap has the potential to explain the observed features of 
the TTL in the Western Pacific and the observed water vapor 
budget of the stratosphere. 

3. A Simple Illustration of the West Pacific Cold 
Trap Hypothesis 

The essential features of the cold trap hypothesis can be 
illustrated in a simple two-dimensional (longitude-height) 
transport model for the equatorial tropopause region. In this 
model an annually varying temperature distribution T(x,z,t), and 
zonal mean horizontal and vertical wind components (u,w)are 
specified; the humidity is specified at the 14-km level, and the 
evolution of the water vapor (qv) and the cloud ice (qi) 
distributions in the TTL between 14-19 km are predicted. In 
order to focus on the effects of the annual variation of the West 
Pacific cold trap a temperature distribution based on Seidel et al. 
[2001] is specified consisting of a time-independent standard 
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Air transported upward by the global-scale 
mean circulation retains, for 18 months or 
more, a distinct "memory" of the tropical 
tropopause conditions it encountered 
 

JGR, 1996. 
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An atmospheric tape recorder' The imprint of tropical 
tropopause temperatures on stratospheric water vapor 
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Abstract. We describe observations of tropical stratospheric water vapor q that 
show clear evidence of large-scale upward advection of the signal from annual 
fluctuations in the effective "entry mixing ratio" qE of air entering the tropical 
stratosphere. In other words, air is "marked," on emergence above the highest 
cloud tops, like a signal recorded on an upward moving magnetic tape. We 
define qE as the mean water vapor mixing ratio, at the tropical tropopause, of 
air that will subsequently rise and enter the stratospheric "overworld" at about 
400 K. The observations show a systematic phase lag, increasing with altitude, 
between the annual cycle in qE and the annual cycle in q at higher altitudes. The 
observed phase lag agrees with the phase lag calculated assuming advection by the 
transformed Eulerian-mean vertical velocity of a qE crudely estimated from 100-hPa 
temperatures, which we use as a convenient proxy for tropopause temperatures. 
The phase agreement confirms the overall robustness of the calculation and strongly 
supports the tape recorder hypothesis. Establishing a quantitative link between 
qE and observed tropopause temperatures, however, proves difficult because the 
process of marking the tape depends subtly on both small- and large-scale processes. 
The tape speed, or large-scale upward advection speed, has a substantial annual 
variation and a smaller variation due to the quasi-biennial oscillation, which delays 
or accelerates the arrival of the signal by a month or two in the middle stratosphere. 
As the tape moves upward, the signal is attenuated with an e-folding time of about 
7 to 9 months between 100 and 50 hPa and about 15 to 18 months between 50 and 
20 hPa, constraining possible orders of magnitude both of vertica.1 diffusion K• and 
of ra.tes of mixing in from the extratropics. For instance, if there were no mixing 
in, then K• would be in the range 0.03-0.09 m • s-•; this is an upper bound on Ifs. 
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1. Introduction 

It is well known that the annual cycle in water va- 
por mixing ratio q at the tropical tropopause appears 
to spread sideways to middle latitudes, with a certain 
phase lag. This is shown, for instance, by data from 
radiosondes [Maslenbrook and Ollmans, 1983; Hi/son, 
1983], from the Stratospheric Aerosol and Gas Exper- 
iment (SAGE) II [McCormick el al., 1993], and from 
aircraft observations [Hinlsa el al., 1994]. For the trop- 
ical lower stratosphere itself, Maslenbrook and Ollmans 
[1983] called attention to Maslenbrook's [1968] sound- 
ings at Trinidad (11øN, 60øW), which showed a deepen- 
ing dry layer during northern winter and spring. Kley 
et al. [1979] noted a decrease of q with height from 
the tropopause to 19 km in a balloon sounding above 
Brazil in August. They suggested a few possible expla- 
nations, one of which attributed the minimum at 19 km 
to upward advection of the low q values that presum- 
ably existed at the tropopause 6 months earlier. Other 
in situ observations of q have shown layered structures 
in the tropical lower stratosphere at various times [Kley 
el al., 1982; Kelly el al., 1993; VSmel el al., 1995; Wein- 
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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 
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Relationship between RH and particle size  
Qs:  How important is the coupling short-term, compared to 
other factors? Are aerosols and H2O coupled in the long term on 
a global scale? What about other aerosol (e.g. volcanic, soot, 
etc)? Science, 2002. 

What is the role of aerosols and clouds in the UTLS? 

are much smaller, but a preliminary analysis
of a larger data set suggests that this result is
not representative (18). There is a discrepan-
cy between the anisotropy factors (i.e., the
!max/!min ratios): The fast-moving (19, 20)
Australian plate has a small anisotropy factor
of 2.7, whereas the slow-moving North Eu-
ropean plate exhibits maximum anisotropy
factors of 35 to 100 under Fennoscandia. This
result is surprising, because geodynamic
models suggest that the greater the strain
imparted on the mantle by an overriding tec-
tonic plate, the greater the expected degree of
alignment of olivine crystals in the direction
of plate motion. Therefore, a greater degree
of alignment should be expected below the
Australian plate than below the Fennoscan-
dian plate if electrical anisotropy is linked to
present-day plate motion. In both target areas,
the high-conductance directions coincide
with seismic fast directions (7, 9). We sug-
gest that the anisotropy detected in the mantle
below the Fennoscandian plate is either a
relic of paleoflow in the mantle, induced at a
time when the mantle in this region was
subjected to a larger strain, or is indicative of
sublithospheric convection dominating man-
tle flow (16). If the alignment is preserved
over geological time scales, this would imply
that the relaxation time of the mantle is more
than 107 years and longer than hitherto be-
lieved, providing a useful constraint on geo-
dynamic models for convective flow (21) and
the evolution of lattice-preferred orientation
in olivine aggregates.
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A Microphysical Connection
Among Biomass Burning,
Cumulus Clouds, and
Stratospheric Moisture

Steven Sherwood

A likely causal chain is established here that connects humidity in the strato-
sphere, relative humidity near the tropical tropopause, ice crystal size in tow-
ering cumulus clouds, and aerosols associated with tropical biomass burning.
The connections are revealed in satellite-observed fluctuations of each quantity
on monthly to yearly time scales. More aerosols lead to smaller ice crystals and
more water vapor entering the stratosphere. The connections are consistent
with physical reasoning, probably hold on longer time scales, and may help to
explain why stratospheric water vapor appears to have been increasing for the
past five decades.

Data collected during the last half-century
appear to indicate an approximate doubling
of stratospheric water vapor during this peri-
od, of which approximately half can be ac-
counted for by increases in stratospheric pro-
duction of water vapor by methane oxidation
(1). The other half presumably results from
increases in the moisture content of air enter-
ing the stratosphere through the tropical
tropopause. However, temperatures near this
entry point, which were thought to regulate
stratospheric moisture levels, have not in-
creased during recent decades (2, 3). This
implies that either relative humidity near the
tropopause has substantially increased, or
other pathways exist whereby moisture can
enter the stratosphere. The importance of this
problem is underscored by recent findings
that stratospheric moisture increases may be a
significant contributor to global temperature
trends (4) and may also interfere with the
recovery of polar ozone by exacerbating de-
struction mechanisms (5).

I show that fluctuations in stratospheric
humidity can indeed be caused by fluctua-

tions in relative humidity just below the trop-
ical tropopause, which in turn are governed
by the sizes of ice crystals lofted in deep
convective updrafts. The moisture content of
air entering the stratosphere is thought to be
controlled by condensation of vapor to the ice
phase in transient lifting events outside of
convective cells and/or phase changes within
intense convective cells themselves (6). The
relative importance of these two controlling
factors is unknown. Convective moistening
or drying should depend not only on temper-
ature but also on the propensity of lofted ice
to evaporate at a level high enough ($14 to
15 km) so that the vapor will enter the strato-
sphere rather than subsiding back into the
troposphere (7, 8). It has been widely as-
sumed that condensation outside of convec-
tion resets the water vapor to a lower value
independent of convective influence, but the
evidence presented here argues against this
assumption.

This study uses data acquired from 1992 to
1998. Ice crystal “effective diameter” De was
retrieved near the tops of deep cumulonimbus
clouds (Cb) using the ISCCP (International Sat-
ellite Cloud Climatology Project) B3 archive of
radiance observations by the AVHRR (Ad-
vanced Very High Resolution Radiometer) on
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board the NOAA (National Oceanic and Atmo-
spheric Administration) polar orbiter series (9,
10). Cb were defined as clouds whose 11-!m
brightness temperatures were less than 210 K,
indicating tops in the region above 14 km
where the air is slowly rising toward the strato-
sphere (6). Water vapor observations came
from HALOE (Halogen Occultation Experi-
ment) (11); available vertical profiles from each
month were interpolated to surfaces of constant
potential temperature " and averaged over a
tropical belt. Temperature fields near the trop-
ical tropopause were obtained by applying a
specially designed analysis method to radio-
sonde temperature data at 100 hPa (12). On the
time and space scales considered here, temper-
ature anomalies at 100 hPa are expected to be
representative of those at other levels near the
tropopause (13, 14).

The large (#5 to 10 K peak-to-peak) annual
cycles in tropopause temperature, T, and satu-
ration water vapor mixing ratio with respect to
ice, qs (a function of T), cause a corresponding
annual cycle in water vapor mixing ratio, q, of
similar size and phase to that of qs (15, 16).
Because changes in q not caused by tempera-
ture are sought, however, the relative humidity
q/qs is considered. Strict thermodynamic con-
trol of water vapor would imply constant rela-
tive humidity. Because vapor concentrations
can relax toward thermodynamic equilibrium
only where condensed phases are present, the
tropical $qs(t )% was computed here using a
weighted mean with horizontal weighting pro-
portional to the observed monthly mean 100-
hPa frequency of cloud occurrence (17). An
unweighted computation was also performed
for comparison.

The results of this analysis are summa-
rized in Fig. 1 (18). The quantity RH*"(t )
used to show humidity is defined as q[", &
't"/$qs(t )%, where q is the mean mixing ratio
observed by HALOE within a tropical belt
(here, 20°S to 20°N) at the target level ", and
't" is the time required for air to rise from just
below the tropopause (370 K) to " (19). Thus,
RH* gives the ratio of an air layer’s eventual
humidity (after it has slowly lofted to ") to its
initial saturation humidity at time t when the

layer is just below the tropopause. The pre-
cise mean value of RH* is not very meaning-
ful because it depends on the vertical weight-
ing of the HALOE retrieval and the exact
vertical matching of the temperature and
moisture data. The important feature in Fig. 1
is RH fluctuations of #30%, which occur on
a variety of time scales, notably semiannual.

It takes several months or longer for air to
rise the #4 km from the 370 K level to the
450 K level. During this time, q at a given
height often changes substantially. Nonethe-
less, RH* fluctuations are remarkably similar
at the two levels. This “tape recorder” effect
(16) is well known for seasonal thermody-
namic changes but reappears here more gen-
erally. The 450 K level is above all signifi-
cant dehydration. Moisture variations reach-
ing this level enter what is known as the
“tropical pipe” region (20) where they must
ultimately affect the entire stratosphere. De-
hydration or mixing on the way from 370 K
to 450 K removed about 30% of the moisture
regardless of the initial value, preserving
moisture variations below the tropopause
rather than erasing or clipping them.

Fluctuations of the observed mean effec-
tive diameter De of Cb ice crystals are also
tightly correlated with those of RH* at both
levels (Fig. 1). The correlations are highly
significant regardless of the range of latitudes
used in computing q or $qs% ( Table 1), strong-
ly supporting a physical connection between
De and RH. This is also true if Cb weighting
of the temperature field is not implemented,
although the correlation drops significantly
(21); this result supports the contention that
only temperatures in the presence of clouds
affect ambient vapor amounts.

The significance of the correlations, togeth-
er with the lack of any common instrument
between the observations of De and those of
RH, enables us to reject the possibility of acci-
dental association due to instrument sampling
or accuracy issues (22). The only worry is if
some atmospheric constituent happens to be
contaminating both the ISCCP and HALOE
retrievals in a similar, systematic manner. The
only likely contaminants would be aerosols

near the tropopause or stratospheric moisture
itself (23). Aerosol is measured by the CLAES
(Cryogenic Limb Array Etalon Spectrometer)
instrument flying together with HALOE (24);
examination of CLAES aerosol time series (25)
showed essentially zero correlation with the
traces in Fig. 1, ruling out aerosols as a spurious
source of correlation. Radiative effects of
stratospheric moisture cannot account for the
magnitude or sign of the correlation (23). Thus,
we cannot explain the data other than by ac-
cepting the De-RH relationship as physical.

Two straightforward interpretations of
this relationship are possible. First, smaller
ice crystals may increase RH; second, higher
RH may reduce crystal size. These possibil-
ities may be distinguished observationally:
Any influence of RH on De would have to
operate locally and would cause instanta-
neous spatial covariability of the two quanti-
ties as a result of the short lifetimes (#1
hour) of Cb, whereas influences of De on RH
(thus q) would not appear locally because of
the long lifetime (((1 day at these altitudes)
over which q variations can spread out hori-
zontally. The data show that the global rela-
tionship does not exist locally (Fig. 2), ruling
out the second interpretation. Before accept-
ing that De controls RH, however, we must
ensure that the observed sensitivity is physi-
cally reasonable.

Observations of cumulus clouds indicate a
distribution of particle sizes that usually
drops off steeply below 10 !m and above 30
to 40 !m, with varying proportions within
this range and occasional bimodality (26).
The simplest way of treating this situation is
to assume the presence of two size modes,
taken here to be D1 ) 10 !m and D2 ) 30
!m. The populations of these two modes may
be affected by variations in the number of
particles nucleated at lower levels. In the
deepest Cb, however, the total water content
(ND3, where N is the number of crystals) of
rising parcels should be unaffected by such

 

Fig. 1. Effective ice radius De in
Cb clouds and observed RH*"
(plotted versus 370 K crossing
time) at " ) 370 K and " ) 450
K (see text for definition). Gap in
observations is due to excessive
orbit decay of NOAA-11. Scale
for De at right decreases toward
the top. Measures of statistical
association are given in Table 1.

Table 1. Linear correlation coefficients r between
monthly tropical means of RH* and De, with P
values for each correlation. The P value indicates
the probability that the observed correlation could
have occurred by chance, assuming 20 degrees of
freedom in the data (36). The standard case refers
to RH*370 computed using HALOE data from 20°N
to 20°S, with Cb weighting of qs as described in
the text. Also listed are results at 450 K, results
using HALOE data within different latitude limits,
and results obtained without Cb weighting of qs
(i.e., with uniform weighting). The standard and
450 K cases are those graphed in Fig. 1.

Conditions r P

Standard case 0.70 0.0003
450 K level 0.62 0.0020
HALOE (10°N to 10°S) 0.66 0.0008
HALOE (25°N to 25°S) 0.70 0.0003
qs unweighted 0.53 0.0012
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board the NOAA (National Oceanic and Atmo-
spheric Administration) polar orbiter series (9,
10). Cb were defined as clouds whose 11-!m
brightness temperatures were less than 210 K,
indicating tops in the region above 14 km
where the air is slowly rising toward the strato-
sphere (6). Water vapor observations came
from HALOE (Halogen Occultation Experi-
ment) (11); available vertical profiles from each
month were interpolated to surfaces of constant
potential temperature " and averaged over a
tropical belt. Temperature fields near the trop-
ical tropopause were obtained by applying a
specially designed analysis method to radio-
sonde temperature data at 100 hPa (12). On the
time and space scales considered here, temper-
ature anomalies at 100 hPa are expected to be
representative of those at other levels near the
tropopause (13, 14).

The large (#5 to 10 K peak-to-peak) annual
cycles in tropopause temperature, T, and satu-
ration water vapor mixing ratio with respect to
ice, qs (a function of T), cause a corresponding
annual cycle in water vapor mixing ratio, q, of
similar size and phase to that of qs (15, 16).
Because changes in q not caused by tempera-
ture are sought, however, the relative humidity
q/qs is considered. Strict thermodynamic con-
trol of water vapor would imply constant rela-
tive humidity. Because vapor concentrations
can relax toward thermodynamic equilibrium
only where condensed phases are present, the
tropical $qs(t )% was computed here using a
weighted mean with horizontal weighting pro-
portional to the observed monthly mean 100-
hPa frequency of cloud occurrence (17). An
unweighted computation was also performed
for comparison.

The results of this analysis are summa-
rized in Fig. 1 (18). The quantity RH*"(t )
used to show humidity is defined as q[", &
't"/$qs(t )%, where q is the mean mixing ratio
observed by HALOE within a tropical belt
(here, 20°S to 20°N) at the target level ", and
't" is the time required for air to rise from just
below the tropopause (370 K) to " (19). Thus,
RH* gives the ratio of an air layer’s eventual
humidity (after it has slowly lofted to ") to its
initial saturation humidity at time t when the

layer is just below the tropopause. The pre-
cise mean value of RH* is not very meaning-
ful because it depends on the vertical weight-
ing of the HALOE retrieval and the exact
vertical matching of the temperature and
moisture data. The important feature in Fig. 1
is RH fluctuations of #30%, which occur on
a variety of time scales, notably semiannual.
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450 K level. During this time, q at a given
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Wave-induced cooling, and time scale is important à slow 
growth in cirrus required (i.e., over large rather than small 
systems) in order for particles to get big enough to dehydrate. 

GRL, 1996. 
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Abstract. The extreme dryness of the lower strato- 
sphere is believed to be caused by freeze-drying of air 
as it enters the stratosphere through the cold tropical 
tropopause. Previous investigations have been focused 
on dehydration occurring at the tops of deep convective 
cloud systems. However, recent observations of a ubi- 
quitous stratiform cirrus cloud layer near the tropical 
tropopause suggest the possibility of dehydration as air 
is slowly lifted by large-scale motions. In this study, 
we have evaluated this possibility using a detailed ice 
cloud model. Simulations of ice cloud formation in the 
temperature minima of gravity waves (wave periods of 
1 - 2 hours) indicate that large numbers of ice crys- 
tals will likely form due to the low temperatures and 
rapid cooling. As a result, the crystals do not grow lar- 
ger than about 10 •um, fallspeeds are no greater than a 
few cm-s-1, and little or no precipitation or dehydration 
occurs. However, ice clouds formed by large-scale ver- 
tical motions (with lifetimes of a day or more) should 
have fewer crystals and more time for crystal sediment- 
ation to occur, resulting in water vapor depletions as 
large as 1 ppmv near the tropopause. We suggest that 
gradual lifting near the tropical tropopause, accompan- 
ied by formation of thin cirrus, may account for the 
dehydration. 

Introduction 
Upward transport of tropospheric air into the stra- 

tosphere occurs primarily in the tropics [Holton et al., 
1995; and references therein]. The fact that one of the 
driest regions in the stratosphere occurs just above the 
tropical tropopause is undoubtedly a result of the de- 
hydration of air as it is transported upward across the 
cold tropical tropopause. H•wever, the details of this 
dehydration process are unclear. The simplest assump- 
tion would be' that large-scale advection of air across 
the tropopause dehydrates air to the local tropopause 
saturation mixing ratio [Brewer, 1949]. However, this 
idea has not been entirely accepted partly because no 
widespread thick cirrus were observed near the tropical 
tropopause [Robinson, 1980]. 
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Alternatively, several investigators have suggested that 
the flux of air across the tropical tropopause may be 
dominated by sporadic mass injections associated with 
overshooting convective cloud turrets that penetrate into 
the lower stratosphere [Robinson, 1980]. Considerable 
effort has been devoted to evaluating this mechanism 
both through direct observation and numerical model- 
ing. Aircraft investigations of tropical convective ex- 
change were conducted in Panama in September 1980 
and in Darwin, Australia in January-February 1987 (the 
Tropical Experiment of the Stratosphere-Troposphere 
Exchange Project (STEP)). ER-2 flights near the cold 
western Pacific tropopause region during the STEP ex- 
periment showed upward transport of air into the stra- 
tosphere clearly linked with local dehydration for some 
convective systems [Danielsen et al., 1993]. An ana- 
lysis of radiosonde data demonstrated that this convect- 
ive transport was occurring on a regional scale [$elkirk, 
1993]. However, a variety of convective cloud types were 
observed with disparate effects on water vapor trans- 
port into the stratosphere [Russell et al., 1993]. As a 
result, calculations of the global stratospheric water va- 
por budget are not possible without far more detailed 
cloud climatologies than those currently available. At 
this point, it is not clear whether the proposed convect- 
ive exchange and dehydration mechanism can account 
for the stratospheric water vapor budget. 

Recent observations have shown the presence of a 
persistent, thin, frequently subvisible cirrus cloud layer 
usually just below the tropical tropopause that is ap- 
parently not directly associated with deep convective 
systems [Wang et al., 1994; Prabhakara et al., 1988; 
Jensen et al., 1996]. Measurements from satellite, lidar, 
and aircraft show that this cloud layer occurs most fre- 
quently over the tropical western Pacific [Prabhakara et 
al., 1988; Wang et al., 199•4]. The thin cirrus layer may 
be present as much as 80% of the time in this region 
[Wang et al., 1994]. 

The fact that this cloud layer occurs in regions with 
the lowest tropopause temperatures (corresponding to 
saturation mixing ratios near 2 ppmv) suggests that they 
may play an important role in the dehydration of air en- 
tering the stratosphere. In addition, Potter and Holton 
[1995] have recently proposed a dehydration mechanism 
in which convectively generated buoyancy waves drive 
ice cloud formation in the lower stratosphere. 

In this study, we have evaluated the potential im- 
pact of ice clouds formed in situ near the tropical tro- 
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Abstract We examine variations in water vapor in air entering the stratosphere through the tropical
tropopause layer (TTL) over the past three decades in satellite data and in a trajectory model. Most of the
variance can be explained by three processes that affect the TTL: the quasi-biennial oscillation, the strength
of the Brewer-Dobson circulation, and the temperature of the tropical troposphere. When these factors act
in phase, significant variations in water entering the stratosphere are possible. We also find that volcanic
eruptions, which inject aerosol into the TTL, affect the amount of water entering the stratosphere. While there is
clear decadal variability in the data and models, we find little evidence for a long-term trend in water entering
the stratosphere through the TTL over the past 3 decades.

1. Introduction

Most of the air entering the stratospheric overworld (that part of the stratosphere at potential
temperatures above 380 K [Hoskins, 1991]) travels through the tropical tropopause layer (TTL), where cold
temperatures provide the primary control over its humidity [Brewer, 1949; Fueglistaler et al., 2009].
Variations in the specific humidity of overworld air can therefore be traced to variations in TTL
temperatures (following Dessler et al. [2013], we refer to the humidity of air entering the overworld as
H2Oov-entry). The most dramatic variations in H2Oov-entry are in response to the annual cycle in TTL
temperatures, which generates an annual cycle in H2Oov-entry of 2–3 parts per million by volume (ppmv)
[Mote et al., 1996].

Interannual variations in H2Oov-entry are smaller than annual changes but are important for both climatic
[Forster and Shine, 1999; Solomon et al., 2010] and chemical [Kirk-Davidoff et al., 1999] reasons. Previously
investigated drivers of H2Oov-entry variations include the quasi-biennial oscillation (QBO) [Giorgetta and
Bengtsson, 1999; Geller et al., 2002; Randel et al., 2000; Fueglistaler and Haynes, 2005] and interannual
variations in the strength of the Brewer-Dobson circulation (BDC) [Randel et al., 2006; Dhomse et al., 2008].
More recently, Dessler et al. [2013], hereafter D13, demonstrated a connection between interannual variations
in tropospheric temperatures (ΔT) and H2Oov-entry and used this to argue for the existence of a stratospheric
water-vapor climate feedback. It has also been argued that volcanic eruptions may alter H2Oov-entry [Joshi and
Shine, 2003; Fueglistaler, 2012].

In addition to annual and interannual variations, the long-term trends in H2Oov-entry could also be important,
but they are not well quantified. Virtually all climate models predict that H2Oov-entry will increase in the
coming century [Gettelman et al., 2010], and several analyses of balloon observations over the past few
decades have concluded that there is a positive trend in H2Oov-entry [Oltmans and Hofmann, 1995; Oltmans
et al., 2000; Rosenlof et al., 2001; Hurst et al., 2011], although other analyses [Scherer et al., 2008; Hegglin et al.,
2014] have not found evidence of a long-term trend.

In this paper, we extend D13 by studying variations in H2Oov-entry over the last few decades using
measurements from satellite-borne instruments and from simulations from a trajectory model. We find that
variations in QBO, BDC, and ΔT can explain most of the variance in H2Oov-entry in both the observations and
trajectory models. We also confirm that volcanic eruptions alter H2Oov-entry. Finally, we find little evidence
that H2Oov-entry has increased over the last few decades.
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>1300 trajectories 
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aerosol in microphysics 
 
• Qs: absolute accuracy 
of reanalyses temps? 
Microphysics?  
Role of unresolved 
waves?  Mixing? 
 

is why much of the data in the early 1990s in the HALOE and SAGE II records are flagged as bad data (and are
thereforemissing in Figure 1). TheMLS, on the other hand, measures in themicrowave, making it less sensitive to
stratospheric aerosol variations, and in any event theMLS has been observing during a period of low stratospheric
aerosol abundances. Additionally, solar occultation measurements have sparse sampling, with each month
having just 50–200 tropical measurements in it. The MLS, on the other hand, is an emission limb-sounder and
makes ~30,000 tropical observations per month, leading to more precise and representative tropical averages.

Another possibility is that the reanalysis meteorological fields are better during the MLS period than earlier
times because of the availability of more and better measurements to assimilate [e.g., Fueglistaler et al., 2013].
This would lead to improvements in the reanalysis fields and better agreement between the trajectory
models andMLS. Deficiencies in the reanalyses seemparticularly likely for certain time periods (e.g., 1998–1999)
because the trajectory calculations show similar differences to both HALOE and SAGE II measurements.

Overall, the excellent agreement between the trajectory model and the MLS data provides confidence in the
trajectory model’s simulations of H2Oov-entry anomalies. One concern not addressed by the MLS data
comparison is the potential that spurious long-term trends in the reanalysis meteorological fields could
introduce spurious long-term trends in the trajectory simulations’ H2Oentry [e.g., Bengtsson et al., 2004].
However, the quite reasonable long-term agreement between the trajectory simulations and the HALOE and
SAGE II time series in Figure 1 argues against this being a significant problem.

3.2. Causes of the Variability of Stratospheric Water Vapor

The last section demonstrated that TTL temperature variations, as incorporated into the trajectory model, do
a good job explaining interannual variations in H2Oov-entry. To better understand the sources of interannual

Figure 1. Monthly averaged tropical (30°N–30°S) lower-stratospheric (82 hPa, ~17.5 km) water vapor mixing ratio anoma-
lies (in ppmv). Each panel contains one satellite data set, as indicated by the legend. Anomalies are calculated relative to the
data set’s full observation period. Each panel also contains the Modern Era Retrospective-Analysis for Research and
Applications (MERRA) and European Centre for Medium-Range Weather Forecasts interim reanalysis (ERAi) trajectory
simulations over the satellites’ observation period. The trajectory simulations underlying each panel are the same, but the
anomalies may differ because they are calculated relative the corresponding satellite’s observation period.
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the BDC. We also see, however, that there was also a contribution from QBO cooling of the tropopause at the
same time the BDC cooled the tropopause. Another large drop occurred in 2012 [Urban et al., 2014], similarly
caused by combined BDC and QBO variations.

Finally, we see that the ΔT term introduces variations as large as 0.4 ppmv, and it clearly shows the H2Oov-entry

response to warming from ENSO events in 1987, 1998, and 2010; the connection between ENSO and H2Oov-entry

has been previously discussed [e.g., Geller et al., 2002]. Given that most of the ΔT variability is due to
ENSO, onemight reasonably wonder whether the fundamental control on H2Oov-entry is the tropical tropospheric
average temperature, which is what we used in our regression, or another aspect of ENSO, such as the
rearrangement in tropospheric circulation.

Figure 3. Graphical comparison of coefficients from the regressions. Each panel compares the coefficients for one variable
from the trajectory and MLS regressions, along with 95%-confidence intervals. The trajectory results are regressed using
indices from that same reanalysis, while the MLS data are regressed using indices from both reanalyses. Bars are labeled in
the middle panel; the order of bars is the same in each panel. The numerical values plotted here are listed in Table 1.

Figure 2. Time series of monthly averaged tropical 82 hPa H2O anomalies (in ppmv). Figures 2a and 2b show the MERRA
and ERAi trajectory calculations (black lines), as well as fits to those time series (blue lines). The vertical lines in these
panels indicate the dates of major tropical volcanic eruptions. Figure 2c shows Microwave Limb Sounder (MLS) measure-
ments (black line), along with the fits using MERRA (red) and ERAi regressors (blue).
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Also said:  “the changes 
in stratospheric water vapour may 
have contributed, since 
1980, a radiative forcing which 
enhances that due to carbon 
dioxide alone by 40%” 
 
 

Noted an observed increase in 
stratospheric H2O in limited 
balloon record from 1980 to 1998, 
and showed significant effects for 
stratospheric temperature trends 
since 1980. 
 
 

Climate Coupling:   Water vapor 

GRL, 1999. 



H2O Kernel Function

! 0.05 0.00 0.05 0.10
W m! 2

0

10

20

30

40

A
p

p
ro

x
. 

A
lt

it
u

d
e

 (
k

m
)

Adj. Total Forcing
Inst. LW Forcing
Inst. SW Forcing

1 PPMV Perturbations
in 1 km layers

H2O Perturbation

! 0.6 ! 0.5 ! 0.4 ! 0.3 ! 0.2 ! 0.1 0.0
PPMV

 

 

 

 

 

0

10

20

30

40

A
p

p
ro

x
. 

A
lt

it
u

d
e

 (
k

m
)

35oN Annual Average

Narrow Region Packs a Wallop

Change in H2O near 40°N 
Post-2000 minus pre-2000 
Effect on hiatus? 
 
Net:  product of left and 
right panels!  Very narrow! 

Contributions to radiative 
forcing per ppmv change at 
given levels -> strongly 
peaked very  near 
tropopause 

LW 
SW 

Line-by-line IR 
radiative 
transfer 
(Portmann), 
includes 
stratospheric 
adjustment 
 

Solomon et al., 
Science, 2010; 
 
See earlier work by 
Randel et al., JGR, 
2006 and later by 
Dessler, PNAS, 
2013. 



PNAS, 2013. 
Obsvd and modelled variability in water vapor and UTLS temperaturesà a 
10-30% contribution to climate sensitivity from stratospheric input of H2O  
 
Has been studied with some other models….enough models? 
Warm bias in CMIP5 TTL (Hardiman et al., J. Clim., 2015). 
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We show here that stratospheric water vapor variations play an
important role in the evolution of our climate. This comes from
analysis of observations showing that stratospheric water vapor
increases with tropospheric temperature, implying the existence
of a stratospheric water vapor feedback. We estimate the strength
of this feedback in a chemistry–climate model to be +0.3 W/(m2·K),
which would be a significant contributor to the overall climate
sensitivity. One-third of this feedback comes from increases in
water vapor entering the stratosphere through the tropical tropo-
pause layer, with the rest coming from increases in water vapor
entering through the extratropical tropopause.

climate change | lowermost stratosphere | overworld

Doubling carbon dioxide in our atmosphere by itself leads to
a global average warming of ∼1.2 °C. However, this direct

warming from carbon dioxide drives other changes, known as
feedbacks, that increase the eventual warming to 2.0–4.5 °C.
Thus, much of the warming predicted for the next century comes
not from direct warming by carbon dioxide but from feedbacks.
The strongest climate feedback is the tropospheric water va-

por feedback (1, 2). The troposphere is the bottom 10–15 km of
the atmosphere, and there are physical reasons to expect it to
become moister as the surface warms (3)—and, indeed, both
observations (4–6) and climate models (7, 8) verify this. Because
water vapor is itself a greenhouse gas, tropospheric moistening
more than doubles the direct warming from carbon dioxide.
Stratospheric water vapor is also a greenhouse gas (9) whose

interannual variations may have had important climatic con-
sequences (10). This opens the possibility of a stratospheric water
vapor feedback (11, 12) whereby a warming climate increases
stratospheric water vapor, leading to additional warming. In this
paper, we investigate this possibility.

Analysis
Microwave Limb Sounder Observations of the Overworld. Strato-
spheric water vapor can best be understood by subdividing the
stratosphere into two regions: the overworld, that part of the
stratosphere above the altitude of the tropical tropopause (∼16
km), and the lowermost stratosphere, that part of the extra-
tropical stratosphere below that altitude (13) (see also figure 1 of
ref. 14). Air enters the overworld exclusively through the tropical
tropopause layer (TTL), where cold temperatures regulate the
humidity of the air (14, 15) (we hereafter refer to the water
content of air entering the overworld as H2Oov-entry). Variations
in H2Oov-entry can therefore be traced to variations in TTL
temperatures.
Fig. 1 shows monthly average tropical 82-hPa (∼18-km alti-

tude) water-vapor volume-mixing–ratio anomalies observed by
the Aura Microwave Limb Sounder (MLS) (16) (all tropical
averages in this paper are over 30°N–30°S; anomalies are the
remainder after the average annual cycle has been subtracted).
These data are a good approximation of H2Oov-entry because this
air has just entered the overworld and production of water from
methane oxidation is negligible.
To better understand the observed variations in Fig. 1, we

performed a multivariate linear regression on the data with the
following regression model:

H2Oov!entry = a QBO+ b BD+ c ΔT+ r: [1]

QBO is a quasibiennial oscillation index, for which we use the
standardized anomaly of monthly and zonally averaged equato-
rial 50-hPa winds (17); BD is a Brewer–Dobson circulation
index, for which we use the 82-hPa tropical heating rate anomaly
as a surrogate; ΔT is the tropical average 500-hPa temperature
anomaly, which is an index for the temperature of the tropical
troposphere; and r is the residual. Values for the ΔT and BD
indices are obtained from the Modern Era Retrospective-Analysis
for Research and Applications (MERRA) (18) and the European
Centre for Medium-Range Weather Forecasts interim reanalysis
(ERAi) (19). See Methods for details about the regression.
Fig. 1 shows that the fits do an excellent job reproducing the

MLS measurements (adjusted R2 = 68% and 70% for the
MERRA and ERAi fits, respectively). Table 1 lists the coef-
ficients from regressions of the MLS data. Of particular note, the
positive coefficient for the ΔT index supports a positive strato-
spheric water vapor feedback: an increase in tropospheric tem-
peratures leads to higher H2Oov-entry, and because water vapor is
a greenhouse gas, this leads to further warming of the troposphere.

Climate Model Simulation of the Overworld. We have also analyzed
H2Oov-entry in version 2 of the Goddard Earth Observing System
Chemistry Climate Model (GEOSCCM) (20). Here we look at
a 21st century simulation driven by sea surface temperatures and
other forcings from an A1B run of the National Center for At-
mospheric Research Community Climate Model 3.0 (21).
Fig. 2 shows annual-average 85-hPa tropical H2O from the

GEOSCCM (hereafter GEOSCCM H2Oov-entry) increases over
the 21st century. To understand the factors underlying the
GEOSCCM trend, we regress the GEOSCCM H2Oov-entry time
series using the same regression model used to analyze the
MLS data (Eq. 1). The BD and ΔT time series come from the
GEOSCCM; the model does not have a QBO in it, so that pro-
cess is excluded from the regression.
Fig. 2 shows that the regression accurately reconstructs

GEOSCCM H2Oov-entry. The individual components of the re-
gression are also plotted and they show that the increasing
H2Oov-entry over the 21st century is driven by warming of the
troposphere (the ΔT term), which is partially offset by cooling of

Significance

We show observational evidence for a stratospheric water va-
por feedback—a warmer climate increases stratospheric water
vapor, and because stratospheric water vapor is itself a green-
house gas, this leads to further warming. An estimate of its
magnitude from a climate model yields a value of+0.3 W/(m2·K),
suggesting that this feedback plays an important role in our
climate system.
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feedback, on the other hand, should be considered more preli-
minary because of limitations in our understanding of LMS H2O.
This stratospheric water vapor feedback may be an important

component of our climate system (28). A +0.1 W/(m2·K) feed-
back would be responsible for ∼10% or ∼0.4 K of the temper-
ature response of a climate with an equilibrium climate sensitivity of
4 °C per doubled carbon dioxide. Because of nonlinearities in cli-
mate sensitivity, however, this same feedback would be responsible
for ∼5% or ∼0.1 K of the temperature response for a climate with
a sensitivity of 2 °C. The larger but more speculative feedback
estimate of +0.3 W/(m2·K) would lead to contributions at least
a factor of 3 larger.
Note that climate models uniformly project increases in strato-

spheric water vapor as the climate warms. For example, in a set
of 16 Coupled Model Intercomparison Project Phase 5 (CMIP5)

climate model simulations (29) of the 21st century driven by the
RCP4.5 scenario, we found that the change in 70-hPa tropical
H2O over the 21st century ranges from 0.2 to 1.0 ppm. Thus, the
stratospheric water vapor feedback is already operating—to
some extent, at least—in climate models. However, differences
in ΔH2O among the models open the possibility of large dif-
ferences among the models in this feedback. This might explain
some of the spread in climate sensitivities among the models.

Methods
In the paper, we regressed the monthly MLS H2O anomaly time series against
a set of regressors that were previously identified as influencing H2Oov-entry.
The regressors are monthly anomalies, calculated relative to the MLS data
period. The regression is a standard linear least-squares multivariate regression
and the regressors are lagged to account for the finite time it takes for the
change in the indices to impact TTL temperatures and then to be felt at 82
hPa. The QBO index is lagged by 3 mo and the BD index and ΔT are lagged by
1 mo. Although each of these lags is physically reasonable, the exact lag is set
to maximize the explained variance. For the LMS regressions, the maximum
explained variance occurs with no lag between the time series.

The ENSO is an important driver of interannual variability in the climate
system, but we omit it from Eq. 1 because our tropical tropospheric tem-
perature regressor captures most of that variability. Likewise, whereas there
are physical mechanisms by which QBO and BD may be correlated (30), the
correlation is not statistically significant over the MLS period, and even over
a longer time period the two are only weakly correlated (31).

Fig. 5 shows time series of the components of the MLS regression. There is
a clear QBO signal in H2Oov-entry (32–34). The strength of the BD circulation
regulates upwelling in the TTL, which is inversely connected to TTL tem-
perature anomalies (35). BD variations have previously been identified as an
explanation for the drop in H2Oov-entry after 2000 (36, 37), and our analysis
shows that a strengthening BD circulation contributed (along with the QBO)
to a similar drop of H2Oov-entry during 2012. ΔT variations are responsible for
H2Oov-entry variations of a few tenths of a ppm. Such variations are consistent
with both simple arguments (38) and climate models (39) that suggest
a warming climate will warm the tropopause. The residual shows some
physical structure, suggesting that other processes may play a part in reg-
ulating stratospheric water vapor.

The GEOSCCM regression follows the same procedure as was used for the
MLS regression, with two exceptions. First, the GEOSCCM has no QBO, so that
term is set to zero. Second, the amplitude of the annual cycle in the GEOSCCM
H2O time series changes over the 21st century. This precludes the calculation
of monthly interannual anomalies, so we instead analyze annual average
GEOSCCM values in all regressions.

In estimating the uncertainty of the coefficients in regressions, one must
account for autocorrelation in the time series, which reduces the number of

Fig. 2. Time series of annual-average H2Oov-entry anomalies from the GEOSCCM
(black) and the reconstruction from a multivariate least-squares regression
(gray) over the 21st century. The dashed and dotted lines are the BD and ΔT
terms of the regression, respectively.

Fig. 3. Scatter plots of (Upper) GEOSCCM annual-average lowermost
stratospheric H2O (200-hPa mixing ratio, averaged between 50°N and 90°N)
vs. extratropical tropospheric temperature (500-hPa temperature, averaged
between 30°N and 90°N) and (Lower) the corresponding scatterplot of MLS
monthly average H2O vs. MERRA temperatures. For these plots, the
GEOSCCM data have been filtered to remove long-term (>10 y) variations.
The solid line is the least-squares fit, and the dashed lines are the 95%
confidence interval.

Fig. 4. Change in zonal average stratospheric H2O in ppm over the 21st century
from the GEOSCCM; the contribution from methane oxidation has been sub-
tracted. Note that the color scale is nonlinear; white areas indicate the tropo-
sphere. The dashed and solid lines are the 0.6 and 0.8 ppm contours, respectively.
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feedback, on the other hand, should be considered more preli-
minary because of limitations in our understanding of LMS H2O.
This stratospheric water vapor feedback may be an important

component of our climate system (28). A +0.1 W/(m2·K) feed-
back would be responsible for ∼10% or ∼0.4 K of the temper-
ature response of a climate with an equilibrium climate sensitivity of
4 °C per doubled carbon dioxide. Because of nonlinearities in cli-
mate sensitivity, however, this same feedback would be responsible
for ∼5% or ∼0.1 K of the temperature response for a climate with
a sensitivity of 2 °C. The larger but more speculative feedback
estimate of +0.3 W/(m2·K) would lead to contributions at least
a factor of 3 larger.
Note that climate models uniformly project increases in strato-

spheric water vapor as the climate warms. For example, in a set
of 16 Coupled Model Intercomparison Project Phase 5 (CMIP5)

climate model simulations (29) of the 21st century driven by the
RCP4.5 scenario, we found that the change in 70-hPa tropical
H2O over the 21st century ranges from 0.2 to 1.0 ppm. Thus, the
stratospheric water vapor feedback is already operating—to
some extent, at least—in climate models. However, differences
in ΔH2O among the models open the possibility of large dif-
ferences among the models in this feedback. This might explain
some of the spread in climate sensitivities among the models.

Methods
In the paper, we regressed the monthly MLS H2O anomaly time series against
a set of regressors that were previously identified as influencing H2Oov-entry.
The regressors are monthly anomalies, calculated relative to the MLS data
period. The regression is a standard linear least-squares multivariate regression
and the regressors are lagged to account for the finite time it takes for the
change in the indices to impact TTL temperatures and then to be felt at 82
hPa. The QBO index is lagged by 3 mo and the BD index and ΔT are lagged by
1 mo. Although each of these lags is physically reasonable, the exact lag is set
to maximize the explained variance. For the LMS regressions, the maximum
explained variance occurs with no lag between the time series.

The ENSO is an important driver of interannual variability in the climate
system, but we omit it from Eq. 1 because our tropical tropospheric tem-
perature regressor captures most of that variability. Likewise, whereas there
are physical mechanisms by which QBO and BD may be correlated (30), the
correlation is not statistically significant over the MLS period, and even over
a longer time period the two are only weakly correlated (31).

Fig. 5 shows time series of the components of the MLS regression. There is
a clear QBO signal in H2Oov-entry (32–34). The strength of the BD circulation
regulates upwelling in the TTL, which is inversely connected to TTL tem-
perature anomalies (35). BD variations have previously been identified as an
explanation for the drop in H2Oov-entry after 2000 (36, 37), and our analysis
shows that a strengthening BD circulation contributed (along with the QBO)
to a similar drop of H2Oov-entry during 2012. ΔT variations are responsible for
H2Oov-entry variations of a few tenths of a ppm. Such variations are consistent
with both simple arguments (38) and climate models (39) that suggest
a warming climate will warm the tropopause. The residual shows some
physical structure, suggesting that other processes may play a part in reg-
ulating stratospheric water vapor.

The GEOSCCM regression follows the same procedure as was used for the
MLS regression, with two exceptions. First, the GEOSCCM has no QBO, so that
term is set to zero. Second, the amplitude of the annual cycle in the GEOSCCM
H2O time series changes over the 21st century. This precludes the calculation
of monthly interannual anomalies, so we instead analyze annual average
GEOSCCM values in all regressions.

In estimating the uncertainty of the coefficients in regressions, one must
account for autocorrelation in the time series, which reduces the number of

Fig. 2. Time series of annual-average H2Oov-entry anomalies from the GEOSCCM
(black) and the reconstruction from a multivariate least-squares regression
(gray) over the 21st century. The dashed and dotted lines are the BD and ΔT
terms of the regression, respectively.

Fig. 3. Scatter plots of (Upper) GEOSCCM annual-average lowermost
stratospheric H2O (200-hPa mixing ratio, averaged between 50°N and 90°N)
vs. extratropical tropospheric temperature (500-hPa temperature, averaged
between 30°N and 90°N) and (Lower) the corresponding scatterplot of MLS
monthly average H2O vs. MERRA temperatures. For these plots, the
GEOSCCM data have been filtered to remove long-term (>10 y) variations.
The solid line is the least-squares fit, and the dashed lines are the 95%
confidence interval.

Fig. 4. Change in zonal average stratospheric H2O in ppm over the 21st century
from the GEOSCCM; the contribution from methane oxidation has been sub-
tracted. Note that the color scale is nonlinear; white areas indicate the tropo-
sphere. The dashed and solid lines are the 0.6 and 0.8 ppm contours, respectively.

Dessler et al. PNAS | November 5, 2013 | vol. 110 | no. 45 | 18089

EA
RT

H,
A
TM

O
SP

HE
RI
C,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

feedback, on the other hand, should be considered more preli-
minary because of limitations in our understanding of LMS H2O.
This stratospheric water vapor feedback may be an important

component of our climate system (28). A +0.1 W/(m2·K) feed-
back would be responsible for ∼10% or ∼0.4 K of the temper-
ature response of a climate with an equilibrium climate sensitivity of
4 °C per doubled carbon dioxide. Because of nonlinearities in cli-
mate sensitivity, however, this same feedback would be responsible
for ∼5% or ∼0.1 K of the temperature response for a climate with
a sensitivity of 2 °C. The larger but more speculative feedback
estimate of +0.3 W/(m2·K) would lead to contributions at least
a factor of 3 larger.
Note that climate models uniformly project increases in strato-

spheric water vapor as the climate warms. For example, in a set
of 16 Coupled Model Intercomparison Project Phase 5 (CMIP5)

climate model simulations (29) of the 21st century driven by the
RCP4.5 scenario, we found that the change in 70-hPa tropical
H2O over the 21st century ranges from 0.2 to 1.0 ppm. Thus, the
stratospheric water vapor feedback is already operating—to
some extent, at least—in climate models. However, differences
in ΔH2O among the models open the possibility of large dif-
ferences among the models in this feedback. This might explain
some of the spread in climate sensitivities among the models.

Methods
In the paper, we regressed the monthly MLS H2O anomaly time series against
a set of regressors that were previously identified as influencing H2Oov-entry.
The regressors are monthly anomalies, calculated relative to the MLS data
period. The regression is a standard linear least-squares multivariate regression
and the regressors are lagged to account for the finite time it takes for the
change in the indices to impact TTL temperatures and then to be felt at 82
hPa. The QBO index is lagged by 3 mo and the BD index and ΔT are lagged by
1 mo. Although each of these lags is physically reasonable, the exact lag is set
to maximize the explained variance. For the LMS regressions, the maximum
explained variance occurs with no lag between the time series.

The ENSO is an important driver of interannual variability in the climate
system, but we omit it from Eq. 1 because our tropical tropospheric tem-
perature regressor captures most of that variability. Likewise, whereas there
are physical mechanisms by which QBO and BD may be correlated (30), the
correlation is not statistically significant over the MLS period, and even over
a longer time period the two are only weakly correlated (31).

Fig. 5 shows time series of the components of the MLS regression. There is
a clear QBO signal in H2Oov-entry (32–34). The strength of the BD circulation
regulates upwelling in the TTL, which is inversely connected to TTL tem-
perature anomalies (35). BD variations have previously been identified as an
explanation for the drop in H2Oov-entry after 2000 (36, 37), and our analysis
shows that a strengthening BD circulation contributed (along with the QBO)
to a similar drop of H2Oov-entry during 2012. ΔT variations are responsible for
H2Oov-entry variations of a few tenths of a ppm. Such variations are consistent
with both simple arguments (38) and climate models (39) that suggest
a warming climate will warm the tropopause. The residual shows some
physical structure, suggesting that other processes may play a part in reg-
ulating stratospheric water vapor.

The GEOSCCM regression follows the same procedure as was used for the
MLS regression, with two exceptions. First, the GEOSCCM has no QBO, so that
term is set to zero. Second, the amplitude of the annual cycle in the GEOSCCM
H2O time series changes over the 21st century. This precludes the calculation
of monthly interannual anomalies, so we instead analyze annual average
GEOSCCM values in all regressions.

In estimating the uncertainty of the coefficients in regressions, one must
account for autocorrelation in the time series, which reduces the number of

Fig. 2. Time series of annual-average H2Oov-entry anomalies from the GEOSCCM
(black) and the reconstruction from a multivariate least-squares regression
(gray) over the 21st century. The dashed and dotted lines are the BD and ΔT
terms of the regression, respectively.

Fig. 3. Scatter plots of (Upper) GEOSCCM annual-average lowermost
stratospheric H2O (200-hPa mixing ratio, averaged between 50°N and 90°N)
vs. extratropical tropospheric temperature (500-hPa temperature, averaged
between 30°N and 90°N) and (Lower) the corresponding scatterplot of MLS
monthly average H2O vs. MERRA temperatures. For these plots, the
GEOSCCM data have been filtered to remove long-term (>10 y) variations.
The solid line is the least-squares fit, and the dashed lines are the 95%
confidence interval.

Fig. 4. Change in zonal average stratospheric H2O in ppm over the 21st century
from the GEOSCCM; the contribution from methane oxidation has been sub-
tracted. Note that the color scale is nonlinear; white areas indicate the tropo-
sphere. The dashed and solid lines are the 0.6 and 0.8 ppm contours, respectively.
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curred when the large DOC pool had been re-
duced in size enough to no longer represent a
negative feedback to global climatic cooling.
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Asian Monsoon Transport of Pollution
to the Stratosphere
William J. Randel,1* Mijeong Park,1 Louisa Emmons,1 Doug Kinnison,1 Peter Bernath,2,3
Kaley A. Walker,4,3 Chris Boone,3 Hugh Pumphrey5

Transport of air from the troposphere to the stratosphere occurs primarily in the tropics, associated with
the ascending branch of the Brewer-Dobson circulation. Here, we identify the transport of air masses
from the surface, through the Asian monsoon, and deep into the stratosphere, using satellite observations
of hydrogen cyanide (HCN), a tropospheric pollutant produced in biomass burning. A key factor in
this identification is that HCN has a strong sink from contact with the ocean; much of the air in the tropical
upper troposphere is relatively depleted in HCN, and hence, broad tropical upwelling cannot be the
main source for the stratosphere. The monsoon circulation provides an effective pathway for pollution
from Asia, India, and Indonesia to enter the global stratosphere.

The Asian summer monsoon circulation
contains a strong anticyclonic vortex in
the upper troposphere and lower strato-

sphere (UTLS), spanning Asia to the Middle
East. The anticyclone is a region of persistent

enhanced pollution in the upper troposphere
during boreal summer, linked to rapid vertical
transport of surface air from Asia, India, and
Indonesia in deep convection, and confinement
by the strong anticyclonic circulation (1–6). A

mean upward circulation on the eastern side of
the anticyclone extends the transport into the
lower stratosphere, as evidenced by satellite
observations of water vapor (7) and ozone (8),
plus carbon monoxide and other pollution tracers
(1, 4, 5). Model calculations have suggested that
transport from the monsoon region could con-
tribute substantially to the budget of stratospheric
water vapor (8, 9), but this effect has not been
isolated from broader-scale tropical upwelling in
observational data.

Hydrogen cyanide (HCN) is produced pri-
marily as a result of biomass and biofuel burning
and is often used as a tracer of pollution originat-
ing from fires (10–12). In the free atmosphere,
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Fig. 1. Time average mixing ratio [parts per billion by volume (ppbv)] of
HCN near 13.5 km during boreal summer (June to August) derived from (A)
ACE-FTS observations and (B) WACCM chemical transport model calcu-

lations. Arrows in both panels denote winds at this level derived from
meteorological analysis, showing that the HCN maximum is linked with the
upper tropospheric Asian monsoon anticyclone.
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curred when the large DOC pool had been re-
duced in size enough to no longer represent a
negative feedback to global climatic cooling.
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Asian Monsoon Transport of Pollution
to the Stratosphere
William J. Randel,1* Mijeong Park,1 Louisa Emmons,1 Doug Kinnison,1 Peter Bernath,2,3
Kaley A. Walker,4,3 Chris Boone,3 Hugh Pumphrey5

Transport of air from the troposphere to the stratosphere occurs primarily in the tropics, associated with
the ascending branch of the Brewer-Dobson circulation. Here, we identify the transport of air masses
from the surface, through the Asian monsoon, and deep into the stratosphere, using satellite observations
of hydrogen cyanide (HCN), a tropospheric pollutant produced in biomass burning. A key factor in
this identification is that HCN has a strong sink from contact with the ocean; much of the air in the tropical
upper troposphere is relatively depleted in HCN, and hence, broad tropical upwelling cannot be the
main source for the stratosphere. The monsoon circulation provides an effective pathway for pollution
from Asia, India, and Indonesia to enter the global stratosphere.

The Asian summer monsoon circulation
contains a strong anticyclonic vortex in
the upper troposphere and lower strato-

sphere (UTLS), spanning Asia to the Middle
East. The anticyclone is a region of persistent

enhanced pollution in the upper troposphere
during boreal summer, linked to rapid vertical
transport of surface air from Asia, India, and
Indonesia in deep convection, and confinement
by the strong anticyclonic circulation (1–6). A

mean upward circulation on the eastern side of
the anticyclone extends the transport into the
lower stratosphere, as evidenced by satellite
observations of water vapor (7) and ozone (8),
plus carbon monoxide and other pollution tracers
(1, 4, 5). Model calculations have suggested that
transport from the monsoon region could con-
tribute substantially to the budget of stratospheric
water vapor (8, 9), but this effect has not been
isolated from broader-scale tropical upwelling in
observational data.

Hydrogen cyanide (HCN) is produced pri-
marily as a result of biomass and biofuel burning
and is often used as a tracer of pollution originat-
ing from fires (10–12). In the free atmosphere,

1National Center for Atmospheric Research, Boulder, CO, USA.
2Department of Chemistry, University of York, Heslington, UK.
3Department of Chemistry, University of Waterloo, Waterloo,
Ontario, Canada. 4Department of Physics, University of
Toronto, Toronto, Ontario, Canada. 5School of GeoSciences,
University of Edinburgh, Edinburgh, UK.

*To whom correspondence should be addressed. E-mail:
randel@ucar.edu

Fig. 1. Time average mixing ratio [parts per billion by volume (ppbv)] of
HCN near 13.5 km during boreal summer (June to August) derived from (A)
ACE-FTS observations and (B) WACCM chemical transport model calcu-

lations. Arrows in both panels denote winds at this level derived from
meteorological analysis, showing that the HCN maximum is linked with the
upper tropospheric Asian monsoon anticyclone.
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Spectacular evidence of 
transport of key 
constituents (not just HCN) 
in the Asian monsoon 
region. 
 
Q:  Roles of deep 
convection? Mixing? 
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 Controls on ozone in the tropical UTLS 

A Large Annual Cycle in Ozone above the Tropical Tropopause Linked to the
Brewer–Dobson Circulation

WILLIAM J. RANDEL, MIJEONG PARK, AND FEI WU

National Center for Atmospheric Research,* Boulder, Colorado

NATHANIEL LIVESEY

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California
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ABSTRACT

Near-equatorial ozone observations from balloon and satellite measurements reveal a large annual cycle
in ozone above the tropical tropopause. The relative amplitude of the annual cycle is large in a narrow
vertical layer between !16 and 19 km, with approximately a factor of 2 change in ozone between the
minimum (during NH winter) and maximum (during NH summer). The annual cycle in ozone occurs over
the same altitude region, and is approximately in phase with the well-known annual variation in tropical
temperature. This study shows that the large annual variation in ozone occurs primarily because of varia-
tions in vertical transport associated with mean upwelling in the lower stratosphere (the Brewer–Dobson
circulation); the maximum relative amplitude peak in the lower stratosphere is collocated with the strongest
background vertical gradients in ozone. A similar large seasonal cycle is observed in carbon monoxide (CO)
above the tropical tropopause, which is approximately out of phase with ozone (associated with an oppo-
sitely signed vertical gradient). The observed ozone and CO variations can be used to constrain estimates
of the seasonal cycle in tropical upwelling.

1. Introduction

The seasonal variation of stratospheric ozone has
been well documented based on satellite data (McCor-
mick et al. 1989) and ozonesonde measurements (Lo-
gan 1999). One feature that has received relatively little
attention (beyond a mention in Logan 1999) is the pres-
ence of a large annual cycle in ozone over a narrow
region just above the tropical tropopause. This variabil-
ity is evident in analysis of high vertical resolution
ozonesonde data from the tropical Southern Hemi-
sphere Additional Ozonesondes (SHADOZ) network
(Thompson et al. 2003a,b). The large annual cycle near
the tropopause was noted in Thompson et al. (2003b),

who focused on tropospheric ozone, and Randel et al.
(2006), who highlighted interannual changes in the
SHADOZ data. Folkins et al. (2006a) have recently
discussed the ozone seasonal cycle near the tropopause,
focusing on coupling to the seasonal cycle in vertical
circulation and convective outflow; they also discuss
related variability in tropical carbon monoxide (CO).
Our study is a complement to Folkins et al. (2006a),
focusing on the role of tropical upwelling in driving the
annual cycle in ozone (and CO), including the detailed
vertical structure and relationships to temperature in
the lower stratosphere.

Our analysis is organized as follows. We first present
the detailed vertical and latitudinal structure of the
ozone seasonal cycle based on ozonesonde and satellite
data. We then demonstrate that the observed sharply
peaked vertical structure is primarily a response to the
annual cycle of upwelling acting on the strong back-
ground vertical gradient in ozone near and above the
tropopause. This mechanism explains the close associa-
tion between the ozone and temperature seasonal
cycles in this region. We also explore the seasonal cycle
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in CO, and demonstrate that upwelling has a dominant
influence on seasonality in the lower stratosphere. Be-
cause variations in the circulation are the dominant
forcing mechanism above !16 km, the ozone and CO
observations can be used to provide independent esti-
mates of the seasonal cycle in tropical upwelling (which
is not well quantified in the lower stratosphere).

2. Data and analyses
Time series of tropical ozone profiles are obtained

from the SHADOZ data archive (available online at
http://croc.gsfc.nasa.gov/shadoz/; Thompson et al.
2003a). SHADOZ consists of a set of 12 tropical sta-
tions with ozonesonde soundings several times per
month, beginning in 1998. The analyses here focus on
data from 7 near-equatorial stations with dense data
records covering 1998–2006. These stations include
Nairobi, Kenya (1°S); Kuala Lumpur, Malaysia (3°N);
San Cristobal Island (1°S); Ascension Island (8°S);
Wautesok, Java (8°S); Malindi, Kenya (3°S); and Para-
maribo, Suriname (6°N). The ozonesonde soundings
also include temperature profile measurements, which
we use to study the corresponding seasonal variation in
temperatures. We also use a high vertical resolution
global temperature climatology derived from Challeng-
ing Minisatellite Payload (CHAMP) GPS radio occul-
tation measurements over 2001–06 (Wickert et al. 2001)
as input to radiative heating calculations, used to esti-
mate seasonal variations in tropical upwelling. This
temperature climatology was derived from the
CHAMP data using a harmonic seasonal cycle fit, as
discussed in Randel et al. (2003). The upwelling calcu-
lations are described in detail in Randel et al. (2002).

We also include analysis of ozone observations from
satellite data, to provide a global perspective. We in-
clude results from the Halogen Occultation Experiment
(HALOE) covering 1992–2005 (Russell et al. 1993),
and also from Aura Microwave Limb Sounder (MLS)
observations covering 2004–06 (Waters et al. 2006).
HALOE has the advantage of high vertical resolution
(!2 km), but relatively few observations during indi-
vidual months (a total of approximately 1000 observa-
tions over 10°N–S during 1992–2005). MLS ozone re-
trievals have somewhat lower vertical resolution (!3
km), but have the advantage of daily tropical observa-
tions. We also include analysis of MLS CO data, moti-
vated by the analyses of Folkins et al. (2006a); these
retrievals have somewhat lower effective vertical reso-
lution of !4.5 km. The MLS CO data are most useful
for pressure levels 46, 68, 100, and 147 hPa, and we
focus on these levels (note these are oversampled in the
vertical, given the !4.5-km vertical resolution of the
retrieval).

3. Results

a. Seasonal cycle in ozone near the tropical
tropopause

The observed seasonal cycle in ozone from
SHADOZ data is characterized by combining observa-
tions from all years (1998–2006) to derive a composite
seasonal cycle for each station. Figure 1a shows ozone
measurements from Nairobi at 17.5 km, binned accord-
ing to month, showing a large annual cycle varying from
!0.1 ppmv during NH winter to !0.25 ppmv during
NH summer. Figure 1b shows a corresponding plot
of equatorial ozone variations at 83 hPa derived from

FIG. 1. (top) Ozone mixing ratio (ppmv) at 17.5 km derived
from ozonesonde measurements over Nairobi during 1998–2006,
plotted according to month of the observation. (bottom) HALOE
ozone observations at 83 hPa over 10°N–S, combining all obser-
vations over 1992–2005. The thin line in each panel shows the
harmonic seasonal cycle fit to the individual points.
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HALOE measurements, showing very similar variabil-
ity. The thin lines in Figs. 1a,b show harmonic seasonal
cycle fits to the monthly data, which we use to quantify
the seasonal variation. Figure 2 shows the seasonal fit
for each near-equatorial SHADOZ station, at 15, 17.5,
and 20 km. At 17.5 km each station shows a similarly
sized and approximately in-phase seasonal cycle; be-
cause the stations vary widely in longitude, this dem-
onstrates that the annual cycle at 17.5 km is primarily a
zonal mean feature (consistent with the HALOE data
included in Fig. 2). Figure 2 furthermore shows that
there are small annual cycles at 15 and 20 km, so that
the large annual cycle is confined to a relatively narrow
vertical layer.

The vertical structure of the tropical ozone annual
cycle at each station is quantified in Fig. 3a, which
shows the amplitude of the annual harmonic (A1) nor-
malized by the annual mean value !A" at each altitude.
A well-defined maximum is observed for this ratio (A1/
!A") at each station, peaking with values of #0.4, and
extending over a narrow vertical range (#16–19 km).
Note that a relative amplitude of 0.4 corresponds to a
maximum–minimum ratio of approximately 2.4 over

the seasonal cycle. Large variability in ozone annual
cycle amplitude is observed among the different sta-
tions below #15 km in Fig. 3a, and this reflects the
longitudinal dependence of seasonal ozone variability
in the tropical upper troposphere, as discussed in Th-
ompson et al. (2003b). Above 20 km, Fig. 3a shows that
the relative annual cycle amplitude is very small.

Figure 3a also includes the relative annual cycle am-
plitude for ozone derived from HALOE and MLS sat-
ellite data. The structure derived from HALOE data
agrees reasonably well with the ozonesonde profiles,

FIG. 2. Seasonal cycle fit of ozone mixing ratio (ppmv) at each
of the SHADOZ stations at 15, 17.5, and 20 km. Each line rep-
resents the harmonic fit of the data at the individual stations. The
heavy dashed line at 17.5 km is the corresponding result from
HALOE data over 10°N–S.

FIG. 3. (top) Vertical structure of the relative amplitude of the
annual cycle in ozone at each of the SHADOZ stations. The
annual cycle amplitude is calculated by a harmonic fit to the data
at each station (same as in Fig. 1a), and normalized by the re-
spective annual mean ozone at each level. Corresponding results
are also shown for MLS and HALOE satellite data (wider and
narrower vertical bars, respectively), and the vertical width of the
symbols denotes the effective vertical averaging in the respec-
tive measurements. (bottom) Vertical structure of the quantity
dln(O3)/dz, calculated for annually averaged data at each
SHADOZ station.

DECEMBER 2007 R A N D E L E T A L . 4481

Steep vertical 
gradients in lifetime, 
abundance, 
seasonal cycle make 
the tropical UTLS 
unique for ozone.   
Qs:  Role of deep 
convection?  
Lightning?  
Horizontal mixing? 



Pawson et al., chapter 2, ozone 
assessment, 2014 

Stronger B-D circulation in a 
warmer world à reduced 
ozone in the tropics, and a 
new mechanism for 21st 
century ozone loss in an 
unexpected region. 
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m-2) scenario from IPCC (2007), and CMIP5 simulations using the similar RCP6.0 scenario. These 
deviations may be due to differences in the models used in each ensemble, in the ensemble sizes, and 
differences in the scenarios themselves. It should also be noted that the RCP scenarios do not sample all 
possible future emission changes relevant to ozone, for example different ODS scenarios. As noted in 
WMO (2011), it will only be possible to refine estimates of scenario uncertainty by comparing a large 
number of CCM integrations forced with different emissions scenarios. 

Given these caveats, all simulations in Figure 2-23 project substantial changes in total ozone 
columns in the future. Outside of the tropics, simulations for the scenarios with higher radiative forcing 
project a recovery of total ozone columns to 1980 values or even larger columns, with contributions from 
declining ODS, continued stratospheric cooling, and strengthening of the BDC (see previous sections). 
Future increases in tropospheric column ozone also contribute to the expected larger columns. In the 
tropics, projected future increases of tropospheric ozone column are particularly large in the RCP8.5 
scenario, where they more than compensate the projected decline of tropical stratospheric column ozone. 
Depending on the assumed scenario, total ozone columns in 2100 could vary by up to 10 DU or 4% in 
the tropics, by up to 20 DU or 7% in the global mean, and by up to 40 DU or 12% at midlatitudes. This 
large variation shows that, apart from the expected decline of ODS, future emissions of GHGs will have 
a substantial influence on ozone levels.   

 

 
 
 
 
 

Figure 2-23. 1980-baseline adjusted total column (tropospheric plus stratospheric) ozone time series for 
CMIP5 runs of models that follow four RCP scenarios for GHGs, and the A1 scenario from WMO (2003) 
for ODS. The RCP2.6 scenario is shown in the solid blue line with the 95% confidence interval for the 
mean of 5 models shown in blue stippling. The RCP4.5 scenario is shown in the light blue line and 
averages 6 models. The RCP6.0 scenario is shown in the orange line and averages 5 models. The 
RCP8.5 scenario is shown in the red line and averages 6 models. Five models are common to all 
scenarios. Also included is the CCMVal-2 multi-model mean (black line), which is based on different 
models, the SRES A1B scenario for GHGs, and the adjusted A1 scenario from WMO (2007) for ODS 
(see Section 2.2.3). Adapted from Eyring et al. (2013). 
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Stronger B-D circulation in a 4xCO2 worldà reduced ozone at TTL, cooling, 
effects on cirrus and H2O.    
 
A negative climate feedback in a fully coupled warmer world?  
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A large ozone-circulation feedback and its
implications for global warming assessments
Peer J. Nowack1*, N. Luke Abraham1,2, Amanda C. Maycock1,2, Peter Braesicke1,2†,
Jonathan M. Gregory2,3,4, Manoj M. Joshi2,3†, Annette Osprey2,3 and John A. Pyle1,2

State-of-the-art climate models now include more climate
processes simulated at higher spatial resolution than ever1.
Nevertheless, some processes, such as atmospheric chemical
feedbacks, are still computationally expensive and are often
ignored in climate simulations1,2. Here we present evidence
that the representation of stratospheric ozone in climate
models can have a first-order impact on estimates of e�ective
climate sensitivity. Using a comprehensive atmosphere–ocean
chemistry–climate model, we find an increase in global mean
surface warming of around 1 �C (⇠20%) after 75 years when
ozone is prescribed at pre-industrial levels compared with
when it is allowed to evolve self-consistently in response to an
abrupt 4⇥CO2 forcing. The di�erence is primarily attributed
to changes in long-wave radiative feedbacks associated with
circulation-driven decreases in tropical lower stratospheric
ozone and related stratospheric water vapour and cirrus cloud
changes. This has important implications for global model
intercomparison studies1,2 in which participating models often
use simplified treatments of atmospheric composition changes
that are consistent with neither the specified greenhouse
gas forcing scenario nor the associated atmospheric circula-
tion feedbacks3–5.

Starting from pre-industrial conditions, an instantaneous
quadrupling of the atmospheric CO2 mixing ratio is a standard
climate change experiment (referred to as abrupt4⇥CO2) in
model intercomparison projects such as the Coupled Model
Intercomparison Project phase 5 (CMIP5; ref. 1) or the
Geoengineering Model Intercomparison Project2 (GeoMIP).
One aim of these initiatives is to o�er a quantitative assessment of
possible future climate change, with the range of projections from
participating models commonly used as a measure of uncertainty6.
Within such projects, stratospheric chemistry, and therefore
stratospheric ozone, is treated di�erently in individual models. In
CMIP5 and GeoMIP, most participating models did not explicitly
calculate stratospheric ozone changes2,4. For abrupt4⇥CO2
experiments, modelling centres thus often prescribed stratospheric
ozone at pre-industrial levels2,5. For transient CMIP5 experiments,
it was instead recommended to use an ozone field derived
from the averaged projections of 13 chemistry–climate models3.
This multi-model mean ozone data set was obtained from the
Chemistry–Climate Model Validation activity phase 2 (CCMVal-2)
projections run under the Special Report on Emissions Scenarios
(SRES) A1b scenario for well-mixed greenhouse gases, in contrast
to the representative concentration pathway (RCP) scenarios
used in CMIP5. So far, research on the impacts of contrasting

representations of stratospheric ozone has focused on regional
e�ects, such as the influence of possible future Antarctic ozone
recovery on the position of the Southern Hemisphere mid-latitude
jet4,7. However, its potential e�ect on the magnitude of projected
global warming has not received much attention.

Here, we present evidence that highlights that stratospheric
chemistry–climate feedbacks can exert a more significant influence
on global warming projections than has been suggested8. For a
specific climate change experiment, we show that the choice of
how to represent key stratospheric chemical species alone can result
in a 20% di�erence in simulated global mean surface warming.
Therefore, a treatment of ozone that is not internally consistent with
a particularmodel or greenhouse gas scenario, as is the case for some
CMIP5 simulations, could introduce a significant bias into climate
change projections.

The model used here is the HadGEM3-AO configuration of the
UK Met O�ce’s Unified Model9 coupled to the United Kingdom
Chemistry and Aerosols (UKCA) stratospheric chemistry scheme10
(see Methods). This comprehensive model set-up allows us to study
complex feedback e�ects between the atmosphere, land surface,
ocean and sea ice.

Figure 1 shows the evolution of global and annual mean
surface temperature anomalies (1Tsurf) from eight di�erent climate
integrations, two of which were carried out with interactive
stratospheric chemistry and six with di�erent prescribed monthly
mean fields of the following chemically and radiatively active
gases: ozone, methane and nitrous oxide (see Table 1 for details).
Experiments labelled A are pre-industrial control runs. Experiment
B is an abrupt4⇥CO2 run with fully interactive chemistry, and
experiments labelled C are non-interactive abrupt4⇥CO2 runs in
which the chemical fields were prescribed at pre-industrial levels.
We conducted two versions of each non-interactive experiment to
test the e�ect of using zonal mean fields (label 2, for example, A2)
instead of full three-dimensional (3D) fields (label 1, for example,
A1). The time development of 1Tsurf shows a clear di�erence of
nearly 20% between the abrupt4⇥CO2 experiments B and C1/C2,
indicating amuch larger global warming in C1/C2 as a consequence
of missing composition feedbacks. The primary driver of these
di�erences is changing ozone, with methane and nitrous oxide
making much smaller contributions (see below). Fields averaged
over the final 50 years of the interactive experiment B were imposed
from the beginning in the abrupt4⇥CO2 experiments B1 and B2.
These simulations show a close agreement with experiment B in
terms of 1Tsurf, implying that the global mean energy budget
can be comparatively well reproduced with this treatment of

1Centre for Atmospheric Science, Department of Chemistry, University of Cambridge, Cambridge CB2 1EW, UK. 2National Centre for Atmospheric Science,
UK. 3Department of Meteorology, University of Reading, Reading RG6 6BB, UK. 4Met O�ce Hadley Centre, Met O�ce, Exeter EX1 3PB, UK. †Present
addresses: Karlsruhe Institute of Technology, IMK-ASF, 76344 Eggenstein-Leopoldshafen, Germany (P.B.); Centre for Ocean and Atmospheric Sciences,
University of East Anglia, Norwich NR4 7TJ, UK (M.M.J.). *e-mail: pjn35@cam.ac.uk
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change assessments. These include quadrupled CO2 experiments,
where changes in ozone are often not considered, as well as other
CMIP5 and GeoMIP integrations where most models specified
inconsistent ozone changes. We note that further increasing model

resolution will not address this fundamental issue. Consequently,
we see a pressing need to invest more e�ort into producing model-
and scenario-specific ozone data sets, or to move to a framework
in which all participating models explicitly represent atmospheric
chemical processes.

Methods
Model set-up. A version of the recently developed Hadley Centre Global
Environmental Model version 3 in the Atmosphere Ocean configuration
(HadGEM3 AO) from the United Kingdom Met O�ce has been employed here9.
It consists of three submodels, representing the atmosphere plus land surface,
ocean and sea ice.

For the atmosphere, the Met O�ce’s Unified Model version 7.3 is used. The
configuration used here is based on a regular grid with a horizontal resolution of
3.75� longitude by 2.5� latitude and comprises 60 vertical levels up to a height of
⇠84 km, and so includes a full representation of the stratosphere. Its dynamical
core is non-hydrostatic and employs a semi-Lagrangian advection scheme.
Subgrid-scale features such as clouds and gravity waves are parameterized.

The ocean component is the Nucleus for European Modelling of the Ocean
(NEMO) model version 3.0 coupled to the Los Alamos sea ice model Community
Ice CodE (CICE) version 4.0. It contains 31 vertical levels reaching down to a
depth of 5 km. The NEMO configuration used in this study deploys a tripolar,
locally anisotropic grid that has 2� resolution in longitude everywhere, but an
increased latitudinal resolution in certain regions with up to 0.5� in the tropics.

Atmospheric chemistry is represented by the UKCA model in an updated
version of the detailed stratospheric chemistry configuration10 that is coupled to
the Met O�ce’s Unified Model. A simple tropospheric chemistry scheme is
included that provides for emissions of 3 chemical species and constrains surface
mixing ratios of 6 further species. This includes the surface mixing ratios of
nitrous oxide (280 ppbv) and methane (790 ppbv), which e�ectively keeps their
concentrations in the troposphere constant at approximately pre-industrial levels.
Changes in photolysis rates in the troposphere and the stratosphere are calculated
interactively using the Fast-JX photolysis scheme27.

Linear climate feedback theory. The theory is based on the following equation
described by Gregory et al.11

N =F +↵1Tsurf

where N is the change in global mean net TOA radiative imbalance (Wm�2), F is
the e�ective forcing (Wm�2), 1Tsurf is the global mean surface temperature
change (�C), and ↵ is the climate feedback parameter (Wm�2 �C�1). Thus, ↵ can
be obtained by regressing N as a function of time against 1Tsurf relative to a
control climate. Here, the positive sign convention is used, meaning that a
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[1] Measurements of BrO suggest that inorganic bromine
(Bry) at and above the tropopause is 4 to 8 ppt greater than
assumed in models used in past ozone trend assessment
studies. This additional bromine is likely carried to the
stratosphere by short-lived biogenic compounds and their
decomposition products, including tropospheric BrO.
Including this additional bromine in an ozone trend
simulation increases the computed ozone depletion over
the past !25 years, leading to better agreement between
measured and modeled ozone trends. This additional Bry
(assumed constant over time) causes more ozone depletion
because associated BrO provides a reaction partner for ClO,
which increases due to anthropogenic sources. Enhanced
Bry causes photochemical loss of ozone below !14 km to
change from being controlled by HOx catalytic cycles
(primarily HO2+O3) to a situation where loss by the
BrO+HO2 cycle is also important. Citation: Salawitch, R. J.,
D. K. Weisenstein, L. J. Kovalenko, C. E. Sioris, P. O. Wennberg,
K. Chance, M. K. W. Ko, and C. A. McLinden (2005), Sensitivity
of ozone to bromine in the lower stratosphere, Geophys. Res. Lett.,
32, L05811, doi:10.1029/2004GL021504.

1. Introduction

[2] Models used to quantify our understanding of ozone
trends rely on estimates of stratospheric inorganic bromine
(Bry) based on the decomposition of the long-lived source
gases methyl bromide (CH3Br) and halons in the strato-
sphere [World Meteorological Organization (WMO), 2003].
For the assumed sources, the abundance of Bry calculated in
these models is close to zero at the tropopause, increasing
with altitude as air photochemically ages.
[3] There have been many suggestions that non-zero

levels of Bry exist near the tropopause [e.g., WMO, 2003,
chap. 2]. Possible contributions to Bry from decomposition
of short-lived halogens such as CHBr3, CH2BrCl, CHBrCl2,
CH2BrCH2Br [Wamsley et al., 1998; Dvortsov et al., 1999;
Schauffler et al., 1999; Sturges et al., 2000] or the transport
of BrO across the tropopause [Ko et al., 1997; Pfeilsticker et
al., 2000] have been described. Estimates of upper strato-
spheric Bry from balloon-borne observations of BrO are 6 ppt

larger than the expected bromine content based on measure-
ments of CH3Br+halons [WMO, 2003, Figure 1–8].
[4] We present observations of BrO that suggest Bry near

the tropopause (termed Bry
TROP) might be as high as 4 to

8 ppt. Possible source species are described. We quantify
the effect of excess bromine in the lowermost stratosphere
(LMS) on the photochemical budget and trends of ozone by
increasing Bry, within the AER 2D model, by specified
amounts relative to abundances found using the WMO
[2003] Ab baseline scenario for organic bromine source
gases.

2. The Bromine Budget

[5] Measurements of total column BrO from space reveal
much higher abundances than found from standard strato-
spheric models. The vertical column of BrO from GOME
[Chance, 1998] during May 1997 far exceeds vertical BrO
columns from the AER model (auxiliary material1). Much
attention has focused on whether this discrepancy might be
explained by a global, ubiquitous background level of 1 to
2 ppt of BrO in the free troposphere [Platt and Hönninger,
2003]. However, an examination of ground-based diffuse
and direct sunlight over Lauder, NZ (45!S) indicates a mean
value for tropospheric BrO of 0.2 ppt and an upper limit of
0.9 ppt [Schofield et al., 2004].
[6] Inconsistencies between stratospheric Bry inferred

from BrO and the delivery of bromine to the stratosphere
by long-lived organic source molecules are indicated by data
shown by Wamsley et al. [1998, Figure 7]. A photochemical
model was used to compute Bry from in situ aircraft
observations of BrO in the LMS. For our Figure 1 we have
taken those data from Wamsley et al. [1998] and added
vertical error bars to represent a root-sum-of-squares (RSS)
combination of the 2s uncertainties in the BrO measurement
and uncertainties in the computation of Bry from BrO;
horizontal error bars denote the standard deviation of mea-
sured CFC-11 (a tracer of photochemical aging) during the
time the BrO data were obtained. Figure 1a compares Bry
derived from BrO to estimates of stratospheric bromine from
the Wamsley organic relation, which assumes contributions
to Bry from CH3Br, halons, CH2Br2 and CH2BrCl. Also
shown are estimates of Bry found by applying Bry

TROP offsets
of 4 and 8 ppt to the Wamsley relation. This comparison
suggests the 6 organic compounds considered by Wamsley
do not supply the full burden of stratospheric Bry.
[7] Figure 1b presents a similar comparison for Bry from

the AER model. This plot indicates the bromine content of
the stratosphere is much larger than within the model for the
WMO Bry scenario (differences quantified in auxiliary

1Auxiliary material is available at ftp://ftp.agu.org/apend/gl/
2004GL021504.
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[10] Numerous very-short lived (VSL) compounds likely
contribute to Bry at the tropical tropopause [WMO, 2003].
Bromoform (CHBr3) levels as high as 1 ppt exist in the
tropical mid-troposphere [Schauffler et al., 1999; Sturges et
al., 2000] and this compound has the capacity to increase
Bry in the LMS by !2 ppt [Dvortsov et al., 1999].
Ethylene dibromide (C2H4Br2) has been measured to be

!1 ppt at the South Pole [Khalil and Rasmussen, 1985]
and !5.0 ppt in urban areas [Pratt et al., 2000], has
anthropogenic sources [Khalil and Rasmussen, 1985], and
has the potential to deliver significant amounts of Bry to
the tropopause. Decomposition products from C2H5Br,
CHBr2Cl, and C3H7Br provide a possible additional con-
tribution of !0.7 ppt to Bry

TROP [Pfeilsticker et al., 2000;
WMO, 2003]. These abundances, combined with the 2.3 ppt
from CH2Br2 and CH2BrCl and the possible !1 to 2 ppt
background BrO (albeit, this might be supplied by the
above mentioned species), are consistent with our 4 to 8 ppt
estimate for Bry

TROP based on measured BrO.
[11] The mechanism for supply of Bry to the tropopause

requires further study. Since HBr and HOBr are soluble, we
might expect inorganic species produced by the decompo-
sition of VSL biogenic compounds to rain out before
reaching the stratosphere. However, heterogeneous reac-
tions on tropospheric aerosol might liberate bromine back
to the gas phase, allowing for delivery of Bry derived from
these organic compounds to the stratosphere [Platt and
Hönninger, 2003].
[12] Many prior studies have examined the bromine

budget. Avallone et al. [1995] used airborne observations
of BrO and organic source gases to report a BrO/Bry ratio
of !40% compared to a calculated value of !55% based on
kinetics circa 1994. This result contradicts our findings in
that Bry inferred from their BrO would be smaller than Bry
from organics. However, they focused on data collected
above 19 km and north of 25!N, where the fractional
increase in Bry due to VSL species is relatively small.
[13] Pfeilsticker et al. [2000] found that an additional

3.1 ppt of bromine is needed to reconcile the budget based
on balloon-borne profiles of BrO and organic compounds.
Their formulation of Bry

org included a contribution of 2.6 ppt
from CnHmBryClx compounds. Had they used the WMO
definition of Bry

org, their budget discrepancy would have
been 5.7 ppt, consistent with our results.
[14] Sinnhuber et al. [2002] and Schofield et al. [2004]

reported good agreement between column BrO and values
found by the SLIMCAT model, for total model Bry equal to
20 and 21 ppt, respectively, reflecting a 5 to 6 ppt contribu-
tion from VSL species. Within SLIMCAT, decomposition of
CH3Br is a surrogate for supply of all stratospheric Bry.
Considering that CH3Br is shorter lived than halons in the
LMS and model Bry was increased by !30% relative to
WMO Bry, our results are generally consistent with these

Figure 4. Calculated change in column ozone relative to
1980 levels found using the AER model for Bry

TROP of 0, 4,
and 8 ppt (same line types as Figure 1) for 35–60!N (top)
and for 35–60!S (bottom) compared to observed trends in
column ozone (black dotted lines) [WMO, 2003]. Each
panel includes numerical values for the average of the
modeled and measured ozone depletion, from the start of
1980 to the end of 2000 (details in auxiliary material).

Figure 5. Fraction of odd oxygen loss by various catalytic cycles within the AER model at 47!N, March 1993, for model
runs with Bry

TROP of 0, 4, and 8 ppt (panels a–c, as indicated). d. Difference between the ozone profile at 47!N, March 1993
and the profile at 47!N, March 1980 for runs with Bry

TROP of 0, 4, and 8 ppt (same line types as Figure 1).
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Importance of very short lived Cly, 
Bry inputs to stratosphere 
 
Qs:  Balance between organic and 
other forms such as BrO, variability 
(e.g., ENSO). 
See also Carpenter and Liss, JGR, 2000; 
Solomon et al., JGR, 1994. 
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A fundamental feature of the Earth’s climate is the distinction between 
the tropical and extratropical regimes. However, the boundaries of the 
tropics are not uniquely defined and vary among scientific disciplines. 
In astronomy and cartography, the edges of the tropical belt are the 
Tropics of Cancer and Capricorn, at latitudes of ~23.5 degrees north 
and south, where the sun is directly overhead at solstice. They are 
determined by the tilt of the Earth’s axis of rotation relative to the 
planet’s orbital plane, and their location varies slowly, predictably 
and very slightly — by about 2.5 degrees latitude over 40,000 years. 
In climatology, on the other hand, there are several indicators of the 
boundaries of the tropics, and they do not all necessarily yield the 
same location. Moreover, their positions vary by much larger amounts 
and much more rapidly and unpredictably than the astronomically 
defined tropics.

Climatologists and geographers have traditionally defined the 
tropics using classification systems, notably that of Köppen1, based on 
surface temperature and precipitation patterns. Tropical temperatures 
are warm, and, except for the major monsoon regions, both seasonal 
and day-to-day changes are small compared with extratropical 
climates. Another important feature of the tropics is the prevalence 
of rain in the moist inner tropical regions near the equator, as distinct 
from the dry conditions in subtropical regions.

This precipitation pattern is largely determined by large-scale 
atmospheric wind patterns, known as the Hadley circulation, which 

manifests itself in several ways throughout the atmosphere, as 
depicted in Fig. 1. The ascending branch of the Hadley circulation, 
in equatorial regions, carries moisture into the air, promoting rainfall, 
whereas the descending branches, at the edges of the tropical belt, 
are notably drier. Within the Hadley circulation cell, atmospheric 
mass in the lower atmosphere moves towards the equator, whereas 
outside the cell it moves toward the poles. The latitude at which the 
net north–south flow is zero can be considered the poleward extent of 
the Hadley cell and therefore can be used to estimate the width of this 
tropical circulation. Within the tropical belt, surface winds generally 
blow from east to west, whereas in midlatitudes they blow from west 
to east and intensify upward from the surface to form the jet streams.

Two jets streams are identifiable in each hemisphere, although 
they are not always well separated. The subtropical jet, located at 
the poleward boundaries of the Hadley cell, is the more permanent 
feature, but the polar front (or eddy-driven) jet, at higher latitudes, 
is intimately connected with the former through dynamical 
processes2,3. Thus the distance separating the two subtropical jets 
on both sides of the equator is another measure of the boundaries of 
the tropics, and variations in that distance may be linked to aspects 
of the polar front jets.

Within the stratosphere, a major atmospheric flow pattern is the 
Brewer–Dobson overturning circulation, which consists of large-
scale upward motion in the tropics and descending motion at higher 
latitudes. This circulation system carries stratospheric ozone from 
the tropics poleward, resulting in higher ozone concentrations in the 
extratropics, allowing for an ozone-based demarcation of the width of 
the tropics. The tropopause, which separates the troposphere below 
from the stratosphere above, is higher over the tropics than elsewhere, 
and it, too, can serve to identify a distinctly tropical region.

Thus from various perspectives, climate scientists find clear 
distinguishing features of the tropics that can be used to estimate 
the width of this climatic zone. Several recent studies suggest that 

Widening of the tropical belt in a  
changing climate
Some of the earliest unequivocal signs of climate change have been the warming of the air and ocean, 

thawing of land and melting of ice in the Arctic. But recent studies are showing that the tropics are 

also changing. Several lines of evidence show that over the past few decades the tropical belt has 

expanded. This expansion has potentially important implications for subtropical societies and may lead 

to profound changes in the global climate system. Most importantly, poleward movement of large-

scale atmospheric circulation systems, such as jet streams and storm tracks, could result in shifts in 

precipitation patterns affecting natural ecosystems, agriculture, and water resources. The implications 

of the expansion for stratospheric circulation and the distribution of ozone in the atmosphere are 

as yet poorly understood. The observed recent rate of expansion is greater than climate model 

projections of expansion over the twenty-first century, which suggests that there is still much to be 

learned about this aspect of global climate change.
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the tropics have been expanding over the past few decades and 
that this widening may continue into the future in association with 
anthropogenic climate change. Such an expansion of the tropical 
belt could have broad scientific implications and societal impacts.

EFFECTS OF GLOBAL WARMING ON THE WIDTH OF THE TROPICAL BELT

According to the most recent assessment of the Intergovernmental 
Panel on Climate Change4, increases in greenhouse gases and other 
human-induced climate forcings would lead to warming of the 
troposphere (the lower atmosphere), cooling of the stratosphere, 
rise of the tropopause, weakening of tropical circulation patterns, 
poleward migration of midlatitude storm tracks, an increase in 
tropical precipitation, and other climatic changes. Many of these have 
already been seen in observations covering the last few decades or 
more5. Taken together, it is not obvious how these changes might 
relate to variations in the width of the tropical belt, and it is only 
recently that this question has received much attention.

As summarized in Box 1, several recent studies found that in 
climate model simulations the jet streams and the associated wind and 
precipitation patterns tend to move poleward under global warming. 
As the jet streams are indicators of the poleward limits of the tropics, 
this implies that the tropics will expand as the Earth warms. Based 
on these studies, it appears that climate forcings over the twenty-first 
century would be expected to lead to an expansion of the tropics by as 
much as 2 degrees latitude.

WIDENING OF THE TROPICAL BELT SINCE 1979

Remarkably, the tropics appear to have already expanded — during 
only the last few decades of the twentieth century — by at least the same 
margin as models predict for this century. Several recent studies, using 
independent datasets, show robust trends in different measures of the 
width of the tropical belt. Based on five different types of measurement, 
they find a widening of several degrees latitude since 1979.

Hudson et al.6 analysed satellite observations of atmospheric 
ozone concentrations, focusing on the well-known distinction 

Climate models are widely used to simulate the effects of natural 
and anthropogenic perturbations on climate. Although most 
attention has been paid to projected changes in temperature, 
precipitation, the cryosphere, and sea level, several recent studies 
have also investigated how the atmospheric circulation is altered 
under a changing climate. Some of these indicate that the tropical 
belt expands under global warming.
Listed here are some climate model studies with results consistent 
with a widening of the tropics:

Southern Hemisphere jet stream moves poleward under  
 global warming26.

Stratospheric cooling intensifies the stratospheric  
 polar vortex and induces a poleward shift of   
 tropospheric jets27,28.

Midlatitude storm tracks shift poleward under global  
 warming, particularly in the Southern Hemisphere29,30.

Stratospheric cooling leads to a lifting of the tropopause,  
 which causes poleward movement of tropospheric  
 jet streams17,18.

Specific anomalies in sea surface temperatures lead to a  
 poleward shift of the zonal mean    
 atmospheric circulation15,16.

During the twenty-first century, global warming will  
 shift the boundaries of the Hadley circulation and  
 subtropical dry zone poleward, and it will decrease  
 precipitation and soil moisture in the subtropics14,22.

Under the most extreme warming scenario (the A2 scenario4), 
the model projected mean change is about two degrees latitude 
over the course of the twenty-first century, with a wide range of 
predictions from individual models. Surprisingly, this widening 
is smaller than the expansion that observations indicate has 
already taken place during the past 25 years (See Fig. 2).

Analysis of predicted twenty-first century changes suggests 
that the decadal time-scale variability of the width of the 
tropical belt alone is probably not large enough to explain the 
trends observed over the past quarter century. In a sample of 
40 100-year projections by 16 climate models, under the A2 
scenario, widening over 25-year periods has a mean value of 
0.5 degrees latitude, exceeds 2 degrees in only 3% of the cases, 
and never exceeds 2.75 degrees (C. M. Johanson, personal 
communication). Similar inconsistency has been noted between 
observed and model-projected trends in a related feature of 
the climate system, Northern Hemisphere sea-level pressure 
patterns31. However, those predictions are from models that do 
not represent stratospheric processes and interactions between the 
stratosphere and troposphere well, which may play an important 
role in the observed recent changes. Reducing uncertainties 
associated with these trend estimates will require not only more 
refined observations and better models, but also a more complete 
understanding of the processes responsible for the simulated and 
observed expansion and its drivers. Ultimately, this will improve 
predictions of future climate change.

Box 1 Climate model projections of expansion of the tropics

Jet stream
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Moist/

cloudy regions

Low 
tropopause

High 
tropopause

High
ozone

Low
ozone

Hadley
 circulation

Brew
er–Dobson 

circulation

Midlatitude westerlies

Tropical easterliesLow outgoing longwave radiation

Figure 1 What climatological features distinguish the tropics? Some of the 
atmospheric structure, circulation, and hydrological features shown in this schematic 
diagram of the Earth have moved poleward in recent decades, indicating a widening 
of the tropical belt and the Hadley circulation.
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between the tropical regions, where total column ozone concentration 
is relatively low, and extratropical regions, where it is higher. In an 
effort to distinguish chemical and meteorological effects on ozone 
trends, they demonstrated that 1979–2003 trends in total column 
ozone in the Northern Hemisphere are partly due to trends in the 
relative area of the tropics, midlatitudes and polar regions, as defined 
meteorologically. As shown in Fig. 2, their analysis indicates that the 
area of the Northern Hemisphere occupied by the tropical region, as 
defined by ozone values, grew during the 25-year period at a rate of 
1 degree latitude per decade (or a net widening of about 2.5 degrees 
in the Northern Hemisphere part of the tropics).

From analysis of a completely independent set of satellite-based 
microwave observations of atmospheric temperature, Fu et al.7 
inferred tropical-belt widening for the period 1979–2005. Noting 
that stratospheric cooling and tropospheric warming trends are 
stronger in the 15–45 degree latitude belts of both hemispheres, they 
invoked dynamical and thermodynamical arguments to suggest 
that, unless compensated by surface pressure changes, the shape of 
tropospheric pressure surfaces would change in such a way as to 
shift the jet streams of both hemispheres poleward. They estimate a 
net widening of the tropical belt of about 2 degrees latitude, which 
is about half of the ozone-based estimate made by Hudson et al.6 for 
the Northern Hemisphere alone.

A third approach, by Seidel and Randel8 used tropopause height 
changes in the subtropics to estimate changes in the width of the 
tropics. Radiosonde (weather balloon) and reanalysis (observations 
assimilated into, and analysed by, an atmospheric model) data both 
show that the height of the tropopause has a bimodal distribution in 
subtropical latitudes, but not within the tropics or the high latitudes. 
Defining the tropics as the region of frequent high (> 15 km) 
tropopause, they report an expansion of 5 to 8 degrees latitude 
during 1979–2005, with the Southern Hemisphere showing a more 
longitudinally consistent trend than the Northern Hemisphere. 
Reichler and Held (presented at the American Meteorological 
Society Conference on Climate Variability and Change, 2005) found 
consistent results in other aspects of the tropopause.

Using two other types of observations, Hu and Fu9 also found a 
widening of the tropical Hadley circulation system, and estimate its 
magnitude as 2 to 4.5 degrees latitude during 1979–2005. They used 
atmospheric reanalysis data to locate the latitude of zero net wind 
flowing in a north–south direction. They also used satellite observations 
of outgoing longwave (infrared) radiation emitted by the Earth (which 
is strongly dependent on cloud cover and atmospheric water vapour) 
to find the dry subsidence regions at the edges of the Hadley cells. Both 
methods showed robust evidence of tropical belt expansion.

In addition to this poleward expansion of the tropical belt, its 
height, as measured by the height of the tropical tropopause, has 
also increased, by some tens of metres over the past few decades10–12. 
The overall three-dimensional growth of the atmospheric volume of 
the tropical belt is roughly 5%.

OUTSTANDING RESEARCH QUESTIONS

These findings are intriguing and raise a number of questions 
for further research. As summarized above, there are differences 
among the various observational estimates of widening trends 
which have not been examined. These differences might be due to 
a decoupling of the physical processes involving different measures 
of the width of the tropics, or they may be reconcilable in terms of 
observational uncertainty. Regional and seasonal characteristics of 
the widening have not been explored in any detail. The observed 
widening appears to have occurred faster than climate models 
predict in their projections of anthropogenic climate change. What 
does this tell us about the ability of models to simulate the processes 
responsible for the observed changes? To explain this difference 

will require a more nuanced understanding of the nature of the 
widening and its causes.

There are other indicators, some as yet unexamined, of the width of 
the tropical belt. For example, other aspects of the hydrologic cycle (in 
addition to clouds) may be helpful in delineating the tropical belt and 
finding evidence of changes in its width. These include atmospheric 
water vapour, which may have a sharp gradient at the edge of the 
tropics13, precipitation, and the location of the ‘zero-crossing’ of 
precipitation minus evaporation fields14. Aspects of the tropospheric 
wind field could be examined in more detail, including the boundary 
between the tropical easterlies and midlatitude westerlies, the position 
of the axis of the subtropical jet streams, and the location of maximum 
surface westerlies. Stratospheric circulation (the Brewer–Dobson 
circulation) may show evidence of changes in the tropics and may 
give indications of linkages between stratospheric, tropospheric and 
tropopause changes. Aspects of changes in atmospheric radiation 
fields might be usefully explored to determine whether the expansion 
is related to changes in atmospheric composition.

Indeed, considerable uncertainty surrounds the mechanisms 
causing the observed widening of the tropics and, specifically, of 
the Hadley circulation. Some possibilities include: internal low-
frequency climate variability; stratospheric ozone depletion; warming 
of sea surface temperatures15; a change in the vertical temperature 
structure of the troposphere14,16; and an overall increase in tropopause 
height10,17–19. Other potential, still unexplored, mechanisms include 
changes in the El Niño Southern Oscillation system20, stratospheric 
climate changes, and changes in the characteristics of extratropical 
weather systems and ocean currents and how they redistribute heat 
and moisture from the tropics into the higher latitudes21.

WORLDWIDE IMPLICATIONS

The edges of the tropical belt are the outer boundaries of the 
subtropical dry zones (Fig. 1) and their poleward shift could lead 
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Figure 2 Changes in several estimates of the width of the tropical belt since 
1979. These include: the width of the Hadley circulation, based on both outgoing 
longwave radiation and horizontal winds streamfunction10; the separation of the 
Northern and Southern Hemisphere subtropical jet-stream cores; the width of the 
region of frequent high tropopause levels8; and the width of the region with tropical 
column ozone levels (Northern Hemisphere only, right axis, ref. 6). Although each 
shows an increase since 1979, the rates vary from 2.0 to 4.8 degrees latitude per 
25 years, with an even larger range when considering the entire spread of trend 
estimates in each individual study.



Volcanic forcing of climate over the past 1500 years:  
A key index for climate models 

Gao et al., Journal of Geophysical Research: Atmospheres 
Volume 113, Issue D23, D23111, 13 DEC 2008 DOI: 
10.1029/2008JD010239 
http://onlinelibrary.wiley.com/doi/10.1029/2008JD010239/full#jgrd14895-fig-0008 
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What about 
since 
Pinatubo? 

Large 
tropical 
eruptions, 
injected 
material 
directly into 
stratosphere 
…is that 
what it takes 
to influence 
climate? 

Pinatubo 



20N-20S altitude versus time slice Vernier et al., GRL, 2011 
Solomon et al., Science, 2011 

Input of volcanic material post 2000 from a ‘swarm’ of volcanoes 



Standard climate models (e.g. CMIP5) had incorrect forcing.  Volcanic contribution to 
the hiatus estimated at -0.05°C, about 1/3 of the effect (Solomon et al., Science, 2011). 
Contribution between tropopause and 15 km also important (Ridley et al., GRL, 2015). 
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Overarching conclusion:  on decadal timescales, different forcing agents 
need to be considered.   The stratosphere plays an important role on shorter 
time scales in particular. 



Some closing thoughts 
 
Why we care about the tropical UTLS:  key roles of  tropical 
H2O, volcanoes, and O3 in the climate system, the 
importance of ozone itself for tropical UV, VSLS and ozone, 
tropical widening (if it is real), and more 
 
Closing remarks:   How can we better address decades-old 
and new challenges?  What new tools do we have and how 
could we use them to address H2O and O3 changes, drivers, 
and climate impacts?   How can we better quantify sulfur 
inputs (background and volcanic)?   Understanding of cirrus 
clouds?   

stratosphere in the tropics can be
clearly identified using the O3 and H2O
relationship. The results also show that
the transition layer so identified is well
correlated with the proposed TTL using
the thermal definition [Gettelman and
de F. Forster, 2002].

The main goal of this study, however,
is not about providing another set of
TTL boundary definition but to better
understand the two existing
conceptual models of TTL. The
consistency between the tracer-
identified transition layer and the
thermal definition demonstrates that
the transition from convectively
dominated tropical upper troposphere
to radiatively dominated tropical lower
stratosphere is reflected in not only the
temperature and static stability profiles
but also the chemical composition

profiles. Figure 12 provides a schematic that highlights the key elements in this finding. These results
furthermore suggest that the TTL so defined is a physically measurable layer and validate the controlling and
maintenance mechanisms proposed by Thuburn and Craig [2002] in model studies.

This consistency of the chemical tracer-based transition layer with the thermal definition of the TTL does
not invalidate the mass-flux definition of the TTL, which emphasizes the role of the TTL as a transport
boundary. This exercise does, however, indirectly demonstrate the difficulty of connecting the mass-flux
TTL with direct measurements, since the mass-flux TTL boundaries are not defined using local and
instantaneous variables.

The results of this work also serve to connect the tropical transition layer (TTL) and the extratropical transition
layer (ExTL). The combined analyses using tracer-tracer relationship and the dynamical boundaries have
shown that in the extratropics, the thermal tropopause marks the center of the ExTL [Gettelman et al., 2011]. It
is interesting to see that in the tropics, the similarly identified transition layer is associated with two
dynamical boundaries: The CPT (a thermal definition of the tropical tropopause) marks its upper boundary
and the LMS marks its lower boundary. This difference adds to the understanding that there are significant
differences between the tropics and the extratropics in what processes control the transition from
troposphere to stratosphere.

In this work, we used the O3-H2O relationship because this tracer pair is available from balloon soundings that
cover a sufficient vertical range of lower stratosphere, which is necessary for identifying background
stratosphere in the tropics. It would also be beneficial to examine other tracer pairs, such as the O3-CO
relationship. Since H2O has a significant sink in the tropopause region (dehydration), it would be interesting
to see what new insight the O3-CO pair may provide. Currently, high-resolution O3-CO profile measurements
in tropical UTLS are difficult to obtain. Future campaigns with new instrument technology and new platforms,
including unmanned aerial vehicles, may make this analysis possible.

Using the Kunming measurements, we have shown that the transition layer in the ASM region shares
similarities with that in the deep tropics, i.e., the tracer-identified transition layer in this region is also
bounded by the CPT from above and the LMS from below. This result indicates that the UTLS chemical
structure in the ASM region is tropical-like, as opposed to the extratropical UTLS structure where the
transition layer (ExTL) is centered at the tropopause [Gettelman et al., 2011]. The transition layer over ASM is
centered at a higher potential temperature. This higher level of ASM transition layer is consistent with
previous analyses [Highwood and Hoskins, 1998; Dethof et al., 1999] that suggest the ASM as an alternative
transport pathway for water vapor and tracers to enter tropical stratosphere. How this pathway competes

Figure 12. Schematic of TTL based on the thermal structure and chemical
tracer relationships. The schematic highlights the change of O3 and H2O at
the two critical levels in the thermodynamic structure—O3 begins to
depart from its tropospheric background value at the LMS, and H2O
reaches its stratospheric background value near the CPT. The transitional
air masses, as identified by the tracer-relationship, are well correlated with
the LMS and the CPT.
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Figure S1: As for Figure 1 in the main text, but plotted using a start date of January 1985393

rather than January 2000. This illustrates the large climate signals of two late-20th century394

volcanic eruptions (Nevado del Ruiz and Pinatubo).395
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Tropical “Tape Recorder” • Dryness of the 
stratosphere and 
implication that most air 
enters in the tropics 
dates to Brewer (1949) 
 
• Concept of a tape 
recorder introduced by 
Mote et al. in 1990s 
 
• Cold tropical 
tropopause  introduces 
seasonally very dry air, 
esp. in the ‘warm pool’ 
region; often called cold 
point or dehydration 
region 
 
• Some wet air comes in 
seasonally, including in 
the monsoon region 



GRL, 2015. 

Importance of waves 

“waves in the tropical tropopause 
layer lower cold point temperature 
by 1.6 K on average relative to the 
seasonal mean” 

Q:  Role of waves at various 
time/space scales for water 
vapor transport? 

4. Results
4.1. Wave Impacts From Different Frequencies

The direct wave impact can also be understood with Fourier-decomposed temperature perturbations in
Figure 2. The colors indicate temperature perturbations of radiosonde temperatures at Majuro for December
2012 to February 2013. The perturbations are calculated at each vertical grid. Black lines correspond to cold
point tropopauses, and mean values of CPT are displayed on the figures. Higher-frequency waves are

Figure 2. Time-height sections of temperature anomalies for December 2012 to February 2013 at 171°E, 7°N from Majuro
radiosonde observations. The horizontal thick black curve indicates the cold point tropopause. Higher-frequency waves are
gradually added from Figures 2a–2e. (a) Mean temperature anomalies (zero by definition). Fourier-filtered temperature
anomalies including wave periods longer than (b) 30 days, (c) 10 days, and (d) 3 days. (e) All waves observed by the
radiosonde are included. The mean CPT temperature for each case is listed on the bottom of each panel.

Geophysical Research Letters 10.1002/2014GL062737
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Direct impacts of waves on tropical cold point
tropopause temperature
Ji-Eun Kim1,2 and M. Joan Alexander2

1Department of Atmospheric and Oceanic Sciences, University of Colorado, Boulder, Colorado, USA, 2NorthWest Research
Associates, CoRA Office, Boulder, Colorado, USA

Abstract Cold point tropopause temperature is a key regulator of cirrus clouds and stratospheric water
vapor, which have significant impacts on the Earth’s radiation budget and climate. Using tropical radiosonde
observations, we show that waves in the tropical tropopause layer lower cold point temperature by 1.6 K on
average relative to the seasonal mean. Furthermore, wave activity in the tropical tropopause layer has not
been constant over the last 2.5 decades, altering themagnitude of the wave impacts on cold point temperature
at a decadal scale. The change in the direct wave impact is partially (~20–30%) responsible for the sudden
decrease in cold point temperature and stratospheric water vapor at the end of 2000, which has not been fully
explained by changes in the Brewer-Dobson circulation. We further show that these wave impacts are not well
represented in reanalysis data.

1. Introduction

The tropical tropopause layer (TTL) can be considered a gateway of air from the troposphere to the stratosphere.
When air passes through this very cold gateway, cloud formation and subsequent washout of soluble species
filter out many important atmospheric constituents such as water vapor and very short lived substances [Brewer,
1949; Levine et al., 2007; Fueglistaler et al., 2009; World Meteorological Organization, 2011]. These gases have
important impacts on stratospheric chemistry and radiation by affecting ozone abundances [Solomon et al.,
1986; Dvortsov and Solomon, 2001]. Furthermore, stratospheric water vapor itself has significant influences on
surface climate [Forster and Shine, 1999, 2002; Dessler et al., 2013]. Solomon et al. [2010] has shown that the
10% decrease in stratospheric water vapor at the end of 2000 contributed to slowing the rate of global surface
warming by about 25% compared to what was expected only by increased well-mixed greenhouse gases.
Stratospheric water vapor content is strongly correlated with cold point temperature (CPT) in the TTL [Randel
et al., 2004; Fueglistaler and Haynes, 2005]. Observations show that a sudden drop in CPT also occurred
around the same time as the sudden drop in stratospheric water vapor [Randel, 2010; Randel and Jensen,
2013]. These studies underline the importance of understanding mechanisms regulating CPT as a key to
understanding stratospheric water vapor and its impact on global climate.

The mean temperature structure of the TTL is determined by radiation, convection, and adiabatic cooling
due to upwelling [Highwood and Hoskins, 1998; Sherwood and Dessler, 2000; Gettelman and Forster, 2002;
Fueglistaler et al., 2009; Fu, 2013]. Indeed, studies have found that the sudden drop in CPTand stratospheric water
vapor around the year 2000 is associated with an increased eddy forcing [Randel et al., 2006; Fueglistaler, 2012],
indicating stronger mean tropical upwelling as a part of the Brewer-Dobson circulation. However, Fueglistaler
et al. [2013] pointed out that model calculations of stratospheric water vapor near the tropical tropopause
based on reanalysis data and a wide range of available homogenized monthly mean temperature data
sets all reveal problems capturing the decadal-scale changes, particularly the change following the year
2000, when compared to Halogen Occultation Experiment (HALOE) v19 water vapor. These results suggest
that there might be an additional cause for the decadal change in stratospheric water vapor that is not
well represented in reanalyses or other monthly mean temperature data.

Here rather than looking at changes in the mean, we consider changes in variability from observations in
the tropical western Pacific where CPT has a global minimum [Holton and Gettelman, 2001; Fueglistaler et al.,
2004; Kim and Son, 2012]. Temperature fluctuations by waves give additional cooling to aminimum temperature
at a given time. That is, CPT is directly modulated by vertically propagating waves regardless of any changes
in the mean upwelling. We call this the “direct” impact of waves on CPT to differentiate from the “indirect”
impact of wave-driven upwelling and cooling of the mean TTL temperature. The direct wave impact has been
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Many different water vapor datasets, 
one story:  a marked change after 2000

Water Vapor
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• Change in tropical transport is also suggested by ozone data 
 
• Limited data before the mid-1990s suggest increasing H2O up to 2000 



Dhomse et al.: Water Vapor and  Eddy Heat Flux 

-> What about extratropical wave driving…? 



Recent Tropical Pacific Temperatures, 
SSTs, and related 

Relationship 
between 
colder cold 
points and 
SSTs in the 
western 
Pacific; 
Rosenlof and 
Reid; 
Dameris and 
Deckert; and 
others…. 



Observed changes in stratospheric water

The structure of the obsvd change in H2O (1996-2000 
versus 2001-2004) shows its origin in the tropics (this 
is not from methane oxidation) Solomon et al., 2010 



Independent 
instruments, 
same basic 
outcome 
Significant 
effects from 
eruptions 
previously 
neglected. 
 
Upward 
transport is 
important. 

Vernier et al., GRL, 2011 

?? 



Several recent eruptions influenced stratospheric aerosol 

Latitude versus time slice in lower stratosphere  

Low latitudes 

Solomon et al., Science, 2011 

High latitude 
summer 
eruptions can 
spread to fill 
hemisphere 



500 mbar 

50 mbar 

Interlude:  Models and reality B. D. Santer et al. 42

Figure 4: Santer et al.

B. D. Santer et al. 42

Figure 4: Santer et al.

Stratosphere     Upper Trop       Mid Trop         Lower Trop 

From 
Santer et 
al., PNAS, 
2013. 



Santer et al., GRL, 2014 

“Moving window” correlations between 60-
month segments of SAOD and temperature



Statistical significance of volcanic climate signals in the 
tropics (20°N-20°S)   

Santer et al., GRL, 
2014
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Santer et al., GRL, 
2014



Statistical significance of volcanic climate signals in the 
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Preview 
of 

literature  

Schmidt et al. Nature 
Geoscience commentary on 
Santer et al. 2014 
 
“Climate models projected 
stronger warming over the 
past 15 years than has been 
seen in observations. 
Conspiring factors of errors in 
volcanic and solar inputs, 
representations of aerosols, 
and El Niño evolution, may 
explain most of the 
discrepancy.” 

NATURE GEOSCIENCE | VOL 7 | MARCH 2014 | www.nature.com/naturegeoscience 159

commentary

taken into account in these simulations. 
Specifically, the influence of volcanic 
eruptions, aerosols in the atmosphere 
and solar activity all took unexpected 
turns over the 2000s. The climate model 
simulations, effectively, were run with the 
assumption that conditions were broadly 
going to continue along established 
trajectories. Additionally, the exact phasing 
of any natural fluctuations will not be 
captured in any specific model.

Updated estimates of climate drivers
To test this hypothesis, we have collated 
up-to-date information on volcanic aerosol 
concentrations, solar activity and well-
mixed greenhouse gases in the 1990s and 
2000s (Box 1). These updates include both 
newly observed data and also reanalyses 
of earlier 1990s data on volcanic aerosols 
based on improved satellite retrievals. 
Comparing the updated information 
with the data used in the CMIP5 climate 
model simulations (Fig. 1a) suggests that 
in the mid-1990s, cooling factors were 
overestimated (largely an effect of an 
overestimate of the stratospheric aerosol 
optical depth in the wake of the Mount 
Pinatubo eruption), making the models 
cooler than the real world. Conversely, in 
the 2000s, multiple cooling factors were 
underestimated, so the real world would 
be expected to have been cooler than in 
the models.

We estimate how simulated global 
mean surface temperature would have 
been different in the CMIP5 runs if two 
effects had been included: first, if ENSO 
in each model had been in phase with 
observations, and second, if the ensemble 
mean were adjusted using results from a 
simple impulse-response model5 with our 
updated information on external drivers 
(Fig. 1b). We find that this procedure 
reduces the differences between observed 
and simulated temperatures by a factor 
of 3. We conclude that the coincident 
underestimates of cooling factors in the 
2000s — that is, of volcanic aerosols, 
solar irradiance and effects of human-
made aerosols — have combined to bias 
the model ensemble. According to this 
estimate, about a third of the difference 
between simulated and observed trends 
(in the GISTEMP analysis6) between 
1997 to 2013 is a result of underestimated 
volcanic emissions; about one-seventh of 
the discrepancy comes from overestimates 
of solar activity and differences in ENSO 
phasing between climate models and 
the real world; and just under a quarter 
could be related to human-made aerosols. 
These estimates leave only a small residual 
between models and observations that 

can be easily accounted for by internal 
variability unrelated to ENSO, or to any 
further misspecifications of external 
influences. In comparison to an alternative 

temperature analysis7 the observed 
trend matches the adjusted simulated 
temperature increase even more closely 
(Fig. 1b).
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Figure 1 | Updated external influences on climate and their impact on the CMIP5 model runs. a, The 
latest reconstructions of optical depth for volcanic aerosols9,10 from the Mount Pinatubo eruption in 
1991 suggest that the cooling effect of the eruption (1991–1993) was overestimated in the CMIP5 runs, 
making the simulated temperatures too cool. From about 1998 onwards, however, the cooling effects 
of solar activity (red), human-made tropospheric aerosols (green) and volcanic eruptions (pink) were 
all underestimated. WMGHG, well-mixed greenhouse gases. b, Global mean surface temperature 
anomalies, with respect to 1980–1999, in the CMIP5 ensemble (mean: solid blue line; pale blue 
shading: 5–95% spread of simulations) on average exceeded two independent reconstructions from 
observations (GISTEMP Land–Ocean Temperature Index (LOTI)6, solid red; HadCRUT4 with spatial 
infilling7, dashed red) from about 1998. Adjusting for the phase of ENSO by regressing the observed 
temperature against the ENSO index11 adds interannual variability to the CMIP5 ensemble mean 
(dashed blue), and adjusting for updated external influences as in a further reduces the discrepancy 
between model and data from 1998 (black). The adjusted ensemble spread (dashed grey) clearly 
shows the decadal impact of the updated drivers. As an aside, we note that although it is convenient 
to use the CMIP5 ensemble to assess expected spreads in possible trends, the ensemble is not a true 
probabilistic sample.
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