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In the tropics, temperatures decrease with height from the sur-
face up to an altitude of around 17  km, and then increase at 
higher altitudes in the stratosphere. The temperature minimum 

is termed the cold-point tropopause. The troposphere (altitudes 
below 17 km) is characterized by regions of persistent strong con-
vection over continents and the western Pacific Ocean, and the 
overall thermal structure is mainly determined by large-scale radi-
ative–convective equlibrium. Deep convection drives the general 
circulation of the tropical troposphere, and controls transport of 
energy and water vapour as well as other trace constituents in the 
climate system. Strong tropical convection, which covers approxi-
mately 10% of the tropics at any given time, is characterized by 
inflow at low levels, rapid vertical transport and outflow near alti-
tudes 12–14 km (ref. 1). Less frequent intense convection can reach 
altitudes of the cold-point tropopause or beyond2–4, although the 
contribution of such high-reaching convection to the global mass 
flux into the stratosphere is believed to be rather small. Thermal 
structure above the well-mixed troposphere is primarily deter-
mined by radiative–dynamical balance; absorption of solar ultra-
violet light by stratospheric ozone accounts for the temperature 
increase above 17 km. The region between the top of strong con-
vective outflow near 12–14 km and altitudes near 18 km (where 
the last overshooting convective towers occasionally reach) has 
physical and chemical characteristics midway between the trop-
osphere and stratosphere, and is termed the tropical tropopause 
layer (TTL)5 (Fig. 1a). There are alternative specific definitions of 
the TTL (refs  6,7), but they all capture the same key feature of 
transition from convective to radiative regimes.

There is a large-scale mean upward circulation within the upper 
TTL above approximately 15 km, which influences temperatures 
and composition. This upwelling is dynamically driven by large- 
and small-scale waves originating in the extratropics as well as the 
tropics (Fig.  1b). This mean circulation maintains temperatures 
well below radiative equilibrium, and the TTL is the coldest region 
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in the atmosphere (below 50 km) outside of the polar winter strat-
osphere. The mean upward circulation is also responsible for the 
primary transport of air from the troposphere to the stratosphere, 
forming the tropical component of the mean overturning circula-
tion in the stratosphere, termed the Brewer Dobson circulation. 
Hence the TTL provides the physical and chemical boundary con-
ditions for air entering the global stratosphere. Dramatic evidence 
of this behaviour is provided by observations of stratospheric 
water vapour: air transiting the TTL is substantially dehydrated on 
passing the cold tropical tropopause, leading to the extreme dry-
ness (just a few ppm of water vapour) of the global stratosphere8. 
Because tropopause temperatures have a strong annual cycle, 
there is a resulting seasonal cycle in stratospheric water vapour 
imposed near the cold point, which propagates upwards into the 
stratosphere with the mean upwelling circulation (the so-called 
stratospheric tape recorder9).

There is frequent quasi-horizontal two-way exchange between 
the TTL and the extratropical lower stratosphere in both hemi-
spheres, influencing composition in all regions. Rapid transport 
from the tropics to middle latitudes occurs above the subtropical 
jets (Fig. 1a). This transport is especially evident in lower strato-
sphere water vapour (Fig. 2), as air dehydrated in the tropics dur-
ing boreal winter transits to extratropics in both hemispheres10. 
Enhanced poleward transport events are often associated with 
intrusions of tropical air and a secondary tropopause over sub-
tropics and middle latitudes11,12. Evidence of transport into the 
tropics is apparent in tracers with stratospheric origin (such as 
ozone or HCl; ref. 13) that are observed within the deep tropics; 
this transport seems largest in the Northern Hemisphere during 
boreal summer14, probably tied to monsoonal circulations15.

The high, cold region of the TTL has a disproportionately 
large influence on global climate through several processes. High-
altitude thin cirrus clouds and convective anvils are ubiquitous 
features of the TTL (refs 16,17), with strong feedbacks on tropical 
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radiative balances18. Near-continuous observations of cirrus clouds 
by space-based lidar since 200619 have provided improved under-
standing of large-scale structure17,20 and variability, showing that 
TTL cirrus are closely coupled to well-known modes of tropical 
circulations such as the Madden-Julian oscillation and El  Niño/
Southern Oscillation21,22.

Atmospheric radiative fluxes are especially sensitive to tem-
peratures and water vapour concentrations in the tropical upper 
troposphere23. Theoretical arguments suggest that the altitude of 
tropical deep convective outflow is closely coupled to radiative 
balances in the TTL (ref. 24), so that TTL processes can influence 
convective outflow and the equilibrium tropospheric circulation25. 
Further, the TTL chemical composition has fundamental impor-
tance for chemical behaviour of the stratosphere, and for global 
ozone in particular; for example, halogen species contributing to 
stratospheric chemical ozone loss cycles must transit through the 
TTL. For these reasons, understanding the detailed circulations 
of the TTL and capturing the underlying physics in chemistry–
climate models is of key importance. However, the complexity 
of the region, involving transition from convective to radiatively 
controlled regimes, with a combination of large- and small-scale 
circulations and complex cloud and radiative behaviour, makes 
comprehensive modelling of this region a daunting challenge.

Dynamics of tropical upwelling, the annual cycle and tracers
The large-scale mean upwelling circulation in the TTL is forced by 
the action of atmospheric waves originating primarily outside of 
the tropics, such as mid-latitude weather systems or high latitude 
stratospheric planetary waves. Extratropical disturbances tend 
to propagate towards low latitudes during their life cycles, and 
the dissipation of waves through mechanical or thermal damp-
ing produce mean poleward motions in the stratosphere which 
induce upwelling over tropical latitudes (Fig. 1b). Because of the 
dynamical balances inherent to large-scale atmospheric circula-
tions, tropical upwelling for slow time scales such as the seasonal 
cycle or long-term interannual trends is most effectively forced by 
wave dissipation in the subtropics26,27. In contrast, faster variability 
such as week-to-week changes can be effectively forced by high-
latitude waves. The importance of subtropical wave forcing has 
been emphasized in recent studies focused on the annual cycle28, 
enhanced upwelling during El Niño events29 and the response to 
climate change30,31.

The annual cycle within the TTL is especially interesting, 
with an approximate factor-of-two variation in the strength of 
upwelling and temperature changes of up to 8 K in the lower strat-
osphere, with faster upwelling and colder temperatures during 
boreal winter. The annual cycle in temperatures occurs exclusively 
above 15  km; there is almost zero seasonal variation in tropical 
temperatures below this level. It was originally proposed that the 
tropical annual cycle was a response to the annual cycle of strato-
spheric planetary wave forcing in winter–spring high latitudes, 
especially the large Northern Hemisphere peak during December–
March32,33. However, owing to improved dynamical understand-
ing of slow time scales, more recent analyses of the annual cycle 
have focused on the importance of extratropical waves dissipating 
in the subtropics34–36. It also seems that planetary waves gener-
ated within the tropics by deep convection contribute to forcing 
mean upwelling28,37–39. However, the details of how these different 
mechanisms contribute to stronger upwelling during boreal win-
ter, driving the annual cycle in temperatures and tracers, remain 
to be clarified.

An important consequence of the TTL upwelling is the verti-
cal transport of trace constituents. This is especially important for 
ozone, which has a strong vertical gradient across the TTL owing to 
photochemical production in the stratosphere. The annual cycle in 
upwelling produces a large variation in lower stratospheric ozone, 
of up to a factor of two near the tropopause, which is approxi-
mately in phase with temperatures. Recent work has emphasized 
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Figure 1 | Schematic of the large-scale structure and circulation of the TTL 
in the latitude–height plane. The influence of tropical deep convection and 
interactions with other regions of the atmosphere are highlighted. The solid 
line in the tropics near 17 km indicates the cold-point tropopause, and the 
dotted lines denote the extratropical tropopause. Contours represent the 
zonal average winds, and the wriggled lines highlight two-way transport 
between the TTL (blue region) and extratropics. The upward arrow across 
the tropical tropopause indicates the large-scale upwelling associated with 
the Brewer-Dobson circulation. The latitude scale is proportional to area 
(weighted by cos (latitude)). b, Large-scale dynamical structure of the zonal 
mean atmosphere, highlighting the propagation of tropical and extratropical 
waves (denoted by arrows) that dissipate in the subtropics (red regions), 
inducing polewards motion in the subtropical lower stratosphere and time 
mean upwelling within the TTL.

Figure 2 | Satellite observations of water vapour in the lower stratosphere 
demonstrate the transport of air from the TTL to high latitudes. Air is 
dehydrated near the cold-point tropical tropopause over latitudes 20° N–S, 
with a strong annual cycle related to minimum tropical temperatures during 
the boreal winter season. This dehydrated air is effectively transported to 
middle and high latitudes in both hemispheres; note that the interannual 
changes in tropical water vapour are reflected at higher latitudes. The boreal 
summer maxima are related to monsoonal circulations. These data (for the 
390 K potential temperature level) are from the Aura MLS instrument.
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the positive feedback of these ozone variations on lower strato-
sphere temperatures, both for the annual cycle40 and for long-term 
trends41. A further mechanism for ozone variability in the TTL 
is transport from the extratropics, especially circulations tied to 
the Asian summer monsoon anticyclone. Some recent calculations 
point to this in-mixing as a potentially dominant cause of the trop-
ical ozone annual cycle42–43.

Transport pathways and convective influences
The dominant pathways by which air enters the TTL are via deep 
convection and three-dimensional transport from circulations 
that vary both regionally and seasonally. Global models resolve 
the large-scale tropical circulations44, with unresolved convective 
transport effects incorporated through parameterizations. More 
detailed simulations of transport can be made using three-dimen-
sional trajectory calculations based on analysed meteorological 
fields, incorporating convective effects by tracking intersections 
with observed convective systems (based on satellite informa-
tion45,46). Although most convective detrainment occurs near the 
base of the TTL below ~14 km, extreme overshooting convection 
can reach the tropopause or even higher47. These extreme convec-
tive systems are most likely to directly impact stratospheric com-
position for two reasons. First, large-scale vertical motions are 
generally upward in the upper TTL above ~15 km, and downward 
below this level48. Hence, detrainment from typical convection 
at 12–14 km will generally descend back into the middle tropo-
sphere, whereas air detrained from extreme convective events will 
more likely make its way upwards to the stratosphere. Second, 
very short-lived species affecting ozone concentration (such as 
bromoform), with a lifetime of several weeks, are more likely to 
survive the rapid trips to the stratosphere permitted by extreme 
convective events49,50. Trajectory analyses have shown that convec-
tion extending high enough to allow transport upwards into the 
stratosphere occurs primarily over relatively limited geographical 
regions: the southern continents and the western Pacific in boreal 
winter, and the Indian subcontinent in the summer46.

There has been persistent speculation that intense deep convec-
tion overshooting the cold point may affect stratospheric humidity 
directly, thereby decoupling stratospheric water vapour concen-
tration from the tropical tropopause temperature. Modelling stud-
ies51 suggest that plentiful small ice crystals in convective updrafts 
are likely to prevent detrainment of very dry air from convec-
tive overshoots, as hypothesized by Sherwood and Dessler52. 
Moreover, no observational evidence of stratospheric dehydration 
by overshooting convection has been identified53. The in situ meas-
urements do provide anecdotal evidence of convective hydration 
well into the lower stratosphere2,53,54, and the observed enrichment 
of water vapour isotopes in the lower stratosphere55,56 is consistent 
with detrainment of ice from overshooting convection57.

Quantification of the global impact of isolated convective 
hydration events on TTL and stratospheric humidity has proved to 
be challenging. Cloud-resolving model simulations of particular 
convective systems suggest the possibility of significant localized 
moistening of the stratosphere58, but it is not clear how to extrapo-
late these results to the global scale. Trajectory analyses including 
convective injection generally suggest that this process is, at most, 
of second order importance in comparison with dehydration of 
air crossing the cold-point tropopause45,59,60, although perhaps this 
mechanism is more important in isolated regions, such as near 
extreme continental convection3. Pommereau et al.61 argued that 
the contrast between lower stratospheric composition over land 
and oceanic regions suggests significant global impact of over-
shooting convective systems.

Quantifying the depth of convective penetration and represent-
ing extreme convective cloud-top heights in transport calculations 
represents a significant uncertainty. Geostationary satellite infra-
red brightness temperature data provides the necessary global 
coverage and 3-hourly time resolution, but the cloud-top heights 
derived from this data set have a low bias of 1–2  km (ref.  62). 
None of the available satellite products provides a complete pic-
ture of convective cloud-top heights63. NASA’s Tropical Rainfall 
Measuring Mission (TRMM) precipitation radar is biased towards 
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continental systems with strong updrafts that can loft large grau-
pel. CloudSat, CALIPSO and other satellites in the A-TRAIN only 
sample at local times around 01:30 and 13:30, and therefore miss 
the strong late afternoon and early evening peak in continental 
convective activity. The challenge of modelling convection is fur-
ther exacerbated by the need for knowledge of the full vertical 
profiles of mass entrainment and detrainment, which are poorly 
constrained from observations. Entrainment throughout the 
depth of the cloud system is especially important for maritime 
convection with relatively small convective updraft cores64.

The concentration of water vapour in air entering the tropical 
stratosphere depends on the pathways taken by air parcels as they 
transit through the TTL. The slow ascent through the upper TTL 
occurs along with rapid horizontal transport that carries air par-
cels large distances through a varying temperature field. Recent 
trajectory modelling studies have used the ‘Lagrangian cold point’ 
paradigm; that is, the water vapour is assumed to be set by the 
minimum temperature (or, more precisely, the minimum satura-
tion mixing ratio) encountered on an air parcel’s journey upwards 
through the TTL65,66. Results from these calculations are sensitive 
to small differences in the wind and temperature fields employed, 
and assumptions regarding sub-grid-scale variability67.

A further uncertainty in TTL transport calculations is the 
poorly constrained vertical wind speed. Most of the studies use 
vertical wind speeds calculated in operational meteorological 
analyses. A kinematic approach, in which the vertical wind is cal-
culated from the horizontal winds using the continuity equation, 
and a diabatic approach, in which the vertical wind is calculated 
from the diabatic (mostly radiative) heating rate, have both been 
used. Comparisons suggest that the latter approach produces a 
more realistic and less dispersive vertical wind field68. An alter-
native method is to use radiative heating rates calculated from 
observed temperature, trace constituents and cloud fields48; TTL 
heating rates are sensitive to clouds both locally and at lower 
altitudes69,70. Heating rate calculations from current-generation 
meteorological analysis systems show large differences (Fig.  3), 
especially for regional scales, and these in turn produce very dif-
ferent transport estimates71. Given the challenge of representing 
clouds in global models, the uncertainties in heating rates in the 
meteorological analyses must be considered substantial.

There is new appreciation for the relative importance of quasi-
horizontal transport into the TTL from the extratropics, so-called 
in-mixing. Key components of the circulations at the subtropical 

edges of the TTL are the summer monsoons, forced as a dynamic 
response to latent heating in chronic convective regions. These 
flows consist of large-scale persistent anticyclonic circulations in 
the subtropics, with the largest and strongest anticyclone tied to 
the Asian summer monsoon. The monsoon circulations enhance 
transport into and out of the tropics along the eastern and western 
flanks (Fig. 4), although the circulation also tends to isolate the air 
inside the anticyclone.

Because this isolated air inside the Asian anticyclone is often 
tied to the outflow of deep convection, it is chemically distinct 
and characteristic of tropospheric composition; for example, high 
water vapour, low ozone and enhanced pollution72,73. Satellite 
observations74 furthermore suggest the presence of a persistent 
aerosol layer of unknown composition near the cold monsoonal 
tropopause. The three-dimensional monsoon circulation also 
enhances vertical transport from the troposphere to the strato-
sphere during summer, as evidenced by trace constituent meas-
urements from satellites75,76, although the relative contributions of 
deep convection versus large-scale circulations to this behaviour 
are poorly constrained.

Clouds and supersaturation in the TTL
The water vapour trajectory calculations described above gener-
ally assume that cloud processes immediately remove all vapour 
in excess of ice saturation from the TTL. However, theoretical 
work, laboratory experiments and field measurements all suggest 
that this is an oversimplification77–79. It is well established that sub-
stantial supersaturation with respect to ice is required to nucleate 
ice crystals at low temperatures. Homogeneous freezing of aque-
ous sulphate aerosols, assumed to be the most common type of 
aerosols in the upper troposphere, does not occur until the rela-
tive humidity exceeds ice saturation by about 60–70% at tropical 
tropopause temperatures77. Even heterogeneous ice nucleation 
on insoluble aerosols typically requires supersaturations of about 
10–40%80. Further, irreversible dehydration requires sufficiently 
numerous ice crystals such that they deplete vapour in excess of 
saturation, as well as large enough ice crystals such that they sedi-
ment out of the original cloud layer. Both the vapour depletion 
and ice sedimentation must occur within the lifetime of the cloud, 
which will generally be determined by the duration of anoma-
lously cold events driven by synoptic- and meso-scale waves. 
Measurements of TTL cirrus indicate relatively low ice concentra-
tions (nearly always below 100 L–181) that will not rapidly deplete 
vapour in excess of saturation.

Estimates of ice supersaturation under the extremely dry TTL 
conditions have been plagued by persistent discrepancies between 
water vapour measurements from balloons, aircraft and satellites82,83. 
However, even instruments such as the balloon-borne frostpoint 
hygrometers, which tend to indicate lower humidities than most of 
the airborne instruments, suggest that supersaturations up to about 
60% occur commonly in the TTL (ref. 84). In fact supersaturation 
tends to exist even within optically thin cirrus formed in  situ in 
the TTL (ref. 85), consistent with the low ice concentrations meas-
ured in the clouds. Recent measurements86 indicate that TTL cirrus 
ice concentrations are typically not large enough to deplete water 
vapour above saturation; complete removal of vapour in excess of 
saturation seems to occur rarely in narrow cloud layers with high ice 
concentrations produced by homogeneous freezing. Together, these 
results suggest that air may often ascend across the tropical cold-
point tropopause with a considerably higher water vapour concen-
tration than the minimum saturation mixing ratio.

TTL in a changing climate
Several aspects of the TTL are anticipated to evolve in a future 
changing climate, and indeed some changes have been observed 
over the past 30 years, the period of available observations during 
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the satellite measurement era. One important TTL change pre-
dicted in chemistry–climate models is an increase in the mean 
tropical upwelling in the lower stratosphere, as part of the Brewer-
Dobson circulation, at a rate of approximately 2% per decade. This 
appears as a robust result in almost all current models87, as a con-
sequence of systematic strengthening of the subtropical jets in the 
lower stratosphere as a response to tropical tropospheric warming, 
and resulting changes in the dissipation of waves that force tropi-
cal upwelling30,31. This increased tropical upwelling (and com-
mensurate downwelling in extratropics) has several consequences, 
including stronger troposphere-to-stratosphere transport and 
shorter stratospheric lifetimes for chemical tracers.

One effect of stronger upward TTL transport is a decrease in 
ozone in the tropical lower stratosphere. Although direct observa-
tions of upwelling are unavailable and long-term changes cannot 
be directly measured, observations of tropical lower stratospheric 
ozone from satellites and balloons show long-term decreases of 
about 3% per decade from 1984–2009, consistent with increased 
upwelling predicted by models for this time period88. These ozone 
decreases in turn are likely to result in cooling of the tropical lower 
stratosphere, and provide an important feedback for temperature 
and circulation. Recent evidence of seasonal variations in tropi-
cal lower stratosphere temperature trends, with the largest cool-
ing during boreal autumn89, is consistent with similar behaviour 
in observed ozone changes41.

Stratospheric water vapour is strongly coupled to tropical 
cold-point tropopause temperatures on subseasonal to annual 

time scales, but interannual changes are less well understood. 
Long-term near-global observations of stratospheric water 
vapour are available from satellite measurements taken since 
1992; longer records are available from isolated balloon measure-
ments at specific locations90. The satellite record of lower strato-
spheric water vapour anomalies (Fig.  5a) shows year-to-year 
changes of ±0.5  ppmv (~10–15% of background amounts), but 
small net changes over the 20-year period. The observed water 
vapour changes are strongly coupled to tropical cold-point tem-
peratures during the cold boreal winter–spring seasons (Fig. 5b), 
but less so during the summer (Fig. 5c). The water vapour varia-
tions observed by satellite from 1992–2012 are not reproduced in 
chemistry–climate model simulations forced by observed changes 
in sea surface temperatures, greenhouse gases and ozone-deplet-
ing substances91, suggesting an important component of internal 
variability within the TTL on interannual time scales that is not 
captured in current models.

Longer-term historical variations of TTL temperatures, includ-
ing the cold point, are poorly known because of data uncertainties. 
Although tropical radiosonde (balloon) measurements began in 
the 1960s, the historical data record is plagued by sparse sampling, 
instrumentation changes and data inhomogeneities. Systematic 
attempts to homogenize and correct the data records have pro-
duced some improvements, although typically not with the high 
vertical resolution needed to constrain detailed TTL structure. 
For example, the cold point is not analysed in homogenized data 
sets. Although most chemistry–climate models predict rising and 
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warming of the cold-point tropopause and increasing stratospheric 
water vapour in response to climate change, current observational 
estimates of past cold-point temperature trends show either cool-
ing or results that are not statistically different from zero92.

Progress and outlook
Transport within the TTL and coupling with the extratropics is 
better quantified, based on chemical observations combined with 
results from trajectory and chemical transport models. The weight 
of evidence suggests that air in the TTL is often supersaturated, 
and that the assumption of complete removal of vapour in excess 
of saturation — often made in global models — should be modi-
fied. Multi-year records of constituent and cloud observations 
from satellites have provided novel perspectives on TTL circula-
tion, and allowed calculations such as comprehensive radiative 
heating rates. Through this work, the Asian monsoon anticyclone 
has been identified as the dominant circulation feature during 
boreal summer, with far-reaching effects on the TTL and global 
stratosphere.

The most important current research focuses on improving 
understanding of processes that are poorly resolved in observa-
tions and models. The space–time variability of deep convection 
and its influence on the TTL needs to be better quantified from 
in  situ and satellite observations. The transport effects of deep 
convection, including isolated and extreme overshooting convec-
tion, need to be understood and simulated more realistically in 

models. Quantifying TTL cirrus properties and their dependence 
on geographic location, temperature and aerosol composition will 
require further measurements and synthesis.

Large differences in results from meteorological reanalysis sys-
tems suggest that models and data assimilation tools for the TTL 
need improvement. These will be achieved through a better under-
standing of the relevant processes, on the basis of both global sat-
ellite measurements and high-resolution in  situ measurements. 
Ensuring the availability of long-term climate-quality data for the 
TTL, including temperatures, circulation, composition and cloud 
behaviour, is another priority. These measurements are essential to 
understand variability and long-term changes in the TTL, and to 
constrain past and future global model simulations.

Received 9 October 2012; accepted 16 January 2013;  
published online 27 February 2013

References
1.	 Folkins, I. & Martin, R. V. The vertical structure of tropical convection  

and its impact on the budgets of water vapor and ozone. J. Atmos. Sci.  
62, 1560–1573 (2005).

2.	 Danielsen, E. F. In situ evidence of rapid, vertical, irreversible transport of  
lower tropospheric air into the lower tropical stratosphere by convective  
cloud turrets and by larger-scale upwelling in tropical cyclones. J. Geophys. Res. 
98, 8665–8681 (1993).

3.	 Zipser, E. J., Cecil, D. J., Liu, C., Nesbitt, S. W. & Yorty, D. P. Where are the most 
intense thunderstorms on earth? Bull. Am. Meteor. Soc. 87, 1057–1071 (2006).

Numerical models that explicitly resolve global circulation and 
chemistry processes (chemistry–climate models, or CCMs) are 
widely used to simulate the effects of natural and anthropogenic 
changes on climate. Accurately representing TTL processes in 
CCMs is critical for simulating present and future climate and 
variability. Current-generation models (with horizontal resolu-
tion of ~100  km and vertical resolution of ~1  km) are able to 
resolve some key features of the TTL, including the mean ther-
modynamic structure and circulation within the tropics, the 
annual cycle in the Brewer-Dobson circulation and large-scale 
tropical–extratropical coupling34. However, several important 
aspects of the TTL are less well simulated and highly vari-
able among different models, including cold-point temperature 
(poorly resolved in current models; Fig. B1) and stratospheric 
water vapour, cloud fractions and ozone throughout the TTL. 
The influence of overshooting convection is not included in deep 
convective parameterizations, and the effects of unresolved grav-
ity waves on temperatures, which are important for clouds and 
dehydration processes, are not simulated. Parameterized repre-
sentations of cloud processes, which are based on measurements 
at lower altitudes and higher temperatures, are not necessarily 
appropriate for cold TTL cirrus.

Interannual changes in the TTL occur because of natural and 
anthropogenic forcing of the climate system. Two important com-
ponents of natural variability are: El Niño/Southern Oscillation, 
a coupled ocean–atmosphere phenomenon with a 2–5-year time-
scale that extends throughout the troposphere into the lower 
stratosphere; and the stratospheric quasi-biennial oscillation, a 
primarily stratospheric phenomenon involving reversal of the 
tropical zonal winds with an irregular period (~28 months), which 
extends downwards to the tropical tropopause. These components 
are simulated (or explicitly forced) with some degree of fidelity in 
current models, although an explicit goal should be realistic sim-
ulations of the relevant processes in free-running coupled mod-
els. Model predictions of longer-term TTL evolution associated 

with greenhouse gas increases include warmer temperatures and 
increased water vapour in the upper troposphere, higher levels 
of deep convective outflow, rising and warming of the tropical 
tropopause, and increased upwelling in the Brewer-Dobson cir-
culation87,91. However, these predicted changes must be considered 
highly uncertain given the limitations of TTL process representa-
tion in the models. There are substantial differences among mod-
els for other predicted changes, such as for TTL cloud fractions 
and ozone below the lowermost stratosphere.

Box 1 | Processes and trends in current-generation models

Figure B1 | Seasonal cycle of cold-point tropical tropopause temperature. 
Black lines show results from the current generation of coupled 
ocean–atmosphere climate models (specifically, the Coupled Model 
Intercomparison Project Phase 5 (CMIP5) simulations). The red line shows 
the cold-point temperature derived from GPS radio occultation data.

Month

Te
m

pe
ra

tu
re

 (K
)

J

180

185

190

195

200

205

Cold-point temperature (K)

J JF M MA A S O N D J

REVIEW ARTICLE NATURE GEOSCIENCE DOI: 10.1038/NGEO1733

© 2013 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/doifinder/10.1038/ngeo1733


NATURE GEOSCIENCE | VOL 6 | MARCH 2013 | www.nature.com/naturegeoscience	 175

4.	 De Reus, M. et al. Evidence for ice particles in the tropical stratosphere from 
in situ measurements. Atmos. Phys. Chem. 9, 6775–6792 (2009).

5.	 Gettelman, A. & Forster, P. M. de F. A climatology of the tropical tropopause 
layer. J. Met. Soc. Japan 80, 911–924 (2002).

6.	 Fu, Q., Hu, Y. X. & Yang, Q. Identifying the top of the tropical tropopause 
layer from vertical mass flux analysis and CALIPSO lidar cloud observations. 
Geophys. Res. Lett. 34, L14813 (2007).

7.	 Fueglistaler, S. et al. Tropical tropopause layer. Rev. Geophys. 47, 1–31 (2009).
8.	 Brewer, A. M. Evidence for a world circulation provided by the measurements 

of helium and water vapor distribution in the stratosphere. Q. J. R. Meteorol. 
Soc. 75, 351–363 (1949).

9.	 Mote, P. W. et al. An atmospheric tape recorder: The imprinting of tropical 
tropopause temperatures on stratospheric water vapor. J. Geophys. Res.  
101, 3989–4006 (1996).

10.	Rosenlof, K. H., Tuck, A. F., Kelly, K. K., Russell, J. M. & McCormick, M. P. 
Hemispheric asymmetries in water vapor and inferences about transport in the 
lower stratosphere. J. Geophys. Res. 102, 13213–13234 (1997).

11.	Randel, W. J., Seidel, D. J. & Pan, L. L. Observational characteristics of double 
tropopauses. J. Geophys. Res. 112, D07309 (2007).

12.	Pan, L. L. et al. Tropospheric intrusions associated with the secondary 
tropopause. J. Geophys. Res. 114, D10302 (2009).

13.	Marcy, T. P. et al. Measurements of trace gases in the tropical tropopause layer. 
Atmos. Environ. 41, 7253–7261 (2007).

14.	Santee, M. L. et al. Trace gas evolution in the lowermost stratosphere from Aura 
Microwave Limb Sounder measurements. J. Geophys. Res. 116, D18306 (2011).

15.	 Konopka, P., Grooss, J.-U., Plöger, F. & Müller, R. Annual cycle of horizontal in-
mixing into the lower tropical stratosphere. J. Geophys. Res. 114, D19111 (2009).

16.	Wang, P-H., Minnis, P., McCormick, M. P., Kent, G. S. & Skeens, K. M.  
A 6-year climatology of cloud occurrence frequency from Stratospheric  
Aerosol Gas Experiment II observations (1985–1990). J. Geophys. Res.  
101, 29407–29429 (1996).

17.	Sassen, K., Wang, Z. & Liu, D. Cirrus clouds and deep convection in the tropics: 
Insights from CALIPSO and CloudSat. J. Geophys. Res. 114, D00H06 (2009).

18.	Stephens, G. L. Cloud feedbacks in the climate system: A critical review. J. Clim. 
18, 237–273 (2005).

19.	Winker, D. M., Hunt, W. H. & McGill, M. J. Initial performance assessment of 
CALIPSO. Geophys. Res. Lett. 34, L19803 (2007).

20.	Pan, L. L. & Munchak, L. A. Relationship of cloud top to the tropopause and jet 
structure from CALIPSO data. J. Geophys. Res. 116, D12201 (2011).

21.	Virts, K. S., Wallace, J. M., Fu, Q. & Ackerman, T. P. Tropical tropopause 
transition layer cirrus as represented by CALIPSO lidar observations. J. Atmos. 
Sci. 67, 3113–3129 (2010).

22.	Virts, K. S. & Wallace, J. M. Annual, interannual and intraseasonal variability of 
tropical tropopause transition layer cirrus. J. Atmos. Sci. 67, 3097–3112 (2010).

23.	Soden, B. J. et al. Quantifying climate feedbacks using radiative kernels. J. Clim. 
21, 3504–3520 (2008).

24.	Hartmann, D. L. & Larson, K. An important constraint on tropical cloud-
climate feedback. Geophys. Res. Lett. 29, 1951 (2002).

25.	Harrop, B. E. & Hartmann, D. L. Testing the role of radiation in determining 
tropical cloud top temperature. J. Clim. 25, 5731–5747 (2012).

26.	Haynes, P. H., Marks, C. J., McIntyre, M. E., Shepherd, T. G. & Shine, K. P. On 
the “downward control” of extratropical diabatic circulations by eddy-induced 
mean zonal forces. J. Atmos. Sci. 48, 651–678 (1991).

27.	Plumb, R. A. & Eluszkiewicz, J. The Brewer-Dobson circulation: dynamics of 
the tropical upwelling. J. Atmos. Sci. 56, 868–890 (1999).

28.	Randel, W. J., Garcia, R. & Wu, F. Dynamical balances and tropical 
stratospheric upwelling. J. Atmos. Sci. 65, 3584–3595 (2008).

29.	Calvo, N., Garcia, R. R., Randel, W. J. & Marsh, D. Dynamical mechanism for 
the increase in tropical upwelling in the lowermost tropical stratosphere during 
warm ENSO events. J. Atmos. Sci. 67, 2331–2340 (2010).

30.	Garcia, R. R. & Randel, W. J. Acceleration of the Brewer-Dobson circulation 
due to increases in greenhouse gases. J. Atmos. Sci. 65, 2731–2739 (2008).

31.	Shepherd, T. G. & McLandress, C. A robust mechanism for strengthening of the 
Brewer-Dobson circulation in response to climate change: critical-layer control 
of subtropical wave breaking. J. Atmos. Sci. 68, 784–797 (2011).

32.	Yulaeva, E., Holton, J. R. & Wallace, J. M. On the cause of the annual cycle in 
the tropical lower stratospheric temperature. J. Atmos. Sci. 51, 169–174 (1994).

33.	Holton, J. R. et al. Stratosphere–troposphere exchange. Rev. Geophys.  
33, 403–439 (1995).

34.	Taguchi, M. Wave driving in the tropical lower stratosphere as simulated by 
WACCM. Part I: annual cycle. J. Atmos. Sci. 66, 2029–2043 (2009).

35.	Chen, G. & Sun, L. Mechanisms of the tropical upwelling branch of the  
Brewer-Dobson circulation: the role of extratropical waves. J. Atmos. Sci.  
68, 2878–2892 (2011).

36.	Garney, H., Dameris, M., Randel, W. J., Bodeker, G. E. & Deckert, R. 
Dynamically forced increase of tropical upwelling in the lower stratosphere. 
J. Atmos. Sci. 68, 1214–1233 (2011).

37.	Boehm, M. T. & Lee, S. The implications of tropical Rossby waves for tropical 
tropopause cirrus formation and for the equatorial upwelling of the Brewer–
Dobson circulation. J. Atmos. Sci. 60, 247–261 (2003).

38.	Norton, W. A. Tropical wave driving of the annual cycle in tropical tropopause 
temperatures. Part II: Model results. J. Atmos. Sci. 63, 1420–1431 (2006).

39.	Ryu, J.-H. & Lee, S. Effect of tropical waves on the tropical tropopause 
transition layer upwelling. J. Atmos. Sci. 67, 3130–3148 (2010).

40.	Fueglistaler, S., Haynes, P. H. & and Forster, P. M. The annual cycle in lower 
stratospheric temperatures revisited. Atmos. Chem. Phys. 11, 3701–3711 (2011).

41.	Polvani, L. M. & Solomon, S. The signature of ozone depletion on tropical 
temperature trends, as revealed by their seasonal cycle in model integrations 
with single forcings. J. Geophys. Res. 117, D17102 (2012).

42.	Konopka, P. et al. Annual cycle of ozone at and above the tropical tropopause: 
observations versus simulations with the Chemical Lagrangian Model of the 
Stratosphere (CLaMS). Atmos. Chem. Phys. 10, 121–132 (2010).

43.	Ploeger, F. et al. Horizontal transport affecting trace gas seasonality in the 
Tropical Tropopause Layer (TTL). J. Geophys. Res. 117, D09303 (2012).

44.	Gettelman, A. & Birner, T. Insights into Tropical Tropopause Layer processes 
using global models. J. Geophys. Res. 112, D23104 (2007).

45.	 James, R., Bonazzola, M., Legras, B., Subled, K. & Fueglistaler, K. Water vapor 
transport and dehydration above convective outflow during Asian monsoon. 
Geophys. Res. Lett. 35, L20810 (2008).

46.	Bergman, J. W., Jensen, E. J., Pfister, L. & Yang, Q. Seasonal differences of 
vertical-transport efficiency in the tropical tropopause layer: On the interplay 
between tropical deep convection, large-scale vertical ascent, and horizontal 
circulations. J. Geophys. Res. 117, D05302 (2012).

47.	 Adler, R. F. & Mack, R. A. Thunderstorm cloud top dynamics as inferred from 
satellite observations and a cloud parcel model. J. Atmos. Sci. 43, 1945–1960 (1986).

48.	Yang, Q., Fu, Q. & Hu, Y. Radiative impacts of clouds in the tropical tropopause 
layer. J. Geophys. Res. 115, D00H12 (2010).

49.	Levine, J. G., Braesicke, P., Harris, N. R. P., Savage, N. H. & Pyle, J. A. Pathways 
and timescales for troposphere-to-stratosphere transport via the tropical 
tropopause layer and their relevance for very short lived substances. J. Geophys. 
Res. 112, D04308 (2007).

50.	Aschmann, J., Sinnhuber, B. M., Atlas, E. L. & Schauffler, S. M. Modeling the 
transport of very short-lived substances into the tropical upper troposphere 
and lower stratosphere. Atmos. Chem. Phys. 9, 9237–9247 (2009).

51.	 Jensen, E. J., Ackerman, A. S. & Smith, J. A. Can overshooting convection 
dehydrate the tropical tropopause layer? J. Geophys. Res. 112, D11209 (2007).

52.	Sherwood, S. C. & Dessler, A. E., On the control of stratospheric humidity. 
Geophys. Res. Lett. 27, 2513–2516 (2000).

53.	Corti, T. et al. Unprecedented evidence for deep convection hydrating the 
tropical stratosphere. Geophys. Res. Lett. 35, L10810 (2008).

54.	Khaykin, S. et al. Hydration of the lower stratosphere by ice crystal geysers over 
land convective systems. Atmos. Chem. Phys. 9, 2275–2287 (2009).

55.	Hanisco, T. F. et al. Observations of deep convective influence on 
stratospheric water vapor and its isotopic composition. Geophys.  
Res. Lett. 34, L04814 (2007).

56.	Randel, W. J. et al. Global variations of HDO and HDO/H2O ratios in the 
UTLS derived from ACE-FTS satellite measurements. J. Geophys. Res.  
117, D06303 (2012).

57.	Dessler, A. E. & Sherwood, S. C. A model of HDO in the tropical tropopause 
layer. Atmos. Chem. Phys. 3, 2173–2181 (2003).

58.	Grosvenor, D. P., Choularton, T. W., Coe, H. & Held, G. A study of the effect 
of overshooting deep convection on the water content of the TTL and lower 
stratosphere from Cloud Resolving Model simulations. Atmos. Chem. Phys.  
7, 4977–5002 (2007).

59.	Schiller, C. et al. Hydration and dehydration at the tropical tropopause. Atmos. 
Chem. Phys. 9, 9647–9660 (2009).

60.	Wright, J. S., Fu, R., Fueglistaler, S., Liu, Y. S. & Zhang, Y., The influence of 
summertime convection over Southeast Asia on water vapor in the tropical 
stratosphere. J. Geophys. Res. 116, D12302 (2011).

61.	Pommereau, J-P. et al. An overview of the HIBISCUS campaign. Atmos. Chem. 
Phys. 11, 2309–2339 (2011).

62.	Minnis, P., Yost, C. R., Sun-Mack, S. & Chen, Y. Estimating the top altitude of 
optically thick ice clouds from thermal infrared satellite observations using 
CALIPSO data. Geophys. Res. Lett. 35, L12801 (2008).

63.	Liu, C. & Zipser, E. J. Global distribution of tropical deep convection: 
Different perspectives from TRMM infrared and radar data. J. Clim.  
20, 489–503 (2007).

64.	Takahashi, H. & Luo, Z. Where is the level of neutral buoyancy for deep 
convection? Geophys. Res. Lett. 39, L15809 (2012).

65.	Fueglistaler, S., Bonazzola, M., Haynes, P. H. & Peter, T. Stratospheric water 
vapor predicted from the Lagrangian temperature history of air entering the 
stratosphere in the tropics. J. Geophys. Res. 110, D08107 (2005).

66.	Schoeberl, M. R. & Dessler, A. E. Dehydration of the stratosphere. Atmos. 
Chem. Phys. 11, 8433–8446 (2011).

REVIEW ARTICLENATURE GEOSCIENCE DOI: 10.1038/NGEO1733

© 2013 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/doifinder/10.1038/ngeo1733


176	 NATURE GEOSCIENCE | VOL 6 | MARCH 2013 | www.nature.com/naturegeoscience

67.	Liu, Y. S., Fueglistaler, S. & Haynes P. H. Advection–condensation paradigm for 
stratospheric water vapor. J. Geophys. Res. 115, D24307 (2010).

68.	Ploeger, F., Konopka, P., Günther, G., Gross, J-U. & Müller, R. Impact of the 
vertical velocity scheme on modeling transport in the tropical tropopause layer. 
J. Geophys. Res. 115, D03301 (2010).

69.	Hartmann, D. L., Holton, J. R. & Fu, Q. The heat balance of the tropical 
tropopause, cirrus, and stratospheric dehydration. Geophys. Res. Lett.  
28, 1969–1972 (2001).

70.	Corti, T., Luo, B. P., Fu, Q., Vömel, H. & Peter, T. The impact of cirrus clouds on 
tropical troposphere-to-stratosphere transport. Atmos. Chem. Phys.  
6, 2539–2547 (2006).

71.	Schoeberl, M. R., Dessler, A. E. & Wang, T. Simulation of stratospheric water 
vapor trends using three reanalyses. Atmos. Chem. Phys. 12, 6475–6487 (2012).

72.	Park, M., Randel, W. J., Gettelman, A., Massie, S. T. & Jiang, J. H. Transport 
above the Asian summer monsoon anticyclone inferred from Aura Microwave 
Limb Sounder tracers. J. Geophys. Res. 112, D16309 (2007).

73.	Baker, A. K. et al. Characterization of non-methane hydrocarbon in Asian 
summer monsoon outflow observed by the CARIBIC aircraft. Atmos. Chem. 
Phys. 11, 503–518 (2011).

74.	Vernier, J.-P., Thomason, L. W. & Kar, J. CALIPSO detection of an Asian 
tropopause aerosol layer. Geophys. Res. Lett. 38, L07804 (2011).

75.	Randel, W. J. et al. Asian monsoon transport of pollution to the stratosphere. 
Science 328, 611–613 (2010).

76.	Bourassa, A. E. et al. Large volcanic aerosol load in the stratosphere linked to 
Asian monsoon transport. Science 337, 78–81 (2012).

77.	Koop, T., Luo, B., Tsias, A. & Peter, T. Water activity as the determinant for 
homogeneous ice nucleation in aqueous solutions. Nature 406, 611–614 (2000).

78.	 Jensen, E. J. & Pfister, L. Transport and freeze-drying in the tropical tropopause 
layer. J. Geophys. Res. 109, D02207 (2004).

79.	Krämer, M. et al. Ice supersaturation and cirrus cloud crystal numbers. Atmos. 
Chem. Phys. 9, 3305–3522 (2009).

80.	DeMott, P. J. et al. Measurements of the concentration and composition of ice 
nuclei for cirrus formation. Proc. Natl Acad. Sci. 100, 14655–14660 (2003).

81.	Lawson. et al. Aircraft measurements of microphysical properties of 
subvisible cirrus clouds in the tropical tropopause layer. Atmos. Chem. Phys. 
8, 1609–1620 (2008).

82.	Oltmans, S. J. & Rosenlof, K. H. SPARC Assessment of Upper Tropospheric and 
Stratospheric Water Vapor (eds Kley, D., Russell, J. M. & Phillips, C.) (World 
Climate Research Program, 2000).

83.	Weinstock, E. M. et al. Validation of the Harvard Lyman-α in situ water vapor 
instrument: Implications for the mechanisms that control stratospheric water 
vapor. J. Geophys. Res. 114, D23301 (2009).

84.	Vömel, H. et al. Balloon-borne observations of water vapor and ozone  
in the tropical upper troposphere and lower stratosphere. J. Geophys. Res.  
107, 4210 (2002).

85.	Davis, S. et al. In situ and lidar observations of tropopause subvisible cirrus 
clouds during TC4. J. Geophys. Res. 115, D00J17 (2010).

86.	 Jensen, E. J. et al. Ice nucleation and dehydration in the tropical tropopause 
layer. Proc. Natl Acad. Sci. 110, 2041–2046 (2013).

87.	Butchart, N. et al. Chemistry–climate model simulations of twenty-first century 
stratospheric climate and circulation changes. J. Clim. 23, 5349–5374 (2010).

88.	Randel, W. J. & and Thompson, A. M. Interannual variability and trends in 
tropical ozone derived from SAGE II satellite data and SHADOZ ozonesondes. 
J. Geophys. Res. 116, D07303 (2011).

89.	Free, M. The seasonal structure of temperature trends in the tropical lower 
stratosphere. J. Clim. 24, 859–866 (2011).

90.	Hurst, D. F. et al. Stratospheric water vapor trends over Boulder, Colorado: 
Analysis of the 30 year Boulder record. J. Geophys. Res. 116, D02306 (2011).

91.	Gettelman, A. et al. Multimodel assessment of the upper troposphere and lower 
stratosphere: Tropics and global trends. J. Geophys. Res. 115, D00M08 (2010).

92.	Wang, J. S., Seidel, D. J. & Free, M. How well do we know recent climate trends 
at the tropical tropopause? J. Geophys. Res. 117, D09118 (2012).

93.	Randel, W. J. in The Stratosphere: Dynamics, Transport and Chemistry 
(eds Polvani, L. M., Sobel, A. H. & Waugh, D. W.) 123–135 (Geophysical 
Monograph Series 190, American Geophysical Union, 2010).

Additional Information
Reprints and permissions information is available online at www.nature.com/reprints. 
Correspondence should be addressed to W.J.R.

Competing financial interests
The authors declare no competing financial interests.

REVIEW ARTICLE NATURE GEOSCIENCE DOI: 10.1038/NGEO1733

© 2013 Macmillan Publishers Limited. All rights reserved

www.nature.com/reprints
http://www.nature.com/doifinder/10.1038/ngeo1733

	Physical processes in the tropical tropopause layer and their roles in a changing climate
	Figure 1 | Schematic of the large-scale structure and circulation of the TTL in the latitude–height plane. The influence of tropical deep convection and interactions with other regions of the atmosphere are highlighted. The solid line in the tropics near 
	Figure 2 | Satellite observations of water vapour in the lower stratosphere demonstrate the transport of air from the TTL to high latitudes. Air is dehydrated near the cold-point tropical tropopause over latitudes 20° N–S, with a strong annual cycle relat
	Dynamics of tropical upwelling, the annual cycle and tracers
	Transport pathways and convective influences
	Figure 3 | Large differences exist in current estimates of radiative heating rates in the TTL, and these result in substantial differences in upward transport calculations. These plots compare different estimates of 100 hPa boreal winter climatological he
	Figure 4 | The horizontal structure of ozone in the lower stratosphere during boreal summer shows the influence of monsoonal circulations on the TTL. Arrows denote the anticyclonic circulations associated with the Asian and North American monsoons; note t
	Clouds and supersaturation in the TTL
	TTL in a changing climate
	Figure 5 | Interannual changes in global stratospheric water vapour are closely linked to tropical tropopause temperatures. a, Observed interannual changes in lower stratospheric water vapour from satellite measurements over the period 1992–2012 compared 
	Box 1 | Processes and trends in current-generation models
	Figure B1 | Seasonal cycle of cold-point tropical tropopause temperature. Black lines show results from the current generation of coupled ocean–atmosphere climate models (specifically, the Coupled Model Intercomparison Project Phase 5 (CMIP5) simulations)
	Progress and outlook
	References
	Additional Information
	Competing financial interests



