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ABSTRACT

Temperature profiles in polar latitudes during summer reveal a strong and persistent inversion layer as-
sociated with the polar summer tropopause. This inversion layer is characterized by a temperature increase of
~8 K in the first 2-3 km above the tropopause and is observed throughout summer polar latitudes in both
hemispheres. Radiosonde and GPS radio occultation temperature observations are used to document char-
acteristics of the inversion layer, including its seasonal variability and modulation by synoptic meteorological
systems (cyclones and anticyclones). Previous analyses have suggested a radiative mechanism for formation
and maintenance of tropopause inversions, related to water vapor and ozone near the tropopause. Fixed
dynamical heating (FDH) calculations are used herein to investigate this behavior in polar regions, based on
observed seasonally varying profiles of water vapor (from satellite measurements) and ozone (from ozone-
sondes). Water vapor exhibits a strong seasonal cycle throughout the troposphere and lowest stratosphere,
with a pronounced summer maximum, which is primarily a result of the seasonally varying tropospheric
temperatures. The FDH calculations suggest that enhanced summer water vapor leads to strong radiative
cooling in a narrow layer near the tropopause, so that the radiative influence of water vapor provides a pri-
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mary mechanism for the summer inversion layer.

1. Introduction

The tropopause inversion layer (TIL) refers to a re-
gion of enhanced static stability above the extratropical
tropopause, associated with a narrow-scale temperature
inversion. The TIL was discovered in analysis of high-
vertical-resolution radiosonde measurements by Birner
etal. (2002) and Birner (2006), using a tropopause-based
vertical coordinate system. Because of substantial vari-
ability in the height of the extratropical tropopause (linked
to synoptic-scale eddies), the TIL structure is washed out
when taking ground-based averages, whereas it is a ubiqg-
uitous and clear feature in tropopause coordinates. Global
behavior of the TIL was analyzed using global posi-
tioning system (GPS) radio occultation data by Randel
et al. (2007) and Grise et al. (2010), and also using ra-
diosonde data by Bell and Geller (2008). These results
showed that the TIL is a global phenomenon, evident
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over the midlatitudes of both hemispheres throughout
the year. More recent work has highlighted a close link
between the tropopause inversion and constituent gra-
dients across the tropopause (Hegglin et al. 2009; Kunz
et al. 2009). The GPS temperature data furthermore
highlighted that the strongest TIL occurs over polar re-
gions during summer (in both hemispheres); this finding
is consistent with Zingl and Hoinka (2001) and Schmidt
et al. (2005), who identify maximum tropopause sharp-
ness (based on vertical temperature gradients) over both
summer poles [this was also highlighted for the Arctic
by Birner (2006)]. A strong polar summer TIL is also a
feature observed in climate models, even ones with re-
latively low vertical resolution (Gettelman et al. 2010).
One objective of this paper is to document observed
characteristics of the polar summer TIL in further detail,
including the spatial structure and seasonal variation,
behavior of the different hemispheres, and relation to
synoptic meteorological variability. We also explore
a radiative forcing mechanism for the summer TIL,
testing the influence of observed seasonal variations of
water vapor and ozone using a fixed dynamical heating
(FDH) methodology (Forster and Shine 2002). We note
that at present the mechanisms that force and maintain
the TIL are not well understood, and there are possible
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contributions from dynamical (Birner 2006, 2010; Wirth
2004; Wirth and Szabo 2007; Son and Polvani 2007) and
radiative effects (Randel et al. 2007; Kunz et al. 2009).
Because the strongest TIL is observed during polar
summer, this may be a period to improve fundamental
understanding of forcing mechanisms.

2. Data and analysis

The data analyzed here include temperature profiles
from radiosondes and GPS radio occultation, plus ozone
and water vapor measurements (from ozonesondes and
satellite data, respectively). For radiosonde data we fo-
cus on one station in the high Arctic (Eureka; 80°N,
86°W) and one station in Antarctica (Neumayer; 71°S,
8°W). The data are obtained from the World Ozone and
Ultraviolet Radiation Data Center (available online at
http://es-ee.tor.ec.ge.ca/cgi-bin/ozonesondeflights/) and
were chosen because of the availability of frequent mea-
surements and contemporaneous ozonesonde data. There
are typically one or more observations per week for
both of these stations (more frequent during winter and
spring), with data at Eureka covering the years 1992-2007
and at Neumayer covering 1992-2008. We have also ex-
amined several other stations in the Arctic and Ant-
arctic, and the results are very similar to those shown
here for Eureka and Neumayer. All of our calculations
regarding the tropopause are based on the standard
World Meteorological Organization (WMO) lapse rate
criterion.

We use GPS temperature data from the Constellation
Observing System for Meteorology, Ionosphere, and
Climate (COSMIC; Anthes et al. 2008), which have
measurements covering the years 2006-09. The GPS
temperature data are characterized by high vertical res-
olution and high accuracy over altitudes covering ~5-
30 km. The vertical resolution is better than 1 km over
these altitudes, and we use data oversampled on a 200-m
vertical grid. For each hemisphere, there are typically
4000-6000 observations poleward of 60° during each
month.

Ozone vertical profile measurements from ozone-
sondes are available for Eureka and Neumayer for the
same sampling as the radiosonde data. For vertical pro-
files of water vapor we utilize the satellite measurements
from the Atmospheric Chemistry Experiment Fourier
Transform Spectrometer (ACE-FTS) instrument (Bernath
et al. 2005). The ACE-FTS is a solar occultation mea-
surement with irregular sampling but relatively frequent
observations over polar latitudes. The vertical resolu-
tion of the ACE-FTS water vapor measurements is ap-
proximately 3 km, with the data oversampled on a 1-km
grid. We use all of the available data from ACE-FTS
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over the years 2004-09 to build up a climatology of polar
upper troposphere-lower stratosphere (UTLS) water va-
por [with a total of approximately 4000 profiles over polar
regions (60°-90°) of each hemisphere for the entire pe-
riod]. Because of the irregular sampling of the ACE-FTS
observations, we calculate monthly average profiles of
water vapor in a tropopause-based coordinate system,
using temperature profiles provided with the ACE-FTS
retrievals (which typically show reasonable agreement
with nearby GPS data). This tropopause-based analysis
helps minimize variability associated with systematic lat-
itudinal changes of the ACE-FTS sampling.

3. Mean structure and variability
a. Polar summer inversion climatology

An example of the vertical profile of summertime
temperature from Eureka is shown in Fig. 1a. The tro-
popause is observed near 10 km, with a strong temper-
ature increase (inversion) of ~8 K over the first few
kilometers above the tropopause, followed by an ap-
proximately isothermal stratosphere above ~12 km. The
inversion layer corresponds to a strong narrow maxi-
mum in static stability just above the tropopause, as
quantified by the Brunt—Viisili frequency N* shown in
Fig. 1b. This strong maximum in N* over the summer
pole was also identified in the climatological analysis of
Birner (2006).

Figure 2 shows comparisons between polar summer
temperatures from radiosondes and nearby GPS mea-
surements for data at both Eureka (Fig. 2a, for the same
profile as in Fig. 1) and Neumayer (Fig. 2b). Although
the GPS measurements represent horizontal averages
over ~200 km, there is good agreement between these
data. Note that the profile at Neumayer (in the Antarctic
summer) is very similar to the structure found at Eureka
(during Arctic summer). These profiles with strong inver-
sion layers are typical of the structure observed through-
out the summer in both hemispheres.

The GPS data provide dense sampling to study the
structure and variability of the polar summer (much more
than isolated radiosonde observations). The ubiquitous
nature of the summer TIL is demonstrated in Fig. 3,
showing 20 profiles near 80°N (for a range of longitudes)
on 26 July 2007. Each of the temperature profiles shows
a structure similar to Figs. 1 and 2, albeit with some var-
iation in the exact height of the tropopause and strength
of the inversion. Much of this variability is linked to
synoptic-scale meteorological structure, as shown be-
low. The vertical scale of the inversion can be measured
as the distance between the tropopause and the altitude
where the lapse rate reaches 0 K (in the lower strato-
sphere), and statistics from the GPS and radiosonde
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FIG. 1. (a) Radiosonde vertical temperature profile at Eureka on 26 Jul 2007. (b) Corresponding vertical profile of
static stability (N2, 10™% s72).

measurements give a value of 2-3 km for this vertical
scale.

Seasonal variation in strength of the polar TIL in both
hemispheres is shown in Fig. 4, based on GPS observa-
tions. Here we use a tropopause-based coordinate sys-
tem [i.e., the height of the lapse-rate tropopause Z gt is
calculated for each individual profile] and calculate the
strength of the inversion: T(Z gt + 2 km) — T(ZrT).
This serves as a reasonable measure of the strength of
the inversion, and these results are not sensitive to the
exact choice of 2 km above the tropopause; we note that
similar variability was shown for lapse rate calculations
for the first kilometer above the tropopause for selected
polar regions in Ziangl and Hoinka (2001). The results in
Fig. 4 are averaged over all available GPS data for the
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height (km)

polar cap regions (70°-90°N and S), and there are typi-
cally ~100 GPS observations per day over both regions.
The time series show maximum inversions in the Arctic
of ~7-9 K, peaking during July-September (JAS), and
similar maxima in the Antarctic during February—March
(FM). There is an inversion layer (i.e., positive values in
Fig. 4) for all months of the year in the Arctic (with small
magnitude during winter months), whereas there is no
inversion in the Antarctic during most of winter—spring
(June-November). Figure 4 also shows similar calcula-
tions based on monthly average climatologies from the
Eureka and Neumayer radiosonde data. Overall there
is good agreement between the GPS and radiosonde-
based results, in terms of both inversion amplitude and
seasonal variability.

5Ol\ﬂet,umc|ye|r 2007 Feb 27
25}

20F

height (km)

FIG. 2. Vertical profile of summertime temperature at (a) Eureka (26 Jul 2007) and (b) Neumayer (27 Feb 2007),
comparing results from radiosondes and GPS.
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FIG. 3. GPS temperature profiles for observations over a range of
longitudes near 80°N on 26 Jul 2007.

The latitudinal structure of summer inversion strength
is illustrated in Fig. 5, showing GPS measurements of
T(Z gt + 2 km) — T(Z rr) binned as a function of
latitude for NH summer (July—September) and SH sum-
mer (February—March) statistics (these months are chosen
based on the largest polar inversions, as shown Fig. 4).
This comparison shows a remarkably similar behavior in
both hemispheres, with the inversion strength system-
atically increasing from low to high latitudes (from ~1 to
~8 K). The strongest inversion occurs over latitudes
poleward of 70°, and there is relatively little time aver-
age longitudinal structure in the polar TIL found in ei-
ther hemisphere (results not shown here).

A climatology of Arctic polar temperatures, static
stability (N?), and ozone at Eureka is shown in Fig. 6,
constructed from observations averaged over 1992-2007
(in ground-based coordinates). The mean tropopause is
also indicated in Fig. 6, showing a stable average altitude
of 9-10 km over the year. The strong summer TIL is
identified by the maximum N? values near 10 km dur-
ing approximately May—October, with a corresponding
temperature inversion found in the temperature plot.
Ozone is plotted in density units [Dobson units (DU)
per kilometer], showing a strong seasonal cycle in the
lower stratosphere peaking during boreal spring, with
a systematic reduction during summer, which is pri-
marily due to photochemical relaxation (e.g., Fioletov
and Shepherd 2005). There is not an apparent relation
between seasonal variations of the TIL and ozone in the
lower stratosphere.

An equivalent climatology for the Antarctic is shown
in Fig. 7 for observations at Neumayer, averaged over
1992-2008. Here there is a more well-defined seasonal
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FIG. 4. Annual time series of daily average polar tropopause
inversion strength [defined as T(Zy gt + 2 km) — T(Z1rT), K] for
the (a) Arctic (70°-90°N) and (b) Antarctic (70°-90°S). Time series
are derived from an average of all COSMIC observations (typically
60 per day in each hemisphere). The circles denote corresponding
climatological monthly average results based on (top) Eureka and
(bottom) Neumayer radiosonde data. Note that the time axis in
(b) runs from July to June.

variation in the height of the tropopause, varying from
~9 km in summer to ~11.5 km in winter. In terms of
stability (N?), the strongest TIL occurs above the sum-
mer tropopause during January—March. The seasonally
evolving temperatures, which warm first at higher alti-
tudes in the stratosphere, also result in an enhanced
stability region above 15 km during Antarctic spring
(October—January). Ozone evolution in the Antarctic in
Fig. 7 is very different from the Arctic because of the
occurrence of minimum values in the lower stratosphere
during spring (September—October) associated with the
Antarctic ozone hole.

Seasonal behavior of the polar tropopause has re-
cently been investigated by Tomikawa et al. (2009),
comparing thermal structure and seasonal variations us-
ing ground-based, thermal-tropopause-based, and ozone-
tropopause-based coordinates. They note a summertime
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FIG. 5. Latitudinal structure of the tropopause inversion strength
[defined as T(Zirt + 2 km) — T(Zrrt), K] for COSMIC obser-
vations in 5° latitude bins during NH summer (JAS) and SH
summer (FM).

maximum in lower stratospheric stability (i.e., a TIL) in
both hemispheres, similar to the results shown here, and
demonstrate that it is a robust feature in each coordinate
system.

b. Meteorological variability

Randel et al. (2007) demonstrated systematic vari-
ability in the strength of the TIL over midlatitudes re-
lated to synoptic meteorological structure: anticyclonic
circulation systems exhibit stronger inversions (typically
~5 K) than cyclonic flow (~2 K). This behavior is con-
sistent with that expected for balanced dynamics, as
shown by Wirth (2003). We have explored similar
behavior during polar summer, based on binning July—
September 2007 GPS observations over 70°-90°N ac-
cording to the 200-hPa relative vorticity derived from
National Centers for Environmental Prediction (NCEP)
meteorological analyses (following the methodology of
Randel et al. 2007). The statistical distribution of rela-
tive vorticity ¢ over the polar cap (not shown here) is
similar to that found over midlatitudes (Randel et al.
2007), with a Gaussian-shaped distribution of vorticity
(-5 X109 < ¢ <5x%x107° s ') centered slightly to the
cyclonic side (with a central value of ~1 X 107> s™1).
Figure 8a shows the tropopause altitude for the GPS
observations binned according to vorticity, which
shows systematic structure of higher altitudes (11 km
and above) for strongly anticyclonic flow to lower al-
titudes (~9 km) for cyclonic circulation. This is similar
to polar tropopause behavior shown by Zangl and Wirth
(2002) and is consistent with theoretical expectations
(Hoskins et al. 1985). The strength of the polar TIL
binned according to vorticity is shown in Fig. 8b,
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FIG. 6. Climatological seasonal variation of (a) temperature (K),
(b) N* (10~* s72), and (c) ozone density (DU km ') for the Arctic
(from Eureka observations over 1992-2007). The tropopause is
denoted as a thick line in each panel.
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FIG. 7. As in Fig. 6, but for the Antarctic (from Neumayer data
during 1992-2008). Note that the time axis runs from July to June.
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revealing a systematic variation with the strongest in-
versions (~9 K) for anticyclonic flow and weaker ones
(~5 K) for the strongest cyclones; there is a ~8-K aver-
age inversion for near-zero vorticity. This overall be-
havior is very similar to midlatitudes (Randel et al.
2007), with the main difference being an overall increase
of the average TIL strength for the polar summer. These
results demonstrate that the polar summer TIL is mod-
ulated by synoptic meteorological structure (as ex-
pected), but these are relatively weak modulations on
the strong TIL (~8 K) that exists as a persistent back-
ground.

4. Radiative forcing of the polar summer TIL

Randel et al. (2007) hypothesized a radiative forcing
mechanism for the TIL, based on the combined effects
of water vapor and ozone near the tropopause, and
Kunz et al. (2009) demonstrated a strong influence of
water vapor on radiative cooling in the tropopause re-
gion. Here we explore these radiative effects for the
polar summer, based on FDH calculations incorporating
observed water vapor and ozone profiles. Figure 9a
shows the monthly variation of water vapor mixing ratio
at the altitude of the tropopause over the Arctic (60°-
90°N) derived from binned ACE-FTS observations for
the years 2004-09 (using tropopause coordinates, as noted
in section 2). These data show a large seasonal variation,
with minimum mixing ratios in winter (~25 ppmv) and
maximum in summer (~60 ppmv). Note that the ACE-
FTS sampling does not provide observations for every
month, but the overall behavior is clear. Figure 9b shows
the vertical profile of water vapor for the ACE-FTS
data binned according to 3-month seasons [December—
February (DJF), etc.], and here the ACE-FTS data in
tropopause coordinates have been converted to altitude
coordinates using a mean Arctic tropopause altitude of
9 km. Figure 9b highlights the strong seasonal variation
throughout the troposphere into the lowermost strato-
sphere (several kilometers above the tropopause, near
9 km). There is a relatively small seasonal variation
above 12 km, with a summertime polar minimum over
~12-16 km related to transport of dry stratospheric air
from tropical latitudes (Randel et al. 2001). Calculation
of the upper tropospheric relative humidity (using cli-
matological temperatures as in Fig. 6) shows relatively
constant values (~50%) in the polar upper troposphere
throughout the year, so that the large summer water
vapor mixing ratios (specific humidity) seen in Fig. 9 are
mainly following the warm summer polar tropospheric
temperatures, throughout the more or less well-mixed
troposphere. The extension of the tropospheric water va-
por variations several kilometers above the tropopause
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FI1G. 8. (a) Average altitude of the polar tropopause derived from the COSMIC temperature profiles, binned as
a function of collocated ¢ (107> s ") at 200 hPa (from NCEP reanalysis data). (b) Average strength of the polar
tropopause inversion [defined as 7(Zyrt + 2 km) — T(Zyrt), K], calculated within each vorticity bin.

is an aspect of water vapor observed throughout the ex-
tratropics in aircraft observations (Pan et al. 2004) and
previously documented in ACE-FTS data by Hegglin
et al. (2009); this is a well-known aspect of the so-called
extratropical tropopause mixing layer (Hoor et al. 2002;
Kunz et al. 2009). We note that these ACE-FTS data
(with vertical resolution ~3 km) may provide a slightly
smoothed estimate of the water vapor transition layer
above the tropopause.

The seasonal average ozone values from Eureka (i.e.,
the values from Fig. 6) are shown in Fig. 10, and these
are used as input to the FDH calculations below. These
show the expected behavior of maxima during winter—
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spring and minima in summer—autumn. There are rela-
tively large relative variations in the region near and
above the tropopause.

The FDH calculations follow the methodology of
Forster and Shine (2002) and examine the effects of ob-
served seasonal changes in water vapor (Fig. 9) and ozone
(Fig. 10) on polar temperatures. As a background we use
the annual mean temperature profile from Eureka radio-
sondes (and the overall results are not sensitive to the
choice of background season). We calculate the FDH
temperature changes associated with the different seasonal
profiles of water vapor (from Fig. 9) and ozone (Fig. 10)
based on summertime radiative exposure. Figure 11a
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FIG. 9. (a) Monthly average water vapor mixing ratio (ppmv) at the altitude of the tropopause over the Arctic

(60°-90°N) derived from ACE-FTS data during 2004-09. The circles show the average values; the vertical bars denote
the standard deviation. (b) Vertical profile of ACE-FTS water vapor mixing ratio (ppmv) for seasonal averages (DJF,
etc.), calculated in tropopause coordinates and transformed to altitude using a mean tropopause altitude of 9 km
(noted with the heavy dashed line).
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shows the FDH temperature response to water vapor
changes, with results for the different seasons compared
to the (minimum) water vapor values during winter (DJF);
Fig. 11b shows the corresponding temperature differences.
The results show that water vapor increases near the
tropopause result in strong cooling, and the effects are
particularly strong during summer (with FDH temper-
ature differences up to 15 K). The peak of this cooling
occurs near 10 km, and the overall thermal structure for
the summer water vapor case in Fig. 11a shows a marked
minimum near 10 km, similar to the observed structure
(i.e., Figs. 1-3).

It should be noted that the FDH estimates are highly
idealized calculations, intended to test the sensitivity
of temperature to constituent changes rather than to
calculate exact temperature profiles. For example, the
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magnitude of the June—August (JJA) temperature in-
version in Fig. 11a (~10 K) is somewhat larger than
observed (~8 K), and the upper tropospheric lapse rate
substantially exceeds a dry adiabat (and would pre-
sumably be alleviated by dynamical processes). In spite
of these differences, the FDH results capture the key
aspects of the polar inversion, including the seasonal
behavior and approximate vertical structure.

The calculations testing ozone sensitivity are shown in
Fig. 12. The FHD temperature changes associated with
seasonal ozone variations are relatively small, typically
<1 K (Fig. 12b), and are more or less in phase with the
ozone changes [i.e., the increase in lower stratosphere
ozone from DJF to March-May (MAM) provides rela-
tive warming]. However, the small temperature changes
in Fig. 12 suggest that ozone is much less important than
water vapor (Fig. 11) for the temperature structure near
the polar tropopause. Overall, the observations of the
strong seasonal maximum in water vapor during sum-
mer coincident with the enhanced TIL, together with the
explicit FDH calculations, suggest that the radiative
influence of water vapor plays a strong role in forming
and maintaining the polar summer TIL.

5. Summary and discussion

Radiosonde and GPS observations have demonstrated
that the TIL is a ubiquitous feature of the extratropical
tropopause region, with strongest amplitude in summer
polar regions (Birner 2006; Randel et al. 2007; Grise
et al. 2010). Here we have focused on quantifying the
detailed behavior of the polar summer TIL, including
its space—time structure and variability. Our observations
show a persistent summertime inversion layer immediately
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FI1G. 11. (a) Fixed dynamical heating temperature response to the seasonal water vapor variations shown in Fig. 9b.
Thick black curve shows the background reference temperatures with DJF water vapor, and the other curves
show the corresponding temperatures for imposed water vapor from MAM, JJA, and September-November (SON).
(b) The corresponding temperature differences from DJF.
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(with details similar to Fig. 11): (a) the temperature structures; (b) the differences from DJF.

above the polar tropopause, with an average inversion
strength of ~8 K. The vertical structure and the lat-
itudinal and temporal characteristics of the polar TIL
are similar between the hemispheres, suggesting this is
a fundamental aspect of the polar summer circulation.
GPS observations show that the polar TIL is modulated
by synoptic meteorological variability (similar to mid-
latitudes), but this produces a relatively small modula-
tion on the persistent background inversion.

We have explored the radiative forcing of the polar
TIL due to seasonal variations in water vapor and ozone,
based on FDH calculations. Water vapor exhibits a
strong seasonal variation over polar latitudes, with a pro-
nounced summer maximum throughout the troposphere
and lowest stratosphere. The high values of tropospheric
water vapor (which mainly follow the seasonal tropo-
spheric temperatures) extend for the first few kilometers

above the tropopause before merging with the extremely
dry air (~3 ppmv) characteristic of the stratosphere
(above 12 km in Fig. 11b). This vertical structure is
a characteristic of the extratropical tropopause mixing
layer (Pan et al. 2004; Hegglin et al. 2009; Kunz et al.
2009), with the result that water vapor at the tropopause
lies midway between troposphere and stratosphere values.
The FDH calculations show that the large summer max-
imum in water vapor is associated with strong cooling
near the tropopause (~10 km), with a resulting temper-
ature structure that closely resembles the observed be-
havior. The corresponding calculations incorporating
seasonal ozone variations (Fig. 12) show relatively little
effect (temperature changes < 1 K). We conclude that
the radiative effects of water vapor are a major con-
tributor to the formation and maintenance of the polar
summer TIL, and this helps explain why models with
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FI1G. 13. (a) Monthly average water vapor mixing ratio (ppmv) at the altitude of the tropopause over the Antarctic
(60°-90°S) derived from ACE-FTS data during 2004-09. Note that the time axis is shifted by 6 months compared to
Fig. 9a. (b) Vertical profile of ACE-FTS water vapor mixing ratio (ppmv) over the Antarctic for seasonal averages

(DJF, etc.). Calculation details are as in Fig. 9.
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relatively low vertical resolution can capture this be-
havior (Gettelman et al. 2010). We note that a similar
summertime maximum in water vapor near the tropo-
pause is observed over the Antarctic (Fig. 13), and FHD
calculations (not shown here) suggest a radiative effect
similar to that shown for the Arctic in Fig. 11b. Hence
this mechanism is a reasonable explanation for the ob-
served hemispheric symmetry of the polar summer TIL.

While Randel et al. (2007) suggested that the radiative
effects of both water vapor and ozone could contribute
to formation and maintenance of the TIL, the results
shown here for polar summer clearly highlight a domi-
nant role for water vapor. This agrees with the calcula-
tions of Kunz et al. (2009), who demonstrate a major
radiative influence for water vapor in the midlatitudes.
A key role for water vapor in the TIL was also high-
lighted by Hegglin et al. (2009), who emphasized simi-
larity between TIL structure and water vapor vertical
gradients near the tropopause. These consistent results
suggest an updated perspective that the radiative effects
of water vapor near the tropopause may be a dominant
mechanism for the TIL.
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