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Abstract The Tropopause Inversion Layer (TIL) is marked by a peak in static stability directly above the
tropopause. The TIL is quantitatively defined with new diagnostics using Global Positioning System Radio
Occultation temperature soundings and reanalysis data. A climatology of the TIL is developed from
reanalysis data (1980–2011) using diagnostics for the position, depth, and strength of the TIL based on the
TIL peak in static stability. TIL diagnostics have defined relationships to the synoptic situation in the Upper
Troposphere and Lower Stratosphere. The TIL is present nearly all the time. The TIL becomes hard to define
in the subtropics where tropical air overlies midlatitude air, in a region of complex static stability profiles.
The mean position of the subtropical TIL gradient is sharp and is co-located with the subtropical tropopause
break. Over the period 1980–2011 the TIL depth below the tropopause has decreased by 5% per decade and
increased above the tropical tropopause by a similar percentage. Furthermore, the latitude of the abrupt
change in the TIL from tropical to extratropical in the lower stratosphere appears to have shifted poleward
in each hemisphere by ∼1° latitude per decade, depending on the diagnostic examined. Reanalysis trends
should be treated with caution.

1. Introduction

The tropopause region is characterized by a sharp temperature inversion just above the traditionally defined
tropopause [Wirth, 2003]. This is easily seen in midlatitudes [Birner et al., 2002] but is present at all latitudes
[Birner, 2006]. The increase in static stability has been termed the Tropopause Inversion Layer (TIL) and is
present in temperature observations from radiosondes [Birner et al., 2002], remotely sensed temperatures
from Global Positioning System (GPS) satellites [Randel et al., 2007b] as well as models and analyses [Birner
et al., 2006]. The static stability maximum is a consequence of the shape of the thermal profile. The thermal
profile is a consequence of radiative [Randel et al., 2007b] and/or dynamical [Son and Polvani, 2007; Grise
et al., 2010] processes. Static stability is inherently related to the thermal gradients and hence to the dynamic
(potential vorticity) definition of the tropopause, reviewed in Gettelman et al. [2011].

The TIL is important as (a) a diagnostic of the Upper Troposphere and Lower Stratosphere (UTLS) structures
and (b) a barrier or resistance to vertical motion. This work develops a series of diagnostics for the TIL repre-
senting the strength (in terms of static stability), depth (in physical space) on either side of the static stability
peak, and the relationship of the static stability peak to the tropopause itself, similar to Schmidt et al. [2010].

A climatology of the TIL was recently presented by Grise et al. [2010] using Global Positioning System (GPS)
temperature profile data. Grise et al. [2010] found that (a) TIL exists at all latitudes, (b) there are two dis-
tinct maxima in the tropics at 17 and 19 km depending on season and latitude, and (c) the TIL structure is
closely tied to dynamic variability using 5 day mean anomalies. Schmidt et al. [2010] used GPS and in situ
temperature profiles to examine the structure of the TIL, identifying a TIL bottom (static stability minimum
below the tropopause), TIL maximum (static stability maximum above the tropopause), and TIL top (maxi-
mum temperature above the tropopause) and showed that the TIL was “narrower” around the tropopause
during summer. Homeyer et al. [2010] diagnosed a tropopause transition layer depth with curve fits to
static stability profiles and identified the fraction of profiles with canonical TIL structures, as well as high-
lighting that deep tropopause layer structures are found in conjunction with cyclonic flow (cutoff lows,
stratospheric intrusions).

The tropopause region structure has also been used to diagnose changes in the general circulation [Seidel
et al., 2008]. Changes in the circulation are expected from the radiative-convective effects of increased
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greenhouse gases, which warm the troposphere and cool the stratosphere. The altered thermal gradient
in the UTLS in turn affects the subtropical jets (through the thermal wind relationship), tending to increase
their speed and alter their position [Polvani and Kushner, 2002]. The jets affect the circulation down to the
troposphere in a coupled dynamical response that can be diagnosed in the meridional extent of the Hadley
circulation [Held and Hou, 1980] and the height of the tropopause [Held, 1982; Lorenz and DeWeaver, 2007].
Observed trends or shifts in the subtropical jet streams or subtropical dry regions can reach 1° latitude
per decade but are dependent on the choice of metrics [Birner, 2010; Davis and Rosenlof, 2012]. Davis and
Birner [2013] used upper tropospheric metrics for circulation and static stability in reanalysis and GPS data
to examine trends in the tropopause region, and many authors have used the tropopause height as a metric
for the circulation [e.g., Lu et al., 2009].

This work will examine TIL in high-resolution soundings and in reanalysis data by defining some objective
diagnostics of the UTLS stability structure. While the climatology of the TIL structure has been well cov-
ered in the literature, here we highlight in the analysis and discussion two distinct sets of questions at either
end of the temporal scale. First, how often is the TIL present, how does it relate to the synoptic variability
in the UTLS, and what is the climatological and seasonal structure? Second, are there defined trends in the
TIL structure that would enable us to diagnose global change and evaluate its representation in global
models and analysis systems? The analysis will start from instantaneous and 6-hourly data, and build up to
long-term trends. Section 2 describes the diagnostics, data, and methodology. Results are in section 3, and
some answers to the questions above are in the discussion (section 4).

2. Methods

TIL statistics are calculated using temperature profiles at each point in space and time, starting with Global
Positioning System (GPS) Radio Occultation (RO) temperature measurements with high vertical resolution.
Reanalysis temperature profiles can reproduce TIL statistics, and these data are then used to develop a
climatology of the structure of the TIL. The seasonal and annual structure is evaluated. Finally, 32 years of
reanalysis data are used to examine trends in the TIL.

2.1. Data: GPS, ERA-Interim, and MERRA
GPS RO temperature profile data come from the Constellation Observing System for Meteorology, Iono-
sphere, and Climate (COSMIC) [Anthes et al., 2008]. Use of the data for the TIL is detailed by Randel et al.
[2007b] and Schmidt et al. [2010]. We use two versions of the GPS data. First are raw profiles from the
“wetPrf” data set, produced on a 100 m vertical grid. Vertical resolution of the GPS observations is about
500 m around the tropopause. There are about 1000 profiles per day globally from the COSMIC data in
2011. Second, because we want to average out some of the gravity waves, wetPrf profiles are put on
a standard 200 m resolution vertical grid and then binned to daily 1.25◦ by 1.25◦ horizontal grid using
Gaussian weights. The binning process using different times and coarser vertical resolution smooths out
high-frequency waves but maintains the high vertical resolution structure which is a unique feature of the
GPS data. Comparisons of individual points indicate that reanalysis (see below) and GPS temperatures for
co-located grids differ by less than 0.5 K in the TIL. We analyze 5 years of GPS data (2007–2011).

The gridding of the GPS data is different than previous work [Randel et al., 2007b; Birner, 2006], which typ-
ically uses raw profiles and then puts them in relative coordinates. Here we are typically averaging and
smoothing 1–2 profiles in a day before putting them in relative coordinates. This has the desired effect of
removing waves, but preserving tropopause structure (since radiative timescales are long in the UTLS). Pre-
vious work with raw GPS data might be actually picking up gravity waves more than TIL structure. We use
both methods (raw and gridded) for comparison. We will illustrate that the TIL statistics are essentially the
same. There are quantitative differences in the strength metrics between the raw and gridded data, but the
structure is the same. The conclusions are not dependent on the use of gridded data as the gridded data
have a similar structure for the metrics we are using.

European Centre for Medium Range Weather Forecasts (ECMWF) Interim Reanalysis (ERAI) [Dee et al., 2011]
data from 1980 to 2011 (32 years) are used. We use 6 hourly averages of temperature to calculate buoyancy
frequency on standard levels and a 1◦ grid. Vertical resolution of the data is ∼1000 m in the UTLS. Statistics
described in the next section are calculated from individual grid points in space and time, and averaged.
ERAI assimilates the GPS data, so the data sources are not independent.
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To understand the sensitivity of the results to the choice of reanalysis data set, we also use the Modern Era
Retrospective analysis for Research and Applications (MERRA) [Rienecker et al., 2011]. MERRA is available at
0.5° horizontal resolution, and we also use a version interpolated to 2◦ grid, both on pressure levels. Vertical
resolution is similar to ERAI at ∼1000 m in the UTLS. Below we demonstrate that TIL diagnostics are simi-
lar between ERAI and MERRA. The same 32 year time period is used for both reanalyses. MERRA does not
assimilate GPS observations, providing an independent data set from the GPS data.

2.2. TIL Diagnostics
We will use several diagnostics of the TIL structure, illustrated on GPS stability and temperature profiles in
Figure 1. The figure shows equally spaced individual profiles around a latitude circle at the latitude indicated.
Static stability is calculated as the squared buoyancy frequency (also called the Brunt–Väisälä frequency):

N2 =
g
𝜃

𝜕𝜃

𝜕z
=

g
T
(Γd + Γ) (1)

where Γ is the temperature lapse rate (Γ = 𝜕T∕𝜕z), Γd is the dry adiabatic lapse rate, and g = 9.81 m s−2

the gravitational acceleration. The TIL bottom is defined as the minimum in N2 in the Upper Troposphere
(UT), illustrated by the plus signs in Figures 1a, 1c, and 1e. The TIL peak, or N2

max, is defined by searching
for the first maximum N2 (a change in sign of the vertical gradient of N2) above a specified threshold
(4 × 10−4 s−2) from the TIL bottom, marked by the red triangle in Figures 1a, 1c, and 1e. The position of the
TIL peak is analyzed relative to the thermal tropopause, estimated using the standard World Meteorological
Organization (WMO) definition [World Meteorological Organization, 1957], and shown as the blue square on
the temperature profile in the right panels of Figure 1.

The upper bound of the TIL (TIL top) is defined as the minimum in N2 in the lower stratosphere (LS) above
the TIL peak, illustrated by blue diamonds in Figures 1a, 1c, and 1e, and we also note the maximum N2

in the LS above this (asterix in Figures 1a,1c, and 1e. The maximum N2 in the LS is sometimes within the TIL
and sometimes well above it. This is similar to the vertical structures identified by Schmidt et al. [2010] and
Hegglin et al. [2009].

TIL structure is diagnosed by looking at the gradients on the UT and LS sides of the TIL N2 peak separately.
The UT TIL depth is defined as one half of the distance between the UT N2 minimum (N2

min) and the TIL peak
(N2

max) in distance units (km), and the strength as half ΔN2 between the UT N2
min and the TIL peak (N2

max) in
frequency units (s−2). Half the distance is used to capture the middle of the gradient. The same calculations
are performed on the LS side of the TIL peak to generate a LS depth and strength. The diagnostics are sum-
marized in Table 1. Statistics are calculated on each profile and averaged. The diagnostics use distances in
coordinates relative to the static stability peak before averaging. This is similar to tropopause relative coordi-
nates used by Birner et al. [2002] and others. The methodology for the diagnostics has only two parameters:
(a) the bottom threshold in the UT used for finding the UT minimum (500 hPa) and (b) the minimum static
stability value allowed for N2

max (4 × 10−4 s−2). We have tested the sensitivity of the results to these param-
eters. Results are not sensitive to the UT minimum pressure. Reducing the minimum N2

max threshold allows
more profiles to be found in the subtropics. This does not affect the climatology, and we have verified it also
does not affect trends.

Figure 1 illustrates the variability of stability and temperature in the UTLS in three latitude bands: the trop-
ics (Figure 1a and 1b), the subtropics (Figures 1c and 1d), and the midlatitudes (Figures 1e and 1f) from daily
gridded GPS profiles. Raw GPS profiles (not shown) have more scatter, but the diagnostics for the UT have
similar structure. In the LS, the raw GPS profiles have large gravity wave temperature perturbations at small
vertical scales which complicate the interpretation and diagnosis of the TIL. These variations are largely
removed with the gridding process.

There is a different character to the TIL at different latitudes. In the tropics (Figures 1a and 1b), the TIL peak is
near 90 hPa, and there is a large stability jump occurring in a narrow layer between the UT and LS. In the sub-
tropics (Figures 1c and 1d), the tropopause is highly variable between 300 and 100 hPa, and the character of
the TIL contains some points that look like the tropics, and some that do not, as a consequence of the ver-
tical layering of tropical and extratropical air masses. This is clear in the bimodal distribution of tropopause
pressures in Figure 1d. This also gives rise to “double tropopause” structures where a tropical airmass over-
lies a midlatitude one. In some of these profiles, the method of diagnosing the TIL breaks down (see below).
The change in the TIL character is a consequence of sampling tropical and extratropical air at different longi-
tudes in the subtropics. The diagnostics reflect this. Finally, at middle and high latitudes (Figures 1e and 1f),
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Figure 1. TIL Diagnostics illustrated using gridded GPS Profiles every 10° of longitude on 1 January 2011. (a, c, and e)
Stability (N2) profiles with the UT N2

min (black cross), LS N2
max (black asterix), UT N2

max (red triangle), and LS N2
min (blue

diamond). (b, d, and f ) Temperature profiles with the thermal tropopause (blue square). Different latitudes shown: (a, b)
equator, (c, d) 30◦N, and (e, f ) 60◦N.

the TIL is at a lower altitude, and also highly variable, but with a consistent structure. The ΔN2 across the
TIL is not as large as in the tropics. The stratospheric temperatures vary significantly between profiles
(Figure 1f ), as does the tropopause temperature and pressure.

We now turn to examining profiles based on reanalysis data. Figure 2 is similar to Figure 1 but for ERAI
reanalyses for the same date. As would be expected, the structures are very similar for the ERAI and GPS
profiles, and the character by latitude is maintained. This is also expected because the ERAI reanalysis does
assimilate the COSMIC GPS. The basic difference between the data sets is the vertical resolution: the GPS
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Table 1. Definitions of TIL Diagnostics

TIL Diagnostic Definition Units

Frequency Frequency N2
max is defined Frequency

N2
max Diff Distance: N2

max - Tropopause km

UT Depth Distance: [h(N2
max) - h(UT N2

min)]/2 km

LS Depth Distance: [h(LS N2
min) - h(N2

max)]/2 km

UT Strength ΔN2 = (N2
max - UT N2

min)/2 s−2

LS Strength ΔN2 = (N2
max - LS N2

min)/2 s−2

data have higher vertical resolution,

which may be critical for the represen-

tation of the TIL. Gettelman et al. [2010]

examined the TIL in global models at

different resolutions and found that

higher (300 m) and lower (1 km) vertical

resolutions were qualitatively similar

but had some quantitative differences.

We thus expect that there might be

Figure 2. Same as Figure 1 except using ERAI reanalysis for 1 January 2011 at 0 UTC.
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Figure 3. Maps of UT TIL from ERAI data on 1 January 2011 at 0UTC for UT (a) depth (km) and (b) strength (ΔN2). Overplotted in Figure 3a is the 500 hPa Geopo-
tential (Z500: units of 1000 m2 s−2) for the same time from ERAI. Thicker contours are higher heights, interval 103 m2s−2. Overplotted in Figure 3b is the 500 hPa
Potential Vorticity (PV500), interval 0.5 × 10−6 K m2 kg−1 s−1. White regions indicate where the TIL is not defined.

differences in the strength and depth metrics. In the next section, we will look quantitatively at the daily
TIL structure.

3. Results

In this section, the TIL is quantitatively analyzed using the gridded daily GPS and 6-hourly ERAI observations
shown in Figures 1 and 2. First, the spatial structure of a snapshot is examined. Then the diagnostics are aver-
aged to monthly and seasonal statistics. Finally, we will extend the record to look at interannual variability
and long term trends in the TIL from these diagnostics over the period of the ERAI and MERRA records from
1980 to 2011.

3.1. Instantaneous Structure
The spatial distribution of the TIL diagnostics’ variability around a latitude circle shows coherent structures
in ERAI data. Figure 3 shows the UT TIL depth (a) and strength (b). Also plotted are (a) 500 hPa geopotential
(Z) and (b) Potential Vorticity (PV). Variations of the UT depth diagnostic of the TIL (Figure 3a) are spatially
coherent: the depth is high in the tropics and lower in the middle and high latitudes. Depth varies syn-
optically in high latitudes: UT TIL depth is often large in and adjacent to regions of strong geopotential
gradients, which are related to the synoptic variability of cyclonic systems (and the cutoff lows in geopo-
tential) in Figure 3a. Larger UT depth in cyclonic systems is consistent with the expected nature of the static
stability profiles in cyclonic systems [Wirth, 2003; Randel et al., 2007b]. The maximum UT depth (Figure 3a)
occurs in regions of strong geopotential height gradients, both in the subtropics and in the middle and high
latitudes associated with cyclonic flow. While the structures and peaks in depth form along geopotential
lines, there is not a one-to-one correspondence. There is a distinct band in the subtropics where a TIL peak
cannot be defined because there is no clear maximum in N2. These latitudes correspond to profiles such
as that in Figure 2c at 30◦N, and represent regions where double tropopause structures are often found in
cyclonic features near the subtropical jet [Randel et al., 2007b].

The UT strength diagnostic (Figure 3b) has a similar pattern. There is often a strong anticorrelation between
large UT TIL depth and strength, mostly around the edges of synoptic features. This has been verified quanti-
tatively with an anomaly pattern correlation analysis (zonal mean removed) between (a) depth and strength
metrics and between (b) the metrics and the 500hPa PV field at different times. Significant pattern correla-
tions result. A shallow (deep) TIL is stronger (weaker). TIL UT strength (Figure 3b) is anticorrelated strongly
with PV, consistent with balanced dynamical structures [e.g., Wirth, 2000, 2003].

High PV results in lower TIL UT strength, and this is often found in regions where the tropopause is low
(in cyclonic systems around low geopotential heights), consistent with Homeyer et al. [2010]. Wirth [2001]
and Wirth [2003] also found in an idealized model that latent heating in cyclones erodes stability gradi-
ents (and increases PV). High 500 hPa PV is correlated with larger UT TIL depth and lower strength. Higher
500 hPa PV would imply higher midtropospheric static stability and thus a lower gradient to the TIL N2

max.
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Figure 4. Maps of LS TIL from ERAI data on 1 January 2011 at 0 UTC for LS TIL (a) depth (km) and (b) strength (ΔN2). Overplotted in Figure 4a is the 100 hPa
Geopotential (Z100) for the same time from ERAI. Thicker contours are higher heights, interval 1000 m2s−2. Overplotted in Figure 4b is the 100 hPa Potential
Vorticity (PV100), interval 4 × 10−6 K m2 kg−1 s−1. White regions indicate where the TIL is not defined.

Another way of looking at the correlation is that high PV results from a stretching of the UTLS column and
a lower tropopause with an increase of relative vorticity. This would also increase the UT TIL depth and
decrease the the N2

max, but not the UT TIL N2
min, thus also reducing UT TIL strength.

The structure of the TIL in the lower stratosphere is illustrated in Figure 4. The LS TIL depth is ill defined in
most of the tropics (white regions in Figure 4a), because a N2 minimum above the tropopause is not clear.
The LS TIL depth increases poleward following the synoptic variability of 100 hPa geopotential height (Z100)
in Figure 4a, consistent with analysis of the TIL in radiosondes by Birner [2006]. The LS TIL strength also is ill
defined in the tropics (for the same reasons as LS TIL depth being ill defined). LS TIL strength is positively
correlated with LS TIL depth at higher latitudes (based on pattern correlation statistics). LS TIL strength and
depth are anti-correlated with the magnitude of 100 hPa PV (PV100) in the Southern Hemisphere, but less
clearly in the Northern Hemisphere.

The structure of the height difference between the TIL peak and the tropopause (not shown) is also coherent
in space, but with fewer spatial gradients. The basic pattern is clear from the zonal mean (Figure 5b), with
the TIL peak within 1 km of the thermal tropopause at high latitudes. There is a band in the subtropics where
a maximum in N2 is not well defined, and around this band, the difference has a much larger separation
of 2–3 km. This structure is also clear in Schmidt et al. [2010, Figure 9]. In the extratropical latitudes, higher
500 hPa PV is found in regions with lower UT TIL strength (Figure 3b). This is not surprising dynamically,
given that PV ∝ N2 [Gettelman et al., 2011], which is in turn related to pressure gradients and baroclinic
structures represented in the Geopotential. This relationship between PV and N2 ties the TIL to PV structures,
as stability is the vertical component of PV.

Figure 5 shows the instantaneous zonal mean structure of the TIL diagnosed from 6-hourly ERA interim
reanalysis at the same time as the maps in Figures 3 and 4. Figure 5a illustrates the frequency of the loca-
tions around a latitude circle where the TIL N2

max can be defined. This has two clear minima, near regions
where the stability structure is not sharp, around 40◦S (summer) and 30◦N (winter). Profiles of the TIL in the
subtropics correspond to Figures 2c and 2d from the reanalysis data and Figures 1c and 1d from GPS data.
These locations mark the position of the subtropical tropopause “break,” where the temperature profile has
broadly increasing stability, but sometimes no clear maximum. Hence, these are the same regions where
the distance between the TIL peak and the tropopause is large (Figure 5b), similar to results of Schmidt et al.
[2010]. Consequently, the UT depth of the TIL is also large in these latitude bands (Figure 5c), peaking where
the N2

max distance to the tropopause (Figure 5b) is larger but a bit more equatorward than where the TIL
becomes indistinct (Figure 5a). The UT TIL depth in the extratropics seems broadly constant with latitude.
Figure 5d shows the UT TIL strength. There is a clear separation between the tropics and the extratropics.
Figure 5e shows the LS depth of the TIL, which has less distinct minima in depth in the subtropics, as does
the LS stability gradient strength (Figure 5f ).
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Figure 5. Zonal Mean TIL Diagnostics from ERAI reanalysis. (a) Frequency that N2
max can be defined, (b) relationship of

the TIL peak (N2
max) to the tropopause, (c) UT TIL depth (km), (d) UT TIL strength (ΔN2), (e) LS TIL depth (km), and (f ) LS

TIL strength (ΔN2). Dotted lines are the standard deviation around a latitude circle.

The TIL diagnostics developed here from ERAI reanalysis temperature profiles are consistent with previous
work using radiosondes and GPS occultation temperature profiles. The diagnostics are synoptically coherent
in space with a broader and weaker TIL associated with cyclonic systems. ERAI is able to represent these
metrics of the TIL. This was not the case for analysis of the NCEP/NCAR reanalysis by Birner et al. [2006],
though different metrics were used. The TIL has sharp gradients in the separation of the N2

max from the
tropopause, and in particular the depth of the LS and UT sides of the TIL. This single snapshot is consistent
with previous work on climatologies of the TIL [Grise et al., 2010; Schmidt et al., 2010].

3.2. Monthly Mean
We now turn to look at the monthly mean and quantitatively compare GPS and ERAI data. Figure 6 illus-
trates a January monthly mean of the diagnostics from Figure 5. We have also analyzed other months and
the differences between data sets are consistent (e.g., in July, the comments about winter and summer
hemispheres still hold). Averages of four different data sets are shown in the figure: (1) ERAI data in black,
(2) gridded GPS data (vertical resolution 200 m) in red, (3) individual raw (100 m vertical resolution) GPS pro-
files in blue, and (4) MERRA reanalysis at 0.5° (purple) and 2° (green) horizontal resolution. For comparison,
the GPS data have been smoothed with a 1 km boxcar smoother to better capture a similar resolution: but
the results are not that sensitive to the smoother. The dotted lines are the standard deviation of the ERAI
monthly means around a latitude circle. The dashed lines are the mean of the ERAI standard deviation over
time at each longitude around a latitude circle. The latter is usually larger. Averages are taken over all avail-
able profiles. The frequency of occurrence is at least 60% at all latitudes (Figure 6a) and is higher in July
(at least 80%).

The coarse vertical resolution of the ERAI and MERRA analysis means that finding an appropriate N2
max in

the tropopause region tends to fail in the subtropics (Figure 6a) between 10% and 30% of the time. Better
vertical resolution means that the definition almost never fails for gridded GPS data (Figure 6A red) and does
not fail at all for raw GPS profiles. In fact, the raw GPS profiles have the the opposite problem of too much
variability. Specifically, the raw GPS data in the lower stratosphere have significant short vertical wavelength
(< 1 km) gravity wave variance, which makes the TIL LS definitions hard to establish. Some of the variance is
also measurement noise [Marquardt and Healy, 2005]. So these data are not analyzed in Figures 6e and 6f.
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Figure 6. Monthly zonal mean TIL diagnostics from ERAI (black), gridded GPS (red), raw GPS (blue), MERRA 2◦ (green),
and MERRA 0.5◦ (purple) data. Dotted lines are the ERAI standard deviation of the monthly means around a latitude
circle. Dashed lines are the mean of the ERAI individual longitude location standard deviations. Diagnostics are (a) fre-
quency that a N2

max can be defined, (b) relationship of the TIL peak (N2
max) to the tropopause, (c) UT TIL depth (km), (d)

UT TIL strength (ΔN2), (e) LS TIL depth (km), and (f ) LS TIL strength (ΔN2).

Figure 6b shows the separation between the TIL peak (N2
max) and the tropopause. There are distinct peaks

in the monthly means from all four data sets, and these occur very close to the same latitude. The GPS data
only features about 1000 profiles a day, perhaps a few hundred in a month in a given latitude band, so the
data are noisier than the ERAI analysis and have a larger standard deviation which encompasses the ERAI
data. The key feature is that the quantitative value of the separation is similar at the subtropical peak
(about 2 km), and the latitude of the peak distance in the subtropics is similar across data sets. We have
analyzed a longer term GPS climatology (2007–2011), and results are similar. They are also similar to Schmidt
et al. [2010, Figure 9].

The similarity across the data sets is also high for the UT TIL depth (Figure 6c). The correspondence between
data sets is not surprising as gridded GPS and ERAI are dependent on the raw GPS profiles (gridded for the
gridded GPS data and assimilated into ERAI). Thus, it is not an independent validation: the comparisons are
designed to show that using the reanalysis data yields similar results to the raw higher resolution data, but
with better statistics. The differences between the raw GPS (Figure 6c, blue) and the gridded GPS (Figure 6c,
red) are largest in the winter hemisphere tropics and high latitudes (also true in July). The difference may be
a result of gravity wave activity removed from the gridded profiles. The difference between gridded and raw
profiles may also be because the static stability is lower in the stratosphere in polar regions in winter [Wirth,
2001], making the TIL broader and harder to define.

The effects of vertical resolution are seen in the UT strength (Figure 6d) and the LS TIL depth (Figure 6e) and
strength (Figure 6f ). For UT strength, the raw GPS profiles and gridded profiles differ significantly. For the
lower stratosphere, the effect is the opposite: the LS TIL depth is shallower (Figure 6e) with a lower LS TIL
strength (Figure 6f ).

Thus, ERAI data represent the TIL diagnostics from GPS soundings, whether gridded or not. The meridional
and spatial (see below) structure of the TIL diagnostics is similar across all the data sets: the meridional gra-
dients shown in Figures 6a–6d are the same between the different ways of using the GPS sounding data. All
three data sets are dependent on GPS soundings, generally considered to be an accurate representation of
the tropopause region thermal structure.
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Figure 7. Annual Cycle climatology from 32 years of ERAI data. Diagnostics are (a) N2
max frequency (contour interval 0.05),

(b) distance of the TIL peak (N2
max) to the tropopause (contour interval 0.5 km), (c) UT TIL depth (contour interval 0.5 km),

(d) UT TIL strength (contour interval 0.5 × 10−4s−2), (e) LS TIL depth (contour interval 0.5 km), and (f ) LS TIL strength
(contour interval 0.5 × 10−4s−2).

We have also analyzed MERRA reanalysis data in Figure 6 at 0.5° (thin purple) and 2◦ (green) resolution. The
resolution does not matter (the 2◦ data are interpolated from the original 0.5° reanalysis) for the TIL diagnos-
tics. Qualitative structure is similar to ERAI, but there are some quantitative differences, mostly due to the
positioning of the tropopause (Figure 6b) and at high latitudes of the Southern Hemisphere, where there
are some anomalies in interpolation to pressure levels from model levels around Antarctica. In summary, the
TIL diagnostics provide meaningful information and robust structure in the UTLS region. The spatial struc-
ture of the monthly mean TIL diagnostics is basically identical between the gridded GPS, ERAI, and MERRA
data for all the diagnostics. There are quantitative differences between data sets. ERAI is closer to gridded or
GPS data for the N2

max—tropopause difference (Figure 6b) in the subtropics than MERRA. MERRA seems to
represent the UT depth (Figure 6c) and strength (Figure 6d) better than ERAI relative to the gridded GPS
data. LS TIL depth (Figure 6e) is the most sensitive to data differences.

3.3. Annual Cycle
Having demonstrated that the reanalysis is producing similar results to the GPS profiles themselves (which
we have taken as the reference data, and on which the reanalysis is partially dependent for input data), we
now use the long term record from ERAI reanalysis to diagnose the climatology of the TIL seasonally and
over the annual cycle.

Figure 7 shows climatological seasonal means based on 32 years of ERAI analyses of the TIL. For most of
the diagnostics, there is a clear seasonal cycle to the TIL. The annual cycle analyzed with MERRA reanalysis
looks qualitatively similar, with some quantitative differences as seen in Figure 6. We have also looked at
the annual cycle from 5 years of GPS gridded profiles (not shown). The annual cycle in gridded GPS data
is similar to that noted below. There are quantitative differences between ERAI and gridded GPS data for
UT TIL depth (Figure 6c) and LS TIL depth (Figure 6e) that carry through to the annual cycle. The frequency
of TIL definition in the ERAI data is mostly an artifact of the coarse vertical resolution, but it has a consis-
tent cycle, with lower values in the subtropics from December to May and then higher frequencies from
June to November (Figure 7a). The lower frequencies in December to May are consistent with the annual
cycle of double tropopause events [Randel et al., 2007a]. The frequency minimum in the subtropics shifts
poleward in the summer hemisphere, but it is more pronounced in the Northern Hemisphere. The reduced
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Figure 8. Zonal mean anomalies of TIL diagnostics over time. (a) Relationship of the TIL peak (N2
max) to the tropopause (km), (b) UT depth of the TIL (km), and

(c) LS depth of the TIL (km).

frequency in winter and spring at high latitudes of the Southern Hemisphere is likely due to the definition of
the thermal tropopause and TIL in this season [Randel and Wu, 2010].

The separation of the N2
max and the tropopause (Figure 7b) also has a clear cycle with more variation in the

Southern Hemisphere, and again, with the summer hemisphere subtropical peak being further poleward
in both hemispheres. The TIL UT depth (Figure 7c) also shifts poleward in the summer hemisphere, and the
depth in the extratropics is larger in the winter hemisphere, with a larger annual cycle in the Southern
Hemisphere consistent with GPS climatologies [Schmidt et al., 2010; Grise et al., 2010]. The UT TIL strength
(Figure 7d) is stronger in the tropics in Northern Hemisphere winter and spring (also seen in Grise et al.
[2010]). In the extratropics, the strength is lower than in the tropics (consistent with the static stability pro-
files seen in Figures 2 and 1). There is a strong seasonal cycle, with the strength at high latitudes stronger in
the summer season. This cycle is consistent with a combination of effects: in the tropics, it is likely that the
annual cycle of tropical tropopause temperatures due to the stratospheric residual circulation dominates
the annual cycle in static stability. In the extratropics, the strongest, narrowest, and sharpest TIL is found
during polar summer, consistent with Birner [2006] and Randel and Wu [2010].

In the lower stratosphere (Figures 7e and 7f), the TIL has a reduced depth in the subtropics. The reduced
depth in the LS is likely a consequence of the increased depth on the tropospheric side combined with the
double peaked vertical structure of subtropical TIL with higher static stability at 19 km [Grise et al., 2010].
There is a broad subtropical minimum in depth and strength, with higher values in Northern Hemisphere
summer. The LS depth is largest in the Southern Hemisphere in fall (MAM) and smallest in spring (SON)
(Figure 7e), mirrored in the Northern Hemisphere. The TIL has a smaller depth (Figure 7e) but increased
strength (Figure 7f ) in Northern Hemisphere summer. There is more coherence with the LS TIL strength
(Figure 7f ), with high latitude maxima in strength in the summer and fall in both hemispheres: consistent
with radiative effects of water vapor at high latitudes [Randel and Wu, 2010]. The depths between the UT
(Figure 7c) and LS (Figure 7e) are broadly anticorrelated in the subtropics and tropics. The annual cycle
of UT (Figure 7d) and LS (Figure 7f ) TIL strength is positively correlated in the extratropics but negatively
correlated in the tropics and subtropics.

GETTELMAN AND WANG ©2014. American Geophysical Union. All Rights Reserved. 11



Journal of Geophysical Research: Atmospheres 10.1002/2014JD021846

Figure 9. Zonal mean trends for TIL diagnostics over 1980–2011. All trends are per decade. Thick solid line indicates sta-
tistically significant trends at the 95% level based on 2𝜎 from a bootstrap fit. ERAI in black, MERRA in gray. (a) Frequency
that N2 max can be defined (km/decade). (b) Distance of the TIL peak (N2

max) to the tropopause (km/decade), (c) UT TIL
depth (km/decade), (d) UT TIL strength (10−4 s−2/decade), (e) LS TIL depth (km/decade), and (f ) LS TIL strength
(10−4 s−2/decade).

3.4. Interannual Variability
In addition to a climatology based on a long record, the 32 years of reanalysis data allow us to look at the
interannual variability and possible secular trends in the structure of the TIL. We will focus on a few diagnos-
tics which seem the easiest to define and have sharp gradients in the subtropics. These are (a) the separation
between the TIL peak and the tropopause, (b) the UT TIL depth (representing the upper tropospheric TIL),
and (c) the LS depth of the TIL (representing the LS structure). It is important to look at both sides of the
TIL, and perhaps separately: the transition from greenhouse gas warming to cooling occurs right around
the tropopause, and as greenhouse gases increase over this period, the forcing may cause differential
temperature changes and thus changes to TIL structure.

Figure 8 shows monthly mean ERAI anomalies from the annual cycle in Figure 7 for the distance of the TIL
peak (N2

max) to the tropopause (Figure 8a), UT TIL depth (Figure 8b), and the LS TIL depth (Figure 8c). The UT
TIL peak and UT TIL depth (Figures 8a and 8b) anomalies get more negative over time, particularly at high
southern latitudes. Deviations over time are positive in the subtropics early in the record, and in the 21st
century are largely negative, again, indicating a “thinning” or “sharpening” of the TIL over time. Trends in
LS TIL depth (Figure 8c) are less clear. As noted, ERAI assimilates GPS data from 2006 to 2012, so any trends
should not be evident as a “jump” after 2006. We investigate these trends further by looking at them more
quantitatively. Anomalies from MERRA reanalysis which does not assimilate GPS data (not shown) indicate
a similar anomaly structure, especially the anomalies in the Southern Hemisphere in the 21st century from
2008 to 2012 in Figure 8. This indicates some robustness to the trends, and that these anomalies are not a
consequence of using recent GPS data as input in ERAI.

3.5. Trends
Figure 9 shows zonal mean linear trends in the TIL diagnostics derived from ERAI (black) and MERRA (gray).
Linear trends are calculated at each latitude with a bootstrap fit with 500 resamples, which minimizes the
effects of the end points of the time series (because it samples different sets of data points when resam-
pling) and provides a confidence interval (standard deviation) on the trend. Figure 9 shows a thick solid line
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Figure 10. Zonal mean seasonal trends for ERAI TIL diagnostics over 1980–2011. All trends are per decade. Thick solid
line indicates statistically significant trends at the 95% level based on 2𝜎 from a bootstrap fit. Seasons are as follows:
December to February (DJF: solid), March to May (MAM: dotted), June to August (JJA: dashed), and September to Novem-
ber (SON: dash-dotted). (a) Frequency that N2 max can be defined (km/decade). (b) Distance of the TIL peak (N2

max)
to the tropopause (km/decade), (c) UT TIL depth (km/decade), (d) UT TIL strength (10−4 s−2/decade), (e) LS TIL depth
(km/decade), and (f ) LS TIL strength (10−4 s−2/decade).

for trends significant at the 95% (2𝜎) level. Both ERAI and MERRA (2◦) results are shown. There are differ-
ences in some of the quantitative results, but especially for the depth and strength trends (Figures 9c–9f ),
the structure of the trends in sign and magnitude by latitude is similar, indicating limited sensitivity to the
reanalysis data used.

The frequency of which the TIL is defined (based on finding a N2
max in the UTLS region) is decreasing slightly

in ERAI and MERRA (Figure 9a). This occurs in most seasons (Figure 10a), with slightly larger trends in DJF.
The negative trend in frequency may be associated with LS TIL getting deeper (Figure 10e) and thus harder
to define. Or a shallower UT TIL (Figure 10c) may become more difficult to resolve with low resolution data,
but these trends are only a few percent of the total depth, so this effect is likely small.

The difference in altitude between the N2
max and the tropopause is increasing in the tropics and decreasing

at high latitudes in ERAI (Figure 9b). In MERRA, it declines at all latitudes. Largest decreases are at about 30◦N
and 40◦S. In the Northern Hemisphere, this occurs mostly in Winter and Spring (December to May, Figure
10b) and in the Southern Hemisphere, in most seasons (with DJF strongest). Note that the peak trends are
just poleward of the seasonal peak separation (Figure 7b). This indicates a meridional shift in the structure
of the TIL that we will discuss below.

The depth of the UT TIL (Figure 9c) is decreasing slightly in the tropics and midlatitudes, while there are
mostly decreases in UT TIL strength (Figure 9d). The changes are consistent across most seasons (Figures 10c
and 10d). There are peaks in the trends for N2

max separation from the tropopause (Figure 9b), UT depth
(Figure 9c), and LS depth (Figure 9e) right around the peak values, and so this might be a shift in the struc-
ture of the TIL with latitude. The LS TIL depth and strength (Figures 9e and 9f) are increasing in the tropics
on the equatorward edges of the peaks in LS TIL depth and strength (Figures 7e and 7f), and there are
decreases in strength in the extratropics. This occurs in most seasons (Figures 10e and 10f). The Extratropi-
cal TIL is getting slightly thinner (−0.05 km/decade in the extratropics is about 5% per decade), while in the
tropics, the depth is increasing in the LS. TIL strength is decreasing at higher latitudes in the UT and LS by a
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Figure 11. ERAI Zonal mean decadal TIL diagnostics for 1980–1989 (black) and 2002–2011 (gray). (a) Frequency that
N2 max can be defined (freq/decade). (b) Distance of the TIL peak (N2

max) to the tropopause (km/decade), (c) UT TIL
depth (km/decade), (D) UT TIL strength (10−4 s−2/decade), (E) LS TIL depth (km/decade), and (F) LS TIL strength
(10−4 s−2/decade).

few percent per decade, up to 10% per decade in the LS (Figure 10f ). In the tropical LS, strength is increasing
by 10% per decade.

As noted above, there are some important differences between the MERRA and ERAI trends in Figure 9. This
suggests significant uncertainty in the estimation of trends from the reanalyses. A healthy skepticism of
reanalysis trends is warranted. We have tested the sensitivity to the two “parameters” in the definition and
found that the trends are not sensitive to where we start searching for the UT N2

min (600–400 hPa). The choice
of a minimum threshold for the N2

max does affect the frequency of definition of the TIL in the subtropics, but
we have analyzed the data with thresholds from 3×10−4 to 4×10−4 s−2 and found no change in trends:
the error bars all overlap.

Certain common trends stand out. One is the frequency of N2
max in the subtropics (Figure 9a). A second is the

extratropical structure of the Northern Hemisphere N2
max separation from the tropopause (Figure 9b), and a

third is the change in sign of the trends in UT depth between tropics and extratropics in the Northern Hemi-
sphere (Figure 9c). Note that MERRA trends suffer in the Southern Hemisphere from an issue with trying to
readjust for surface pressure around Antarctica. UT strength trends are similar (Figure 9d), as are LS depth
trends (Figure 9e).

Trends observed in ERAI data for the separation of N2
max from the tropopause (Figure 9b) and TIL UT depth

(Figure 9c) imply a shift in the climatological patterns from the peaks of these values (Figures 7b and 7c).
These trends can be viewed as a shift in the subtropical tropopause break where the structure of the UTLS
changes from tropical (TTL) to extratropical (ExTL). Another way of looking at the trends is to take compos-
ites of the first (1980–1989) and last (2002–2011) decade from the reanalysis records to look at differences
between the periods, as in Figure 11. Figure 11 highlights the trends as well as the climatological zonal mean
distribution, to enable an understanding of any climatological shifts.

Figure 11 indicates several shifts over time. The N2
max frequency of definition (Figure 11a) is decreasing in

the subtropics, and spreading slightly equatorward in each hemisphere. The N2
max peak separation from the

tropopause (Figure 11b) is moving slightly equatorward. The UT TIL depth and strength is not changing very
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Figure 12. Trends in the subtropical peak latitude for TIL diagnostics for the (a) Northern and (b) Southern Hemispheres.
The peak subtropical latitude in the zonal mean for each month is determined, then the annual cycle is removed, and
monthly anomalies are calculated. Trends are estimated with a bootstrap method using 500 resamples. Error bars are the
2𝜎 (95%) confidence intervals from the bootstrap trend estimate.

much (Figures 11c and 11d). There is an increase in subtropical LS depth and strength with peaks moving
poleward (Figures 11e and 11f).

We investigate this further by finding the peak latitude in the diagnostics for each month and season over
the 32 year record and look at the changes in this latitude peak in each hemisphere. Changes in the “Lati-
tude Maxima” of the TIL can be used as a quantitative estimate of the changes in the TIL meridional structure
over time, similar to other tropopause based metrics of the shift of the subtropical jet [Seidel et al., 2008;
Davis and Rosenlof, 2012]. UT TIL strength does not feature such sharp gradients (Figures 6d and 11d), so we
will not focus on this metric in exploring changes in the subtropics.

Figure 12 illustrates trends in the peak latitude for five diagnostics in each hemisphere. Trends are estimated
with the same bootstrap method by finding the peak in the zonal mean for each month, then calculating
monthly anomalies (after removing the annual cycle). Annual anomalies yield similar quantitative trends.
Both MERRA (gray) and ERAI (black) trends are shown in Figure 12. Error bars are the 95% confidence
interval, so significant trends are where the error bars do not overlap the zero line. Figure 12 confirms the
results in Figures 9 and 11. There are small shifts in the peak latitude of the N2

max frequency and N2
max sep-

aration from the tropopause (N2-Tp), with a tendency in ERAI to move equatorward (not seen in MERRA)
Little change is seen in UT depth peaks in ERAI, while MERRA peaks move poleward. Both ERAI and MERRA
indicate that the minimum subtropical LS depth and strength are moving poleward at ∼ 1° per decade.
Southern Hemisphere trends are more coherent, and MERRA trends are smaller in the Northern Hemisphere.

4. Discussion/Conclusions
The TIL is well represented in ERAI and MERRA reanalyses relative to GPS soundings. The lower vertical reso-
lution (and higher horizontal resolution) reanalysis can represent the TIL structure. We diagnose the TIL peak
based on static stability (N2

max). The peak is located above the tropopause. We also diagnose a “depth” and
“strength” of the TIL on the stratospheric and tropospheric sides of this static stability peak. Results are con-
sistent with previous work based on radiosondes [Birner, 2006] and GPS occultations [Schmidt et al., 2010;
Grise et al., 2010].

There exists a coherent meridional structure to the TIL with a distinct difference between the tropics and
extratropics. The subtropical TIL structure features a “tropopause break.” In this region, the TIL is deeper
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and has a minimum in strength on the stratospheric side. The TIL can be defined most (60–80%) of the time
at any latitude. The TIL is not well defined around the subtropical jet and is also not present near strong
tropopause height gradients, associated with UT synoptic systems (cutoff lows, Figure 3b) and strong PV
gradients. The thermal structure profiles in these regions in the ERAI data often do not permit a TIL to
be defined.

The TIL diagnostics show synoptic structure. TIL UT strength is anticorrelated to UT (500 hPa) PV: higher
500 hPa PV results in lower UT strength but tends toward greater UT TIL depth. UT TIL depth and strength
are anticorrelated. UT TIL strength is low in cyclonic systems, consistent with previous analyses of TIL struc-
ture [Homeyer et al., 2010] or as expected from balanced dynamics theory [Wirth, 2000, 2003] and observed
with GPS data Randel et al. [2007b]. The LS is different. LS TIL depth and strength are positively correlated.
The LS TIL depth responds to changes in the TIL peak. The correlation suggests that the LS TIL is governed
by fluctuations near the tropopause (the lower bound of the LS TIL) and a large (and steady) background
stability (PV) gradient in the lower stratosphere (the upper bound of the LS TIL).

What does this mean for transport? The TIL is a diagnostic of the dynamical structure of the UTLS. Birner
[2006] pointed out the homogenization of PV on an isentropic surface co-located with the TIL. Schmidt
et al. [2010] noted that the TIL contains the vertical gradient of trace gases like ozone and carbon monoxide.
This indicates the TIL itself is co-located with the tropopause mixing layer [Pan et al., 2007; Kunz et al., 2009].
In addition, the presence and depth of the TIL sets the thickness of this region. Furthermore, the variability
of the TIL structures in the subtropics is linked to the transport and layering of tropical and extratropical
air. There is an anticorrelation between the UT and LS TIL depth: when the UT TIL is shallow, the LS tends
to be deeper. This is not surprising as static stability is the vertical component of PV. The diagnostics of the
TIL and the correspondence with the tropopause mixing layer mean that the TIL and the mixing layer may
be diagnosed from static stability. As an example, the UT TIL depth and strength are anticorrelated in the
seasonal cycle. The gradients between the tropics and extratropics in both the UT and LS are enhanced in
winter, and the gradient spreads out in summer in both hemispheres. This is indicative of higher mixing in
summer and has been seen in tracer observations [e.g., Pan et al., 1997].

There are significant trends in the structure of the TIL. Over time, the UT TIL has appeared to thin at higher
latitudes in the ERAI data by 5% per decade and the separation of N2 and tropopause has decreased in
the subtropics. In the LS, the TIL in the subtropics has gotten thicker and stronger. These trends are small
but significant.

The trends manifest themselves also as a shift in the subtropical tropopause break, which appears in the
ERAI and MERRA reanalyses to be moving poleward in the LS, while there are less robust trends for the UT
diagnostics. The significant poleward trends in the LS minimum depth and strength are from 0.4° to 1.4°
per decade in each hemisphere, broadly consistent with previous analyses of the trends in the subtropical
tropopause break from observations or other measures of the change in tropical circulation [Davis and
Rosenlof, 2012].

What do these trends mean? The TIL static stability gradient appears to be getting shallower and a little bit
weaker in the UT. It seems likely that as the tropopause gets higher (lower pressure), the TIL is moving up,
but also the gradients are tightening in space and weakening slightly. The LS TIL appears to be rising and
strengthening above the tropical tropopause, as well as moving poleward. This is consistent with (a) chang-
ing temperatures of the tropical tropopause and cold point (though there is little observational evidence
for this, it is predicted from model simulations with anthropogenic forcing) and (b) a complicated conse-
quence of the shifting subtropical jets. Point (b) is a consequence of differential heating of the atmosphere
induced by greenhouse gas forcing, which heats the TTL while having little effect on the extratropical LS
between 10 and 16 km, increasing the thermal wind gradient and accelerating the jet, which then alters
wave propagation and interactions with tropospheric waves, generally moving the jet poleward.

These TIL diagnostics will be a good test for global General Circulation Models (GCMs) to evaluate their
TIL structure relative to the ERAI reanalysis and to also look at potential trends in historical hindcast forced
simulations. These diagnostics would also allow an analysis of the future evolution of the TIL using future
scenarios. This will be a subject for future work.
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