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[1] This study examines the structure of the subtropical tropopause region over Tenerife
(the Canary Islands, Spain; 28°N, 16°W) based on a 20 year (1992-2011) ozonesonde
data and European Center for Medium-Range Weather Forecasts ERA-Interim potential
vorticity (PV) and zonal wind speed reanalysis. High-resolution vertical profiles allowed
a detailed description of the subtropical tropopause break and the associated subtropical
jet stream (STJ), where models fail to properly simulate the upper troposphere—lower
stratosphere (UTLS). The subtropical UTLS is revealed as a complex atmospheric region
with a thickness ~8 km, which is examined through the analysis and evaluation of four
different tropopause definitions: thermal (TT), cold point, ozone (OT), and dynamical
(DT) tropopauses. A novel method to determine the DT based on the vertical gradient of
Lait’s modified PV is presented and the concept of a second DT has been introduced for
the first time. Monthly climatologies of tropopause height and potential temperature are
calculated for double and single tropopause events. The 14.3 km height level is used to
differentiate between tropical and extratropical UTLS regimes, intimately linked to the
position of the STJ. There is fairly good consistency between all the defined tropopauses
under the double tropopause scheme, except in spring, when the OT is observed at lower

levels due to frequent baroclinic instabilities in the upper troposphere. As concerns to
single tropopause events, the same pattern is found from April to June, reflecting the
influence of analogous processes during these months. In winter, altitude differences
between OT, DT, and TT resulted from poleward STJ excursions forced by blocking
systems over the North Atlantic. Analysis of the tropopause inversion layer showed
distinctive features for tropical and midlatitude tropopauses.

Citation: Rodriguez-Franco, J. J., and E. Cuevas (2013), Characteristics of the subtropical tropopause region based on long-term
highly-resolved sonde records over Tenerife, J. Geophys. Res. Atmos., 118, 10,754-10,769, doi:10.1002/jgrd.50839.

1. Introduction

[2] Over the past two decades, there has been growing
interest in the tropopause region among the atmospheric
scientific community. It is now broadly accepted that the
tropopause plays a key role in a variety of topics. They
include concerns about correlation between tropopause
height and stratospheric ozone changes [Steinbrecht et al.,
1998; Varotsos et al, 2004], stratosphere-troposphere
exchange (STE) of chemical species [Danielsen, 1968,
Holton et al., 1995; Pan et al., 2004] and tropopause as a
sensitive indicator of anthropogenic-induced climate change
[Santer et al., 2003; Sausen and Santer, 2003], among
others.

[3] The existence of the tropopause was discovered dur-
ing the late nineteenth and early twentieth centuries thanks
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to observations made simultaneously by Leon Teisserenc
de Bort in France [Teisserenc de Bort, 1902] and Richard
Assmann in Germany [Assmann, 1902]. For an extensive
review of the history of tropopause discovery as well as
of early studies of the tropopause during the last century,
see Hoinka [1997]. Although the tropopause was discovered
more than a hundred years ago, some aspects of the mecha-
nism responsible for this narrow atmospheric region remain
unclear. Most of the efforts to investigate the tropopause
nature had focused on some of the relevant mechanisms
involved, e.g., radiative processes and baroclinic dynamics
[Thuburn and Craig, 1997; Haynes et al., 2001; Schneider,
2004].

[4] From a broad perspective, the tropopause has con-
ventionally been defined as the boundary between the tro-
posphere and stratosphere, often characterized by an abrupt
change in physical and chemical parameters [e.g., Holton
et al., 1995, and references therein]. Because of the incom-
plete knowledge of this atmospheric region, a variety of
tropopause definitions based on this feature have been pro-
posed. The conventional tropopause definition is based on
the temperature lapse rate, which relates directly to the
static stability of the atmosphere [World Meteorological
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Organization (WMO), 1957]. We will refer to this type of
tropopause as the thermal tropopause. Sometimes, especially
in the tropics, the cold point tropopause has been used in
terms of the coldest point in the vertical temperature pro-
file, mostly related to the transport of water vapor through
the tropopause [Holton et al., 1995; Highwood and Hoskins,
1998; Zhou et al., 2001; Fueglistaler et al., 2009]. Addi-
tionally, the 100 hPa level has been commonly used as
a surrogate for the tropical tropopause [e.g., Mote et al.,
1996]. Nevertheless, previous studies have documented
this as a poor approximation to the tropical tropopause
[Seidel et al., 2001]. The tropopause can also be defined in
terms of the isentropic Ertel’s potential vorticity, PV (the
standard potential vorticity unit being defined as 1 PVU =
10°m? s Kkg '), referred to hereafter as the dynamical
tropopause [Reed, 1955; Danielsen, 1968; Shapiro, 1978;
Holton et al., 1995]. The advantage of the dynamical
tropopause resides mainly in the conservative nature of PV
under adiabatic, frictionless conditions, which makes the PV
surface defined adequate for STE processes analysis. Unfor-
tunately, a variety of PV values ranging from 1 to 4 PVU
for determining the dynamical tropopause has been proposed
[Danielsen, 1968; Hoerling et al., 1991; Hoinka, 1998]. In
addition to the temperature lapse rate and potential vortic-
ity, chemical tracers such as ozone have also been used to
identify the tropopause. Bethan et al. [1996] proposed a set
of criteria to determine the tropopause level from ozone pro-
files using both the ozone mixing ratio and the ozone mixing
ratio vertical gradients. We will refer to this tropopause as
the ozonopause. A shortcoming of the ozonopause arises
from the fact that the choice of the actual ozone threshold
value used in the determination of the tropopause level is
not well known. For this reason, a new characterization of
the chemical change at the tropopause based on tracer-tracer
correlations between stratospheric and tropospheric species
has been proposed [Hoor et al., 2002; Zahn et al., 2004; Pan
et al., 2004; Kunz et al., 2009].

[s] Most of the studies about the tropopause within the
last decade have focused mainly on three distinct aspects
of this narrow atmospheric region: (1) analysis of multiple
tropopause systems [Schmidt et al., 2006; Randel et al.,
2007; Arnel et al., 2007; Peevey et al., 2012], (2) the
tropopause as a chemical transport barrier [Hoor et al., 2002;
Pan et al., 2004; Hegglin et al., 2009; Kunz et al., 2011b],
and (3) detailed analysis of the thermodynamic properties
of the tropopause region [Birner, 2006; Randel et al., 2007,
Bell and Geller, 2008; Schmidt et al., 2010; Son et al., 2011].
As aresult of these efforts, there has been a notable improve-
ment in our physical understanding of the tropopause region
[e.g., Gettelman et al., 2011].

[6] It is well known that globally the tropopause is not
homogenous but reaches the highest altitude at tropics and
decreases toward the poles [Rex, 1969]. It is also acknowl-
edged that the transition from the high tropical tropopause
to the lower midlatitudes tropopause is not continuous but
presents some sharp discontinuities, especially at subtrop-
ical latitudes [Kochanski, 1955; Randel et al., 2007; Pan
et al., 2009]. Although multiple tropopause systems were
known to exist since the middle of the last century, it was
not until the last decade that considerable efforts have been
made to investigate these types of structures. Traditionally,
it has been common to associate multiple tropopause events

with tropopause folding caused by deep lows, cutoff lows,
and tropospheric frontal systems [Shapiro, 1978; Keyser and
Shapiro, 1986]. Randel et al. [2007], owing to the absence
of any clear zonal structure of global multiple tropopause
events, suggested that they are caused by dynamical pro-
cesses other than tropopause folding. Schmidt et al. [2006],
based on GPS radio occultation measurements, and later
Randel et al. [2007], based on radiosondes, GPS radio occul-
tation measurements, and ERA40 reanalysis, developed a
global climatology of multiple thermal tropopauses systems,
concluding that they are a usual feature for the 30°-50°
zonal band during winter and spring for both hemispheres,
with a maximum occurrence near the subtropical jet stream
(STJ). Similar results were found simultaneously by Ariel
et al. [2007] based on IGRA (Integrated Global Radiosonde
Archive). More recently, Peevey et al. [2012] have docu-
mented similar results using 3 years (2005-2007) of high-
resolution dynamics limb sounder (HIRDLS) data. Although
the formation and maintenance of multiple tropopause sys-
tem are still not completely understood, increasing evidence
points to Rossby wave dynamics as playing an important
role in the occurrence of multiple tropopauses [Pan et al.,
2009; Castanheira and Gimeno, 2011; Castanheira et al.,
2012; Peevey et al., 2012].

[7] The classical “thinking” of the tropopause as a sharp
boundary has been replaced by a more meaningful and
realistic conception. In this new scheme, the tropopause is
understood as a transition region of finite depth between the
troposphere and the stratosphere with mixed characteristics
of both spheres. Although not a new finding [e.g., Atticks
and Robinson, 1983], the increasing number of airborne
tracer measurements near the tropopause over the last decade
have allowed great advances in the characterization of this
transition layer referred to as the extratropical tropopause
transition layer for midlatitudes [Hoor et al., 2002; Pan
et al., 2004; Zahn et al., 2004; Hegglin et al., 2009] and
the tropical tropopause transition layer (TTL) in the tropics
[Gettelman and Forster, 2002; Gettelman and Birner, 2007,
Fueglistaler et al., 2009].

[8] Further improvement of our knowledge of the
tropopause is related to a narrow layer of very high static
stability just above both the tropical and the extratropical
tropopauses, currently known as the tropopause inversion
layer (TIL) [Birner et al., 2002; Birner, 2006]. It is not
clear which mechanisms contribute to the development and
maintenance of the TIL, but both radiative [Randel et al.,
2007; Kunz et al., 2009] and dynamic [Wirth, 2003, 2004;
Birner, 2006, 2010; Son and Polvani, 2007] processes may
be involved. Other studies have revealed a strong connection
between the TIL and the tropopause transition layer [Randel
et al.,2007; Hegglin et al., 2009; Kunz et al., 2009].

[9] Model analyses provide a global picture of the
tropopause. However, they are not able to adequately resolve
the observed fine structures of the tropopause region because
of their lower vertical resolution. This is especially true in
subtropical latitudes, where multiple or layered thermal
tropopause is likely to be found [Reichler et al., 2003;
Bell and Geller, 2008; Homeyer et al., 2010; Son et al.,
2011]. The Izana Atmospheric Research center (Tenerife,
the Canary Islands, Spain; 28°N, 16°W) contributes to
the Network for the Detection of Atmospheric Composi-
tion Change (NDACC) with four remote sensing program
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(electrochemical concentration cell (ECC) sonde, Brewer
spectrophotometer, differential optical absorption spec-
troscopy, and Fourier transform infrared). The application of
inversion techniques to derive column amounts of different
chemical components in the troposphere and the stratosphere
needs accurate information of the tropopause level, which
is a challenging problem because the Canary Islands are
located just below the descending branch of the Hadley cell,
characterized by a frequent presence of the STJ and the asso-
ciated transition between the tropical tropopause and the
midlatitude tropopause. On the other hand, the precise deter-
mination of atmospheric components trends in the upper
troposphere and lower stratosphere (UTLS) requires a pre-
cise knowledge of the vertical structure of the tropopause
region and its variation over the year, in order to properly
choose the altitude levels of the corresponding atmospheric
component long-term series.

[10] The main motivation of this work is to improve
our knowledge of the tropopause region in the subtropics
through a joint analysis of 20 year radiosonde data of ozone
and temperature, complemented with potential vorticity ver-
tical profiles and latitude-height cross sections of zonal wind
from the European Center for Medium-Range Weather Fore-
casts (ECMWF) ERA-Interim analysis. Long-term vertical
profiles, in which we have based our study, constitute a very
valuable data set because it allows us to identify fine-scale
structures in the subtropical UTLS and characterize them
with climatological value. In particular, we focus on the
occurrence of double tropopause systems and their relation
with the presence of the STJ. Tropopauses calculated from
different definitions are used to check their consistency in
the subtropical region and for assessing their similarities and
differences in terms of the position of the STJ and meridional
transport processes in the UTLS. A new method for deter-
mining the dynamical tropopause based on vertical gradient
of Lait’s modified potential vorticity has been implemented.
The concept of a second dynamical tropopause has been
introduced and analyzed in this paper. We also explore the
fine-scale structure of the tropopause region, focusing on the
seasonal cycle of the extratropical and tropical tropopause
inversion layer.

[11] The paper is organized as follows. In section 2 the
observations and data processing are described, introduc-
ing the different tropopause definitions used. Results are
shown in section 3 including the following subsections: sin-
gle and multiple thermal tropopause frequency distributions
and its relation with the STJ (section 3.1), tropopause height
and potential temperature seasonal cycle using four different
tropopause definitions (section 3.2), and finally a statistical
analysis of the tropopause inversion layer for the subtropi-
cal thermal tropopause (section 3.3) are discussed. Summary
and concluding remarks are found in section 4.

2. Data and Methods

2.1. Data Description

[12] Data from the Izafia Atmospheric Research Center
(CIAI-AEMET; 28°N, 16°W; http://izana.aemet.es) ozone-
sonde program are used in this work to obtain a climatol-
ogy of the subtropical UTLS region. The ozonesounding
program at Tenerife station was initiated in November 1992
with observations being made on a weekly basis [Cuevas

et al., 1994], except for some field campaigns in summer
when additional ozonesondes were launched. This program
is part of the Global Atmospheric Watch and NDACC.

[13] The operational sensor at CIAI ozonesonde station
is the electrochemical concentration cell (ECC) for ozone
[Komhyr, 1969], coupled to a Vaisala RS80 radiosonde until
2002, and to a Vaisala RS92 radiosonde afterward, for tem-
perature, pressure, and humidity retrievals. Wind speed and
direction are measured by GPS. Given the typical ascent
rate of the radiosonde balloon of 5 m s~', this results in an
average vertical resolution for raw data of ~30 m for tem-
perature, ~100—150 m for ozone, and ~150 m for wind
measurements. We remove outliers by applying to individual
profiles the algorithm described by Chawla and Sun [2006],
then interpolating all the variables at 100 m intervals by
applying the spline interpolation technique. This procedure
substantially reduces the observed noise in vertical profiles,
due mainly to sensor performance.

[14] A total number of 1090 high-resolution vertical pro-
files have been analyzed, covering a period of 20 years, from
November 1992 to December 2011. In order to compute an
annual climatology, we considered only those profiles that
reached, at least, 20 km height. Additionally, only profiles
for which the tropopause algorithm succeeded in assign-
ing a proper tropopause level were selected (see below
the World Meteorological Organization (WMO) algorithm
description). This resulted in a total of 1016 ozonesonde
profiles (~6% of the profiles were rejected), distributed
in 80-90 profiles per month, except for July, when a
greater number of soundings are available (~145). Balloons
typically reach maximum altitudes well above 25 km
(~ 96% of ozonesondes), higher than the upper limit of the
region of interest in the present study, ~20 km (~ 99.8%
of ozonesondes).

2.2. Tropopause Definitions

[15] The different tropopause definitions used in this work
together with the algorithms employed to determine their
level heights are presented. We can consider these empirical
definitions as incomplete by nature, since each of them is pri-
marily based on isolated properties of the tropopause level.
Therefore, a multi-approach analysis of the UTLS using all
the defined tropopauses will allow a more comprehensive
characterization of this region in the subtropics.

2.2.1. Thermal Tropopause

[16] In this work we will refer to the tropopause identified
using the formal lapse rate definition [ World Meteorological
Organization (WMO), 1957] as the thermal tropopause (TT):
“The first lapse rate tropopause is defined as the lowest level
at which the lapse rate decreases to 2 K/km or less, provided
that the averaged lapse rate between this level and all higher
levels within 2 km does not exceed 2 K/km. If above the first
tropopause, the average lapse rate between any level and
all higher levels within 1 km exceeds 3 K/km, then a second
tropopause is defined by the same criterion as for the first
tropopause. This tropopause may be either within or above
the 1 km layer.”

[17] The WMO algorithm accounts also for multiple
tropopause occurrence, in which case we will denote the
first, second, and third thermal tropopause as TT1, TT2,
and TT3, respectively. When a single thermal tropopause is
detected, it will be referred to as SingT. We have rejected
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tropopause levels corresponding to P > 500 hPa in order
to avoid including tropospheric thermal inversions related to
subsidence or baroclinic processes into the statistics. Addi-
tionally, we have discarded TT2 in multiple tropopause
events whenever the height difference between TT1 and TT2
levels was lower than 1.5 km.

2.2.2. Cold Point Tropopause

[18] The Cold Point Tropopause (CPT) is located at the
minimum temperature level found in the transition region
between the troposphere and the stratosphere [Highwood
and Hoskins, 1998]. Although the CPT is physically mean-
ingful only in the tropics, often related to studies of cross-
tropopause flux of water vapor [Holton et al., 1995], we
include it in this work because the subtropics are transition
regions from tropics to midlatitudes.

2.2.3. Ozonopause

[19] Following Bethan et al. [1996], we have defined the
ozonopause (OT) as the lowest altitude where the following
three criteria are met:

[20] 1. Vertical gradient (evaluated over a depth of
~200 m) in ozone mixing ratio exceeds 60 ppbv/km.

[21] 2. Ozone mixing ratio greater than 80 ppbv.

[22] 3. Mixing ratio immediately above the tropopause
exceeds 110 ppbv. This criterion rejects layers of strato-
spheric air in the troposphere where the maximum mixing
ratio is less than 110 ppbv.

[23] A minor modification to this definition has been
done in this work, replacing criterion 3 with the following:
“The averaged mixing ratio within 1.5 km immediately
above the tropopause exceeds 110 ppbv”’. We have found,
through a detailed inspection of vertical profiles, that this
modification optimizes the algorithm, discarding ozone-rich
stratospheric air layers (with a typical thickness of 1.5 km)
into the upper troposphere [Kahya et al., 2005]. Otherwise,
small changes in the threshold values of ozone mixing ratio
and ozone vertical gradients are not likely to be critical in
determining the ozonopause height [Sivakumar et al., 2006].
2.2.4. Dynamical Tropopause

[24] The tropopause can also be defined in terms of the
isentropic Ertel’s potential vorticity (EPV) as introduced
by Rossby [1940] and Ertel [1942]. Under the hydrostatic
approximation, the EPV can be expressed in terms of the
static stability N? = %%—f, where 6 is the potential tempera-
ture and g is the acceleration of gravity, as

EPV:Nzé(Zg +1) 1

[25] Here p is the relative vorticity evaluated on isen-
tropic surfaces, f'is the Coriolis parameter, and p is density
[e.g., Gettelman et al., 2011]. It follows from equation (1)
that EPV contains both dynamic and thermodynamic proper-
ties. In particular, EPV is proportional to the static stability.
Given that a jump in static stability at the TT level is
expected, there will be a corresponding discontinuity in EPV
at the same level. Following these considerations, we have
defined the dynamical tropopause (DT) as the height level
where a maximum value in potential vorticity vertical gra-
dient is found. It is worth noting that despite the original
concept of the DT was based on the isentropic gradient of
EPV [Reed, 1955], no global determination of the DT based
on this concept has been performed, with the exception of a
recent work by Kunz et al. [2011a]. In this study the authors

developed a novel method for determining the global DT
which involves both isentropic gradient of EPV and hori-
zontal wind field. The method we use in the present work is
substantially different (and, not least, easier to implement)
since we determine the DT level dependent on the maximum
potential vorticity gradient with altitude levels.

[26] Ertel’s potential vorticity has been obtained from the
ECMWF ERA-Interim reanalysis data set; analyses of tem-
perature and wind fields at standard levels from 1000 hPa
to 10 hPa have been used to compute EPV vertical profiles
for each day with ozonesonde data and finally interpolat-
ing them to 100 m vertical resolution levels. We restrict the
analyses to 12:00 UTC, the nearest time to the ozonesonde
launching.

[27] A problem arising from the definition of the EPV
(equation (1)) is its exponential increase with altitude
because p is a monotonic function of altitude. To avoid this
shortcoming, we employed Lait’s modified potential vortic-
ity (LPV) [Lait, 1994], defined as the EPV multiplied by

a scaling factor (9%)’%, where 6, is a constant to make the
scaling factor dimensionless. This scaling preserves both the
unit and the conservation properties of the potential vorticity,
maintaining its structure on any isentropic surface to within
a constant multiplicative factor. For the calculus of LPV, we
scale the EPV vertical profiles multiplying each level by the
corresponding factor ( %)’%.

[28] First, the LPV vertical gradient is computed by
means of centered differences for all altitudes in a given pro-
file, then applying a five-point (0.5 km) running average in
order to reduce the noise in individual data. The DT level has
been assigned to the altitude level corresponding to a maxi-
mum in the LPV vertical gradient profile from 6 km (which
corresponds roughly to 500 hPa level) to 20 km height.
Several upper bounds within the 20-25 km range have been
checked, with no significant differences in the results. In
the case of multiple thermal tropopause events, we applied
an additional criterion to analyze the structure of the LPV
vertical gradient in the vicinity of both the lower (TT1) and
the higher (TT2) components. We proceed in this case as
follows: First, we looked for a maximum in LPV vertical
gradient from 6 km height to 2 km above the TT1 (we used
this threshold by analogy with the WMO algorithm for the
thermal tropopause). We then defined a second DT as the
height level where a maximum in LPV vertical gradient
was found from this point (2 km above the TT1) to 20 km
height, far enough from the upper boundary of the tropical
tropopause transition layer [Gettelman and Forster, 2002;
Gettelman and Birner, 2007; Fueglistaler et al., 2009]. Both
first and second dynamical tropopauses will be referred to
hereafter as DT1 and DT2, respectively. Note that the pro-
posed approach may have difficulties in the near vicinity of
jets, where PV isopleths distortions are expected to modify
LPV vertical gradients. An example of vertical profiles of the
parameters used in the detection of the DT, including the lev-
els assigned to the thermal and the dynamical tropopauses,
is shown in Figure 1 for single (bottom) and multiple (top)
tropopause events.

2.3. Methodology of Tropopause Climatology

[29] In order to establish a climatology of different
parameters associated with the tropopause region, we have
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Figure 1. Vertical profiles of temperature (red line), Lait’s
modified PV (LPV, solid black line), and LPV vertical gra-
dient (solid blue line) derived from radiosonde and ECMWF
ERA-Interim potential vorticity for (top) multiple and (bot-
tom) single tropopause events. The horizontal lines mark the
location of thermal tropopauses, defined by the temperature
lapse rate criterion, and dynamic tropopauses as defined by
the PV gradient-based method.

assigned the first (or unique) TT level as the height ref-
erence. The use of a tropopause level-based vertical scale,
as defined, allows to retain information relative to the
tropopause region, filtering from long-term averages the
smearing effect induced by the temporal variability of the
tropopause height [Logan, 1999; Birner et al., 2002; Pan
et al., 2004]. Once all the vertical profiles were referenced
to the TT, we averaged all soundings in a given month
for all years. As a measure of the statistical significance
of the climatological means, we have used the expression
SEM = ¢/,/n as an approximation to the standard error of
the mean, where o is the standard deviation of the monthly
means and 7 is the total number of profiles in a given month.
Since the available number of soundings per month is very
homogeneous, about 80-90 profiles, except for July, with a
total number of 144, the same parameter provides also an
estimation of the natural variability of the monthly means.

3. Results

3.1. Frequency Distribution of Subtropical
Thermal Tropopauses

[30] Due to the thermal definition of tropopause, assum-
ing a first-order discontinuity of temperature in the vertical,
a discontinuity in air mass static stability at the tropopause
level is expected. Vertical profiles of static stability as a func-
tion of the altitude relative to the first (or unique) thermal
tropopause are shown in Figure 2. We have plotted two data
sets representative of summer (June-August-September) and

winter (January-February-March). Figure 2 shows that the
TT level coincides with a sharp discontinuity in static stabil-
ity, which, in turn, confirms that we have correctly identified
the TT level.

[31] We have computed the seasonal cycle of TT
occurrence frequency, grouping into single and multiple
tropopause events classes all the available vertical profiles,
according to the number of thermal tropopauses detected
as stated by the WMO algorithm. Results are shown in
Figure 3. Additionally, we have plotted the seasonal cycle of
the wind speed, labeling 10, 20, and 30 m s™! isotachs from
5 to 20 km height. Occurrence distributions include statistics
for TT1, TT2, and TT3.

[32] Figure 3 suggests a strong relationship between the
distribution of tropopause occurrence frequency and the STJ
position relative to the station’s latitude. To confirm this,
we have developed a climatology of the STJ position by
calculating monthly averages of the latitude-height cross
sections of ECMWF ERA-Interim zonal wind for the period
November 1992 to December 2011 and for the longitude of
the station (16°W). Finally, we have grouped those months
showing similar results for the STJ position in relation to the
latitude of Tenerife (Figure 4).

[33] Around 80% of the vertical ozonesoundings show
multiple thermal tropopauses during winter-early spring
when a strong STJ is located south of Tenerife (see Figure 4).
Decreasing frequency of double tropopause occurrence is
observed from April to June, closely related to the annual
migration of the STJ from south to north and, conse-
quently, to the increasing frequency of cases when the STJ is
observed northward of Tenerife [e.g., Cuevas et al., 1999].
Note in Figure 4 that the STJ is practically over Tenerife
in June. In summer the situation is quite different, with less
than 5% of multiple tropopause occurrences. A weakened
STJ is clearly observed north of Tenerife during this season,
resulting in a typically tropical UTLS. In autumn a weak STJ
is usually located south of Tenerife. It is not until Novem-
ber to December that more than 50% of multiple tropopause
occurrences are observed, resembling the winter situation.
These results are consistent with the knowledge that double
tropopauses are preferably found at and poleward of the STJ

Z-Z_ [km]

-5 0 5 10 15
Brunt - Vaisala frequency squared, N? [ x 104572

Figure 2. Buoyancy frequency squared (N?) as a function
of altitude relative to the first (or unique) thermal tropopause
detected.
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Figure 3. Seasonal cycle of single and multiple

thermal tropopause occurrence frequency and wind

speed over Tenerife derived from radiosondes data for the 1992-2011 period. Results are shown for single
(solid stars with solid line), double (solid circles with dashed line), and triple (solid squares with dash-
dotted line) tropopause events. Open circles with solid line denotes the sum of occurrence frequency for

double and triple thermal tropopauses.

[Castanheira and Gimeno, 2011; Peevey et al., 2012]. The
higher frequency of triple tropopauses is registered between
January and April when a strong STJ is located south of
Tenerife. Triple tropopauses are not observed from June to
November when the STJ is located over or north of Tenerife.

[34] We show in Figure 5 the distribution of the TT
height derived for two samples representative of single
(July-August-September) and multiple (January-February-
March) thermal tropopause events (see also Figure 3). The
winter period shows a bimodal structure with maximum
occurrences in tropopause height at ~16 km and at ~12 km,
both components being well separated from each other at
~14.3 km. With respect to summer, it is characterized by
a unimodal tropopause altitude distribution showing a sin-
gle maximum centered at ~16 km. Note the down-skewed

distribution for both summer and winter lower compo-
nents. Several studies [e.g., Wirth, 2001] have related large
cyclonic vorticity associated with baroclinic disturbances in
the UTLS with an increasing (decreasing) tropopause pres-
sure (height). This provides an explanation for the anoma-
lous low tropopause levels showed in both winter (<10 km)
and summer (<14.3 km) statistics in Figure 5. The observed
differences between both summer and winter higher com-
ponents are also of interest. During winter, extremely high
thermal tropopauses are detected. In contrast, the summer
statistics present an abrupt cutoff at around 17.5 km, with
very few tropopauses found above this level. The higher tail
seen in winter statistics, not present during summer, may be
mainly due to the presence of the STJ which acts as a disturb-
ing force for the thermodynamical structure in its vicinity.

Upper air Jet, 1 Nov 1992 - 31 Dec 2011
Longitude 16.00 W

Pressure [hPa]

[,-sw] psadspuip [euoz

50
NH Latitude [degrees]

20

Figure 4. Averaged latitude-height cross sections (for 16°W) of ECMWF ERA-Interim zonal wind
(m s7) for the period November 1992 to December 2011. Months were grouped into six time periods
based on the position of the STJ relative to the station’s latitude (marked with a vertical white line).
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Figure 5. Frequency histogram of thermal tropopause
height calculated for two samples representative of single
(July, August, and September; dark grey) and multiple (Jan-
uary, February, and March; light grey) tropopause events.

As a result, multiple thermal tropopauses (more than two)
are likely to be found.

[35] Table 1 shows a distribution analogous to Figure 5
but for all months separately, splitting the available profiles
into multiple and single thermal tropopause, the latter being
further split into two subgroups depending on whether the
altitude of the tropopause level was higher or lower than 14.3
km. This value coincides with the altitude where a minimum
in tropopause occurrences is observed in winter statistics,
and where more than 95% of tropopause heights are found
to be above it in summer statistics (see Figure 5). We use the
14.3 km height level as a threshold for classifying thermal
tropopauses: Tropopause levels below 14.3 km will be con-
sidered as representative of midlatitudes, while tropopause
levels higher than 14.3 km will be considered as tropical
tropopauses. A similar threshold height has been used by
several authors in discussing double tropopause climatology
[Randel et al., 2007] and trace gas distribution in the UTLS
[Pan et al., 2004].

3.2. Subtropical Tropopause Climatology

[36] Monthly mean tropopause height and potential tem-
perature are discussed next for the four tropopause defini-
tions used in this paper (TT, CPT, OT, and DT). A total
of 1016 soundings is split into two subgroups depending
on whether the temperature profiles showed single or multi-
ple thermal tropopauses. When computing multiple thermal
tropopauses statistics, we have omitted monthly means for
which the occurrence frequency of double tropopauses was
<15%. As regards to the TT3, we have omitted monthly

means whenever the occurrence frequency of such events
was <5%.

3.2.1. Subtropical Thermal and Cold

Point Tropopauses

[37] The mean seasonal cycle of TT and CPT height and
6 has been analyzed for multiple (Figure 6, left column) and
single (Figure 6, right column) thermal tropopause events.
For multiple thermal tropopauses, TT1 exhibits the higher
amplitude for the seasonal cycle, ranging from a minimum
height ~12 km in winter to a maximum ~13 km in late
spring (Figure 6a). This winter to summer height transition
occurs in a rather slow process from March to June, fol-
lowing the northward migration of the STJ in the vicinity
of Tenerife. The TT2 height shows little seasonal variabil-
ity, ~16.5 km for all the months with occurrence frequencies
>15%. Slightly higher values of TT2 height (~17 km) are
observed from April to June. These results are similar to
the tropopause features observed in previous analysis of
multiple tropopause systems [Bischoff et al., 2007; Randel
et al., 2007]. The double tropopause thickness, defined here
as the altitude difference between the TT1 and the TT2, is
maximum in winter (~5 km) and minimum in late spring
(~3 km), in agreement with a recent study by Peevey et al.
[2012]. The annual cycle of tropopause 6 is similar to that
of height (Figure 6¢). The values of 077 and 071, vary in
the vicinity of 335 K and 400 K isentropic surfaces, respec-
tively, with maximum (minimum) values during late spring
(winter), ~345 K (~335 K) for TT1 and ~415 K (~400 K)
for TT2. With respect to TT3, we found a frequency occur-
rence from 5% to ~15% only during the period from January
to April, with mean height around 18 km and very low
variability. The CPT is on average up to ~1 km higher than
TT2, in agreement with previous studies [Seidel et al., 2001;
Kishore et al., 2006; Sivakumar et al., 2011]. Both CPT and
TT3 are found at levels well close to each other. Maximum
6 values are observed at the TT3 level during winter to early
spring (~425 K), quite similar to the values observed of Ocpr
during the same period.

[38] With respect to single thermal tropopause events
(Figure 6, right column), we have discarded from the cal-
culus those profiles for which SingT height was found to
be <14.3 km. The number of these profiles is not statisti-
cally significant, except for November and December (see
Table 1). Note that a single thermal tropopause higher than
14.3 km is observed between June and September in over
80% of cases, just in the period when the STJ is located
above or north of Tenerife. This result confirms that the 14.3
km threshold is suitable to discriminate sample air masses
with tropical characteristics from those with extratropical
characteristics. Thereby, by selecting SingT heights > 14.3
km, we will refer to the tropical upper troposphere.

Table 1. Monthly Samples and Thermal Tropopause Distribution, Grouped as Double and Single Event*

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
All 82 86 85 80 76 92 144 76 68 73 78 76
Double 64 68 70 53 32 19 1 1 3 14 28 42
Single 18 18 15 27 44 73 143 75 65 59 50 35
Single>14.3 km 9 13 14 15 27 62 143 74 55 47 30 16
Single<14.3 km 9 5 1 12 17 11 0 1 10 12 20 19

*Single thermal tropopause is further split in two groups, depending on the height range (higher or lower than 14.3 km).
Most frequent systems (double or single) are highlighted in bold-face for each month.
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Figure 6. Monthly mean and standard deviation for (a, b) tropopause height and (¢, d) potential temper-
ature for multiple and single thermal tropopause events. The annual cycle is shown for four tropopause
definitions labeled in figures as thermal tropopause (TT; blue solid line for TT1, TT2, and SingT and
blue dashed line for the third thermal tropopause TT3), ozonopause (OT; magenta dashed line), cold
point tropopause (CPT; black solid line), and dynamical tropopause (DT; black dashed line). The same
nomenclature is used for corresponding standard deviation.

[39] The resulting annual cycles for SingT and CPT agree
reasonably well with the TT2 and CPT features discussed so
far in relation with multiple tropopause events. The SingT
height shows a weak seasonality, with mean annual value
~16 km. Maximum (~16.5 km) and minimum (~15.5 km)
heights are observed in winter and early autumn, respec-
tively. We do not observe the same seasonal cycle for SingT
height as the one reported in recent studies concerning dou-
ble tropopause systems. Bischoff et al. [2007], based on 30
years of radiosonde data, and later Sivakumar et al. [2011],
based on 11 years of ozonesonde data, found a significant
larger annual amplitude for the single thermal tropopause
height. This discrepancy seems to be related to the fact that
single thermal tropopauses lower and higher than 14.3 km
were included by these authors into the statistics. The CPT
is found, on average, on altitude levels ~1 km higher than
the thermal tropopause. Both SingT and CPT show very low
variability for all the seasons, lower than ~1 km. Annual
mean values for Osingr and Ocpr are ~380 K and ~400 K,
respectively. A similar seasonal cycle to that of height is
observed, with maximum in winter-spring (fsingr ~390
K and 6cpr ~410 K) and minimum in summer-autumn
(QslngT ~375 K and QCPT ~390 K)

[40] Current definitions of the tropical TTL disagree about
bottom and top bounds. Gettelman and Forster [2002] set
the upper limit at the CPT level, while Fueglistaler et al.
[2009] set this same limit at ~70 hPa (425 K, 18.5 km). We
found in this study that both definitions are equivalent in
relation to double tropopause events whereas in the case of

single tropopause events they are slightly different. A closer
analysis of the vertical profiles of temperature indicates that
the TT3 is located at or in the vicinity of the minimum
temperature level and often related with a secondary wind
speed maximum above the STJ. From this, we can conclude
that the TT3 observed may be the result of enhanced pole-
ward transport of tropical air masses near the upper bound
of the tropical TTL. These results, together with the previ-
ous climatological characterization of the thermal and cold
point tropopauses, provide further observational support to
the tropical TTL upper limit as coincident with the definition
suggested by Fueglistaler et al. [2009]. Additional analysis
is needed to characterize and quantify the transport of tropi-
cal air masses in the subtropical UTLS and the generation of
the TT3.
3.2.2. Subtropical Dynamical Tropopause

[41] Itis expected the dynamical tropopause to be located
in the vicinity of the thermal tropopause since the thermal
tropopause itself marks the location of an abrupt transi-
tion in the concentration of atmospheric properties, includ-
ing potential vorticity [World Meteorological Organization
(WMO), 1986]. We show in Figure 7 time-height cross
sections of LPV vertical gradient for double (top) and sin-
gle (bottom) thermal tropopause events, together with the
annual cycle for the thermal and dynamical tropopause
height (blue and black thick solid lines, respectively). Sharp
positive vertical gradients are successfully assigned to the
DT. Figure 7 reveals further interesting features of the
subtropical UTLS which will be analyzed next.
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Figure 7. Time-height cross sections of Lait’s modified
potential vorticity vertical gradient from 8 to 21 km height
for (top) double and (bottom) single thermal tropopause sce-
narios. Climatological values for July to August are identical
in both plots. The thermal and dynamical tropopauses are
shown as blue and black thick solid lines, respectively.

[42] Monthly mean DT height agrees fairly well with
the corresponding values of thermal tropopause, although
substantial differences are observed for both double and
single thermal tropopause events. For double tropopauses
(Figure 6a), a good agreement is found between both the
first (TT1) and the second (TT2) thermal tropopauses and
the corresponding dynamical tropopauses (DT1 and DT2,
respectively). Mean altitude differences in both cases are
~1 km, with DT1 (DT2) lower (higher) than TT1 (TT2).
The calculated variability (in terms of the standard devia-
tion) for the DT1 height is on the order of 1 km throughout
the year. In the case of the DT2 height, the observed annual
variability is larger, ~1.5 km on average, with maximum
during winter and early-spring (~2 km). Potential tempera-
ture associated to DT1 and DT2 is on the order of 335 K and
420 K, respectively (see Figure 6¢). The larger DT2 vari-
ability observed for both height and potential temperature
in winter-spring may be related to the enhanced transport
of tropical upper tropospheric air above the core of the
STJ, as has been documented previously in several studies
[Haynes and Shuckburgh, 2000b; Randel et al., 2007; Pan
et al., 2009]. As pointed out by Pan et al. [2009], because
of the weak gradients in the wind fields above the jet core,
a main component of PV in this region should be the static
stability. Since strong variations in static stability above
the jet core are likely to be found depending on to what
extent tropical upper troposphere air masses are being trans-
ported poleward, it is also expected large temporal variations
in PV fields. Furthermore, when the STJ is located in its
southernmost position, we observe the northern edge of the

tropical tropopause enters deep into the midlatitude low-
ermost stratosphere (LMS) above our station. As the STJ
moves poleward, approaching the station, the midlatitude
LMS will be perturbed to a greater degree by tropical upper
tropospheric air masses. This mechanism may also con-
tribute to explain the large DT2 height variability during
winter-spring.

[43] A weaker agreement between DT and SingT height
is found when single thermal tropopause scenario is consid-
ered (Figure 6b). In this case the two tropopauses deviate,
with the SingT at a higher altitude than the DT. An annual
cycle in altitude differences is observed, with the maximum
(~2-3 km) and minimum (~0.5 km) occurring in winter and
summer, respectively. As expected, a similar annual cycle
for the potential temperature is observed. A clear semian-
nual cycle for the annual variability of the DT height is
observed, with maximum during winter and early spring
(~3 km) and minimum in summer season (~1.5 km). It is
worth noting that although similar in magnitude (~35 K), the
large winter-spring variability of the DT2 and the single DT
potential temperature are different in origin. The DT2 pro-
files describe midlatitude LMS characteristics, where small
altitude variations comprise large 6 variations. In the case of
the single DT profiles, the winter-spring 6 standard deviation
is related with larger variability of the DT height.

[44] The reasons for the above mentioned discrepancies
are made clear in Figure 7. Enhanced regions of LPV ver-
tical gradient exist in the vicinity of both DT1 and DT2,
reflecting the existence of barriers to cross-tropopause trans-
port processes. This is especially true for the DT1, while
vertical gradients of LPV are weaker near the DT2, indi-
cating a more permeable boundary between the stratosphere
and the troposphere. These results are consistent with the
well-known seasonal cycle of STE processes, with very little
STE below the 330 K isentropic surface in the winter
hemisphere and increased STE above the 340 K isentropic
surface in the summer hemisphere [e.g., Chen, 1995]. Neg-
ative LPV vertical gradients in the intertropopause region
are related with frequent occurrences of decreasing values
of EPV with altitude, associated to tropical upper tropo-
spheric air masses above the DT1. With respect to the single
tropopause scheme (Figure 7, bottom), the LPV vertical gra-
dient structure observed in the altitude range 8 to 13 km,
although weaker in strength, resembles the same pattern
found in relation to double tropopause scheme. The observed
fingerprint of DT1 during single tropopause events might
bias the corresponding DT monthly averaged height toward
lower levels. We will go further on this topic in relation to
the ozonopause discussion.

[45] In order to compare the LPV vertical gradient-based
DT with the DT defined by a selected EPV value, we discuss
next the annual cycle of DT in terms of EPV units. The DT
height is defined as the altitude where a maximum in LPV
vertical gradient is found. Once such level is located, we
retain the corresponding EPV value. Monthly averaged EPV
values associated with the dynamical tropopause in double
and simple tropopause scheme are shown in Figure 8. Single
tropopauses have been split into single low tropopauses
(<14.3km) and single high tropopauses (>14.3km). Because
of the reduced number of profiles showing single thermal
tropopause height lower than 14.3 km (see Table 1), we have
omitted statistics for January to March.
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Figure 8. Ertel’s PV value for the dynamical tropopause
grouped into four different categories: DT higher than
14.3 km height in multiple (red solid line) and single thermal
tropopause systems (red dashed line) and DT lower than
14.3 km height in multiple (black solid line) and single
thermal tropopause systems (black dashed line). Data gaps
during the period from January through March are due to the
scarcity of profiles showing single thermal tropopause lower
than 14.3 km.

[46] There are two features in the seasonal cycles shown
in Figure 8 that should be emphasized. First, is the
close agreement between the lower component of multiple
tropopause systems and the single DT lower than 14.3 km,
with annual mean around 2.5 PVU and no significant season-
ality. A second remarkable feature is the contrast between
DT?2 and the single DT higher than 14.3 km. An EPV value
ranging from 10 to 11 PVU is, on average, representative
of DT2, while EPV values associated with the high single
DT fall in the range 4-6 PVU, with maximum values occur-
ring in summer and minimum in winter. Since both DT2 and
single DT higher than 14.3 km were found at around 16 km
height, the large differences in PVU observed suggest that
air masses located at ~16 km should have different origins
depending on what type of tropopause scenario is being sam-
pled. Low PV values (4—6 PVU) associated to the single DT
higher than 14.3 km (~380 K, see Figure 6d) indicate trop-
ical tropospheric influence. On the contrary, high PV values
(10-11 PVU) associated with DT2 (~420 K, see Figure 6c)
reveals a clear stratospheric signature, corresponding to
the poleward extension of the tropical tropopause into the
midlatitude LMS. We must emphasize here that a single
tropopause is not the most common tropopause scheme at
Tenerife site, representative of the subtropical region. It
is also interesting to highlight the close agreement of our
results with those reported by Kunz et al. [2011a] for isen-
tropes within the 330-350 K range, but using rather different
methods. Note that we analyzed in this study isentropes up
to 420 K.

3.2.3. Subtropical Ozonopause

[47] The OT height exhibits greater complexity as com-
pared to thermal and dynamical tropopauses, as can be
inferred from time-height cross sections of ozone partial
pressure for double (Figure 9, top) and single (Figure 9, bot-
tom) tropopause events. With respect to multiple tropopause

events, the OT is observed between 11 and 13 km (330-
350 K) in good agreement with TT1/DT1, except during late
spring (May and June) when it is located ~2 km lower. Par-
ticularly noteworthy is the fact that during this period, the
observed altitude differences between thermal tropopause
and ozonopause do not agree with previous studies reporting
an ozonopause ~800 m lower, on average, than the thermal
tropopause [Bethan et al., 1996; Schmidt et al., 2010]. A sec-
ond ozonopause (OT?2) is clearly observed at ~17 km height,
coincident with CPT, TT2, and DT2 levels (see Figure 9,
top). A precise algorithm to determine analytically the OT2
exceeds the scope of this work due to implementation diffi-
culties, as expected from the complex distribution of ozone
observed in the intertropopause region.

[48] The relatively low OT heights observed from April
to June in the double tropopause scheme might result of two
complementary mechanisms:

[49] 1. Irreversible transport of lowermost stratospheric
ozone into the upper troposphere southward of and below
the STJ, associated to a still STJ [see, e.g., Manney et al.,
2011, and references therein]. Whenever the subtropical
tropopause break, and the associated STJ, is located above
or north of Tenerife, we observe equatorward intrusions of
ozone-rich air from the midlatitude LMS into the subtropical
upper troposphere below the STJ core, which may contribute
to the lower ozonopause observed in spring. This is further
supported by the fact that PVU values associated to the DT1
are slightly higher in spring (EPV > 3 PVU) than in winter
(EPV ~ 2.5 PVU), as shown in Figure 8.

[s0] 2. Stratospheric intrusions associated with baro-
clinic instabilities occurring north of Tenerife. Cuevas and
Rodriguez [2002] analyzed an 11 year climatology of
ECMWEF isentropic potential vorticity fields, reporting that
the frequency of cutoff lows occurrences over the North
Atlantic reaches a maximum in May-July in areas surround-
ing the Iberian Peninsula. James et al. [2003], based on a
15 year climatology of stratosphere to troposphere (STT),
concluded that the corridor parallel to the Atlantic coast of
the Iberian Peninsula over the ocean down to the Canaries
frequently receives stratospheric air. Clear traces of strato-
spheric air mass intrusions exist into the upper subtropical
troposphere, where relatively high ozone values below TT1
and DT1 in May and June are observed (Figure 9). The
lack of agreement between OT and DT may be caused by
the existence of diabatic process associated to baroclinic
instabilities in the upper subtropical troposphere, weaken-
ing the good ozone-PV correlation normally observed in the
absence of such processes [e.g., Danielsen, 1968; Beekmann
etal., 1994].

[51] With respect to single tropopause events (Figure 9,
bottom), a semiannual cycle for the OT height is observed.
From January to June, the OT is observed between 12 and 13
km (340-360 K) and differs greatly from the SingT monthly
values (around 16 km; 390 K). From July to December, a
very stable OT is at ~14 km height (360 K) showing height
differences with SingT and DT within 1 km.

[52] The greater altitude differences between the OT and
SingT/DT occur in spring and early summer (~4 km), which
are probably due to the same atmospheric processes already
addressed in relation with the double tropopause scheme.
Note the similarities in monthly values of the OT height
and 6 during the period from April to June in both single
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Figure 9. Time-height cross section of ozone partial pressure (mPa) and wind speed contours (m s™')
from 8 to 21 km height for (top) multiple and (bottom) single thermal tropopause events. The vertical
coordinate is tropopause based. The different tropopause types are shown labeled with their corresponding

acronym.

and double tropopause events. Furthermore, from this, we
conclude that baroclinic instabilities in the upper subtropi-
cal troposphere may play a key role in the ozone vertical
distribution during this season in the subtropics.

[53] The situation is rather different in wintertime
(January to March), when closer agreement between both
the OT and the DT (within the statistical error) and lower
altitude differences with the SingT (~2 km) are observed.
The similar variability observed for OT and DT in winter-
time suggests that both tropopauses should be affected by
the same atmospheric processes. The analysis of 500 hPa
geopotential for each day in which is recorded a single high
tropopause (>14.3 km, 36 cases) reveals that in most cases a
high ridge or an Omega-shaped blocking system on the east-
ern North Atlantic is observed. Blocking systems, associated
to a higher frequency of Rossby wave breaking processes
in winter [Wernli and Sprenger, 2007], modify the averaged
position of the STJ in this season (20°N). As a result, a
stronger jet emerges northward of Tenerife, and, therefore, a
tropical upper troposphere is observed above and southward
of Tenerife. In a recent paper, Manney et al. [2011] have
reported frequent excursions of a sector (or sectors) of the
STJ to high latitudes in winter driven by upper tropospheric
ridges and blocking system events.

[s4] The significantly lower DT and OT heights (13—14
km) during January to March compared to that of the SingT
(~16 km) suggest a possible fingerprint of the DT1 and
OT before the blocking system disrupts the normal upper
tropospheric flow (see Figure 9). This might bias the cor-
responding OT and DT monthly averaged heights toward
lower levels. Nevertheless, note in Figures 7 and 9 that upper
DT and OT tropopauses, associated to a higher level of
strong vertical ozone and LPV gradients, are detected quite
close to the DT2 level observed in the double tropopause
scheme.

[s55] The UTLS, and more specifically the intertropopause
region (between TT1 and TT2), shows sharp ozone vertical
gradients, particularly during late winter and spring. Verti-
cal distribution of ozone in this region is associated with the

latitudinal position of the STJ in the vicinity of Tenerife.
It is known that the core of the subtropical jet is associ-
ated with strong gradients in isentropic PV [Chen, 1995;
Haynes and Shuckburgh, 2000b] and chemical tracers [Ray
et al., 2004]. Thus, dynamical mechanisms responsible for
mixing and tracer exchange between stratosphere and tropo-
sphere occur mainly on the top and just below the jet core
[Haynes and Shuckburgh, 2000b; Pan et al., 2009]. These
STE processes occurring around the STJ may explain the
high variability of ozone observed in the intertropopause
region. Low ozone layers occurring at around 14-15 km
height (winter-spring) suggest poleward meridional trans-
port of tropical ozone-poor air masses into the midlatitude
LMS, while high ozone layers observed within 2 km above
the TTI in winter and spring are related to equatorward
meridional transport of ozone-rich air masses from the mid-
latitude LMS. Further detailed analysis is needed to properly
quantify the quasi-horizontal transport observed within the
intertropopause region.

3.3. Statistics of the Subtropical
Tropopause Inversion Layer

[56] Inthe following, we will describe the long-term mean
structure and variability of the tropopause inversion layer
(TIL). For the quantification of the TIL depth, we use the
Brunt-Viiséld frequency squared, in a similar way as in pre-
vious studies on tropopause static stability [Bell and Geller,
2008; Son et al., 2011]: we define the TIL depth as the ver-
tical distance separating the maximum N? at the tropopause
level from the altitude where N2 is a minimum in the lower
stratosphere.

[57] Figure 10 shows the seasonal cycle of the TIL depth.
We have split the total number of vertical profiles available
into two subgroups according to the following criteria: (1)
first (or single) thermal tropopause (red boxplots) and (2)
thermal tropopauses higher than 14.3 km, regardless of the
thermal tropopause scenario, double or single (green box-
plots). We used this criterion (i.e., first thermal tropopause
detected) instead of selecting vertical profiles showing a low
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Figure 10. Notched boxplot for the TIL-depth seasonal
cycle for the first (or single) thermal tropopause (red box-
plots) and for thermal tropopauses higher than 14.3 km,
regardless of the thermal tropopause scenario, double or sin-
gle (green boxplots). Solid lines and boxes mark the median
and upper and lower quartiles. All vertical profiles were
tropopause level referenced.

thermal tropopause (midlatitude representative) for better
comparison with results from previous analysis.

[s8] As expected, these two subgroups agree during the
summer season, when a single high tropopause is detected
(see Table 1). For the high thermal tropopause subset, the
TIL depth exhibits no significant seasonal variability with
median value ~1 km throughout the year. This occurs even
when multiple tropopauses are detected (from October to
June). Comparison of this result with those of recent obser-
vational studies of the global static stability field [e.g.,
Bell and Geller, 2008; Grise et al., 2010] provides further
evidence of the tropical character of the higher tropopause
found in multiple tropopause events. The situation is more
complex in the case of the first (or single) tropopause, with a
clear seasonal cycle and larger dispersion in monthly means.
Maximum TIL-depth values are observed during the winter
season (December to March) with median values ~3 km.
The TIL is thinner during spring and autumn seasons, with
median values ~2 km and greater depth variability as com-
pared to winter.

[59] These results support the observed extratropical TIL-
depth features of previous studies [Birner, 2006; Randel
et al., 2007; Bell and Geller, 2008; Schmidt et al., 2010].
In these studies the authors have reported a persistent TIL
over the year, sharp and strong during the warmer months
and deeper and weaker during the colder months. Note that
nothing can be stated about the summer midlatitude TIL in
this work, since we do not observe it but only the tropi-
cal tropopause. Concerning the observed TIL-depth of the
first (or single) thermal tropopause during spring and autumn
seasons, it is worth noting that, inherent to the criterion
used for selecting the sample profiles, profiles showing sin-
gle tropopause heights lower and higher than the 14.3 km
threshold have been included into the same data subset. If
we included tropopauses higher than 14.3 km into the statis-
tics, that is, tropopauses with tropical signature, it would
result in a net decreasing of the climatological TIL-depth
values. This argument would explain the marked seasonal
cycle observed in Figure 10, more evident as the num-
ber of high tropopauses included in the statistics increased.

Furthermore, it also points to the selection of the proper
tropopause level as a key factor in deriving reliable clima-
tological values, especially in the latitude band from 30°
to 40°, where multiple tropopause systems are likely to be
found [A7iel et al., 2007; Bischoff et al., 2007; Randel et al.,
2007; Peevey et al., 2012].

[60] In order to obtain a precise characterization of the
tropopause inversion layer of both low and high tropopauses
observed at subtropics, we have applied the threshold 14.3
km to the tropopause heights. Figure 11 shows the annual
cycle of static stability using tropopause-relative vertical
coordinates. Note that we have readjusted the vertical coor-
dinate by the seasonal mean tropopause height. The thick
solid black line represents the tropopause height used as a
reference. We have plotted mean profiles showing thermal
tropopause height <14.3 km (Figure 11, left) and profiles
showing thermal tropopause height >14.3 km (Figure 11,
right). Due to the scarcity of available profiles showing low
tropopause, we removed the correspondingly climatological
values from July to September.

[61] Apart from the well-known sharp transition between
tropospheric values (~ 1.0 x 10 s72) and stratospheric val-
ues (~ 5.0x 107* s72) that occurs just at the tropopause level,
the most prominent feature of the vertical N? section is the
region within about 13—-16 km in winter and early spring
with reduced values of static stability ~ 2.5 x 10 s72. This
is clearly related to the presence of multiple tropopause sys-
tems and the associated STJ, resulting in a mixing region
with both tropical upper troposphere and midlatitude lower
stratosphere characteristics [e.g., Ray et al., 2004; Pan et al.,
2006]. Also noteworthy is the maximum in static stability
observed just above the tropopause level, which is a charac-
teristic of the TIL. Outside the region within 10-18 km, a
rather small seasonality in static stability is observed, with
the exception of a broad maximum ~ 6.0 x 10~ s centered
at ~19 km during the summer season (Figure 11, right). A
similar maximum located above the tropical tropopause has
been recently documented [Grise et al., 2010; Schmidt et al.,
2010], but unlike Grise et al. [2010], we do not observe
this local maximum in winter but in summer. The mini-
mum in static stability below the tropopause is about 2—3 km
lower in summer (tropical tropopause) as compared to the
low tropopause observed from October to June (midlatitude
tropopause).

[62] The seasonal variability of the static stability (N?)
and temperature profiles was analyzed for winter
(December-January-February), spring (March-April-May),
summer (June-July-August), and autumn (September-
October-November) for the lower and higher tropopause
(Figure 12). The vertical coordinate is centered at the ther-
mal tropopause, and individual properties are shown for
a +6 km vertical range. This allows us to focus on the
fine-scale structure of the TIL.

[63] A typical N? vertical structure is observed for the
lower tropopause (Figure 12a), showing main characteris-
tics in agreement with other previous studies [e.g., Birner,
2006; Randel et al., 2007; Bell and Geller, 2008; Schmidt
et al., 2010; Son et al., 2011]. The maximum values of N?
are found nearly coincident with the tropopause, in con-
trast with previous results based on GPS high-resolution
data reporting a maximum N? slightly above the tropopause
for all latitudes. As suggested in Randel et al. [2007], this

10,765



RODRIGUEZ-FRANCO AND CUEVAS: SUBTROPICAL TROPOPAUSE

Static Stability Monthly Mean

22
ZOH =
18] T —

T 16 = e

d q

= 14 —— — =

£ -

T 12

T
10
8
6

[ > S S >0 =z
SEEE5SEZERES

uep
qe4
ey

6

5
=

4
3

3 4
o

2

’

[
=

1dy
Aen
unp
bny
des
100
AON
29Q

Figure 11. Annual cycle of static stability (N?) based on two data sets grouped according to the
tropopause height: (left) tropopause height lower than 14.3 km (extratropical thermal tropopause) and
(right) tropopause height higher than 14.3 km (tropical thermal tropopause). The vertical coordinate is
tropopause based. The thick solid black line represents the tropopause height used as a reference. White
areas represent data gaps (very few single thermal tropopauses lower than 14.3 km height are observed

from July to September).

discrepancy in maximum N? height may be related to the
higher resolution of radiosondes (~30 m) compared to GPS
data (~200 m). The maximum values of static stability are
observed in winter and spring (~ 6.0 x 10~ s72), decreasing
slightly during autumn (~ 5.0x 1074 s72). A similar seasonal-
ity is observed in the TIL depth, varying between maximum
~3 km in winter and spring, and ~2 km during autumn. In
contrast, the minimum N? value above the tropopause level
is found to be approximately constant (~ 3.0 x 107* s72),
These results agree with what Birner [2006] has called
the summer-winter contrast, referring to the distinct prop-
erties of the TIL between winter and summer (deeper and
more clearly defined during the cold season), and further
confirmed in later investigations [Bell and Geller, 2008;
Schmidt et al., 2010]. There are no substantial seasonal
differences in static stability below the tropopause, with a
near-discontinuity in N? gradient at ~2-3 km for all the
mean profiles.

[64] Figure 12b shows the N? vertical structure for the
higher tropopause (the corresponding temperature profiles

are shown in Figure 12d). The results obtained in this case
are especially valuable as very few investigations have been
conducted on tropical TIL, with the exception of recent
global coverage analysis of static stability in the stratosphere
and upper troposphere [e.g., Grise et al., 2010]. In contrast
to the previous discussion, there is no difference between
the maximum N? in winter and summer, with mean value
below 6.0 x 10~* s72 all the year round, and nearly coinci-
dent with the tropopause. The TIL depth is almost constant
(~1 km) throughout the year whereas the minimum N2
value above the tropopause shows little variation with sea-
son, with mean value ~ 4.5 x 10~* s2. As discussed before,
a weak signature of a secondary maximum in static sta-
bility near 3 km above the tropopause is observed during
summer. The greater seasonal variability in static stabil-
ity occurs below the tropopause. Nevertheless, it should be
noted that mean profiles corresponding to winter and spring
are highly perturbed below the tropopause by the presence
of multiple tropopause systems and the associated STJ, and
thus they should not be representative of the tropical upper

— 6 6

€, @ .l (b)

E 5 DJF MAM SON 5 DJF MAM JJA: SON

20 0

3

Q 2 2

©

B 4 N

O 5 6
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
. N2 (10572 . N2 [10 s2]

€

X 4 (C) DJF- MAM SON 4 (d) DJF - MAM - JJA- SON

-

- 2 2

29 0

(0]

g -2 -2

©

B -4 -4

e -6 -6

-75 -65 -55 -45 -35

Temperature [°C]

-25

-15

-35
Temperature [°C]

Figure 12. Seasonal mean N? and temperature profiles based on two data sets grouped according to the
tropopause height: (a, ¢) tropopause height lower than 14.3 km and (b, d) tropopause height higher than

14.3 km. The vertical coordinate is tropopause based.

10,766



RODRIGUEZ-FRANCO AND CUEVAS: SUBTROPICAL TROPOPAUSE

troposphere. Despite this, it is notable of the reduced static
stability from ~1 km below the tropopause, regardless of the
season. This is found to be an exclusive feature of the tropi-
cal tropopause, which furthermore agrees with the height of
the so-called zero radiative heating level in relation to the
tropical tropopause transition layer radiative balance [see,
e.g., Gettelman et al., 2004, and references therein].

4. Summary and Concluding Remarks

[65] In this paper we have examined the structure of the
subtropical UTLS region on the basis of 20 years of highly
resolved ozonesonde and ECMWF ERA-Interim potential
vorticity and zonal wind vertical profiles data. The Izafia
Atmospheric Research Center (Tenerife; 28°N, 16°W) is
located at a subtropical site characterized by frequent mul-
tiple tropopause events (subtropical tropopause-break) asso-
ciated to the STJ. The primary goal of this work was to
obtain further knowledge and understanding of the subtrop-
ical UTLS, especially when model reanalysis is not able to
adequately resolve the observed fine structures of this sin-
gular atmospheric region [Reichler et al., 2003; Bell and
Geller, 2008; Homeyer et al., 2010; Son et al., 2011]. The
results obtained in this study are expected to be comparable
to those obtained at any other location in the subtropical belt
under similar upper tropospheric flow conditions.

[66] The subtropical UTLS is revealed as a complex
atmospheric region with a thickness ~8 km, which is
characterized by the analysis and evaluation of four dif-
ferent tropopause definitions: lapse rate (thermal), cold
point, ozone, and dynamical tropopauses. Climatologies of
tropopause height, potential vorticity, and potential tem-
perature were produced for the period November 1992 to
December 2011. The seasonal cycle of multiple tropopauses
was calculated including percentage of first, second, and
third thermal tropopauses observed. The results obtained
were briefly discussed on the basis of the averaged STJ posi-
tion relative to the station. From this analysis we concluded
that the threshold height 14.3 km is suitable to discriminate
air masses with tropical characteristics (thermal tropopause
> 14.3 km) from those with extratropical characteristics
(thermal tropopause < 14.3 km). We have then focused on
describing the observational differences between multiple
and single tropopause events, including detailed analyses of
ozone and Lait’s modified PV vertical gradient structures in
the subtropical UTLS. When dealing with single tropopause
events, we removed from the data set all those soundings
for which the thermal tropopause was found to be lower
than 14.3 km, since there were very few soundings with
tropopause heights lower than this threshold. We avoid in
this way mixing air masses with rather different character-
istics. In addition, we have investigated the long-term mean
structure and variability of the tropopause inversion layer
using N? profiles representative of tropical and midlatitude
air masses.

[67] The main results of this paper are the following:

[68] 1. The frequency occurrence of multiple tropopauses
is maximum in winter (~80%) and minimum in summer
(< 5%). We observed transition periods in April-June
(September—November) with decreasing (increasing) occur-
rences of multiple tropopauses, closely related to the STJ
position relative to the station. These observations agreed

well with the knowledge that double tropopauses are prefer-
ably found at and poleward of the STJ [Schmidt et al., 2006;
Castanheira and Gimeno, 2011; Peevey et al., 2012]. We
suggest as a possible cause for the occurrence of multiple
(more than two) thermal tropopauses the enhanced poleward
transport of tropical air masses near the upper bound of the
tropical TTL.

[69] 2. The climatological values of tropopause height
and potential temperature are similar to previous studies
based on radiosonde [Seidel et al., 2001; Gettelman and
Forster, 2002; Bischoff et al., 2007; Sivakumar et al., 2011]
and satellite [Kishore et al., 2006; Son et al., 2011] data.
However, as concerns single tropopause events, there are
significant differences between our results and tropopause
heights reported by Bischoff et al. [2007] and Sivakumar
et al. [2011], probably due to the fact that these authors
have averaged tropopause height without previously sepa-
rating high from low tropopauses. The CPT and the TT3 are
found at levels well close each other, ~18.5 km (~425 K),
in agreement with the tropical TTL upper limit as suggested
by Fueglistaler et al. [2009].

[70] 3. We have presented in this paper a novel method
to determine the dynamical tropopause based on the vertical
gradient of Lait’s modified PV (LPV) which is substantially
different to that developed in a recent study by Kunz et al.
[2011a]. Nevertheless, the proposed approach may have dif-
ficulties in the near vicinity of jets, where PV isopleths
distortions are expected to modify LPV vertical gradients.
Ertel’s PV values associated to the dynamical tropopause
correspond well with those found by Kunz et al. [2011a] for
isentropes within the 310-350 K range.

[71] 4. A second dynamical tropopause (DT2) has been
introduced in this paper which, to the authors’ knowledge,
represents a novel concept in the literature. The DT2 height
and potential temperature have been characterized through-
out the year, showing a fairly good agreement with the TT2.
The DT?2 corresponds also to a sharp ozone vertical gradient,
suggesting the existence of a second ozonopause (OT2). The
OT?2 has been identified in this study although its analytical
determination constitutes a complex task which exceeds the
scope of the current study.

[72] 5. We found a good agreement between OT and DT
except in spring when the OT is located at significant lower
levels (altitude differences ~2 km) regardless of whether
multiple or single tropopause events were considered. We
proposed stratospheric intrusions associated with baroclinic
instabilities occurring north of Tenerife, very frequent dur-
ing this season [Cuevas and Rodriguez, 2002; James et al.,
2003], as the main mechanism responsible of the lower OT
observed in spring. Furthermore, baroclinic instabilities in
the upper subtropical troposphere, and the diabatic processes
associated, also provide an explanation to the lack of agree-
ment between OT and DT in spring. Indeed, the existence
of such processes may result in weaker ozone-PV correla-
tion [e.g., Danielsen [1968] and Beekmann et al. [1994]].
A key feature of the subtropical UTLS, resulting from fre-
quent poleward transport of tropical tropospheric air above
the STJ, is the region within about 13—16 km in winter and
early spring, with notably reduced values of static stability
and sharp ozone and PV vertical gradients.

[73] 6. Altitude differences between TT, on the one hand,
and DT and OT, on the other, are found to be on average
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~1 km except for soundings corresponding to a single
thermal tropopause >14.3 km, when maximum differences
(~2-3 km) are observed in winter. A clear fingerprint of
DT1 and OT observed during these events in winter-autumn
might result in significant bias toward lower levels in DT and
OT monthly averaged height. We suggest that the observed
signature of DT1 and OT should be originated in the frequent
occurrence of rapidly evolving blocking systems during win-
ter which resulted in a stronger jet shifted well north of its
usual winter position.

[74] 7. The tropical TIL shows little seasonal variability
and is found to be thinner (~1 km) than the midlatitude
counterpart, in agreement with previous studies. It is notable
of the reduced static stability (N?) from ~1 km below the
tropopause, regardless of the season. This is found to be an
exclusive feature of the tropical tropopause, which further-
more agrees with the height of the so-called zero radiative
heating level in relation to the tropical TTL radiative bal-
ance [Gettelman et al., 2004]. This provides a method to
unambiguously distinguish the tropical from the midlati-
tude tropopause. The midlatitude thermal tropopause shows
a clear annual cycle, with maximum TIL depth during winter
(~3 km).

[75] 8. Ozone-rich and high static stability layers of
~2 km thickness above the TT1 and an ~2 km thick layer
with strong LPV vertical gradients below it indicate that the
TT1 represents a strong barrier to cross-tropopause trans-
port. This implies that on a climatological basis, as pointed
out by Birner [2006], quasi-horizontal mixing along isen-
tropes is the main transport process in the tropopause region.
Significant differences in enhanced LPV vertical gradient
structures associated to the higher dynamical tropopause
suggest that the tropical tropopause might be more per-
meable to cross-tropopause transport. A key feature of the
subtropical UTLS, resulting from frequent poleward trans-
port of tropical tropospheric air above the STJ, is the region
within about 13-16 km in winter and early spring with
notably reduced values of static stability and sharp ozone
and PV vertical gradients.
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