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Abstract. Characteristics of the lapse rate tropopause are an-
alyzed globally for tropopause altitude and temperature us-
ing global positioning system (GPS) radio occultation (RO)
data from late 2001 to the end of 2013. RO profiles fea-
ture high vertical resolution and excellent quality in the up-
per troposphere and lower stratosphere, which are key fac-
tors for tropopause determination, including multiple ones.
RO data provide measurements globally and allow examina-
tion of both temporal and spatial tropopause characteristics
based entirely on observational measurements. To investi-
gate latitudinal and longitudinal tropopause characteristics,
the mean annual cycle, and inter-annual variability, we use
tropopauses from individual profiles as well as their statis-
tical measures for zonal bands and 5° x 10° bins. The lati-
tudinal structure of first tropopauses shows the well-known
distribution with high (cold) tropical tropopauses and low
(warm) extra-tropical tropopauses. In the transition zones (20
to 40° N/S), individual profiles reveal varying tropopause al-
titudes from less than 7 km to more than 17 km due to vari-
ability in the subtropical tropopause break. In this region, we
also find multiple tropopauses throughout the year. Longi-
tudinal variability is strongest at northern hemispheric mid
latitudes and in the Asian monsoon region. The mean annual
cycle features changes in amplitude and phase, depending
on latitude. This is caused by different underlying physical
processes (such as the Brewer—Dobson circulation — BDC)
and atmospheric dynamics (such as the strong polar vortex in
the southern hemispheric winter). Inter-annual anomalies of
tropopause parameters show signatures of EI Nifio—Southern
Oscillation (ENSQO), the quasi—biennial oscillation (QBO),
and the varying strength of the polar vortex, including sud-
den stratospheric warming (SSW) events. These results are

in good agreement with previous studies and underpin the
high utility of the entire RO record for investigating latitu-
dinal, longitudinal, and temporal tropopause characteristics
globally.

1 Introduction

The tropopause marks the transition between the well-mixed
troposphere and the stably stratified stratosphere. Besides the
change in stratification, fundamental changes in the compo-
sition of chemical constituents, such as water vapor or ozone,
take place in this region (Holton et al., 1995). The tropopause
generally acts as a dynamic barrier for cross-tropopause
transport. In the tropics, exchange between the troposphere
and the stratosphere is mainly determined by the upwelling
branch of the Brewer—Dobson circulation (BDC) and by deep
convection. Tropical cross-tropopause transport is the main
source of water vapor in the stratosphere and plays an impor-
tant role in stratospheric chemistry and its radiative budget
(Fueglistaler et al., 2009). In the extra-tropics, stratosphere-
troposphere exchange takes place via quasi-horizontal trans-
port at the edge of subtropical and polar jets, affecting tro-
pospheric ozone concentrations and, hence, tropospheric and
surface climate (Gettelman et al., 2011).

Tropopause properties not only contain information about
possible troposphere-stratosphere exchange, but they can
also be associated with the state of certain atmospheric char-
acteristics. For example, due to their simple latitudinal struc-
ture, tropopause pressure or tropopause altitude characteris-
tics can serve as a measure for the width of the tropical belt
(Seidel and Randel, 2007; Birner, 2010b).

Published by Copernicus Publications on behalf of the European Geosciences Union.



3948 T. Rieckh et al.: Characteristics of tropopause parameters as observed with GPS RO

Tropopause characteristics react to both tropospheric and
stratospheric temperature changes. Studies about tropopause
altitude changes as an indicator of climate change have been
conducted by Santer et al. (2003), Sausen and Santer (2003),
and Seidel and Randel (2006), to name a few. All these stud-
ies have consistently found evidence of a decrease in global
tropopause temperature and pressure (increase in tropopause
altitude) due to anthropogenic tropospheric warming and
lower stratospheric cooling (e.g., Santer et al., 2004).

Over the last decades, radiosonde data have been the most
important observational data source to study tropopause pa-
rameters and their characteristics (Randel et al., 2000; Sei-
del et al., 2001). With their multiple-decade data record and
high vertical resolution, these measurements are very valu-
able for monitoring inter-annual and intra-annual variations
of tropopause parameters. On the other hand, coverage in
the Southern Hemisphere (SH) and above oceans is very
poor, which makes it hard to catch spatial characteristics and
changes. Thus, analysis and reanalysis products have been
additionally used to investigate tropopause characteristics
globally (see, e.g., Hoinka, 1998; Highwood and Hoskins,
1998).

However, to investigate tropopause properties based only
on observational data, the relatively new global position-
ing system (GPS) radio occultation (RO) technique delivers
well-suited data. The RO method (Melbourne et al., 1994;
Kursinski et al., 1997; Hajj et al., 2002; Kuo et al., 2004) pro-
vides near-vertical profiles of atmospheric thermodynamic
variables with high vertical resolution (better than 1 km) and
global coverage. Other features of RO measurements include
all-weather capability, high accuracy, high precision, and
long-term stability (Anthes, 2011). A number of studies con-
firmed the feasibility and excellent eligibility of RO measure-
ments for monitoring the atmosphere (Foelsche et al., 2008,
2009) and for climate change detection (Leroy et al., 2006;
Schmidt et al., 2008; Steiner et al., 2011).

The combination of the excellent RO profile quality in the
upper troposphere and lower stratosphere (Kursinski et al.,
1997) and data availability above ocean and land (including
polar regions) make these data highly suited for tropopause
parameter evaluation. The first studies using GPS RO data for
tropopause determination were conducted by Nishida et al.
(2000), Randel et al. (2003), and Schmidt et al. (2004) for
the tropical region. As RO data proved to provide accurate
information on tropopause characteristics, these data have
been increasingly used in recent years (Kishore et al., 2006;
Borsche et al., 2007; Foelsche et al., 2009; Son et al., 2011).
Recently, a new method for tropopause determination from
RO profiles based on bending angle information has been
introduced by Lewis (2009). This technique can be applied
earlier in the RO data retrieval, avoiding additional process-
ing. Schmidt et al. (2010) compared tropopause data result-
ing from this algorithm to conventional lapse rate tropopause
data and found generally good agreement.
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In this work, we take advantage of having more than
12 years of RO observational data available. We use the
dense field of RO profiles to compute multi-year statistics
of tropopause altitude and temperature and to analyze El
Nifio—Southern Oscillation (ENSO)- and quasi-biennial os-
cillation (QBO)-related variability on a small scale. Inter-
annual anomalies of tropopause altitude and temperature de-
pict the strong stratospheric influence at high latitudes. Our
results confirm those of previous studies, but show climato-
logical tropopause characteristics for the longer RO record
available now.

The structure of this paper is as follows: in Sect. 2, a de-
scription of the RO measurement principle, the tropopause
algorithm, and the binning and statistical methods is given.
In Sect. 3, latitudinal and longitudinal characteristics are dis-
cussed. Section 4 describes the annual cycle of averaged
tropopause data for different latitudinal bands, and, in Sect. 5,
inter-annual variability is discussed. Section 6 provides a
summary.

2 Data and methods
2.1 RO measurement principle

The GPS RO method is a limb sounding technique and uses
electromagnetic signals transmitted by GPS satellites, which
are received by a low Earth orbit (LEO) satellite. The GPS
signals are delayed and refracted by the Earth’s atmosphere.
The measured quantity onboard the LEO satellite is the phase
change as a function of time between the intrinsically trans-
mitted signal and the received frequency-shifted signal. Due
to the satellites’ motion, the atmosphere is scanned, which
yields a profile of phase changes. By including precise or-
bit information, it can be transformed into a bending angle
profile. Using an Abel transform, bending angle profiles are
processed to refractivity profiles.

To first order, refractivity depends on dry air density
and humidity, as described by the Smith—-Weintraub formula
(Smith and Weintraub, 1953). In the so-called dry air re-
trieval, presence of water vapor is attributed to the dry at-
mospheric parameters. Applying the Smith—Weintraub for-
mula, hydrostatic equation, and the equation of state yields
dry density, dry temperature, and dry pressure. For a detailed
retrieval description, see Kursinski et al. (1997). Physical
atmospheric parameters can be derived by including back-
ground information and applying a 1D-Var retrieval (Healy
and Eyre, 2000).

For tropopause computation, we use quality-controlled at-
mospheric profiles retrieved with the Wegener Center for Cli-
mate and Global Change (WEGC) Occultation Processing
System (OPS), version 5.6 (Schwérz et al., 2013) from the
following satellite missions: CHAMP (CHAllenging Mini-
Satellite Payload) — September 2001 to September 2008;
SAC-C (Satélite de Aplicaciones Cientificas/Scientific Ap-
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Figure 1. CHAMP temperature profile colored according to its
lapse rate. Horizontal bars indicate the lowest (first) lapse rate
tropopause (LR1), second lapse rate tropopause (LR2), and the lo-
cal minimum of the profile, the cold point tropopause (CP1). Note
the decrease in temperature above LR1, fulfilling the requirement
for a second tropopause (lapse rate greater than 3°C km_l).

plications Satellite C) — March 2006 to August 2011; F3C
(Formosa Satellite Mission 3/Constellation Observing Sys-
tem for Meteorology, lonosphere, and Climate) — April 2006
to December 2013; GRACE-A (Gravity Recovery And Cli-
mate Experiment) — March 2007 to December 2013. Dur-
ing the CHAMP period, approximately 5000 profiles per
month were available globally. The number of measure-
ments strongly increased to approximately 60000 profiles
per month with the launch of the six F3C satellites. The in-
vestigated time range covers September 2001 through De-
cember 2013.

2.2 Tropopause algorithm

There exist several tropopause definitions, such as the chem-
ical, dynamical, or thermal definition. The lapse rate defini-
tion has the advantage that it is easy to apply and commonly
used, which allows comparison to other studies. We therefore
apply the lapse rate tropopause definition of the World Me-
teorological Organization (WMO) to individual RO tempera-
ture profiles and compute tropopause altitude Ht and temper-
ature T7. According to the WMO (1957), the tropopause is
defined as the lowest level at which the lapse rate decreases to
2°Ckm~1 or less, provided that the average lapse rate from
this point to any other point within the next 2km does not
exceed 2 °C km1 either. This ensures that one does not acci-
dentally mistake a shallow stable layer in the troposphere for
the tropopause (Homeyer et al., 2010). For the profile shown
in Fig. 1, this criterion is fulfilled at 13.5 km.

For multiple tropopauses, the WMO (1957) states that, if,
at any point above the first tropopause, the average lapse rate
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between this point and any point within the next higher kilo-
meter exceeds 3°Ckm~1, an additional tropopause may be
found using the same criterion as before. In Fig. 1, the lapse
rate exceeds 3°C km~1 between 15 and 17 km. At 17.3km,
a second lapse rate tropopause is found. The local minimum
of the temperature profile — i.e., the cold point tropopause —
is located slightly higher at 17.5 km. T is computed directly
from the temperature profile by choosing the value according
to Ht.

To obtain tropopause altitudes, it is necessary to consider
the vertical resolution of the atmospheric profiles (Reichler
et al., 2003; Birner, 2006). For the high-resolution RO pro-
files, we use cubic spline interpolation that passes through all
initially given data points and apply the tropopause algorithm
on a 20 m grid. This method fits well to the physical structure
of temperature profiles close to the tropopause. We apply the
tropopause algorithm to dry temperature profiles as differ-
ences between dry and physical temperatures become neg-
ligible at tropopause altitudes for most latitudes (Scherllin-
Pirscher et al., 2011; Danzer et al., 2014). However, high
concentrations of water vapor in the lower troposphere can
lead to temperature gradients, which may be interpreted as
tropopauses by the tropopause algorithm. In order to exclude
these “tropopauses”, we compared tropopause altitudes from
dry RO temperature profiles (which include water vapor vari-
ations) and from physical RO temperature profiles (which do
not include water vapor variations) and analyzed water va-
por influence. Based on this empirical analysis, we identified
lower bounds for each 10° latitude band and each month. We
specified these lower limits to be approximately 5 km at win-
ter high latitudes, 6 km at summer high latitudes and winter
mid latitudes, 8 km at summer mid latitudes, and 12 km in
the tropics. For details, see Rieckh (2013).

Furthermore, we restrict the algorithm to a top altitude of
22 km. Figure 2 exemplarily shows dry temperature profiles
and their tropopauses for January 2004 with all constraints
described above.

2.3 Binning and statistical methods

We investigate tropopause characteristics for 5 and 10° zonal
bands (from 2001 to 2013) and for fine-resolved 5° x 10° lat-
itude—longitude bins (from 2007 to 2013 only, when there are
enough data available). Multi-year monthly statistical mea-
sures include the latitude-weighted mean and its standard
deviation, as well as median, quartiles, and extreme values
(summarized in box-and-whisker plots). Inter-annual anoma-
lies are obtained by subtracting the mean annual cycle at each
grid point.

To analyze ENSO- and QBO-related variability of
tropopause parameters, we apply an ordinary least squares
(OLS) regression model to inter-annual anomalies, using
proxy data for ENSO (monthly means of sea surface tem-
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Figure 2. CHAMP temperature profiles and their tropopauses be-
tween 20 and 40° N in January 2004. First tropopause: red; second
tropopause: orange. Top and bottom altitudes of the tropopause al-
gorithm are indicated by horizontal lines.

perature (SST), Nifio 3.4)! and QBO (Singapore winds at
50 hPa)?. For the regression we assume that tropopause char-
acteristics respond to the ENSO SST proxy with a lag of
3 months, and precede the QBO wind proxy by 3 months
(Baldwin et al., 2001; Steiner et al., 2013). The statistical
significance of the regression is assessed by applying a Stu-
dent’s ¢ test at the 95 % confidence level.

3 Spatial characteristics
3.1 Latitudinal characteristics

Figure 3 shows the statistics of the first (lowest) tropopause
altitude (Ht) for January and July. Two well-defined regions
can be distinguished. While tropical tropopauses are mainly
found at 16 to 17 km, extra-tropical tropopauses occur at
lower altitudes between 8 and 12km. This pattern results
from combined effects of the troposphere and the strato-
sphere. While the surface pressure and tropospheric lapse
rates determine these basic latitudinal characteristics (e.g.,
Held, 1982; Thuburn and Craig, 1997), stratospheric dynam-
ics can also significantly raise or lower tropopause height
(e.g., Sonetal., 2007; Birner, 2010a).

For most latitudes and seasons, the distributions are sym-
metric: mean (Hmean) and median (Hmeq) show good agree-
ment (differences smaller than 500 m) and the median lies
at the center of the box (25 to 75 quartile). The boxes cover

http:/Avww.cpe.ncep.noaa.gov/data/indices/ersst3b.nino.mth.
81-10.ascii
2http://www.cpc.ncep.noaa.gov/data/indices/qbo.us0.index
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Figure 3. Altitudes of the first tropopause versus latitude for Jan-

uary (top) and July (bottom) from 2001 to 2013. Shown are the

mean (dark red line), one standard deviation (bright red bars),

median (blue bar), 25 to 75 quartile (box), and extreme values

(whiskers) for 5° latitudinal bands.

1km in the tropics and less than 2km in the extra-tropics.
The standard deviation covers 1.5km in the tropics and 1.5
to 3km in the extra-tropics. In the subtropics (20 to 30°), the
spread becomes much larger due to the transition from tropi-
cal to extra-tropical tropopause characteristics. Furthermore,
large deviations between mean and median are found, and the
distribution is skewed in the hemispheric winter. Variability
in the subtropical tropopause break leads to large variations
in the Ht distribution. The higher median compared to the
mean and the position of the median relative to the quartiles
indicates that the major part of tropopauses is located at high
altitudes. The few tropopauses with extra-tropical character-
istics lower the mean significantly.

Differences between Hmean and Hmeg can also be found at
high latitudes in winter in the SH. Extremely high values of
Hr, as found between 12 and 18 km, raise the mean, and dif-
ferences between mean and median exceed 1 km. These high
Ht may result from a deficiency of the lapse rate tropopause
definition, because it is not well suited for very cold strato-
spheric conditions, as found in the southern hemispheric po-
lar winter (Zéngl and Hoinka, 2001).

In Fig. 4, statistics of tropopause temperature (77) are
shown for January and July as a function of latitude.
Generally, tropopause temperature inversely correlates with
tropopause altitude. High tropical tropopauses feature low
temperatures with a mean 77 of 190K in January and
195K in July. Lower and therefore warmer extra-tropical
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Figure 4. Temperatures of the first tropopause versus latitude for

January (top) and July (bottom) from 2001 to 2013. Shown are

the mean (dark red line), one standard deviation (bright red bars),

median (blue bar), 25 to 75 quartile (box), and extreme values

(whiskers) for 5° latitudinal bands.

tropopauses reach mean temperatures of 220K in the sum-
mer hemisphere and 215K in the winter hemisphere. At
southern hemispheric high latitudes, the mean drops to 195 K
due to the extremely cold polar vortex in austral winter. Tt
extremes range from less than 175K in the tropics to more
than 255 K in the extra-tropics.

As for Hr, larger differences between mean (7inean) and
median (Tmeq) are found between 20 and 30° in hemispheric
winter. Tmean 1S Up to 4K higher than Tieq. However, the
differences in Hmean and Hpeg in the southern hemispheric
polar winter are not found in Tean and Trmeq because of the
cold and stably stratified, nearly isothermal, stratosphere.

Figure 5 shows the altitude distribution of individual
tropopauses for January and July for the exemplary year
2008. Monthly mean and median are shown for 5° latitu-
dinal bands. The sharp, stepwise edges of lowermost oc-
curring tropopauses in the subtropics and mid latitudes are
due to a combination of the bottom search altitude, as de-
fined in the tropopause algorithm (see Sect. 2.2) and dry tem-
perature variations caused by changing water vapor concen-
trations. These variations may be occasionally identified as
tropopauses by the algorithm.

In Fig. 5, the different tropopause characteristics in the
winter and summer hemisphere can be seen in the subtropics
for the individual tropopauses. In the summer hemisphere,
the transition from tropical to extra-tropical Ht is rather
smooth. In the winter hemisphere, there is a jump from trop-

www.atmos-meas-tech.net/7/3947/2014/

2008-01

Altitude (km)

#TRP: 57797

B0 60 a0r 20 o 00 w0 e 80
Latitude
2008-07

Altitude (km)

#TRP: 65436

-80° -60° -40° -20° 20° 40° 60° 80°

-
Latitude
Figure 5. Altitudes of the first (lowest; red) and second (orange)
tropopause versus latitude for January (top) and July (bottom) 2008.
Mean (dark red) and median (blue) of first (solid) and second
(dashed) tropopause of 5° latitudinal bands are indicated by hori-
zontal lines.

ical to extra-tropical characteristics between 20 and 30° N/S
rather than a steady decrease of Ht with latitude. This leads
to a large spread of Ht, covering more than 10 km.

Figure 5 also shows the latitudinal distribution of second
tropopauses. Double tropopauses mainly occur at subtropical
latitudes throughout the year and at mid and high latitudes in
winter, when the jet is stronger. Double tropopauses close
to the subtropical jet are associated with latitudinal migra-
tion of the tropical over the subtropical tropopause (Randel
et al., 2007). In the winter hemisphere, double tropopause
occurrence expands further polewards, reflecting the unsta-
ble stratospheric conditions with low stratification. Double
tropopauses mainly occur between 14 and 20 km (multi-
year statistics; not shown). Fewer double tropopauses can be
found in the tropics. They can be found throughout the year
and are likely caused by planetary scale waves. Equatorial
Kelvin waves with strong amplitudes can modify the temper-
ature profile and thus its lapse rate, which can lead to double
tropopauses (Randel et al., 2007). Second tropopauses in the
tropics spread between 16 and 22 km. Mean and median of
second tropopauses are generally in good agreement as dif-
ferences rarely exceed 200 m (multi-year statistics).

3.2 Longitudinal characteristics

Longitudinal variations in Ht and Tt occur due to land and
sea coverage and orography. Figure 6 shows the multi-year
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Figure 6. Mean altitude (km) of first tropopauses for January and July from 2007 to 2013. White circles denote areas of exceptionally low
(solid) and high (dashed) tropopauses within the respective latitude band.

monthly mean Hy for January and July. It is obvious that
longitudinal variations of tropopause parameters are much
smaller than latitudinal variations.

Zonal asymmetries appear especially at mid latitudes (40
to 60° N) in the Northern Hemisphere (NH). These asymme-
tries are strongest in winter, but can still be found in spring
and fall (not shown). For January, Fig. 6 shows exception-
ally low Ht above eastern Canada, as well as above eastern
Russia and the western part of the North Pacific (white solid
circles). This pattern occurs due to large-scale Rossby wave
troughs at the eastern side of continents (Zangl and Hoinka,
2001). Ht varies between less than 8 and 9 km in these areas,
while Hy is at 9 to 12 km above the eastern North Pacific and
North Atlantic. The pattern becomes weaker in spring. Dur-
ing summer, these zonal asymmetries vanish as Rossby wave
activity is weakest during that time of the year.

Figure 6 also shows zonal asymmetries in the trop-
ics/subtropics in summer (July) in the NH. Ht reaches more
than 17 km above South Asia (white dashed circle), which is
approximately 1 km higher than the zonal mean. This pattern
is caused by deep convective activity in the Asian monsoon
region (Highwood and Hoskins, 1998).

Zonal asymmetries are less pronounced in the SH for the
multi-year average.

Tt generally shows zonal patterns similar to Ht, such as
a strong zonal asymmetry in boreal winter at northern hemi-
spheric mid latitudes.

4 The annual cycle

Figure 7 shows the mean annual cycle for the mean and me-
dian of Ht and Tt for 10° latitudinal bands. Generally, Ht
follows the cycle of incoming radiation, with maximum al-
titudes in summer, a decrease in fall, minimum altitudes in
winter, and an increase in spring. The mean annual cycle is
very pronounced in the subtropics and at mid latitudes, with
amplitudes of more than 2 km. The amplitude decreases to-
wards the tropics and high latitudes. In the tropics, the an-
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nual cycle is weak as Ht changes are only about 1km. In
the northern hemispheric tropics, between the Equator and
20° N, Ht shows an annual cycle with maximum altitudes in
winter and minimum altitudes in summer due to the strong
influence of the BDC on Ht. The BDC northern hemispheric
branch has a strong annual cycle, with maximum tropical up-
welling in winter. As a result, tropical tropopause altitudes
increase in winter, following the strong increase of equato-
rial upwelling (Yulaeva et al., 1994).

At high latitudes, the mean annual cycle of Hy fundamen-
tally behaves differently for the NH and the SH. In the NH,
the annual cycle is a combination of two waves. It consists
of a single wave pattern over subpolar eastern Siberia and
North America with maximum Ht in boreal summer (mini-
mum Ht in boreal winter), and a double wave pattern over
northern Europe, western Siberia, and high Arctic latitudes
with maximum Hy in summer and winter in the NH (mini-
mum Hy in spring and fall in the NH) (Z&ngl and Hoinka,
2001). In the SH, a reversed mean annual cycle occurs over
Antarctica. It can be explained by the gradual decrease of
stratospheric temperatures during austral winter due to the
lack of incoming radiation. Minimum stratospheric tempera-
tures and thus highest H are observed in August. Due to the
shift in phase from mid latitudes to high latitudes, there is no
pronounced cycle at all for the latitudinal band 50 to 60° S.

The comparison of mean and median shows good agree-
ment, except for the latitudinal bands 20 to 30° N/S. Differ-
ences between mean and median in these regions have al-
ready been found for January and July, as shown in Fig. 5.
However, the complete annual cycle gives further insight in
the development of tropopause distribution. In the NH, the
median has a very weak annual cycle that follows that of
the tropical tropopauses. Due to strong equatorial upwelling
in winter in the NH, most tropopauses are pushed to high
altitudes even within the 20 to 30° N latitudinal band. The
mean, on the other hand, is strongly affected by the very
low tropopauses occurring in this region (see Fig. 5). In bo-
real summer, such low tropopauses do not occur due to the
smooth decrease of Hy from low to high latitudes. Therefore,
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the mean has a pronounced annual cycle, following that of
mid latitudes. As a result, mean and median agree very well
during summer in the NH, but differences between mean and
median increase in fall and maximize (1 km) in winter.

In the SH, the situation is different, as the annual cycle
of Ht has the same phase in the tropics and subtropics. The
median is always higher than the mean, as more tropopauses
show tropical characteristics. The resulting offset is 0.5km
in summer and 1 km in winter in the SH.

The shift from tropical to extra-tropical tropopause char-
acteristics also causes minor differences between mean and
median at latitudes from 30 to 50° N/S.

The mean annual cycle of Tt is shown in Fig. 7 (right
panel). Again, high Ht corresponds to low T, and vice
versa. A weak annual cycle is found in the tropics with am-
plitudes of less than 3 K. It increases towards mid latitudes to
about 5K.

In the NH, there is hardly any annual cycle for the 40 to
50° latitudinal band, and a shift in phase towards high lat-
itudes. Similar to Zéngl and Hoinka (2001), we also find a
single wave pattern of 7t with maximum temperatures in po-
lar NH summer and minimum temperatures in winter in the

www.atmos-meas-tech.net/7/3947/2014/

NH, rather than a mixed wave pattern as found for Ht. The
amplitude of this 77 annual cycle ranges from 2.5 to 5K,
increasing towards higher latitudes.

In the SH, the annual cycle of Tt inversely follows that
of Ht for all latitudes, including the 6-month shift of its
phase from approximately 50° S polewards. In this region,
the amplitude strongly increases with latitude to more than
12K at polar latitudes. Tt is much lower in austral winter
than in boreal winter. This difference is caused by the ex-
tremely cold polar vortex in the SH, on the one hand, and
the more frequent occurrence of sudden stratospheric warm-
ing (SSW) events in the NH on the other hand. During SSW
events, stratospheric temperatures can increase by up to 50 K
within a couple of days, which affects 7.

Differences in the mean and median of 7 correspond to
differences in the mean and median of Ht.

5 Inter-annual variability
As the tropopause is influenced by both tropospheric

and stratospheric conditions, inter-annual anomalies in
tropopause properties can be caused by events in the tropo-
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comparison (higher tropopauses are generally colder).

sphere, such as ENSO cold and warm phases, or in the strato-
sphere, such as SSW events or QBO.

ENSO has an impact on weather and climate on a global
scale (Free and Seidel, 2009). ENSO warm phases cause
tropospheric warming and stratospheric cooling (Lau et al.,
1998). For zonal mean temperatures at low and mid latitudes,
the ENSO signal shows a transition from warming to cool-
ing near the tropopause. However, the transition of the lo-
cal temperature response occurs well below the tropopause
(Scherllin-Pirscher et al., 2012), yielding strong longitudi-
nal variations of tropopause characteristics (Gage and Reid,
1987).

There was strong ENSO activity during the time range
from 2007 to 2013. Major warm phases occurred during
2006/2007 and 2009/2010, and major cold phases during
2007/2008, 2008/2009, 2010/2011, and 2011/2012.

Figure 8 depicts ENSO and QBO regression coefficients
for the regression of tropopause altitude and temperature.
The strongest ENSO signal occurs above the tropical cen-
tral Pacific (120 to 180° W), where Ht correlates positively
with ENSO warm phases and 7 correlates inversely with
ENSO warm phases (please note that the color bars of the
ENSO and QBO coefficients are reversed for the regression

Atmos. Meas. Tech., 7, 3947-3958, 2014

of tropopause altitude and temperature for easier compari-
son). Another ENSO signal occurs for T7 above the Maritime
Continent (100 to 160° E), where Tt correlates positively
with ENSO warm phases. These results agree well with the
findings of Randel et al. (2000). QBO generally influences
tropopause characteristics on a smaller scale and shows the
out-of-phase character of the tropics and mid to high lati-
tudes (Angell and Korshover, 1964). T and QBO anomalies
correlate positively between 20° S and 20° N and are statis-
tically significant for most bins. There are also some statisti-
cally significant areas at southern hemispheric mid and high
latitudes, which agree well with results of Roy and Haigh
(2011).

Furthermore, we analyze the zonal mean response of
tropopause parameters to inter-annual atmospheric variabil-
ity. Anomalies of the Hpean (red) and Tiean (blue) for the dif-
ferent latitudinal bands are shown in Fig. 9 (NH) and Fig. 10
(SH) for September 2001 to December 2013.

In the tropics, variations are generally small with altitude
(temperature) anomalies being smaller than 750 m (3 K) for
the observed time range. These variations are caused by a
combination of QBO and ENSO (see above). Anomalies
at latitudes between 20 and 50° show some variability, but
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lighted in gray.

no distinct pattern. At high latitudes, however, stratospheric
conditions have a strong impact on polar Ht and Ty, espe-
cially in winter and spring.

SSW events have a relatively strong influence on
tropopause characteristics. During SSW events, stratospheric
temperatures can increase by up to 50 K within a couple of
days (Kuttippurath and Nikulin, 2012) and cause low Ht and
high Tt.

In the NH, relatively strong SSW events occurred in the
winter of 2003/2004, 2005/2006, 2008/2009, 2009/2010,
and 2012/2013 during the observed time range. Figure 9
shows lower Ht and higher 77 for these months. In Jan-
uary/February 2005, 2007, and 2011, when no or only a very
weak SSW event occurred, tropopause anomalies were sig-
nificantly higher and colder (up to 1.5km/7 K) at high lat-
itudes in the NH. Generally, the signal appears not only at
polar latitudes, but between 60 and 90° N.

During the observed time range, only one SSW event took
place in the SH. In Fig. 10, Ht anomalies of —2km (Tt
anomalies of 10 K) can be seen late on in the year 2002 for
the 80 to 90° S latitudinal band. This event was so strong that
it even affected tropopause characteristics in the 50 to 60° S
latitudinal band. Stratospheric conditions were also excep-
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tionally warm for winter and spring 20043 and spring 2012*
over the Antarctic region, yielding tropopause altitude and
temperature anomalies of up to —2 kmand 7 K. For the years
2006, 2008, 2010, and 2011, the polar vortex was very cold
and stable, often until December®. This led to unusually cold
stratospheric conditions and, as a consequence, to high Ht
and low Tt.

6 Summary

RO observations featuring high vertical resolution, global
availability, and high accuracy, were used to investigate
global characteristics of the lapse rate tropopause. Clima-
tological tropopause characteristics for the RO record from
2001 to 2013 extend previous studies on the tropopause
structure and its temporal variability. Latitudinal and longitu-
dinal variations, as well as the annual cycle and inter-annual
variability, were analyzed for tropopause altitude (Hv) and
temperature (7).

Tropopause properties were analyzed using individual
measurements, as well as averaged data. To obtain informa-

3http://www.cpc.ncep.noaa.gov/products/stratosphere/winter
bulletins/
4http://www.theozonehole.com/20120zonehole.htm
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tion about the latitudinal distribution of Ht and 77, the mean
and its standard deviation, as well as median, quartiles, and
extreme values (box-and-whisker plots) were shown for 5°
latitudinal bands for multi-year monthly averages.

Ht and Tt showed the well-known latitudinal structure
with high and cold tropical tropopauses (16 to 17 km/190
to 195K) and lower and warmer extra-tropical tropopauses
(8 to 12 km/up to 230 K). Double tropopauses were found at
the Equator, close to the subtropical jets, and at winter hemi-
spheric mid and high latitudes.

Variability in the subtropical tropopause break leads to
a large spread in the Ht and 77 distribution in the 20 to
30° latitudinal band during winter. Since the major part of
tropopauses is located at high altitudes, but some tropopauses
also show extra-tropical characteristics, the median (Hmeq) iS
systematically higher than the mean (Hmean). Differences ex-
ceed 1 km in both the NH and SH. Accordingly, Tmean i up
to 4 K higher than Teq.

For second tropopauses, the mean and median of Ht
and Tt generally showed small differences. The distribu-
tion showed weak latitudinal variations, with most second
tropopauses between 14 and 20 km in the extra-tropical win-
ter hemisphere and between 18 and 20 km in the tropics.

Longitudinal variations of Ht and Ty occur due to
land-sea coverage and orography. Zonal asymmetries at
northern hemispheric mid latitudes (40 to 60° N) are caused
by large-scale Rosshy wave activity, most pronounced in bo-
real winter (Zangl and Hoinka, 2001). In boreal summer,
strong convective activity in the Asian monsoon region leads
to exceptionally high and cold tropopauses (Highwood and
Hoskins, 1998).

The mean annual cycles of Ht and T vary strongly in am-
plitude with latitude. While smallest amplitudes were found
in the tropics, amplitudes were largest at mid and southern
hemispheric high latitudes. At northern hemispheric low lat-
itudes, tropopause parameters follow the annual cycle of the
BDC with maximum tropical upwelling in winter, leading to
higher/colder tropopauses in winter than in summer. There-
fore, the mean annual cycle is in phase within 20° S and
20° N. A 6-month phase shift of the annual cycle was found
over Antarctica. Due to the lack of incoming radiation in po-
lar winter in the SH and the strong polar vortex, very low
stratospheric temperatures lead to highest Ht (lowest T7)
during that time of the year.

The mean annual cycle of Hmean and Hmed (Tmean and
Tmed) agreed well for all latitudinal bands except 20 to
30° N/S. In this region, the mean was systematically lower
than the median throughout the year. Furthermore, we
showed that the 20 to 30° N median followed the tropical
tropopause annual cycle as most tropopauses are located at
high altitudes. The mean, however, is affected by some very
low tropopauses that mainly occur during boreal winter and
therefore followed the extra-tropical tropopause annual cy-
cle.
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Inter-annual variability of tropopause characteristics can
be caused by both tropospheric and stratospheric events. An
OLS regression analysis showed a strong ENSO signal above
the tropical central Pacific and a QBO signal in the tropics,
confirming previous studies on the influence of ENSO and
QBO on tropopause altitude and temperature.

Furthermore, anomalies of averaged Ht and Tt showed
signatures of both ENSO and QBO at low latitudes. At high
latitudes, large anomalies could be attributed to strong vari-
ability of polar vortex strength, including SSW events.

The ability to detect reliable trends in the relatively short
RO record is limited by the large atmospheric variability dur-
ing the last couple of years (e.g., a strong El Nifio event
in 2009/2010 and two strong La Nifia events in 2010/2011
and 2011/2012). Even for OLS regression analyses (includ-
ing ENSO and QBO), tropopause trends were inconclusive
for different periods (2001 to 2010; 2001 to 2012). There-
fore, we did not include a discussion of tropopause parameter
trends in this paper.
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