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A global blended tropopause based on ERA data.
Part I. Climatology

L. J. Wilcox, B. J. Hoskins, and K. P. Shine

Abstract

A new tropopause definition, based on a flow-dependent blending of
the traditional thermal tropopause with one based on potential vorticity,
has been developed. The benefits of such a blending algorithm are most
apparent in regions with synoptic scale fluctuations between tropical and
extratropical airmasses. The properties of the local airmass determine the
relative contributions to the location of the blended tropopause, rather
than this being determined by a specified function of latitude.

Global climatologies of tropopause height, temperature, potential tem-
perature and zonal wind, based on European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis (ERA) ERA-Interim data, are
presented for the period 1989-2007. Features of the seasonal-mean tropopause
are discussed on a global scale, alongside a focus on selected monthly cli-
matologies for the two high latitude regions and the tropical belt. The
height differences between climatologies based on ERA-Interim and ERA-
40 data are also presented.

Key spatial and temporal features seen in earlier climatologies, based
mainly on the World Meteorological Organization thermal tropopause def-
inition, are reproduced with the new definition. Tropopause temperatures
are consistent with those from earlier climatologies, despite some differ-
ences in height in the extratropics.

1 Introduction

As the troposphere and the stratosphere have many contrasting properties, it
is possible to define the boundary between them, the tropopause, using several
different diagnostics including the temperature lapse rate, potential vorticity
and chemical concentrations.

Knowledge of the position of the tropopause is important for studies of mass
exchange between the troposphere and stratosphere (e.g. Holton et al., 1995),
and also for studies of the climate impact of aircraft, which fly close to the
tropopause level. Additionally, column total ozone is dependent on tropopause
height (e.g. Vaughan and Price, 1991), and the mixing ratio of stratospheric
water vapour is dependent on the temperature of the tropical tropopause, across
which air passes into the stratosphere (Randel et al., 2004). Tt has also been
suggested by Santer et al. (2004) that the tropopause is a sensitive indicator



of climate change, with trends in tropopause height being detectable over much
shorter timescales than those in surface temperature.

Hoinka (1998, 1999) presented a global tropopause climatology, produced
using the ERA-15 data set. Regional tropopause climatologies have also been
produced by Highwood and Hoskins (1998), Highwood et al. (2000) and Zangl
and Hoinka (2001), using both European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalyses (ERA) ERA-15 and radiosonde data. Hoinka
(1998, 1999) and Zingl and Hoinka (2001) calculated climatologies for both a
thermal and a dynamic tropopause definition. Highwood et al. (2000) consid-
ered only a thermal tropopause definition, while Highwood and Hoskins (1998)
discussed the physical relevance of several tropopause definitions in the tropics.
Hoinka (1998, 1999) also considered a latitude-dependent blending of a dynamic
and thermal tropopause.

Global Positioning System (GPS) Radio Occultation (RO) data has made
analysis of the global tropopause possible using high-resolution observational
data. Early analysis of the thermal tropopause using this data has been pre-
sented by Schmidt et al. (2004) and Schmidt et al. (2005).

In this paper a new flow-dependent tropopause definition based on both
thermal and potential vorticity definitions is presented in Section 3. Based
on this definition, global tropopause climatologies have been produced using
the ERA-40 and ERA-Interim data sets, as discussed in Section 4. The focus
of the discussion is on results using the new tropopause definition in ERA-
Interim. A comparison between ERA-Interim and ERA-40 tropopause height
is also included in Section 4.3. Trends in tropopause variables are presented in
Part 2 (Wilcox et al., 2011).

2 The ERA data sets

Climatologies recording tropopause pressure and height above mean sea level,
and potential temperature and horizontal wind components at the tropopause
have been calculated using gridded data from ERA-40 and ERA-Interim. A
reanalysis is an analysis using past observations calculated with a fixed data
assimilation system, which makes them more consistent than operational anal-
yses for the same period. ERA-40 covers the period from 1957 to 2002, and
uses cycle 23R4 of the ECMWF Integrated Forecasting System (IFS). For an
in-depth discussion of ERA-40, see Uppala et al. (2005). ERA-Interim covers
the period from 1989 to the present day, and uses cycle 31R1 of the IFS (Dee
et al., 2011). Here, ERA-Interim has been used for the period 1989-2007.

In ERA-40 the data analysis system used a grid with a horizontal resolution
of T159 (~1.125°%1.125°) and 60 levels in the vertical up to 0.1 hPa. This data
was interpolated by ECMWF from full model resolution onto a regular grid
with 23 isobaric levels, and onto the |PV|=2 PVU (1PVU=1x10°® K m? kg~!
s~1) potential vorticity (PV) surface. This is defined as 2 PVU in the Northern
Hemisphere, -2 PVU in the Southern Hemisphere, and, because of the vertical



nature of these surfaces in the deep tropics, a cap at the position of the 380 K
potential temperature surface is also used. The gridded ERA-Interim data used
has a horizontal resolution of T255 (~0.703°x0.703°), and 37 isobaric levels,
interpolated from 60 model levels. The isobaric levels in the gridded data sets
are not evenly spaced, and a significant part of the increase in vertical resolution
between ERA-40 and ERA-Interim is due to the inclusion of extra levels in the
tropopause region.

In addition to the change in resolution, the different forecasting systems used
to generate ERA-40 and ERA-Interim result in some key differences. Those
likely to affect the tropopause surface are:

(i) The change from 3-D to 4-D Var (Andersson and Thépaut, 2008), which
resulted in systematically better forecast performance, particularly in the
Southern Hemisphere, where observations are often sparse.

(ii) Improvements in the treatment of humidity in ERA-Interim compared to
ERA-40 significantly reduced the overestimation of precipitation discussed
in Hagemann et al. (2005), particularly over the tropical oceans, with
associated latent heating and circulation changes (Simmons et al., 2007).

(iii) Improvements in the representation of the stratosphere resulted in a more
realistic age of air in the stratosphere in ERA-Interim, and also increased
agreement with observations of stratospheric humidity and temperature.
However, where the stratosphere in ERA-40 had a significant cold bias
compared to other reanalyses, a positive bias is found in ERA-Interim
(Simmons et al., 2007).

(iv) The use of bias correction in ERA-Interim when assimilating satellite ra-
diance data removed many of the conflicting bias corrections found in
ERA-40, improving the fit to “conventional data” (Simmons et al., 2007).

For the consideration of the Antarctic tropopause, it is also worth noting that
vertical temperature profiles in the polar stratosphere from ERA-40 often con-
tained a “spurious oscillatory structure” (Simmons et al., 2007). This structure
is reduced in amplitude in ERA-Interim. For further discussions of the changes
between ERA-40 and ERA-Interim see Simmons et al. (2007) and Dee et al.
(2011).

3 Tropopause definitions

Three tropopause definitions will be discussed in this paper: a thermal, dynamic
and blended definition.

3.1 The thermal tropopause

The thermal tropopause definition used here follows the WMO (1957) definition:
the tropopause is “the lowest level at which the average lapse rate between



this level and all higher levels within 2 km does not exceed 2°C km™!”. The
tropopause is found from the gridded ERA data using the algorithm presented
by Reichler et al. (2003), but with a high pressure bound of 500 hPa, following
Gettelman and Baughcum (1999).

The thermal tropopause definition is used operationally and is common in
previous work (e.g. Zéngl and Hoinka (2001) and Highwood et al. (2000)). Its
great advantage is that it can be determined from a single radiosonde ascent.
However, there are known problems with its use. The thermal tropopause can
be difficult to locate in the polar night regions, resulting in a discontinuous
surface with a very high tropopause in some areas, and can be multi-valued
in the vicinity of the polar jet (Figure 1). Importantly, it is not possible to
characterise air masses using the thermal tropopause definition as the vertical
temperature gradient is not a conservative quantity, even in the absence of
diabatic processes.

Examples of some problems with the thermal tropopause determined from
gridded data can be seen in Figure 1. Discontinuities are seen in the region of
the subtropical jets. Such discontinuities are the result of the detection algo-
rithm alternately identifying a high tropical tropopause and a low extratropical
tropopause in the regions in which the tropopause is multi-valued.

Anomalous heights can be seen in the Antarctic region in both examples
in Figure 1. The algorithm for identifying the thermal tropopause includes
a low pressure bound of 75 hPa (Reichler et al., 2003). This prevents some
occurrences of an anomalously high-altitude tropopause, but is not sufficient in
all cases. Some of the clearly anomalous heights identified in the polar night
regions lie below the altitude of the tropical tropopause, so it is not possible to
resolve this issue using a single pressure cap (e.g. Figure 1).

3.2 The dynamic tropopause

The dynamic tropopause is located at the position of a surface of constant
potential vorticity. The use of PV means that in addition to considering the
stability of the atmosphere, its circulation and density are also considered. As
PV is materially conserved for adiabatic motion whereas lapse rate is not, it
has been argued that a PV definition of the tropopause is more appropriate in
regions of strong cyclonic activity (Zangl and Hoinka (2001)). The conservative
properties of PV mean that a dynamic tropopause can be expected to evolve
more smoothly, and in a more Lagrangian manner, than a thermal one, as seen
in the observational studies of Danielsen (1968).

The dynamic tropopause is generally accepted to lie between |PV| values of
1 PVU and 4 PVU in the Northern Hemisphere (Hoskins et al., 1985, Kunz
et al., 2011). Observational studies tend to place the surface at the lower end
of this range (e.g. Danielsen (1964, 1968), observing radioactivity and ozone;
Shapiro (1978, 1980), observing ozone and cloud condensation nuclei). Early
studies based on Numerical Weather Prediction analyses, in which the dynamic
tropopause is positioned at the PV value giving the best agreement with the
thermal tropopause, have tended to define the dynamic tropopause using the
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Figure 1: Latitudinal sections of the dynamic (solid line) and thermal (dashed
line) tropopauses at 0°W for 6 hourly case studies: (a) 03 August 2002 at 00Z,
(b) 11 August 2002 at 00Z.



higher values in this range (e.g. Hoerling et al. (1991), Zdngl and Hoinka
(2001)). However, Kunz et al. (2011) identified the dynamic tropopause at a
range of values in the 1 to 4 PVU range using ECMWF operational analyses.

Following Hoskins et al. (1985), and Juckes (1994), the dynamic tropopause
has been defined here as the position where [PV| =2 PVU. As discussed above,
it is necessary to introduce a cap on the dynamic tropopause in the deep tropics.
Here, as in the ERA data sets, this cap is put at 380 K potential temperature,
which is often accepted as a good approximation for the tropical tropopause
(e.g. Duncan et al., 2007). The resulting surface will herein be referred to as
the “dynamic” tropopause. In the examples in Figure 1 the cap can be seen
within a few degrees of the equator, slightly above the thermal tropopause there.

It can be seen in Figure 1 that the choice of |PV|=2 PVU gives a reason-
able agreement between the thermal and “dynamic” tropopause in the Northern
Hemisphere and the tropics. The surfaces typically differ when there are de-
pressions in the altitude of the “dynamic” tropopause associated with cyclonic
activity. Such behaviour can be expected following e.g. Wirth (2000) and Wirth
(2001), and is thought to be realistic.

Zangl and Hoinka (2001) argue that the use of relatively low values of PV
to define a dynamic tropopause leads to over-detection of multiple tropopauses.
When multiple surfaces where |PV|=2 PVU are detected in the ERA analysis
system, the algorithm uses the highest level.

The use of the ECMWF “dynamic” tropopause definition has the additional
practical advantage that the ERA data has been directly interpolated from full
vertical resolution model level data to this surface. This avoids the need to
interpolate PV fields from data with a coarse vertical resolution, which would
introduce errors.

3.3 The blended tropopause

Because of their respective advantages and disadvantages, a globally-valid flow-
dependent blending of the “dynamic” and thermal tropopauses has been de-
veloped. Previously, such definitions have been combined using a latitude-
dependent blending of the “dynamic” tropopause in the extratropics and the
thermal tropopause in the tropics (e.g. Hoerling et al. (1991), Forster et al.
(2003)). Although this avoids the key deficiencies associated with the com-
ponent tropopauses, it is likely to misrepresent the airmass properties in the
transition region. To avoid such an issue here, and enable a flow-dependent
blending, the 350 K and 370 K isentropic surfaces have been used to define
the boundaries of the transition region between the “dynamic” and thermal
tropopauses (see Figure 2(a)). The height of the blended tropopause, hy, has
been defined as:

ha fa < 350K
hy = (Z5250) by + (1= 225250 by 350 < 04 < 370K (1)
hm 04 > 370K

where 6, is the potential temperature at the “dynamic” tropopause, h,, is the
lower of the height of the thermal tropopause (h;) and the height of the “dy-



namic” tropopause (hg). h,, was used, instead of the height of the thermal
tropopause, as the thermal tropopause can be difficult to identify from ERA
data in the vicinity of the tropopause break, which can lead to an anomalously
high and discontinuous surface (e.g. Figure 1). Using h,,, this behaviour is not
passed on to the blended tropopause surface. This has the disadvantage that the
380 K cap on the “dynamic” tropopause is implicitly included in the definition.
However, the cap is used in less than 10% of the 6 hourly tropopauses from
1989-2007, and generally only in small regions of the subtropics (Figure 2(b)).
Comparisons between the thermal tropopause from ERA-40 and ERA-Interim
revealed that the increased vertical resolution of ERA-Interim reduced the fre-
quency of the identification of alternating high and low tropopauses in the sub-
tropics. This result suggests that with higher resolution data sets it may be
possible to replace h,, with the height of the thermal tropopause, avoiding the
use of the 380 K cap.

In the ERA-Interim climatology, the blended tropopause begins to depart
from the “dynamic” tropopause equatorward of ~45°N, and ~30°S, when a
degree of interpolation between hy and h,, occurs (Figure 2(c)). However, be-
cause the blended definition takes account of the properties of local airmasses,
the latitudes at which this occurs in a given 6 hour period can be very different.
This can be seen in Figure 3 where tropical air can be seen extending into the
extratropics, notably in the southern Indian Ocean in Figure 3(a) and in the
North Atlantic in Figure 3(b), and is treated as such in the blended process. In
a number of regions, the North and South Atlantic for example (Figure 3(a)),
extratropical air penetrates into the subtropics. The flow-dependent blending
algorithm used here can account for such features, whereas a simple latitude-
dependent algorithm would be unable to do so.

The frequency of the use of the blending algorithm (i.e. when 6 > 350 K)
in the climatology can be seen in Figure 2(c). The frequency of the use of h,,
is shown in Figure 2(d). h,, is typically used, to some degree, equatorward
of 30° latitude. The contributions to h,, from the thermal and “dynamic”
tropopauses are shown in Figures 2(e) and (f) respectively. The likelihood that
h,,, =h; increases with proximity to the equator, while hy is generally only used
in the subtropics. When h,, =h;, the height of the “dynamic” tropopause is
equal to the height of the 380 K cap in less than 10% of all 6 hour periods from
1989-2007 (Figure 2(b)).

In the extratropics, the “dynamic” tropopause is always used in the blended
tropopause, and is typically 500 to 1000 m lower than the thermal tropopause
as a result of averaging the type of differences seen in Figure 1. The difference
between the thermal and “dynamic” tropopause is largest near the South Pole
in the zonal-mean (Figure 2(a)). This is due to the inclusion in the mean of the
anomalously high thermal tropopause that is often identified using the thermal
definition in the polar night. Equatorward of 10° latitude the 380 K cap on the
“dynamic” tropopause makes it on average ~100 m higher than the thermal
and blended tropopauses. The blended tropopause definition is a small but
significant modification to the “dynamic” tropopause, as the difference between
the surfaces in the tropics can be considerably larger at a given time and location
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Figure 2: (a): Zonal-mean annual-mean tropopause height from the ERA-
Interim climatology using the blended (solid line), thermal (dashed line) and
“dynamic” (dash-dotted line) tropopause definitions. The position of the zonal-
mean annual-mean 350 and 370K potential temperature surfaces are indicated
by the dotted lines. (b): the percentage of 6 hourly blended tropopauses with
height equal to the height of the 380 K cap, (c): percentage with 6, greater than
or equal to 350 K, (d): percentage with 64 greater than 370 K, (e): percentage
where h,, is equal to the height of the thermal tropopause, and (f): percentage
where h,, equal to the height of the “dynamic” tropopause.
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than in the climatological zonal mean (differences of up to 2 km can be seen in
Figure 1).

The height difference between the thermal and “dynamic” tropopause is
reflected in the comparison between the blended tropopause and those from
previous studies, where it is typical for the thermal tropopause, or a value of PV
that places the mean dynamic tropopause close to it, to be used. In particular,
the blended tropopause has a lower altitude at the poles compared to previous
work (e.g. Hoinka, 1998; Highwood et al., 2000). In the tropics the altitude of
the blended tropopause is generally in good agreement with previously reported
values from studies where the thermal tropopause is used (e.g. Seidel et al.,
2001; Schmidt et al., 2004).

4 Tropopause climatology

In addition to 6 hourly, monthly, extended winter (December to March: DJFM)
and summer (June to August: JJA) tropopause data for each year, monthly and
seasonal climatologies for the years 1989-2007 have been produced using both
ERA-40 and ERA-Interim. The four month northern winter is used to include
all months with an active Northern Hemisphere polar vortex. The climatology
contains “dynamic”, thermal and blended tropopause height above mean sea
level, and blended tropopause pressure, potential temperature, and the zonal
and meridional components of horizontal wind at the tropopause. It should be
noted that the wind field at the tropopause has the special property that it
includes the maxima in both the subtropical and polar jets.

In the following sections the key features of the blended tropopause clima-
tologies for DJFM and JJA using ERA-Interim will be discussed. In Section 4.4
regional features are discussed in more detail.

4.1 DJFM

In DJFM, tropopause height has minima at the two poles, and a maximum in
the tropics (Figure 4(a)). The Northern Hemisphere (NH) polar minimum ex-
tends over north eastern Canada and Siberia, in agreement with many previous
studies e.g. Hoinka (1998) and Schmidt et al. (2005). The higher subtropical
tropopause extends north east towards the northeast Atlantic and up the west
coast of North America. There are large gradients in height in the subtropics,
which are strongest in the winter hemisphere. Slightly equatorward of these are
strong gradients in temperature (Figure 4(b)), as expected from their location
on the jet stream axis, and as observed by Hoinka (1999). The poleward shift of
the tropopause height contours over the North Atlantic and North Pacific reflect
the paths of the jet streams, which are indicated by the maxima in zonal wind
in Figure 4(d). Both the subtropical and mid-latitude jets are well depicted
on this surface. In particular, the closed loop around the Southern Hemisphere
(SH), and spiral in the NH are apparent.
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Figure 4: DJFM climatologies at the blended tropopause from ERA-Interim
(1989-2007) (a): tropopause height (m) (b): tropopause temperature (°C) (c):
tropopause potential temperature (K) (d): tropopause level zonal wind (m s~!)

The strongest westerly winds (<59 m s~1) are found in the NH over Japan
and over the western half of the North Pacific. There are easterlies over much
of the tropics, which have a maximum over the warm pool in the equatorial
Pacific. The winds over the equatorial east Pacific are westerly in DJFM.

In DJFM, the minimum tropopause temperature of -86°C occurs over In-
donesia (Figure 4(b)), in the same location as the height maximum of 16800 m.
The temperature maxima in the subtropics correspond to the position of the
poleward edge of the jet maxima (Figure 4(d)). There are secondary tempera-
ture minima over Siberia and Antarctica.

Potential temperature has a maximum of just less than 380 K on the northern
side of the Equator, and a minimum of 290 K over the Northern Hemisphere high
latitudes (Figure 4(c)). Large gradients in potential temperature are collocated
with the large height and temperature gradients, and zonal wind maximum,
over Japan. Globally, contours of potential temperature closely follow contours
of height.

Zonal-mean sections from the ERA-Interim climatology are shown in Fig-
ure 5. In DJFM, zonal-mean tropopause height is ~8000 m at the poles (Fig-
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ure 5(a)). In the NH, tropopause height increases gradually with distance from
the poles in the extratropics, before increasing rapidly near 30° latitude (Fig-
ure 5(a)). In the SH there is a more pronounced transition near 60° latitude.
The tropopause height is of the order 16500 m in the tropics, with a maximum
near the Equator.

The maxima in the zonal-mean six-hourly standard deviation of tropopause
height (2000 m for the NH and 1750 m for the SH) are associated with vari-
ability of the steep subtropical transition between the tropical and mid-latitude
tropopause heights (Figure 5(a)). There are also relatively large standard devi-
ations in tropopause height associated with the polar jets at 50 - 60° latitude.
Standard deviation is larger in the SH extratropics, but it is smaller over the
southern pole. The standard deviation of tropopause height has a deep min-
imum in the equatorial region (Figure 5(a)). The latitudes of the maxima in
standard deviation, and the broader peak in the SH compared to the NH, are
in agreement with the pattern of standard deviation in tropopause pressure
presented by Schmidt et al. (2005).

Tropopause pressure (Figure 5(c¢)) mirrors height, ranging from 335 hPa at
the poles to 100 hPa at the Equator. As expected from the choice of the critical
PV value in the “dynamic” tropopause definition, pressure at the poles is high in
comparison to previous work (e.g. 50 hPa higher than the thermal tropopause
values reported by Schmidt et al. (2005)).

Potential temperature (Figure 5(c)) has a similar structure to height, with
zonal-mean values close to 300 K at the poles, and a maximum of 370 K in
the tropics. Asymmetry in tropical potential temperature, with larger values in
the NH, is more pronounced than that in pressure and height. The potential
temperature of the blended tropopause at the poles is comparable to the val-
ues found by Hoinka (1999), and in the tropics is comparable to the thermal
tropopause values reported by Seidel et al. (2001).

The DJFM zonal-mean tropopause temperature has a minimum (-82°C) in
the region of the high equatorial tropopause (Figure 5(e)), corresponding to
the location of the height maximum. Tropopause temperature increases rapidly
away from the equator, and in the NH reaches a maximum of -55°C at 30°N,
coincident with the maximum in zonal wind (Figure 5(e)). In the SH, the
temperature is generally warmer than that in the NH, and the temperature
maximum (-48°C) occurs some 10° poleward of the wind maximum.

The temperature range and latitudinal distribution in the NH and tropics is
in very good agreement with the temperatures found by Schmidt et al. (2005)
and Hoinka (1999), despite the differences in height, and in good agreement with
the results of Schmidt et al. (2005) in the SH. Blended tropopause temperature
in the SH high latitudes are warm compared to those shown by Hoinka (1999).

The tropopause level zonal wind has a minimum of -3 m s™! in the tropics
on the summer side of the Equator (Figure 5(e)), and maxima of 35 m s™! at
30°N and 30 m s~ ! at 45°S.

12
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Figure 5: Zonal-mean sections for the ERA-Interim seasonal climatologies (1989-
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mean tropopause-level zonal wind (m s~!) for DJFM (c) and JJA (d).
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Figure 6: JJA climatologies at the blended tropopause from ERA-Interim (1989-
2007). (a): Tropopause height (m) (b): Tropopause temperature (°C) (c):
Tropopause potential temperature (K) (d): Tropopause level zonal wind (m s~1).

4.2 JJA

In JJA the global tropopause is generally higher than in DJFM (cf. Figure 6(a)
and Figure 4(a)). The main tropical feature in all fields is associated with the
Asian summer monsoon, and in particular the upper tropospheric anticyclone
associated with it. In height the maximum is centred over the Indian Ocean
and extends to the west Pacific, and across Africa (see Figure 6(a)). There is a
poleward extension of the otherwise zonal structure over the Arabian peninsula,
India and south-east Asia.

The NH jet is weaker in JJA than in DJFM, nowhere exceeding 30 m s,
and more zonally symmetric (compare Figures 6(d) and 4(d), and Figures 5(c)
and (d)). In JJA the SH jet is stronger, and less zonally symmetric than in
DJFM, with maximum zonal wind speeds in excess of 45 m s~! over the South
Pacific. The SH jet is split near 75°E. There are considerable differences in zonal
wind in the tropics between DJFM and JJA. In JJA there are strong easterlies
associated with the Asian monsoon over the northern Indian Ocean, and India,
which are on the equatorward side of the height maximum (Figure 6(d)). There
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are also easterly winds over the eastern Pacific, in contrast to the westerlies
found in DJFM.

Globally, like height, tropopause temperature is more zonally uniform in
JJA compared to DJFM (cf. Figures 6(c) and 4(c)). The Arctic and extrat-
ropical tropopause in JJA is warmer (typically -55° to -60°C) compared to the
Antarctic tropopause in DJFM, and the Antarctic tropopause in JJA is much
colder than the DJFM Arctic tropopause. The tropical tropopause is warmer in
JJA compared to DJEM. The tropical temperature minimum (>-79°C) extends
around the globe between £15°latitude, with the minimum extending over the
Asian subcontinent, like the height field. In the NH extratropics, temperatures
are still more zonally uniform than in DJFM, but they are generally warmer in
the eastern hemisphere. Temperature maxima of up to -45°C are found over the
NH high latitudes, and over Asia at 40°N. The temperature maxima at 40°N
are located slightly to the west of maxima in zonal wind (Figure 6(b)).

The potential temperature maximum lies over the Asian subcontinent in JJA
(Figure 6(c)), and is associated with the monsoon anticyclone. There is also a
zonal band of high potential temperature values in the tropics, situated mostly
to the south of the Equator. Potential temperature in the JJA SH high latitudes
is comparable to that in the DJFM NH high latitudes. Potential temperature is
larger in the JJA NH high latitudes compared to the DJFM SH high latitudes.

Zonal means of JJA variables are shown in panels b, d, and f of Figure 5.
Tropopause height (Figure 5(b)) is higher in the extratropics and high latitudes
in both hemispheres in JJA compared to DJFM, as was seen when comparing
Figures 6(a) and 4(a). Height gradients in the SH in JJA are comparable
to those in the NH in DJFM, while gradients in the NH in JJA are shallower
than those in the SH in DJFM. The standard deviation of tropopause height
(Figure 5(b)) has a sharp maximum of 2200 m in the SH near 30°S in JJA,
in the same location as the maximum (35 m s~!) in zonal wind, but slightly
equatorward of that identified by Schmidt et al. (2005). The double peaked
standard deviation seen in the SH in DJFM, associated with a split jet, is not
present in JJA. In the NH, the maximum standard deviation is shifted slightly
poleward compared to DJFM, and is reduced in amplitude.

Tropopause pressure again mirrors tropopause height (c.f. Figure 5(b) and
Figure 5(d)). Pressure is higher in the tropics in JJA compared to DJFM.
Tropopause pressure is comparable in the DJFM SH high latitudes to that in
the JJA NH high latitudes. However, in JJA, NH pressure steadily increases
with decreasing latitude, while in the DJFM SH it is nearly constant from 90
— 60°S. The pressure near the South Pole in JJA is less than that near the
North Pole in DJFM, with steeper pressure gradients in the subtropics. In
JJA the potential temperature maximum is on the south side of the Equator
(Figure 5(d)). Potential temperature is higher in the JJA NH compared to the
DJFM SH, while potential temperatures are comparable in the JJA SH and the
DJFM NH (Figure 5(c) and (d)).

Zonal-mean zonal wind and temperature are shown in Figure 5(f). Temper-
ature has a similar, but reversed, latitudinal structure to that seen in the DJFM
mean. The latitudinal gradient in SH high latitudes is steeper than the equiva-
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Figure 7: Difference (ERA-40 - ERA-Interim) between the DJFM (a) and JJA
(b) seasonal climatologies (1989-2002) of blended tropopause height (m).

lent in the NH in DJFM. Tropical tropopause temperature is about 5°C warmer
in JJA (-77°C compared to -82°C). Temperature, and its latitudinal structure, is
in good agreement with the observed thermal tropopause presented by Schmidt
et al. (2005).

The zonal wind maximum (35 m s™!) is located near 30°S, and there is a
greater difference between the SH and NH maxima compared to DJFM (c.f.
Figure 5(f) and Figure 5(e)). Zonal-mean easterlies are stronger in JJA than in
DJFM (-11 m s~! compared to -3 m s71).

4.3 The difference between ERA-40 and ERA-Interim

The ERA-Interim and ERA-40 blended tropopause climatologies have been com-
pared for the period January 1989—August 2002, where they overlap. The height
differences (ERA-40 minus ERA-Interim) in DFJM and JJA are shown in Fig-
ure 7.

Globally, there are only relatively small differences between the ERA-40
and ERA-Interim tropopause heights. The two surfaces are generally within
300 m of each other, which is less than the difference between the thermal and
“dynamic” tropopauses in the zonal mean (Figure 2(a)), and most ERA pressure
levels. The only difference exceeding 500 m between the two climatologies in
DJFM is in the lee of the Himalayas. Here, the ERA-40 tropopause is locally
up to 2 km higher than the ERA-Interim tropopause. The ERA-40 tropopause
level westerlies here are also weaker than those from ERA-Interim, and the
temperatures are cooler. The differences in this region are most pronounced in
DJFM, and appear to be associated with large vertical, and, to a lesser extent,
horizontal oscillations in the ERA-40 potential vorticity, potential temperature
and zonal wind fields (not shown). The origins of these oscillations are unknown.
It is suspected that they may be the result of the parameterisation of gravity
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wave drag in ERA-40.

In addition to the very large differences in the lee of the Himalayas, there are
smaller differences between the tropopause heights from the two climatologies.
The most notable of these are in the SH high latitudes. Here, the (DJFM) ERA-
Interim tropopause is over 250 m higher than the ERA-40 tropopause around
the Antarctic coast, but lower over the continent itself. This is probably the
result of the change from 3-D to 4-D Var between ERA-40 and ERA-Interim,
which is known to have had a large impact on the SH (Andersson and Thépaut,
2008).

There are also differences in height of up to 100 m in the tropics. It is possible
that this is due to the improved treatment of humidity in ERA-Interim, and
the subsequent impacts on convection and latent heating. Differences between
tropopause heights from the two climatologies are smaller in the NH, where
there is more observational coverage and the data is less sensitive to changes in
the forecasting system.

Tropopause heights from ERA-40 and ERA-Interim are always within 500
m of each other in JJA. Differences in height in the tropics are slightly larger in
JJA compared to DJFM, but the tropopause heights from the two climatologies
are within 200 m of each other there. The largest differences in the tropics are
over the South Pacific and South Atlantic, where the ERA-Interim tropopause
is higher, and over the Indian Ocean and the West Pacific, where ERA-40 is
higher.

There are large differences between the surfaces in the SH high latitudes, but
with a different structure than found in DJFM. In JJA the ERA-40 tropopause
is generally higher (by up to 250 m) than the ERA-Interim tropopause over the
whole region. However, it should be noted that the tropopause is not necessarily
well defined in the SH high latitudes in JJA.

Tropopause temperature (not shown) is generally lower in the ERA-Interim
climatology compared to the ERA-40 climatology in the the tropics and Arctic
in both seasons. The ERA-40 tropopause is warmer by 1-2°C in the Arctic. In
the tropics the difference can be as much as 6°C, with a maximum temperature
difference over the central Pacific in JJA. The temperature difference over the
Antarctic can be as large as 5°C, and changes sign throughout the year, having
the opposite sign to the height difference.

Tropopause-level zonal winds (not shown) are generally within 2 m s=! in
the two climatologies. However, in JJA the westerly winds over the southern
Indian Ocean are up to 6 m s~ weaker in ERA-40 compared to ERA-Interim.
There are also large differences in the lee of the Himalayas in DJFM, in the
same location as the very large height differences.

4.4 Regional Analysis

A global analysis of the tropopause encompasses a large range of features deter-
mined by a range of physical mechanisms. Therefore, it is useful for discussion
to divide the globe into a number of regions. In this section the tropopause
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in the NH and SH high latitude regions, and the tropics, will be considered
separately.

4.4.1 The northern high latitudes

Monthly climatologies of the height and temperature of the ERA-Interim blended
tropopause poleward of 40°N are shown at two-monthly intervals in Figure 8.
Throughout the year there is a minimum in height over or near the pole. From
April to September, the height minimum is centred over the pole, being at its
weakest in July. In November the minimum elongates, having a primary min-
imum over north east Canada, and a secondary minimum between 130°E and
140°E at 55°N. Although there are small differences in the exact location of the
minima, both Highwood et al. (2000) and Zangl and Hoinka (2001) identified a
similar pattern of a primary and secondary minimum on the eastern side of the
continents.

Temperature is less zonally uniform compared to height, especially from
October to April when the eastern hemisphere is relatively cold compared to
the western hemisphere (Figure 8). Highwood et al. (2000) found a similar
asymmetry between the western and eastern hemispheres in DJFM.

There is a temperature minimum over Asia, about 30°W of the height mini-
mum, present from November until May. Zingl and Hoinka (2001) also identified
a temperature minimum over Eurasia, but located to the west of the secondary
minimum shown in Figure 8. The storm track regions are warm compared to
their surroundings throughout the year, with the temperature maxima located
on the poleward side of the zonal wind maxima. There are also relatively warm
temperatures over the pole from May to September.

There are large annual cycles in all tropopause parameters at high latitudes.
Arctic tropopause height (the average poleward of 65°N) has a minimum of
7800 m in March, and a maximum of 9000 m in July. This differs slightly from
Highwood et al. (2000), who found a maximum in Arctic tropopause pressure
in April and a minimum in August. However, when the annual cycle of the
thermal tropopause, as used by Highwood et al., is considered, the results are
in agreement. Arctic temperature has a minimum (-58°C) in January and a
maximum (-47°C) in July.

Zangl and Hoinka (2001) identified a ‘double wave’ pattern in the seasonal
variation of Arctic tropopause pressure, with pressure maxima in summer and
winter for most of the Arctic. There is some suggestion of this pattern in the
cycle for the Arctic north of 65°N in the blended tropopause climatology (not
shown), but it is very weak. The summer height maximum is much larger than
the secondary one found in winter, meaning that there is little to distinguish
this pattern from the other regional cycles. For regions closer to the pole the
double wave identified by Z&ngl and Hoinka (2001) becomes more apparent.
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Figure 8: Monthly climatologies of blended tropopause height (m) (top) and
temperature (°C) (bottom) from the ERA-Interim climatology (1989-2007) in
the NH high latitudes (40-90°N) in January, March, May, July, September and
November.
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4.4.2 The southern high latitudes

It is well established that the thermal tropopause is difficult to locate in SH high
latitudes, particularly in the polar night (e.g. Highwood et al., 2000), because of
the gradual transition from a tropospheric to a stratospheric lapse rate profile.
Although it is always possible to identify a position where PV=-2 PVU, the
significance of the “dynamic” tropopause definition in Antarctic winter also has
to be questioned as the transition from tropospheric to stratospheric potential
vorticity can also be gradual. As such, tropopause parameters in the Antarctic
region in Austral winter should be approached with a degree of caution.

For completeness, selected monthly climatologies of the height and temper-
ature of the ERA-Interim blended tropopause poleward of 40°S are shown in
Figure 9. The minimum in tropopause height is never centred over the pole,
unlike the NH where the minimum is only away from the pole from December
to March. Height is generally lower in SH autumn, in contrast to the NH where
the lowest tropopause heights occur in the winter (Figure 8). The Antarctic is
the only region considered that does not have a tropopause height minimum in
winter. From June to November zonal asymmetries in tropopause height are
marked, with lower heights in the eastern hemisphere, forming a crescent off the
Antarctic coast. From July to September the minimum is centred near 90°E. It
moves over the Greenwich meridian in October to December, before fragmenting
in January, and moving over the continent during the succeeding months.

There is a minimum in tropopause temperature located over or near the pole
throughout the year (Figure 9). From June to October the minimum covers a
large area, is quite circular, and centred on the pole. This is in contrast to
its reduced extent and more asymmetrical appearance in other months. From
October to June there is a region of high tropopause temperature around the
Antarctic continent, centred on 55°S.

Antarctic tropopause height (the average poleward of 65°S) has a minimum
of 7700 m in March, and a maximum in September of 8600 m. Antarctic temper-
ature and pressure both have a minimum in August and a maximum in February.
Although the amplitude and magnitude of the annual cycle in tropopause height
in the Arctic and Antarctic are similar, the Antarctic tropopause is colder. Tem-
peratures range from -66°C to -51°C, compared to -58°C to -46°C in the Arctic.
Such a difference in temperature is consistent with Hoinka (1999).

4.4.3 The tropics

Climatologies of monthly mean tropical tropopause temperature are shown in
Figure 10. These are shown every month for the Asian monsoon season, and
bi-monthly for the rest of the year. From November to April the changes in
the structure of tropopause temperature are small. The temperature minimum
is located, along with the height maximum (not shown), over the west Pacific.
There are secondary temperature minima over the west coast of South America,
and over equatorial Africa. A similar spatial structure was identified in the
thermal tropopause from GPS RO observations by Schmidt et al. (2004).
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Figure 9: Monthly climatologies of blended tropopause height (m) (top) and
temperature (°C) (bottom) from the ERA-Interim climatology (1989-2007) in
the SH high latitudes (40-90°S) in March, July and November.
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Figure 10: Monthly climatologies of blended tropopause temperature (°C) in
the tropics (£30°) from the ERA-Interim climatology (1989-2007).
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In May, the tropical tropopause warms. A region of low temperature ex-
tends northwards over the Asian subcontinent from the west Pacific. By July
the temperature minimum lies over the Bay of Bengal, with a region of low
temperatures extending over the west Pacific. This is to the south-east of the
height maximum, which is located over northern India. The temperature min-
imum remains over the Bay of Bengal until October, and returns to over the
west Pacific in November. Tropical tropopause temperature decreases during
this time. Local temperature minima range from -86°C in January to -79°C in
August.

From November to April, tropopause height maxima and temperature min-
ima are collocated (height is not shown, although see Figure 4 for seasonal-
mean values). However, when the region of high tropopause height extends
northwards in May, there is a smaller northwest extension in the region of cold
tropopause temperatures. The tropical tropopause warms in summer, as the
height decreases, with a temperature minimum remaining over south-east Asia,
to the south-east of the height maximum. Schmidt et al. (2004) found a similar
tendency for colocation of maximum height and minimum temperature in DJF,
but not in JJA. However, Seidel et al. (2001) found that the minimum thermal
tropopause temperature only corresponded to the maximum height in 19% of
cases in January.

The monthly means of tropopause parameters in the tropics all have clear
annual cycles, although the amplitude is small compared to the high latitudes.
Tropical average (+20°latitude) height has a minimum of 15900 m in July, and
a maximum of 16400 m in April. Tropical mean temperature has a minimum
(-79.5°C) in January and a maximum (-75.5°C) in August.

Area averages for the ‘deep tropics’ were also considered. This has been
defined as the region equatorward of 10°latitude, following IPCC (2007). Deep
tropical height has a minimum of 16000 m in August, and a maximum of 16650
m in April. Temperature has the same annual cycle in the deep tropics as in
the tropics, but the temperatures are colder, ranging from -81.5°C in January
to -76.0°C in August. Seidel et al. (2001) identified a similar annual cycle in
deep tropical height, with a minimum in July, and a maximum of 16800 m in
April. The cycle found by Schmidt et al. (2004) for the same region has higher
altitudes overall, with a smaller amplitude, ranging from 16800 m to 17000 m.
However, their evaluation is only based on a few years of data.

During El Nino, sea surface temperatures (SSTs) in the east Pacific Ocean
increase and there is an associated increase in convection in the east and cen-
tral Pacific, and a decrease in the west Pacific. Increased convection leads to
a raised, cold, tropopause, and conversely for reduced convection. This can
clearly be seen in the regression of DJFM mean tropopause pressure and tem-
perature onto the DJFM mean Nifio 3.4 SST index (found at www.cgd.ncar.edu/
cas/catalog/climind/TNI_N34/) shown in Figure 11. The raised tropopause in
the western hemisphere, and the depressed tropopause signature in the eastern
hemisphere are consistent with an enhanced Kelvin wave and a reduced Rossby
wave respectively.

The patterns in the regression of pressure and temperature onto the Nino
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Figure 11: Regression of DJFM blended tropopause pressure [hPa] (a) and
temperature [K] (b) onto the Nino 3.4 SST index. The location of the Nino 3.4
region is indicated by the black boxes.

3.4 index, and their sign, differ over Africa. This structure was also identified
by Zhou et al. (2001) in composites of the cold point tropopause from ERA-15
data for El Nifio and La Nifa, and by Randel et al. (2000) using radiosonde
data.

The Pacific/North American pattern (PNA) is strongly influenced by ENSO.
Positive PNA tends to occur in an ENSO event (e.g. Horel and Wallace, 1981)
and is associated with a higher, colder tropopause over Hawaii and the northern
US and Canada, and a lower warmer tropopause over the southern US. This is
apparent in the regression of DJFM tropopause temperature onto the DJFM
Nino 3.4 index (Figure 11(b)). It can also be detected in the regression of
tropopause pressure onto the Nino 3.4 index, but the signal is weaker relative
to the strong signals in the tropics.

5 Summary

A new global tropopause definition has been introduced that is based on flow-
dependent interpolation between the “dynamic” and thermal tropopause def-
initions. The advantages of such a flow-dependent definition are most clearly
apparent on short timescales, in regions with synoptic-scale mixing between
tropical and extratropical airmasses. It is the properties of the local airmasses
that determine the boundary of the interpolation region, rather than an arbi-
trary latitudinal definition.

Climatologies of thermal, “dynamic”, and blended tropopause height, and
pressure, potential temperature, and zonal and meridional wind at the blended
tropopause were produced for 1989-2007 using ERA-40 and ERA-Interim.

The blended tropopause is typically of order 100 m lower than the “dynamic”
tropopause in the tropics in the zonal-mean climatology. However, it is still a
significant modification to the “dynamic” tropopause as the difference between
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surfaces can be considerably larger than the climatological zonal-mean at a given
time and location.

The use of the blended tropopause avoids the difficulties associated with
using the thermal tropopause in the polar regions, and in the vicinity of strong
jets. It reduces the reliance on the 380 K cap on the “dynamic” tropopause,
although this issue is not completely resolved, with the cap being used over a
small area in the subtropics in <10% of 6 hourly cases.

Annual, seasonal and monthly climatologies have been produced using ERA-
40 and ERA-Interim and analysed globally, and for the high latitudes and trop-
ics. Key features of the tropopause have been identified and found to be in
agreement with previous studies.

In the NH, tropopause height has a minimum over Canada and Greenland
in the winter months, which moves over the pole in summer. Temperature has
a minimum in the western hemisphere in winter, and maxima over the pole and
near the position of the jet streams in summer. In the SH there is a height min-
imum and temperature maximum located on the Antarctic coast throughout
the year. In Antarctic winter there is a strong temperature minimum over the
pole. In the northern winter, the tropical tropopause is a fairly constant feature,
with a temperature minimum over the Western Pacific. In the northern summer
months the temperature of the tropical tropopause increases, and its structure
is dominated by the Asian summer monsoon and its upper troposphere anticy-
clone. The regression of tropopause pressure and temperature onto the Nifio
3.4 index reveals an ENSO signature of a Kelvin wave higher, colder tropopause
to the east of the date line and a Rossby wave lower, warmer tropopause to the
west.

Comparison of ERA-40 and ERA-Interim climatologies for the overlap pe-
riod between the two reanalyses (1989-2002) has also been presented. It was
found that the two tropopauses are generally within 300 m of each other. The
largest difference was in the lee of the Himalayas in DJFM where the ERA-40
tropopause was up to 2 km higher than that from ERA-Interim. Generally
there was more difference between the two tropopauses in the SH where there
are fewer observations and the analysis is more susceptible to changes in the
forecasting system. The ERA-40 tropical tropopause is warmer compared to
ERA-Interim, with differences of up to 6°C over the central Pacific in JJA.
Winds from the two reanalyses are generally within 2 m s~!, but JJA wester-
lies over the Indian ocean are up to 6 m s~! stronger in ERA-40 compared to
ERA-Interim.
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