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[11 In this study we discuss characteristics of the Northern Hemisphere (NH) midlatitude
(40°N-60°N) tropopause inversion layer (TIL) based on two data sets. First, temperature
measurements from GPS radio occultation data (CHAMP and GRACE) for the time
interval 2001-2009 are used to exhibit seasonal properties of the TIL bottom height
defined here as the height of the squared buoyancy frequency minimum N? below the
thermal tropopause, the TIL maximum height as the height of the N* maximum above the
tropopause, and the TIL top height as the height of the temperature maximum above the
tropopause. Mean values of the TIL bottom, TIL maximum, and TIL top heights relative to
the thermal tropopause for the NH midlatitudes are (—2.08 £ 0.35) km, (0.52 + 0.10) km

and (2.10 £ 0.23) km, respectively. A seasonal cycle of the TIL bottom and TIL top
height is observed with values closer to the thermal tropopause during summer.
Secondly, high-resolution temperature and trace gas profile measurements on board
commercial aircrafts (Measurement of Ozone and Water Vapor by Airbus In-Service
Aircraft (MOZAIC) program) from 2001-2008 for the NH midlatitude (40°N—-60°N)
region are used to characterize the TIL as a mixing layer around the tropopause. Mean
TIL bottom, TIL maximum, and TIL top heights based on the MOZAIC temperature
(N?) measurements confirm the results from the GPS data, even though most of the
MOZAIC profiles used here are available under cyclonic situations. Further, we
demonstrate that the mixing ratio gradients of ozone (O3) and carbon monoxide (CO) are
suitable parameters for characterizing the TIL structure.

Citation: Schmidt, T., J.-P. Cammas, H. G. J. Smit, S. Heise, J. Wickert, and A. Haser (2010), Observational characteristics of
the tropopause inversion layer derived from CHAMP/GRACE radio occultations and MOZAIC aircraft data, J. Geophys. Res.,

115, D24304, doi:10.1029/2010JD014284.

1. Introduction

[2] The tropopause inversion layer (TIL) is a region of
enhanced static stability about 1-2 km above the first lapse
rate tropopause (LRT) and is present during all seasons and
occurs in nearly all geographical regions, mainly in the
extratropics, but also in the tropics. The TIL as a permanent
property of the extratropical tropopause region is a relatively
new feature and was discovered by Birner [2006]. His
results are based on the analysis of high-resolution radio-
sonde data from Germany and the United States where the
usage of a tropopause-based coordinate system was the
base for the detection of the persistent inversion layer just
above the LRT height.
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[3] This region of enhanced static stability which is usu-
ally expressed by the square of the buoyancy frequency N
has been a focus of interest [Randel et al., 2007; Hegglin
et al., 2009; Kunz et al., 2009; Grise et al., 2010; Randel
and Wu, 2010]. Formation mechanisms of the TIL are still a
subject of investigation and not finally clarified yet. At the
moment, there are two main models under discussion.
Birner [2006], Wirth and Szabo [2007] (but already Wirth
[2003]) and Son and Polvani [2007] explain the existence
of the TIL due to dynamical processes, whereas Randel
et al. [2007] and Randel and Wu [2010] argue that the
maintenance of the TIL is mainly driven by radiative pro-
cesses due to the strong gradients of water vapor and ozone
across the tropopause.

[4] The global behavior of the TIL can only be observed
with high vertical resolution temperature data from satellites.
Global Positioning System (GPS) radio occultation (RO)
enables atmospheric information with relatively high vertical
resolution (~100 m in the tropopause region). The GPS RO
technique requires no active calibration, it is weather inde-
pendent, and the occultations are almost uniformly distrib-
uted over the globe [Melbourne et al., 1994; Kursinski et al.,
1997].

D24304 1 of 16


http://dx.doi.org/10.1029/2010JD014284

D24304

[5] With the German CHAMP (CHAllenging Minisa-
tellite Payload) satellite launched in July 2000 the first RO
experiment providing data continuously in an operational
manner between May 2001 and September 2008 [Wickert
et al., 2001, Schmidt et al., 2005a] was started. Since
2006 the U.S.-German GRACE (Gravity Recovery And
Climate Experiment) satellite continues this first long-term
RO data set [Wickert et al, 2009]. Further RO missions
whose data are not considered in this study are the six-
satellite COSMIC (Constellation Observing System for
Meteorology, Ionosphere, and Climate) constellation (since
2006), the European Metop mission (since 2006) and the
German TerraSAR-X (since 2007) satellite.

[6] The accuracy of the RO temperature measurements
could be broadly documented. In the past, several compar-
ison studies between GPS RO data and radiosondes as well
as cross validations with other satellite sensors have been
performed [Hajj et al, 2004; Kuo et al., 2005; Steiner et al.,
2007; Gobiet et al., 2007; Schmidt et al., 2008; Heise et al.,
2008]. Special comparisons of tropopause parameters between
CHAMP and ECMWF (European Centre for Medium-Range
Weather Forecasts) or NCEP (National Centers for Environ-
mental Prediction) analyses are given by, for example,
Borsche et al. [2007] and Schmidt et al. [2004, 2005b].

[7] Grise et al. [2010] give a survey of static stability
using CHAMP RO data from 2002-2008. The authors dis-
cuss detailed global climatological features of the static
stability (N?), and the study can be considered as the most
comprehensive publication on that topic to date.

[8] Summarizing the results from previous investigations
[e.g., Birner et al., 2006; Randel et al., 2007; Hegglin et al.,
2009; Grise et al., 2010; Randel and Wu, 2010] the main
observational features of the extratropical TIL in terms of
the square of the buoyancy frequency N are: (1) the local
minimum of N? about 2 km below the thermal tropopause
height (TPH), (2) the maximum of N just above the thermal
TPH, (3) the temperature maximum (inversion) in a layer 2—
3 km above the thermal TPH, and (4) the local minimum of
N? about 3—4 km above the thermal TPH.

[s] According to mean N? profiles, Hegglin et al. [2009]
consider the local minimum of N? below the LRT as the
bottom of the TIL and the local minimum of N? above the
LRT as the top of the TIL. We use this nomenclature also in
this study and link the expression “TIL bottom height” to the
height of the local minimum of N? below the LRT. For the
height of N maximum above the LRT the expression “TIL
maximum height” is introduced, whereas we define the TIL
top height here as the height of the temperature maximum
above the tropopause (the maximum inversion layer). The
TIL top height based on our definition is comparable with the
upper border of highest static stability (N* > 5-10* s7%)
above the LRT [Kunz et al., 2009].

[10] The TIL heights are part of the upper troposphere and
lower stratosphere region where the chemical transition and
exchange between both parts of the atmosphere take place
with fundamental impacts to the radiative balance. As dem-
onstrated, for example, by Pan et al. [2004] the extratropical
tropopause transition layer (ExTL) is centered around the
thermal tropopause with a thickness of about 2—3 km. Fol-
lowing the argumentation suggested from Randel et al.
[2007] the forcing and maintenance of the TIL is caused by
radiative effects of ozone and water vapor near the tropopause
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while ozone acts to warm the layer above the tropopause and
water vapor acts in the other direction and cools the tropo-
pause. An important point in that argumentation is the fact
that ozone and water vapor are mixed [Kunz et al., 2009].
Therefore the consideration of the extratropical TIL as a
mixing layer around the tropopause or as part of the EXTL is
an important issue.

[11] Hegglin et al. [2009] have shown the usefulness of
trace gas mixing ratio gradients from ACE-FTS (Atmo-
spheric Chemistry Experiment Fourier Transform Spec-
trometer) on board the Canadian SCISAT-1 satellite mission
between 2004 and 2007 for the characterization of the ExTL.
The authors show also a similar structure of the relative
vertical water vapor gradients for summer and winter months
compared with the mean N? structure that Randel et al.
[2007] found from GPS RO data. This results support the
radiative-driven mechanism for the TIL maintenance.

[12] Kunz et al. [2009] provide further support for the
radiative-based explanation from observations of SPURT
(trace gas transport in the tropopause region) ozone and
carbon monoxide aircraft measurements. They reported
highest mixing in the TIL correlated with high N? values
(N? > 5107 s72).

[13] In this study we analyze the Northern Hemisphere
(NH) midlatitude (40°N—60°N) TIL structure based on tem-
perature and N from GPS RO data (2001-2009) and compare
the results with high-resolution temperature measurements
and N? from MOZAIC data for the same latitude band.

[14] MOZAIC stands for Measurement of Ozone and
Water Vapor by Airbus In-Service Aircraft [Marenco et al.,
1998; Thouret et al., 1998a, 1998b] was launched in 1993
and is still active. Several European commercial airliners
(Airbus A340) are equipped with automatically measuring
instruments to tape ozone, water vapor, carbon monoxide,
and other trace gases on their regularly flights between
Europe and several regions worldwide (mainly to North
America and East Asia). In this study we use the recorded
profile measurements during takeoff and landing for the
time interval from May 2001 (start of the RO measure-
ments) and 2008 (profile data from the MOZAIC data base
at http://mozaic.aero.obs-mip.fr/extract).

[15] The ozone (O3) and carbon monoxide (CO) mea-
surements are used additionally to characterize the vertical
structure of the TIL. We demonstrate that the climatological
TIL structure observed in N* from RO and MOZAIC is also
present in the mixing ratio gradients of O3 and CO.

[16] By defining simple threshold values for the different
trace gas mixing ratio gradient profiles from MOZAIC, we
are able, at least in a climatological sense, to reproduce the
local minimum of N? below the LRT (TIL bottom height)
with O gradients and the maximum of N? above the LRT
(TIL maximum height) with CO gradients. The threshold
values are based on the typical mean characteristics of the
according trace gas gradient profiles.

[17] Further, we show that the height of the absolute
maximum (minimum) of the mixing ratio gradients in an
ozone (carbon monoxide) profile agrees with the height of
the LRT, at least statistically.

[18] This leads to the definition of so-called trace gas
tropopauses and we introduce the following abbreviations
here: TPHo.,,,. as the ozone tropopause height and TPHco
as the carbon monoxide tropopause height.
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Figure 1. Principle of the GPS radio occultation technique.

[19] The LRT is determined from the MOZAIC tempera-
ture measurements itself. Applying the World Meteorological
Organization (WMO) [1957] definition of the thermal tro-
popause, only profiles that reach a top altitude of at least LRT
+2 km can be considered. The flight level of commercial
airliners is between 9 and 12 km, but midlatitude tropopause
heights can also be higher than that altitude. Therefore only
cases with relatively low tropopauses can be considered here
which are mainly associated with cyclonic conditions or
upper level troughs [Wirth, 2001, 2003; Randel et al., 2007,
Brioude et al., 2008].

[20] Randel et al. [2007] have shown with GPS RO data
that the highest stability occurs during anticyclonic cases,
but the mean structure of the N? profiles is preserved during
cyclonic, anticyclonic or near-zero cases. This means that
the relative TIL heights are nearly unchanged between the
different synoptic situations. The TIL structure derived from
the more cyclonic affected MOZAIC cases is discussed in
section 4.2.

[21] As already mentioned, we use the local thermal tro-
popause here and relate our results to that altitude because
high-resolution temperature measurements from MOZAIC
are available in parallel to the O3 and CO measurements.
This is a big advantage of the MOZAIC profile data set
compared with other.

[22] On the other hand, the dynamical tropopause based
on potential vorticity (PV) surfaces has advantages for in-
vestigations of stratosphere-troposphere exchange. Under
adiabatic conditions the PV is a conservative stratosphere
tracer and the PV-based tropopause can be used to locate the
surface that indicate the chemical transition from the
stratosphere to the troposphere [Holton et al., 1995]. Nev-
ertheless, we use the thermal tropopause here also with
regard to comparisons of the N? structure between GPS RO
and MOZAIC results.

[23] The paper is structured as follows. In section 2 the
different data sets (RO and MOZAIC data) and methods, for
example, the derivation of the LRT, the static stability, and
the trace gas mixing ratio gradients, are described. In section
3 the synoptic situation with respect to cyclonic/anicyclonic
situations near the tropopause level is reported. Section 4
gives an overview of global N? observations from

CHAMP/GRACE and MOZAIC data, whereas in section 5
the MOZAIC trace gas measurements and the usage of their
mixing ratio gradients for the representation of the TIL
structure is discussed.

2. Data and Methods

2.1. GPS Radio Occultation Data

[24] The CHAMP mission has generated the first long-
term GPS RO data set (2001-2008). Besides one complete
month of missing data (July 2006), CHAMP delivered
continuously between 150 and 200 temperature profiles
daily. To continue the CHAMP data set ending in September
2008 and additionally to the CHAMP data since 2006, we
use RO data from GRACE-A (between April 2006 and
October 2009) delivering atmospheric profiles with the same
daily data rate. The GRACE GPS receiver and error char-
acteristics are comparable with CHAMP [Wickert et al.,
2009].

[25] The RO technique is described here briefly: The GPS
receiver on board a low Earth orbiting (LEO) satellite records
phase and amplitude variations with high temporal resolution
(e.g., 50 Hz) during an occultation event (Figure 1). By
using high-precision orbit information from the LEO and
the occulting GPS satellite the atmospheric excess phase can
be extracted which is related to a bending angle profile a as
a function of the impact parameter a.

a=nr=n(z+R.) (1)
(n: refractive index, r: tangent radius, z: geometric height,
and R,: local radius of curvature).

[26] Assuming spherical symmetry the bending angles can
be related to the refractive index n using an Abel transfor-
mation. Finally, the atmospheric refractivity N, is given
after Smith and Weintraub [1953]

Ny = (n—1)-10° = 77.6%+ 3.73-10° 2%

)

(p: total air pressure, T air temperature, and e,,: water vapor
pressure).
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Figure 2. Locations of the atmospheric profiles from the MOZAIC aircraft measurements between 2001
and 2008. The locations are averages of the first and last latitude/longitude positions of the profile data.
Red color indicates data for 40°N-60°N used in this study.

[27] To convert the refractivity profiles into pressure and
temperature profiles the assumption of dry air has to be
made because of the ambiguity between the dry and wet part
in the resulting refractivity (equation (2)). Further on, by
applying the hydrostatic equation, pressure and temperature
profiles can be calculated. In the current retrieval version
005 [Wickert et al., 2009] ECMWEF pressure at 43 km is
used for the initialization of an iteration for the pressure
profile. This is one atmospheric scale height above the upper
level for which profile data are provided (35 km) from GFZ.

[28] The physical vertical resolution of RO measurements
depends on implemented retrieval algorithms. In our current
software version a vertical resolution of less than 100 m up
to 15 km is given; above 15 km altitude the vertical reso-
lution increases up to about 1-1.5 km between 30 and 35 km.
For data provision all data were sampled on a 200 m grid
between the lowest available level and 35 km.

2.2. MOZAIC Aircraft Measurements

[29] The MOZAIC program was initiated in 1993 with the
goal to collect experimental data on atmospheric composi-
tion and to observe its changes with particular interest in the
effects of aircrafts [Marenco et al., 1998]. For this reason,
long-range airliners are equipped with instruments able to
perform in situ measurements of O3, H,O, CO and nitrogen
oxides (NO,).

[30] The following airlines attend to the MOZAIC pro-
gram: one Airbus from Air France and Austrian between
August 1994 and 2005, two Airbus from Lufthansa since
August 1994, and one Airbus from Air Namibia between
January 2005 and July 2009 (as of November 2009; http://
mozaic.aero.obs-mip.fr/web/features/news.html).

[31] MOZAIC observations are available since mid-1994
and cover large parts of Europe, North America, and East
Asia, but also regions in Africa and South America. The

measurements of each flight are divided into three sets:
ascent, cruise, and descent. In this study we use only the
profile data (ascent or descent) of all flights performed
between May 2001 and December 2008. A total number of
28,770 profiles are available for the time interval (Figure 2).
The locations of the measurements in Figure 2 are averages
of the first and last latitude/longitude positions of the re-
ported start or end of the profile.

[32] The time interval chosen here starts with the begin-
ning of RO measurements from CHAMP and ends with the
data available in the MOZAIC data base (mozaic.aero.obs-
mip.fr/extract) whereas the availability of O; and CO profile
data is different (O5 data from May 2001 to December 2008;
CO data from January 2002 to December 2008).

[33] The MOZAIC raw data are delivered with a 4 s time
resolution equivalent to a vertical resolution of about 30 m.
The ozone instrument has a 4 s response time (~30 m ver-
tical resolution) and the accuracy is estimated at +2 ppbv
(£2%) [Thouret et al., 1998a]. The CO instrument has a 30 s
response time (~300 m vertical resolution) and an accuracy
of about +5 ppbv (£5%) [Nedelec et al., 2003].

[34] The MOZAIC temperature used here is the static
temperature, i.e., the temperature of the undisturbed ambient
air through which the aircraft is about to fly measured with a
platinum resistance sensor PT100 [Marenco et al., 1998;
Helten et al., 1998].

[35] Raw data of the ascent and descent profiles are
averaged on a fixed altitude grid of 85 layers, each 150 m
thick. These midlayer altitudes are constant for all profiles.

2.3. Methods

2.3.1. Lapse Rate Tropopause Heights

[36] The definition of the lapse rate tropopause [WMO,
1957] was applied to each individual GPS RO tempera-
ture profile from CHAMP/GRACE and MOZAIC between
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Table 1. Number of Northern Hemisphere Midlatitude (40°N—
60°N) MOZAIC Profiles With Different Characteristics®

Number of LRT

Total Number WMO Modified
All profiles 18,895
Max. height >5 km 18,560
Max. height >6 km 18,537
Max. height >7 km 18,484
Max. height >8 km 18,417
Max. height >9 km 16,784
Max. height >10 km 11,250
Max. height >11 km 7808
Max. height >12 km 835
LRT identified 1088 3049
LRT height >6 km 1088 3049
LRT height >7 km 1031 2987
LRT height >8 km 857 2773
LRT height >9 km 473 2197
LRT height >10 km 32 1160
LRT height >11 km 0 81
LRT and O; data 830 2303
LRT and CO data 749 not used
LRT, O; and CO data 647 not used

“LRT denotes the lapse rate tropopause.

450 hPa and 70 hPa to determine the first LRT, whereas the
tropopause algorithm from Reichler et al. [2003] was used.

[37] Forvalidation purposes (see below), LRT heights were
also determined from 6-hourly ECMWF operational analyses
interpolated to the time and location of the MOZAIC profiles.
The ECMWEF data used here have a horizontal resolution of
~0.5 deg (reduced Gaussian grid N160) and a vertical reso-
lution of ~0.8 km in the tropopause region (60 model level
until January 2006; 91 model level after).

[38] One can recognize from Table 1 that in only 6% of all
MOZAIC profiles between 40°N and 60°N a LRT can be
identified applying the WMO criterion. This data amount is
further reduced if we only consider profiles with an identi-
fied LRT and additional O; and CO data (bottom rows in
Table 1).

[39] The WMO [1957] defines the LRT as “the lowest
level at which the lapse rate decreases to 2°C/km or less,
provided that the averaged lapse rate between this level and
all higher levels within 2 km does not exceed 2°C/km.” To
increase the amount of data for the N statistics especially
below the tropopause, but also in the first kilometers above
the tropopause (where the TIL maximum height is located),
the WMO criterion was modified to be less restrictive: a
LRT is also detected if the last point of the profile is
between 1 and 2 km above a possible tropopause; that is, the
strong 2 km criterion was modified.

[40] Figure 3 shows an example for a detected LRT
applying the WMO criterion. In the modified version the
LRT would also be valid if the difference between the last
MOZAIC data point and the LRT is at least 1 km.

[41] It should be noted that the following results
concerning the TIL structure are based on MOZAIC profiles
with O3 and CO data and a LRT deduced with the strong
WMO criterion. Results based on tropopauses deduced with
the modified WMO criterion will be indicated.

[42] In Figure 3 also a colocated (At < 3 h and Ad <
300 km; t = time, d = distance) GPS RO temperature profile
is included, demonstrating a good agreement.
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2.3.2. Validation

[43] A comparison of the thermal tropopauses derived
from MOZAIC temperature profiles and ECMWF depen-
dent on the difference between the last MOZAIC profile
height and the LRT is presented in Figure 4a. The data
points within the red window (1088) show the bias between
the MOZAIC tropopause heights (TPH,,0z4;c) and the
ECMWF tropopause heights (TPHgcpme) applying the
strong WMO criterion. The mean bias of 30 m (standard
deviation of 740 m) demonstrates the good agreement.
Applying the modified WMO criterion an even better result
(zero bias) is achieved.

[44] Figure 4b shows as an additional validation the LRT
height bias between nearby located MOZAIC and GPS RO
measurements and ECMWF (61 cases). Mean LRT height
biases between MOZAIC and GPS RO (ECMWF) tropo-
pauses of =90 m (40 m) are observed with a higher standard
deviation between MOZAIC-GPS RO compared with
MOZAIC and ECMWF.

[45] Tt should also be noted that for the GPS RO and
ECMWEF tropopauses in Figure 4 the strong WMO criterion
was applied.

2.3.3. Static Stability

[46] As mentioned above the static stability is expressed

as the square of the buoyancy frequency N given by

N2=%(F+%§) (3)

(g = 9.80665 m/s*: acceleration due to gravity; T: temper-
ature; I' = 0.0098 K/m: dry adiabatic temperature gradient;
0T/0z: temperature gradient).

[47] For the temperature gradients, simple forward dif-
ferences of the according CHAMP/GRACE or MOZAIC
temperature profiles were applied. Mean values of N in the
troposphere and lower stratosphere are 1-107*—2-107* s72
and 4-10*-5-10" s 2 [Andrews et al., 1987] (see also
section 4.1).

[48] A detailed discussion of the static stability with respect
to the seasonal cycle in different regions, the longitudinal

16 4 Feb 2006, 7:31 UTC (49°N, 15°F) Mozaic
CHAMP .
ECMWF
12}
£
=
8 8
=
<
4|
0 . . . . .
190 210 230 250 270 290 310

Temperature [K]

Figure 3. Examples for nearby MOZAIC and CHAMP
temperature profiles and ECMWF. The horizontal lines
denote the according lapse rate tropopause.
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Figure 4. (a) Comparison of MOZAIC lapse rate tropo-
pause (LRT) heights with ECMWF in relation to the differ-
ence between the last MOZAIC data point (MaxHeight) and
the LRT. The LRT for data within the red window were
determined using the strong WMO criterion, and all other
LRTs used the modified WMO version. For further explana-
tion, see text. (b) Comparison of nearby MOZAIC and
GPSRO LRTs (black) and MOZAIC and ECMWF (blue).

structure, and stratospheric processes associated with the
variability of the TIL are given by Grise et al. [2010].

3. MOZAIC Data and the Synoptic Situation

[49] Because of the mean flight ceiling of commercial
aircrafts between 9 and 12 km the number of MOZAIC
profiles with an identified thermal tropopause following the
WMO criterion is limited (see Table 1).

[s0] The global mean LRT height between 40°N and 60°N
based on GPS RO data for the time interval May 2001 and
December 2008 is about 10.5 km. The MOZAIC profiles for
the same time interval used here give a mean LRT height of
(8.75 + 0.85) km, whereas the mean LRT deduced with the
modified WMO criterion is accounted for (9.56 + 0.99 km).
The values are 1.8 km and 1.0 km below the LRT derived
from GPS RO. As already mentioned above, low tropo-
pauses are mostly associated with cyclonic or upper-level
trough situations [Wirth, 2003; Randel et al., 2007; Brioude
et al., 2008].

[5s1] Randel et al. [2007] have demonstrated the relation
between mean N and cyclonic/anticyclonic situations using
the relative vorticity & at 200 hPa. Their results show that

D24304

the tropopause inversion is little stronger for anticyclonic
situations, but also present under cyclonic flow. The N?
maximum just above the thermal tropopause is also highest
for anticyclonic cases compared with the cyclonic ones and
the tropospheric N? is lowest for anticyclonic conditions,
but the structure of the mean N? profiles for the different
situations is similar; that is, the TIL bottom and TIL max-
imum heights are unchanged.

[52] For the classification of cyclonic or anticyclonic
situations of the MOZAIC profile measurements, we follow
the suggestion from Randel et al. [2007] and define cyclonic
situations with a relative vorticity £ >3-107 s~ and anticy-
clonic cases with £ <—3-107° s~ All situations between this
values are called near-zero cases.

[53] We use the relative vorticity at 200 hPa from ECMWF
(ERA interim) data (0.5 deg horizontal resolution) interpo-
lated to the time and location of the MOZAIC profiles.

[54] In Figure 5 the time series of the relative vorticity to
the appropriate MOZAIC profiles with LRT heights fol-
lowing the strong (Figure 5a) and modified (Figure 5d)
WMO criterion is presented. The relative frequency distri-
bution (Figure 5b) show the strong cyclonic influence for
profiles with tropopauses derived after the strong WMO
criterion. The dominant number of measurements during
December—February (DJF) and March-May (MAM) is
evident. This is due to the fact that the thermal tropopause is
on average lower during winter compared with summer and
the flight ceiling of the aircrafts is above the tropopause
level.

[55] The modified alternative of the tropopause deter-
mination includes more near-zero cases, but anticyclonic
situations are also very rare (Figure 5e).

[s6] The scatterplots of LRT height versus relative vor-
ticity (Figures 5c and 5f) demonstrate that the MOZAIC
tropopauses do not exceed 11 km.

4. Global N? Observations

4.1. CHAMP/GRACE

[57] Before describing the TIL structure derived from
MOZAIC profiles a short global overview of the seasonal
N? distribution is given using the GPS RO data from
CHAMP and GRACE. Similar work was already done by
Randel et al. [2007] and Grise et al. [2010], but our focus
here is more the discussion of the mean TIL heights (bot-
tom, maximum and top) which we relate to the MOZAIC O3
and CO gradients (see section 5).

4.1.1. Individual Profiles

[58] Figures 6a and 6b shows examples of tropical and
midlatitude GRACE temperature profiles measured in
January and July 2009. The vertical coordinate here and
for the following plots is centered at the LRT and indi-
vidual properties are shown +6 km (or £10 km) around the
thermal tropopause. Nearly all temperature profiles exhibit
a more or less strong inversion just above the LRT which
is a characteristic for the TIL.

[59] The associated N> profiles (Figures 6¢ and 6d) repre-
sent a relative maximum within 1-2 km above the LRT [see
also Randel et al., 2007; Grise et al., 2010]. This maximum
height is clearly pronounced in the midlatitude examples and
also visible in the tropics, but more scattered there.
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Figure 5. (a) Time series of relative vorticity at 200 hPa from ERA interim interpolated to the time and
location of MOZAIC measurements. (b) Frequency distribution of the data from Figure 5a for different
seasons (DJF, December—February; MAM, March—May; JJA, July—August; SON, September—November).
(c) Scatterplot of MOZAIC lapse rate tropopauses versus relative vorticity. The horizontal line denotes the
mean tropopause height. The vertical line represents the mean relative vorticity. For Figures 5a—5c the
strong WMO criterion was used. (d—f) Same as Figures 5a—5c but for the application of the modified
WMO criterion. In Figure 5d, red is strong WMO criterion and green is modified WMO criterion.
20N—-20S (a) S50N—-60N (b)
+6 7 Jon 2009  *8[ Jon 2009 .
— . Jul 2009 . . Jul 2009 .
c +4 ‘ +4
— +2F A 2 +2t
R o :
S LRT "'fi’( ----------------------------------------------------------------- Ll T
o : \\\&\ :
T |
& -4} -4}
-6 -6
180 200 220 240 260 180 200 220 240 260
Temperature [K] Temperature [K]
(€) (d)
+6 +6
c +4}
= .
= +2}
x
o .
e e T LRT
° .
e -2y
2 . : .
A Jan 2009 _4f Jan 2009.
. Jul 2009 . . Jul 2009 .
-6 -6
0 2 4 6 8 10 0 2 4 6 8 10
N* [10™ 57 N? [10™ s77]

Figure 6. Examples of (a, b) individual temperature and (c, d) N? profiles from GRACE for the tropics
(Figures 6a and 6¢) and midlatitudes (Figures 6b and 6d) for January (blue) and July (red) 2009. The
vertical coordinate is tropopause-based.
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Figure 7. Mean N? profiles based on the data sets from CHAMP and GRACE between May 2001 and
October 2009 for different regions and seasons. The vertical coordinate is tropopause-based.

4.1.2. Climatology

[60] A typical N” structure is apparent if a climatological
mean from all CHAMP and GRACE RO profiles is estab-
lished. Figure 7 shows mean N? profiles for the NH and
Southern Hemisphere (SH) extratropics (40°—60° and 60°—
90°) as well as for the deep tropics (10°N-10°S) for
December—February (DJF) and June—August (JJA). The
transition zone between the deep tropics and the midlati-
tudes (10°-40°) is also shown.

[61] For the midlatitude and polar regions on both hemi-
spheres, the N? profiles exhibit the same structure inde-
pendent from season with the three distinctive points already
mentioned above: a local minimum 1-2 km below the LRT
(closer to the LRT during summer), a maximum within 1 km
above the LRT, and a local minimum 3—4 km above the LRT.

[62] It is evident from Figure 7 that the strongest TIL
occurs during the polar summer period [Randel et al., 2007,
Grise et al., 2010; Randel and Wu, 2010] and it is also
known that the polar winter LRT is often not defined and
therefore the TIL do not exist [Tomikawa and Yamanouchi,
2010].

[63] Beside the qualitative agreement of the midlatitude
and polar TIL structure there are quantitative differences.
The most noticeable is the stronger TIL (N* maximum)
during the summer compared with the winter season. This
effect is much better pronounced for the polar region and for
the NH. For the extratropics the TIL maximum height is
slightly higher in summer than in winter. In contrast, the SH
midlatitude region exhibits nearly the same height of the N*
maximum.

[64] For the tropics the mean N* maximum is little higher
compared with the extratropical profiles and located 100—
200 m above the extratropical maximum. In the mean trop-
ical N? profiles, there is no difference between the maximum
height in summer and winter. The minimum below the tro-
popause is about 2 km lower compared with the extratropics.
A local minimum above the tropopause, equivalent to the
extratropics, is not observed in the mean N profile.

[65] It should be noted that between 10° and 40° on both
hemispheres a second N? maximum is slightly indicated
about 2 km above the LRT. This is in agreement with Grise
et al. [2010]. They report also a second N* maximum in the
tropics based on CHAMP data, but for the latitude bands
10°N-20°N and 10°S-20°S.

[66] Because the MOZAIC data focus to the latitude band
between 40°N and 60°N, Figure 8 presents the mean sea-
sonal N? profiles from CHAMP and GRACE for that region
in more detail. Additional to Figure 7 the results for the time
periods MAM and September—November (SON) are shown.
The shaded area indicate the interval between the mean TIL
bottom (N* minimum below the LRT) and TIL top (tem-
perature maximum above the LRT) heights. Both heights
are located about 2 km below/above the LRT (Table 2).

[67] It should be noted that for the NH midlatitudes (40°N—
60°N) a seasonal cycle of TIL bottom and TIL top heights is
observed with closest values to the LRT during summer. An
similar cycle over the complete extratropics (40°N-90°N) is
only observed for the TIL bottom height, but not for the TIL
top. The extratropical TIL maximum height is highest in
spring (Table 2).

4.1.3. Seasonal Variation

[68] Figure 9 shows the global TIL structure as an alti-
tude-latitude section for different seasons. CHAMP/
GRACE N? is plotted in LRT-based coordinates for 5°
latitude bands from 90°N-90°S.

[69] In contrast to Birner [2006] and Grise et al. [2010],
we adjust the altitude in Figure 9 at the LRT level and use
not the modified altitude adjusted at the mean LRT because
we want to be consistent with the following MOZAIC
presentations. The LRT-based coordinates used here allow
an easier comparison of different mean profiles from dif-
ferent seasons, because the mean LRT changes with season.
4.1.3.1. TIL Bottom Height

[70] The TIL bottom height as proposed by Hegglin et al.
[2009] is the height of the N? minimum below the LRT.
Generally, the extratropical (40°-90°) TIL bottom height is
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Figure 8. Mean N? profiles based on the data sets from
CHAMP and GRACE between May 2001 and October
2009 for the Northern Hemisphere midlatitudes (40°N—
60°N). The vertical coordinate is tropopause-based. The
bottom of the shaded area denotes the mean height of
N%uin below the tropopause. The top of the shaded area

denotes the mean height of the temperature maximum
above the tropopause.

closer to the LRT in summer than in winter (Figure 9). The
mean difference is about 0.9 km for the NH and 1.2 km for
the SH. The higher difference for the SH is caused by the
lower mean TIL bottom height during winter (JJA) at the SH
(Figure 9c) compared with the NH. For the NH midlatitudes
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(40°N-60°N) the difference between winter and summer is
only 0.4 km.

[71] The difference between the NH and SH extratropical
TIL bottom height during summer is about 0.2 km, whereas
the hemispheric difference between TIL bottom during
winter is about 0.5 km. The lowest values of the extra-
tropical TIL bottom are found in the SH polar region during
winter (June—August) and the breakdown of the polar vortex
(September—November).

[72] In the subtropics and tropics (40°N—40°S) during
December—May (Figures 9a and 9b) the TIL bottom height
has a typical W-shaped form with nearly constant heights.
This structure is maintained from June to November
between the tropics and the SH subtropics, whereas the TIL
bottom height in the NH subtropics is increased during
summer (Figure 9c) compared with the SH. A possible
reason for this behavior could be the variation (in strength
and location) of the subtropical jet stream, which is much
more variable on the NH compared with the SH [Holton,
2004].

[73] Later we will discuss the linkage between the NH
midlatitude TIL bottom height and the tropospheric ozone
gradient structure.
4.1.3.2. TIL Maximum Height

[74] The TIL maximum height defined here as the altitude
of the N* maximum above the LRT is nearly constant in the
extratropics of both hemispheres. The only exception occurs
in the SH polar region during the occurrence (June—August)
and breakdown (September—November) of the polar vortex
(Figures 9¢ and 9d) where the maximum height of N? is
outside the LRT+10 km range considered here. It should be
noted that the determination of the LRT in high latitudes
during winter is generally difficult [Highwood et al., 2000].

[75] The mean extratropical TIL maximum height during
all seasons varies within a range of 0.5 km (NH midlati-
tudes) and 0.7 km (NH extratropics) above the LRT.

Table 2. Different TIL Heights From GPS RO and MOZAIC Data for Different Latitude Bands and Based on Different Methods

GPS RO GPS RO GPS RO MOZAIC (N?) MOZAIC (03) MOZAIC (CO)
40°S-90°S 40°N-90°N 40°N-60°N 40°N-60°N 40°N-60°N 40°N-60°N
DJF
TIL top 2.51 £0.65 2.20 £0.25 234 +£0.22 225+1.01 - -
TIL maximum 0.59 £ 0.15 0.61 + 0.35 0.50 = 0.08 0.78 £ 0.44 - 0.69 + 0.57
TIL bottom -1.72 £ 0.35 —2.46 £ 0.26 -2.25+0.25 —2.18 £1.11 -1.78 £ 0.65 -
MAM
TIL top 2.20 £ 0.24 2.56 £0.23 227 £0.26 2.02 £ 0.98 - -
TIL maximum 0.61 £0.11 0.70 £ 0.24 0.50 £ 0.10 0.75 £ 0.44 - 0.69 £+ 0.52
TIL bottom -1.99 +£0.18 -1.92 +£0.16 -1.95 £ 0.19 -2.25+1.03 -2.11 £0.71 -
JJA
TIL top 1.36 £ 0.79 2.24 +£ 041 1.87 £0.21 1.71 £ 0.59 - -
TIL maximum 0.58 £0.22 0.63 £0.11 0.52 £ 0.07 0.68 £ 0.38 - 0.53 £ 0.41
TIL bottom -2.92 + 0.64 -1.57 £ 0.41 -1.85 £ 0.50 -2.03 +1.02 -2.21 £ 0.67 -
SON
TIL top 1.46 £ 0.59 2.22 +£0.35 1.90 +£0.23 1.70 £ 0.79 - -
TIL maximum - 0.68 = 0.19 0.52 £ 0.09 0.72 £ 0.41 - 0.56 = 0.48
TIL bottom —2.77 £ 0.53 —-2.22 +0.33 -2.25 +£0.47 —-2.21 +1.07 -1.80 £ 0.57 -
All Seasons
TIL top 2.10+0.23 1.93 £0.84 - -
TIL maximum 0.52 £0.10 0.73 £0.42 - 0.65 £ 0.53
TIL bottom -2.08 £ 0.35 —2.17 £ 1.06 -1.90 + 0.65 -
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Figure 9. Zonal mean N? + 10 km around the thermal tropopause (LRT) for seasons (a) DJF, (b) MAM,
(c) JJA, and (d) SON derived from the CHAMP and GRACE data sets (2001-2009). The dotted white
lines show the N* maximum above the LRT, and the solid white lines denote the height of the temperature
maximum above the LRT and the height of the N? minimum below the LRT.

[76] A similar constant N> maximum height is also present
in the deep tropics (10°N—10°S) with a slightly higher
altitude (100-200 m) compared with the extratropics (see
also Figure 7).

[77] In the subtropics (10°—40°) on both hemispheres the
situation is different. There is no constant N* maximum
height, but a continuous increase of the N* maximum height
from the deep tropical side (10° on both hemispheres) up to
the maximum between 20° and 30°. The reason is the
double maximum structure of N? in that region with a sec-
ond maximum 2-3 km above the LRT (Figure 7). With the
meridional resolution of 5 deg used in Figure 9 the double
maximum structure of N? is better emerged.

[78] We will also show later the correlation of the NH
midlatitude TIL maximum height with the carbon monoxide
gradient structure just above the LRT.
4.1.3.3. TIL Top Height

[79] During all seasons enhanced N? values exist in the
NH and SH extratropics (40°-90°) in a layer 1-3 km above
the LRT. The top of this layer can be quantified by the
height of the temperature maximum above the LRT (not
shown here). The white solid line in Figure 9 above the LRT
mark this altitude and is called the TIL top height here.

[s0] The mean NH extratropical TIL top height varies
between 2.2 km and 2.6 km above the LRT, whereas the SH

TIL top height span a larger range from 1.4 km during
winter and 2.5 km during summer. The lowest values occur
within the polar vortex and reach nearly the LRT at the pole
(Figures 9c and 9d).

[81] Further on we demonstrate that the NH midlatitude
TIL top height is related to the carbon monoxide gradient
structure.

[82] A statistic of the different extratropical (NH midlat-
itude) TIL heights from GPS RO data is summarized in
Table 2.

4.2. MOZAIC

[83] The NH seasonal mean N? profiles derived from the
MOZAIC temperature data are presented in Figure 10 sep-
arated for cases including thermal tropopauses only for the
strong WMO criterion (Figure 10a) and the modified ver-
sion (Figure 10b). For the statistics only measurements with
at least 50 measurements per altitude bin (150 m vertical
resolution) were considered.

[s4] The differences between the data sets using the strong
and modified tropopause definition are marginal. The mod-
ified WMO version gives smoother tropospheric values and
the standard deviation between the different seasons is
closer. The mean TIL bottom height is nearly unaffected, but
the TIL top height between the different tropopause versions
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Figure 10. (a) Mean N? of the MOZAIC data for the Northern Hemisphere midlatitudes (40°N—60°N)
and (left) different seasons, (middle) the standard deviation, and (right) the number of profiles. (b) Same
as Figure 10a but for the modified WMO tropopause definition. The bottom of the shaded area denotes
the mean height of N;, below the tropopause. The top of the shaded area denotes the mean height of the

temperature maximum above the tropopause.

differs of about 0.6 km with the lower value for the statistic
includes also profiles with modified tropopauses. This is
expected because the temperature maximum above the LRT
in that cases is only searched up to an altitude of LRT+1 km.

[85] A comparison with the CHAMP/GRACE data set
based on the time interval 2001-2009 (Figure 8) shows also
no basic differences in the characteristics of the mean pro-
files, even the TIL bottom and TIL maximum heights agree
very well. The latter is a further indication that there is no
basic difference in the N? structure between mostly cyclonic
(MOZAIC data) and cyclonic plus anticyclonic (GPS RO
data) situations.

[ss] Differences between GPS RO and MOZAIC N? data
occur in the upper troposphere with N%j0z41c < Népsro. The
variations can be addressed to the nonconsideration of water
vapor in the RO retrieval (equation (2)). Using “dry tem-
peratures” in equation (3) leads to larger N? values com-
pared with “real temperatures.”

[87] The TIL top heights deduced from MOZAIC (Table 2)
exhibit a similar seasonal cycle compared to GPS RO data
with highest TIL top heights during winter (2.25 km above
LRT) and lowest values during summer (1.71 km) and fall
(1.70 km).

[s8] The TIL bottom heights are also closest to the LRT in
summer compared with the other seasons.

5. Trace Gas Measurements From MOZAIC

5.1.

[89] Measurements of trace gases (e.g., Oz, CO, H,0) are
usually used to characterize and quantify the exchange
between the troposphere and stratosphere and vice versa. An
efficient tool for the determination of the chemical transition
across the tropopause is the tracer-tracer correlation between
a tropospheric and a stratospheric species. Mostly the H,O-
O3 and/or the CO-Oj correlations are applied [Hoor et al.,
2002; Pan et al., 2004, 2007; Hegglin et al., 2009].

[90] Figures 11a and 11b show seasonal mean profiles of
ozone, and carbon monoxide mixing ratios in the vicinity of

Seasonal Means

the tropopause. One can clearly see that ozone dominates in
the lower stratosphere (stratospheric tracer) whereas carbon
monoxide prevail in the troposphere (tropospheric tracer).

[01] The goal of this study is to search for relations
between the TIL structure in the MOZAIC trace gas profiles
according to Figures 8 and 10 and to confirm the results
with respect to consider the TIL as a mixing layer.

[92] The importance of the tropopause as a separator for
the concentrations of O; and CO is evident (Figures 11a and
11b), but the permanent presence of the TIL is only rudi-
mental visible.

[93] An unique way to detect the TIL structure in trace gas
measurements is the usage of trace gas mixing ratio gra-
dients [Hegglin et al., 2009]. Figures 11c and 11d illustrate
the seasonal mean values of O; and CO mixing ratio gra-
dients representing the means over all individual profiles.
Some interesting features are: (1) the absolute maxima of the
0O; and CO mixing ratio gradients are located at the LRT,
(2) below the TIL bottom height (~2 km below the LRT) the
mean mixing ratio gradients of Os is nearly constant with
values of about 0—5 ppbv/km, and (3) within 1 km above the
LRT the mean CO mixing ratio gradients increase very fast.
Considering properties 2 and 3, threshold values will be
defined to reproduce the TIL maximum and the TIL bottom
heights from individual trace gas mixing ratio gradient
profiles.

[94] On the other hand, due to the excellent agreement
between the mean heights of the maximum and minimum
mixing ratio gradients of O3 and CO with the LRT, an
attempt is made to deduce trace gas tropopause heights from
individual ozone and carbon monoxide mixing ratio gradient
profiles as well.

5.2. LRT Height From O3 and CO Mixing Ratio
Gradients

[95] For the tropopause several definitions have been
introduced. By using the lapse rate criterion the thermal
tropopause is given, the potential vorticity [Holton, 2004] is
used to define the dynamical tropopause, whereas ozone
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Seasonal mean profiles and standard deviation of MOZAIC trace gases mixing ratios in a

tropopause-based coordinate system for the Northern Hemisphere midlatitudes (40°N—60°N): (a) ozone
(May 2001 to December 2008) and (b) carbon monoxide (January 2002 to December 2008) and (c, d)
appropriate mixing ratio gradients. For the statistic, only altitude bins with at least 50 data points were

considered.

mixing ratios can also serve to define the tropopause level
(ozonopause). The choice of the tropopause definition
depends on the question, what is to be examined [Pan et al.,
2004].

[96] Bethan et al. [1996] suggested a formalism to
determine the ozonopause from O3 profiles and found the
ozonopause on average 800 m below the LRT. Applying the
definition from Bethan et al. [1996] to the MOZAIC ozone
data the mean MOZAIC ozonopause is about 620 m below
the LRT (Figure 12). The ozonopause after Bethan et al.
[1996] is defined in terms of both the mixing ratio and the
mixing ratio gradients of ozone. Bethan et al. [1996] found
most of the ozonpauses above the thermal tropopause linked
to anticyclonic flow. The majority of the MOZAIC ozono-
pauses are below the LRT (Figure 12). This seems to be in
agreement with the results from Bethan et al. [1996] because
the MOZAIC data are mostly available under cyclonic
conditions.

[97] In this study we define an ozone tropopause height
(TPHp.0ne) only based on the height of the maximum
mixing ratio gradient. An according carbon monoxide tro-

Ozonopause

Mean: -0.62+1.07km

Distance to LRT [km]

0 5 10 15 20 25
Relative frequency [%]

Figure 12. Relative frequency histogram of MOZAIC ozo-
nopauses [Bethan et al., 1996] related to the LRT for dif-
ferent seasons based on the time period 2001-2008.
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Figure 13. (a) Time series of individual ozone tropopause heights (TPH.,,.) relative to LRT heights
from MOZAIC measurements. (b) Same as Figure 13a but for carbon monoxide tropopause heights
(TPH(p). (c) Relative frequency histogram of TPHy,,,. related to the LRT based on the data from
Figure 13a. (d) Same as Figure 13c but for TPHco based on the data from Figure 13b.

popause height (TPHcp) is defined at the height of the
minimum mixing ratio gradient.

[98] In Figures 13a and 13b time series of TPH.,,,. and
TPHo for each individual MOZAIC profile relative to the
LRT are presented. Histogram plots of the relative fre-
quency distribution of the individual trace gas tropopauses
relative to the LRT are shown in Figures 13c and 13d.

[99] The relative frequency distribution of TPHp..e
exhibits a maximum at the LRT, but there is also a large
fraction of profiles that have their maximum in a layer
between 1 and 3 km above the LRT. This is an interesting
fact because the TIL top height derived from N? profiles is at
about 2 km above the LRT (Table 2). One can also recognize
the O3 gradient enhancement in that layer in the seasonal
means for DJF and MAM (Figure 11c¢).

[100] For TPHc( the results are similar with also a max-
imum of the relative frequency distribution around the LRT
that follows more a Gaussian distribution compared with
TPHp.one- In contrast to the ozone profiles there is no
dominant fraction of CO profiles reaching their gradient
maximum higher than 1 km above the thermal tropopause.

[101] The highest absolute gradients around the LRT
demonstrate that both tracers (CO and Os) have experienced
a rapid change across the LRT, indicating that the thermal
tropopause is a chemical boundary between the troposphere
and stratosphere [Pan et al., 2004]. As proposed by Rande!

et al. [2007] the vertical scale of the TIL (inversion) could
be linked to the thickness of the chemical transition layer.
This will be a topic of further investigation.

[102] Tt should be noted that a very good agreement
between the height of the minimum of CO mixing ratio
gradients with the LRT was also reported by Hegglin et al.
[2009, Figure 13].

5.3. TIL Heights

[103] Based on the results of the seasonal mean O; and
CO mixing ratio gradients (Figures 11c and 11d) threshold
values for the identification of the TIL bottom and the TIL
maximum height from individual trace gas mixing ratio
gradient profiles are determined.

[104] The idea is to use the gradient of a tropospheric
tracer (CO) to determine the TIL maximum and TIL top
height and the gradient of a stratospheric tracer (O5) for the
determination of the TIL bottom. This could be a method for
the identification of the TIL as a mixing layer around the
LRT.

[10s] The following criteria are established using O3 and
CO mixing ratio gradients: (1) the TIL bottom height from
an ozone mixing ratio gradient profile is defined at the
lowest level below the LRT where the mean gradient is 003/
0z > 40 ppbv/km over an altitude range of 2 km above that
level and (2) the TIL maximum height is identified from a

13 of 16



D24304 SCHMIDT ET AL.: OBSERVATIONS OF THE TROPOPAUSE INVERSION LAYER D24304

+6
+4t

+2}

Distance to LRT [km]
o

TIL maximum (8C0O/0z) (a) TIL maximum (0C0/3z) (b)
: ? : ? : : +6 Meon:  0.65£0.53km

+5

+4

—4} MAM  JuA SON
_6 ' i i i i i H H
2001 2002 2003 2004 2005 2006 2007 2008 0 5 10 15 20 25
Time [yr] Relative frequency [%]
TIL bottom (805/0z) (c TIL bottom (80,/0z) (d)
+6[ : : : : : : Y Meon: —1.90+0.65km
T Al -1
£ .
~ +2t —2
S -3
s Oy
v : -1
§ 7% -5
]
O -4t T ...
—6' : : : : MAM  JuA  SON
2001 2002 2003 2004 2005 2006 2007 2008 0 5 10 15 20 25
Time [yr] Relative frequency [%]
TIL bottom (80,/3z) (e TIL bottom (80,/8z) )
+6[ : : : : : : 0 Mean: -2.00£0,72km
T +af
= .
~ +2t
[
x .
2 0r
o .
e -2
=]
2 .
o —41 : ol 0l 400 oo fo H HICY
el ¢ R R <-6 DIF MAM WA SON
2001 2002 2003 2004 20056 2006 2007 2008 0 5 10 15 20 25
Time [yr] Relative frequency [%]

Figure 14. (a) Time series of individual TIL maximum heights relative to LRT heights from MOZAIC
measurements. (b) Relative frequency histogram relating to Figure 14a for different seasons. (c) Time
series of individual TIL bottom heights relative to LRT heights from MOZAIC measurements. (d) Rela-
tive frequency histogram relating to Figure 14¢ for different seasons. (e, f) Same as Figures 14c and 14d
but for LRT heights after the modified WMO criterion.

carbon monoxide mixing ratio gradient at the first level
above the LRT where the absolute gradient 0CO/0z is less
than 25% of the absolute maximum value near the LRT.

[106] Both threshold values are the empirical best values
by comparing the TIL bottom and TIL maximum height
derived from N? with 805/6z and 6CO/dz, respectively. A
direct definition of a TIL top height from MOZAIC CO
gradients is difficult, because the last data points are sta-
tistically not high enough.

[107] In the following we will keep the introduced
nomenclature TIL bottom, TIL maximum and TIL top

height to name also the tracer gradient inflection points,
although the tracer behaviors mark the chemical gradient
change and not the thermal inversion layer. Nevertheless,
the shown relationship between the tracer gradients and the
TIL structure might justify this naming.

[108] The threshold values (40 ppbv/km) for O; mixing
ratio gradients and the 25% criterion for the decrease of CO
gradients in relation to the absolute maximum value reflect
the significantly change of ozone and carbon monoxide
from the troposphere to the lower stratosphere (Figures 11a
and 11b).
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[109] Figures 14a and 14b presents the TIL maximum
heights (time series and histograms) using CO mixing ratio
gradients (criterion 2 above). The peak in the relative
frequency distribution are located around 0.5 km (mean
0.65 km) which is a good approximation of the TIL maxi-
mum height deduced from N? profiles (0.73 km; Table 2).

[110] The application of the threshold value for O; mixing
ratio gradients (Figures 14c and 14d) for the identification of
the TIL bottom height (1.9 km below the LRT) is in good
agreement with the height of the local N* minimum below
the tropopause (2.17 km below the LRT; Table 2).

[111] Figures 14e and 14f present the same results as
Figures 14c and 14d, but for the inclusion of profiles which
tropopauses have been determined with the modified WMO
criterion. As one can see there is no significant difference
between both data sets if only data below the LRT are
considered.

[112] Generally, the reproduction of the TIL maximum
height with trace gas measurements from MOZAIC is more
complicated compared with the TIL bottom or trace gas
tropopause height because only a small amount of profiles
extends significantly above the LRT (>2 km or more).

[113] The TIL top height based on MOZAIC CO gradients
can be, if at all, only determined indirectly. Considering
Figure 14b the height were nearly all profiles below 25% of
the absolute CO gradient maximum value is at about 2 km
above the LRT. This is just the height were the TIL top is
found from the temperature maximum height above the LRT
(1.93 km; Table 2).

[114] The TIL bottom heights deduced from MOZAIC
ozone gradients (Table 2) exhibit a slightly seasonal cycle
with values farther from the LRT during summer (2.21 km
below the LRT) than during winter (1.78 km below the
LRT). This is contrary to the annual cycle of the TIL bottom
heights derived from NZ, but the mean TIL bottom values
over all seasons derived from N? (GPS RO and MOZAIC)
as well as from Oj gradients differ only by 300 m.

[115] In the context that the TIL could be considered as a
mixing layer around the tropopause (not only above) the
seasonal cycle of the TIL bottom height based on O3 gra-
dients might be an indicator for a more expanded NH
midlatitude TIL and/or mixing layer into the troposphere
during summer compared with winter and will be topic for a
following study.

6. Summary

[116] In this study we have investigated two different data
sets with the goal to identify on the one hand the TIL
structure in both data sets using N? profiles. Temperature
profiles from GPS RO data from CHAMP and GRACE and
high-resolution aircraft measurements (MOZAIC) were
used to analyze the NH midlatitude TIL bottom, TIL max-
imum and TIL top height. Additionally, in situ trace gas
profile measurements (O3 and CO) from the MOZAIC
program were used as complementary data sets showing
most of the TIL structure if the mixing ratio gradients of the
trace gas measurements were exploit.

[117] The NH midlatitude TIL top heights relative to the
LRT derived from MOZAIC and GPS RO data show a
seasonal cycle with highest values during winter and lowest
values during summer and fall. The TIL bottom heights are
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closest to the LRT in summer compared with the other
seasons.

[118] By using mixing ratio gradients of the individual
MOZAIC trace gas profiles we could also demonstrate, that
at least in a climatological sense, the LRT height is strongly
correlated with the height of the absolute maxima of ozone
and carbon monoxide mixing ratio gradients and generally
high gradients within the TIL.

[119] We have used ozone gradients (stratospheric tracer)
to identify the TIL bottom height (located in the tropo-
sphere) and carbon monoxide gradients (tropospheric tracer)
to identify the TIL maximum height (located in the strato-
sphere) by introduction of typical threshold values for the
mixing ratio gradients. We could show on a climatological
basis that these TIL heights derived from the trace gas
mixing ratio gradients are in good agreement with the TIL
structure deduced from N? (temperature).

[120] The qualitatively, but also quantitatively, good
agreement of the different TIL heights deduced on the one
hand from temperature and/or N? profiles and on the other
hand determined from the vertical structure of O3 and CO
gradients could be indicators for the radiative-based expla-
nation of the TIL maintenance.

[121] Because the flight ceiling of the commercial aircrafts
between 9 and 12 km the MOZAIC data are dominated by
relatively low tropopauses which are mainly associated with
cyclonic conditions or upper level troughs. The analysis of
relative vorticity at 200 hPa has shown this fact very clear.
Therefore the results and conclusions presented here should
be interpreted in that manner.
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