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Abstract. In this study the global lapse-rate tropopausel Introduction

(LRT) pressure, temperature, potential temperature, and

sharpness are discussed based on Global Positioning Sybi the climate change discussion tropopause parameters have
tem (GPS) radio occultations (RO) from the Germanreceived more attention in recent years since they describe
CHAMP (CHAIllenging Minisatellite Payload) and the U.S.- climate variability and change, and are crucial for the un-
Argentinian SAC-C (Satelite de Aplicaciones Cientificas-C) derstanding of stratosphere-troposphere exchahigpdton
satellite missions. Results with respect to seasonal variationst al, 1995 Sausen and Sante2003 Santer et a).2004

are compared with operational radiosonde data and ECMWFSchoeberl 2004. Therefore the continuous identification
(European Centre for Medium-Range Weather Forecast) opand monitoring of the tropopause on a global scale is an
erational analyses. Results on the tropical quasi-biennial osimportant goal in atmospheric and climate research. Sev-
cillation (QBO) are updated from an earlier study. CHAMP eral tropopause climatologies have been published in recent
RO data are available continuously since May 2001 with onyears, especially for the tropical or polar tropopause using ei-
average 150 high resolution temperature profiles per dayther radiosonde data or global weather re-analylSemka,
SAC-C data are available for several periods in 2001 andl998 Highwood and Hoskinsl998 Hoinka 1999 Randel
2002. In this study temperature data from CHAMP for the et al, 200Q Highwood et al.200Q Seidel et al.2001;, Zangl
period May 2001-December 2004 and SAC-C data from Au-and Hoinka 2001, Gettelman and de Forst&002).

gust 2001-October 2001 and March 2002—November 2002 The availability of GPS radio signals has introduced a new
were used, respectively. The bias between GPS RO tempromising remote sensing technique for the Earth’s atmo-
perature profiles and radiosonde data was found to be lessphere elbourne et al.1994 Kursinski et al, 1997 An-

than 1.5K between 300 and 10hPa with a standard devithes et al.2000. The GPS based RO exploits these signals
ation of 2-3K. Between 200-20 hPa the bias is even lesseceived onboard a Low Earth Orbiting (LEO) satellite for
than 0.5K (2K standard deviation). The mean deviationsatmospheric limb sounding. The GPS signals are influenced
based on 167 699 comparisons between CHAMP/SAC-C anty the atmospheric refractivity field resulting in a time de-
ECMWEF LRT parameters are (-2:B7.1) hPa for pressure lay and bending of the signal. The atmospheric excess phase
and (0.14.2) K for temperature. Comparisons of LRT pres- s the basic observable that is measured with millimetric ac-
sure and temperature between CHAMP and nearby radiosoreuracy Wickert et al, 20013. This is the basis for precise
des (13230) resulted in (589.8) hPa and (-0#3.3)K,  refractivity and temperature profile§l€lbourne et al.1994
respectively. The comparisons between CHAMP/SAC-C andKursinski et al, 1997 Kuo et al, 2004 Wickert et al, 2004a
ECMWEF show on average the largest differences in the vicin-Hajj et al, 2004).

ity of the jet streams with up to 700m in LRT altitude and  The proof-of-concept GPS RO experiment GPS/MET
3Kin LRT temperature, respectively. The CHAMP mission (GPS/METeorology) performed between 1995 and 1997 has
generates the first long-term RO data set. Other satellite misqemonstrated for the first time the potential of GPS based
sions will follow (GRACE, COSMIC, MetOp, TerraSAR-X,  |imb sounding from LEO satellites for deriving atmospheric
EQUARS) generating together some thousand temperatur@amperature and tropospheric water vapor profilfare et

profiles daily. al,, 1996 Kursinski et al, 1997 Rocken et a].1997). Fur-
ther missions with radio occultation experiments followed

Correspondence tof. Schmidt (9drsted, SAC-C, and CHAMP). CHAMP was launched in

(tschmidt@gfz-potsdam.de) July 2000 with an initial altitude of about 450 km, whereas
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Fig. 1. GPS radio occultation principle (aftévickert et al.(20043).

SAC-C was launched in November 2000 (initial altitiude ECMWF temperature profiles. In Se&twe discuss the re-
of about 750km). Both satellites have an almost circu-sults for CHAMP/SAC-C and comparisons with radiosondes
lar and near polar orbit, and are equipped with the sameand ECMWF data, whereas Se@ls an update of an earlier
type of Black-Jack GPS receiver provided by NASA/JPL study Schmidt et al.2004Hh to the equatorial QBO pattern
(Jet Propulsion Laboratory). The CHAMP RO experiment found in the CHAMP temperature data. Finally, S&ajives
was successfully started on 11 February 2001 and providea summary and conclusions.

RO data continuously in an operational manner since mid-

2001 Wickert et al, 2001h 20043 Schmidt et al. 2005. . o .

Because of numerous software uploads and tests on SAC-@ Measuring principle and data quality

the amount of data from this satellite has varied over the las
years Hajj et al, 2009 so that SAC-C data for this study are
only available from August 2001-October 2001 and March p getailed description of deriving vertical atmospheric pro-
2002-November 2002. First results from the GPS RO ex+jjes from CHAMP/SAC-C occultation measurements is pre-
perlmept aboard thg US—Germqn GRACE (Qrawty Recoverysented byWickert et al.(2001h 20043, Hajj et al. (2004,

And Climate Experiment) mission are available for 28 and ,; k0 et al. (2004. The Black-Jack GPS receiver on-
29 July 2004 Wickert et al, 2009. board CHAMP/SAC-C records phase and amplitude varia-
First investigations of the thermal structure and variabil- tions with high temporal resolution (50 Hz) during an occul-

ity in the tropical upper troposphere and lower stratospherdation event (Figl). By using high precision orbit informa-
(UTLS) region based on GPS RO measurements were peiion from CHAMP/SAC-C and the occulting GPS satellites
formed by Nishida et al.(2000 and Randel et al(2003 (Konig et al, 2005 the atmospheric excess phase can be ex-
on the basis of the GPS/MET data from 1995-1997 focusedracted which is related to a bending angle profile. A double
on the so-called “prime-times” (June—July 1995, December-differencing method is applied to remove clock errahak-
February 1996/97)Rocken et al.1997. Applications of  ert et al, 20013. For this purpose a GPS ground station net-
CHAMP RO data to that region with a 1- and 2.5-year datawork is operated jointly by JPL and GeoForschungsZentrum
set were shown b$chmidt et al(20043ab). (GFZ) Potsdam. lonospheric effects are corrected by a lin-
ear combination of the bending angles derived from the two
GPS frequencies and the known dispersion relation for mi-

from about 3.5 years of GPS RO measurements and compa%owave frequencies in the ionosphevbrobev and Krasil-

the results with radiosonde data and ECMWF operationap'kova’ 1994. Assuming spherical symmetry the bending

analyses. We give a short overview of the measuring princi-angleso‘(a) (a- impact parameter) can be related to the re-

ple and data quality of the CHAMP/SAC-C temperature dataframi\’e indexn (Fjeldbo et al.1971):

in Sect.2. Sect.3 briefly describes the data used in this study

and Sect4 introduces the algorithms for the determination % /"Od , ( 1 dinn
- a

of the tropopause parameters for the CHAMP/SAC-C and® (@)= JaZa? dd

5.1 Data processing

In this paper we present a first overview of global lapse-
rate tropopause (LRT) paramete/NMO, 1957 derived

> with n=n(r). (1)
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Equation () can then be inverted by using an Abel trans- Temperature bias # Data points
form to express the refractive indexn terms of the bending ) 19[(e)
anglex and impact parameter(Fjeldbo et al. 1971): 4

1 [ , «a@) o o

Inn = ;/a da \/ﬁ . (2) < 100 . 100 \\

The atmospheric refractivitM(r) is given by using the for- blos st
mula fromSmith and Weintraulf1953: 1000 1000

-4 =2 0 2 4 0 5000 10000 15000

NG)=(n—1)-10° = 77.6% +373. 105% 3) K

(with p: air pressureT: air temperature, angl,: water vapor  Fig. 2. Comparison of CHAMP temperature data with nearby ra-
pressure)N(r) is the basic meteorological observable deter- diosondes (distancad<300km and time delayt<3h) for the
mined by the GPS RO technique. period May 2001-September 2004. The dashed lines denote the
To convert the refractivity profiles into pressure and tem- standard deviation whereas the shaded area showslieinter-
perature profiles the assumption of dry air has to be madé&@
because of the ambiguity between the dry and wet part in the
resulting refractivity profile (Eq.:{)).. Since thg saturation  \arsion. Also the CHAMP/SAC-C and GPS orbits are gen-
water vapor pressure decreases with decreasing temperatuig,iag by GFZKonig et al, 2005.
water vapor in the troposphere can be ignored if the temper-
ature is below 250 KKursinski et al, 1997. The hydro- 2.2 validation of CHAMP/SAC-C temperature data
static equation is used to calculate pressure and temperature
profiles. In the current retrieval version 00®&/ickert et al, Before applying algorithms for the determination of LRT pa-
20043 ECMWEF pressure at 43km is used for the initiali- rameters the quality of CHAMP temperature data has to be
sation of the hydrostatic equation. This is one atmospheridiscussed. Figur@ shows a comparison of CHAMP RO
scale height above the upper level for which profile data argemperatures with nearby radiosondes. About 10000 RO
provided (35km). As shown bidajj et al. (2009 there is  profiles reaching the 100-hPa level meet the condition that
nearly no difference between the initialisation of the hydro- the radiosonde was launched within a distance of less than
static equation with ECMWF data at 32, 35, and 40 km for 300 km and with a time delay less than 3 h from the CHAMP
heights below 20 km. measurement. The comparisons with this independent ra-
The vertical resolution of an occultation measurement isdiosonde data show a temperature bias less than 1.5 K for the
determined by the contribution of individual atmospheric complete height interval between 300 and 10 hPa with a stan-
layers to net bending along the ray path (ED).( As dis- dard deviation of 2—-3K (Fig2a). Between 200-20 hPa the
cussed inKursinski et al.(1997) by using the geometrical biasis evenlessthan 0.5K (2 K standard deviation). The cold
optics approach the vertical resolution is limited by the diam-bias in the middle and lower troposphere (below 300 hPa) is
eter of the first Fresnel zong.. For the CHAMP orbit ge- caused by the difference between temperature and dry tem-
ometryz g is about 1.4 km in the stratosphere (about 270 kmperature for non-zero humidity(rsinski et al, 1997). A
horizontal resolution). Because of the exponential increasenore detailed validation study for comparisons of CHAMP
of the refractivity towards the Earth’s surfage decreasesto and radiosonde temperature data is presentedVigkert
about 0.5 km (horizontal resolution about 80 km). Consider-(2004. The author discusses the influence of different types
ing diffraction effects and applying wave optical methods as,of radiosondes used from different meteorological services
e.g., the Full Spectrum Inversion (FSI) methddifsen etal. on the results of the temperature comparisons and shows
2003 the vertical resolution can be improved significantly that the best agreement between 500-10 hPa is achieved over
(to about 50 m). In our current software version (005) we Australia, Europe, Japan, and the USA. A similar study was
have implemented both, the geometrical optics approach foperformed byKuo et al.(2005. A cross-validation of MI-
heights above 15km and the FSI method for heights belowPAS/ENVISAT and CHAMP RO temperature profiles for
10km. In the transition zone from 1015 km a combination 2 weeks in September/October 2002 shows global mean dif-
of both is used. This results in a physical vertical resolu-ferences averaged between 8 and 30 km of less than 0.1 K
tion of less than 1 km in the extra-tropical tropopause region.(Wang et al. 2004. For the data quality of SAC-C temper-
For the tropical tropopause region, where tropopause heightature we refer to an intercomparison study for CHAMP and
usually reach 16—18 km, the vertical resolution is about 1 km.SAC-C Hajj et al, 2009 that showed for nearby profiles
For data provision all data were interpolated between thgdistanceAd<200 km and time delayt <30 min) an agree-
lowest level and 35 km with a vertical resolution of 200m. ment within 0.1 K in the mean between 5 and 15 km altitude.
It should be noted here that all profiles used in this studylndividual comparisons have shown best agreement near the
are results from data processing with a consistent softwaréropopause.
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Table 1. Mean differences and standard deviations between CHAMP/SAC-C and ECMWF LRT pressure, altitude, and temperature based

on the period from May 2001-December 2004.

Season LRT pressure LRT altitude LRT temperature  Number of data
NH winter (-3.4t37.0)hPa  (651147)m (-0.24.0)K 32826
NH summer (0.140.8)hPa  (—421229)m (0.34.9)K 4253
All (-2.1+37.1)hPa  (121143)m (0.14.2)K 167699

Table 2. Mean differences and standard deviations (LRT pres-

different latitude intervals with smallest LRT pressure bias

sure and temperature) between CHAMP/SAC-C and nearby opers2Nd standard deviation in the tropics. The LRT temperature

tional radiosondes{d<300 km,At<3 h) for the period May 2001—
September 2004.

Season LRT LRT Number
pressure temperature of data
NH winter  (6.6£20.1)hPa (-0&3.7)K 2966
NH summer (4.618.7)hPa (-0.&3.6)K 3161
Al (5.8419.8)hPa (-0£3.3)K 13230

Table 3. Mean differences and standard deviations (LRT pressurgg

and temperature) between CHAMP/SAC-C and nearby operation
radiosondesAd<300 km,At<3 h) at different latitude intervals for
the period May 2001-September 2004.

Latitude LRT LRT  Number
pressure temperature of data

All  (5.8£19.8)hPa (-013.3)K 13230
60°N-9C° N  (5.2£20.8)hPa  (-0.%3.6)K 3241
30°N-60°N (6.4+19.8)hPa  (-0.£3.2)K 7794
30°S-3CN (2.3t14.6)hPa  (0.44.1)K 1071
30°S-60S (4.6£20.0)hPa  (-0.£3.1)K 571
60°S-90S (7.5t21.9)hPa (-0.£2.7)K 565

In addition to the pure temperature comparison Talies

bias varies between —0.5 and 0.4 K, with a standard deviation
of 3-4 K. A detailed discussion of LRT differences between
CHAMP/SAC-C and ECMWEF follows in Sech.2.4 When
considering the differences from LRT parameters between
GPS RO and ECMWF/radiosondes one should keep in mind
that also different algorithms for their determination can lead
to differences in LRT pressure and temperature.

3 The data base

Because of the similar quality of CHAMP and SAC-C tem-
erature data as shown in Se2t2 no difference is made
etween both data sets in the following. For the presentation
of global statistics the Earth was divided into a regular grid
of 18x24 cells, i.e., 18 latitude intervals centered at B5

..., 858 S with a step width of 10and 24 longitude intervals
centered atQ15°E, ..., 15 W with widths of 15. Figure3
shows the number of CHAMP/SAC-C data for the NH winter
and NH summer months. NH winter (Southern Hemisphere
(SH) summer) refers to December—February, whereas NH
summer (SH winter) refers to June—August, respectively. For
each bin averages of LRT pressure, altitude, temperature, po-
tential temperature, and sharpness were computed, whereas
no interpolation was necessary between neighboring bins.
For the complete period of available CHAMP and SAC-C
data a number of 177 115 temperature profiles is available
where the LRT parameters could be successfully determined.
The further discussion is mainly focused on the data of the

show the differences in LRT parameters between GPS RQy winter and summer season.

and ECMWF and radiosondes, respectively. The tropopause

parameters from the radiosondes are taken from the op-

erational network, whereas the tropopause level for the4 Thermal tropopause and sharpness determination
CHAMP/SAC-C and ECMWF data were determined by the

algorithms described in Sect. In the overall data there The LRT from CHAMP/SAC-C temperature data and
is a small negative (positive) LRT pressure bias betweerECMWF operational analyses was computed using the def-
GPS RO and ECMWEF (radiosondes), whereas nearly no LRTinition according to the WMO criterial{ MO, 1957). Here
temperature bias exists. As shown in Tableand 2 the  the tropopause is defined as “the lowest level at which the
standard deviation in both, the LRT pressure and temperalapse-rate decreases t6 @km or less, provided that the
ture, is smaller between GPS RO and radiosondes than bexeraged lapse-rate between this level and all higher levels
tween GPS RO and ECMWEF, especially for the LRT pres-within 2km does not exceed £/km”. The ECMWF tem-
sure. Table8 shows the LRT pressure and temperature differ-perature profiles were obtained by interpolating the 6-hourly
ences between CHAMP/SAC-C and nearby radiosondes fooperational ECMWF data sets (60 pressure levels) to the time

Atmos. Chem. Phys., 5, 1478488 2005 www.atmos-chem-phys.org/acp/5/1473/
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Fig. 3. Number of GPS RO for the NH winté¢a) and summe(b) months for the period May 2001-December 2004.

of the occultation. Only the first LRT of egch temperature CHAMP/ECMWF Temperoture Profile
profile was calculated, any LRT above was ignored. The LRT 35(335m, 111507 |
pressure and temperature data from the radiosonde network 14 June ’2003 0: 25 LT
were taken from the coded operational data message. Be-
cause the vertical resolution of the GPS RO and ECMWF =1 R S &
data differs, two different algorithms for the determination
of the LRT were applied. 71} TN SR SO R R
For the GPS RO data the algorithm works as follows. The £
lapse-rate was calculated between 500-70 hPa, starting atthe
lowest level, whereas a minimum altitude of 8km (4 km)was & 20[=r===rosimommflmsmosmnroee e
postulated between 48-40 N (outside 40 S—40 N): §
2 1 5 e e T I T
[(z;) = T = M. (4)
8z i+l — %
[[0] SEEEEEEI SEELTEEES EEREEEE “CEEEEED
T and z are the temperatures and geopotential heights, re-
spectively. fT'(z;)>T'wa o, With Ty 0=—2 K/km, the fol- 5 i |
Iow_|ng conditions were checked: is the mean lapse-rate from ~100 -80 -60 -40 -20 0
all intervals betweern; and z;+2km greater thalwyo? Temperature / °C

If not, it was jumped to the next lapse-rate. If yes, both

O.f the following COHQitions are required around the pos- Fig. 4. Comparison of CHAMP and ECMWF temperature profile
sible tropopause height: .none of the layets;i1, zi>, and deduced lapse-rate tropopause.

<zi+2,%i>, and<z;13, z;> is allowed to have a lapse-rate

less thar"w 0, Wwhereas the mean lapse-rate from the layers

<Zi, Zi—1>, <Zi—1, Zi—2>, and <z;_», zi_3> must be less
thanTw 0. This minimises the influence of outliers in the
temperature profile. If both conditions are fulfilled the LRT is
found and altitude, pressure, and temperature are taken from T0 avoid unrealistic LRT altitudes in polar regions (lat-
Zi itude > 70° on both hemispheres) especially during the

Due to the poorer vertical resolution of the ECMWF data Polar night months, in addition to the pressure criteria
compared to GPS RO a different algorithm is used for the(500-70 hPa) all LRT from GPS RO and ECMWF were re-
determination of the LRT. As for the GPS RO data, first Moved if the temperature at the LRT was below 0
the lapse-rate is determined according Edpetween 500— The sharpness of the tropopau¥érth, 2000 that quan-
70hPa. For every lapse-rate mtthe following conditions  tifying the change in vertical temperature gradient across the
were checked: (1) The mean lapse-rate from all intervalstropopause is determined following an algorithm Biyner
betweenz; andz;+2km is greater thaily 0, and (2) no  (2003. From the LRT altitude levet7p the mean lapse-
single layer between; andz;+2 km exist where the lapse- rate is computed 1 km abov& () and below ["_) z7p by
rate is less thalty 0. The LRT is the intersection of two the slope of the regression line including all data points

regression lines using the data poirts;, z; 11, z;1+2, Zi+3>
from above anckz;, z;—1, zi—2, zi—3> below.

www.atmos-chem-phys.org/acp/5/1473/ Atmos. Chem. Phys., 5, 14882005
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Fig. 5. Frequency distribution of all GPS RO LRT altitudes from different latitude intervals and the period May 2001-December 2004.

betweenzrp+1km andzrp—1km, respectively. The nor- Santer et a).2004. On the other hand dynamical, chem-

malised sharpness S results to: ical, and radiative coupling between the stratosphere and

troposphere are among the many important processes that

§_ ry-r- _Iy-T (5) must be understood for the stratosphere-troposphere ex-
Csirat — Dtrop 6.5 change Kolton et al, 1995 Schoebefl2004). This is a rea-

son for the continuous identification and monitoring of the
with the mean lapse-rates for the lower stratospheraropopause on a global scale and an important goal in atmo-
'strar=0 K/Ikm and upper tropospherg,,,=—6.5K/km from  spheric and climate research. This can be performed by the
the US standard atmosphemQAA/NASA/USAF, 1979, RO technique due to its high vertical resolution and global
respectively. coverage, but it is limited to the determination of the thermal

Figure 4 shows an example of the determination of the tropopause.

LRT from CHAMP and ECMWF data. It is also an example
that points out the differences in LRT caused by different ver- For the tropopause several definitions have been intro-

tical resolution. This discussion is continued in S&c2.4 duced. By using the lapse-rate criterNIO, 1957) the
thermal tropopause is given, the potential vorticito(ton

et al, 1995 is used to define the dynamical tropopause,
5 The global thermal tropopause from GPS RO whereas ozone gradients can also serve for defining the

tropopause level. As discussed htighwood and Hoskins
The tropopause separates the troposphere and stratosphdi®98 the LRT has limited physical relevance especially in
that have fundamentally different characteristics with respecthe tropics. They argued that there is little direct connec-
to chemical composition and static stability. As mentionedtion between convective processes and the LRT definition.
in Sect.1 tropopause parameters, especially the tropopaus&he temperature minimum or cold-point tropopause (CPT)
height and pressure, have received attention in recent yeatsecomes more important for describing tropical tropopause
for describing climate variabilitySausen and San{et003 characteristics because these correlate better with convective

Atmos. Chem. Phys., 5, 1478488 2005 www.atmos-chem-phys.org/acp/5/1473/
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Fig. 6. Zonal means and standard deviation of LRT parameters from CHAMP/SAC-C for the period May 2001-December 2004 in compari-
son with ECMWF and radiosondes.

processes that play an important role in the stratosphereresponsible for breaks in the thermal tropopause leading to
troposphere exchang€ettelman and de Forst¢002 sug-  multiple tropopauses as also seen in the example of4-ig.
gest that the CPT forms the upper boundary of the so-calledecause we only consider the first LRT the LRT altitude in
tropical transition layer (TTL). A general problem is the de- this latitude interval (39-50°) depends on the location of
termination of the LRT in the extra-tropics, especially at high the RO measurement with respect to the STJ. Most of the
latitudes during winterlighwood et al, 2000. measurements in Figoc were north of the STJ, whereas
However, as pointed out biyan et al. (2009 the differ- Fig. 5g suggests that most of the measurements were taken
ences between the thermal and dynamical tropopause defindn the southern side of the STJ. A similar bimodal LRT
tion is caused by the difference in the underlying conceptsdistribution was found byPan et al.(2004 from aircraft
The LRT gives the location of the transition point in the ver- measurements with the Microwave Temperature Profiler
tical thermal structure between troposphere and stratospher@ITP) around 40 N.
The dynamical tropopause serves to locate a quasi-material As seen in Fig6 the tropopause has a strong latitudinal de-
surface for the identification of the chemical transition from pendence during both, NH winter and summer. In the tropics
stratosphere to troposphere. (30° S—30 N) the tropopause pressure is nearly constant. In
Therefore, the choice of tropopause definition depends orihe deep tropics (F05-10 N) the LRT pressure reaches in
the question, which is to be examined. Because LRT pressurthe mean values as low as about 100 hPa. For a more detailed
or altitude are parameters for detection of climate changeliscussion of tropical LRT parameters from GPS RO we re-
(Sausen and Santet003 Santer et a).2004 the GPS RO  fer toNishida et al(2000, Randel et al(2003, andSchmidt
could play an important role in global monitoring of the LRT. €t al. (2004h. The strongest gradients in tropopause pres-
In this study we demonstrate the potential for this by presentsure occur between 3660° on both hemispheres. The LRT
ing global LRT parameters from CHAMP/SAC-C for the pe- pressure is lower in summer than in winter time with largest
riod May 2001-December 2004 and compare them with ra-differences in the Antarctic region. The standard deviation is

diosondes and ECMWF operational analyses. biggest in the NH summer in the vicinity of the STJ (around
35° N) with values reaching 80 hPa, and also in the Southern
5.1 Tropopause meridional structure Hemisphere STJ region but with slightly lower values.

The seasonal mean meridional temperature pattern rep-
Figure 5 shows the frequency distribution of all resents the corresponding tropopause pressure features
CHAMP/SAC-C LRT altitudes for the period May 2001- (Figs.6b, e). The lowest mean LRT temperatures are found
December 2004 divided into several latitude intervals. Itin the deep tropics during NH winter reaching on average
shows relatively small ranges of LRT in the polar and —-82° C. The LRT temperature is lower during winter in all
tropical regions and nearly symmetric behavior between thdatitude intervals. The largest deviations occur in both, the
Northern and Southern Hemisphere. An interesting featureArctic and Antarctic region. The temperature standard devi-
is the bimodal distribution of the LRT altitude betweer?30 ation shows a similar picture as those for the LRT pressure
50° on both hemispheres. This includes the transition zonewith also largest values in the jet stream regions.
between the tropics and extra-tropics where the subtropical The asymmetric behavior between the Northern and
jet (STJ) is located (around 3635°). The jet stream is Southern Hemisphere, especially seen in the LRT
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Fig. 7. Mean LRT pressuréa, c, e)and standard deviatidv, d, f) from CHAMP/SAC-C for the period May 2001-December 2004.

temperature (Figs6b, e) is caused by the different dis- and temperature between the three types of data. Largest de-
tribution of the land-see masses on both hemispheresiations occur between 2545 on both hemispheres. The
resulting in different mean circulation characteristics. overall deviations between CHAMP/SAC-C and ECMWF

. o . and radiosondes are listed in Tables.

In addition to the general meridional behavior of t.he LRT  aAp interesting feature in Figs are the radiosonde LRT
pressure and temperature Figalso shows a comparison of esq ire and temperature values for the Antarctic region dur-
the derived GPS RO data with radiosonde measurements arjfy s winter. Both parameters are unrealistic. This is prob-
ECMWF data. It should be noted here that only LRT param-,,y, caused by the strict use of the WMO criteria for the
eters for CHAMP/SAC-C and ECMWF data are computed | pT ithout a plausibility check within the operational ra-
for the same time and location. The number of SucceSSf“|lydiosonde data software.
determined tropopauses from ECMWF data at the location
of the RO is 167699. Radiosonde data were taken as theg.2 Tropopause spatial structure
were available from the operational network mostly at 00:00
and 12:00 UTC and with the biggest number on the North-The spatial, i.e. latitudinal-longitudinal, structure of the LRT
ern Hemisphere (Figs6c, f). Nevertheless, Fig gives a  derived from CHAMP/SAC-C RO measurements for the NH
general picture of the meridional agreement of LRT pressuravinter and summer months is shown in Figs9.
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Fig. 8. Mean LRT temperaturéa, c, e)and potential temperatu(b, d, f) from CHAMP/SAC-C for the period May 2001-December 2004.

5.2.1 Pressure observed between 2840° on both hemispheres during all
times. This strong isobars convergence is consistent with
the mean location of the upper-level STJ. During winter on

Figures7a—d show the global LRT pressure and standard de; : : :
viation for the NH winter and summer, whereas Figs, f the Northern Hemisphere the strongest isobar convergence is

give an overall picture from mean LRT pressure and standar founq over the Westem Pacific region. During summer _the
deviation for the complete time period. An almost uniform radients are weaker, the strongest LRT pressure gradleqts

e ' - ... are observed then over central and east Asia associated with
LRT pressure d'St”bUt.'on 1S founq over thg tr0p|c§ with lit- the location of the inner-tropical convergence zone during
tle longitudinal and latitudinal variation during all times. A

X . he summer monsoon period. In the Southern Hemisphere
LRT pressure maximum is observed over North Canadanesitrongest LRT pressure gradients occur also during winter.

2?:Crgigdmvg$?mvfgfns I\rltla—la\(/:vri]rlwr;gr ?)3/2:]223?Lgill:r)lgri%\gg:rr{-rhey are located over southern Australia and the western Pa-
cific. The Southern Hemisphere LRT pressure has a more

Elaf:'fl'(c rt:eg(;hes 2t20t;30fO htPa. Slmllartmaglma weGre foulndcg) onal characteristic, whereas the land-sea distribution on the
oinka (1998 wi € lirst more centered over .oreeniand o ipem Hemisphere forms a wave pattern with wave num-

tica during SH summer. A sharp LRT pressure gradient i:bers from 2-4oinka, 1998 that is more intensified during

www.atmos-chem-phys.org/acp/5/1473/ Atmos. Chem. Phys., 5, 14882005
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Fig. 9. Mean LRT sharpness from CHAMP/SAC-C for the period May 2001-December 2004.

NH winter. The zone of the strong pressure gradient is shift-during NH winter in the tropics with values less than <84
ing north (south) during the summer months on the Northernin the western Pacific region tropopause temperatures of
(Southern) Hemisphere (Figga, ¢). On average this band even less than —8€& are reached. Within this so-called
is located around 350n both, the Northern and Southern “warm pool region” of the western Pacific deep convection
Hemisphere (Figre). is the main feature leading to low tropopause temperatures
Largest mean standard deviations for LRT pressure(Highwood and Hoskins1998. On average a warm
(>100hPa) are correlated with the areas of strongest LRTropopause (—58C) is found over Canada in NH winter
pressure gradients in the vicinity of the STJ (Fids, d, f). correlated to the high LRT pressure in that region. At the
The lowest standard deviation during all seasons is seen isame time a 6 K colder tropopause is observed over central
the tropics (10-20 hPa). During NH winter on the Northern Siberia. A similar contrast in the Southern Hemisphere is
Hemisphere the area of higher standard deviation is extendedot observed due to the more symmetric flow pattern in
to the north (Fig7b). This coincides, especially in the north that region. The differences in LRT temperatures between
Atlantic, with the storm tracks regions. As also observedArctic and Antarctic regions are largest during NH summer
by Hoinka (1998 there is a maximum in standard deviation with values of about 14 K. This can be explained by the
over the Tibetan plateau during NH summer (Fid) con-  cold temperatures within the Antarctic polar vortex. Our
nected with the location of the inner-tropical convergenceestimate differs fromHoinka (1999 (8K). The strongest
zone during the summer monsoon period. There is also &&mperature gradients are found in the vicinity of the STJ
more zonal character of the standard deviation during all timebetween 20-40° on both hemispheres.

in the Southern Hemisphere as already seen for the pressure. ) ) ]
The potential temperature is defined@sT (1000 hPa/g)

5.2.2 Temperature and potential temperature (T, p: air temperature and pressure, respectivetsQ.286)
and is often used to locate the tropical tropopauseltbn
The global distribution of the LRT temperature et al, 1995. The results are presented in Figh, d, f.
(Figs.8a, c, e) corresponds to the pressure distributionThey show a strong meridional characteristic with mean val-
(Figs. 7a, ¢, e). The coldest LRT temperatures are foundues varying between 305K in polar regions and 375-380K

Atmos. Chem. Phys., 5, 1478488 2005 www.atmos-chem-phys.org/acp/5/1473/



T. Schmidt et al.: Tropopause parameters with GPS radio occultation 1483

80°N

60°N -

40°N
20°N
OO

Latitude

Latitude
<

20°S

40°S
60°S
80°S

80°N

60°N |
40°N

Latitude
i

LRT Pressure (RO—ECMWF) / NH Winter

T

L LN LA £ /7

LRT Altitude (RO—ECMWF) / NH Winter

LRT Temperature (RO—ECMWF) / NH Wint

180° 120°W 60°W  Q° 60°E 120°E 18

Longitude

)
hPa

-0.3
-0.4
-0.5
-0.6
-0.7
-0.8

-0.9
-1.0

er
3.0

2.5
2.0
1.5

Q°

Kelvin

LRT Pressure (RO—ECMWF) / NH Summer
80°N ' V3

80°5 AR i VAR INCa/ W — 505 |

LRT Altitude (RO—ECMWF) / NH Summer
ar = =

-0.3
-0.4
-0.5
-0.6
-0.7

-0.8
-0.9
-1.0

2.5
2.0

1.5
1.0
§ 0.5
0.0

Kelvin

N H-05

-1.0

-1.5

-2

-25

-3.0

180° 120°W 60°W  0° 60°E 120°E 180°
Longitude

Fig. 10. Seasonal (winter, summer) mean LRT presgareb) (hPa), altitudg(c, d) (km) and temperaturée, f) (K) differences between
GPS RO and ECMWEF operational analyses (May 2001-December 2004).

in the tropics. There is almost no difference between Arcticshows the global distribution of the LRT tropopause sharp-
and Antarctic region during NH Winter, but a difference of ness derived from GPS RO.
10-15K during June—August.

5.2.3 Sharpness

The tropopause sharpness was introduced in 8asta mea-
sure of the change in vertical temperature gradient acrosd in the polar regions with a larger extent on the Southern
the tropopause. This parameter allows for the quantificatiorHHemisphere (up to 6@). This is caused by the polar vortex

of the degree of separation between troposphere and strat@luring this time. The stronger and more symmetric vortex
sphere. Based on 10 years of radiosonde data for two statior@) the Southern Hemisphere causes the larger extent of the
at mid-latitudesBirner et al.(2002 have shown that a strong
mean inversion at the tropopause with a vertical extension In the tropics the variation of the sharpness is less dur-
of 2km and a temperature increase of 4K exists. Figure ing the year compared with the polar regions. A maximum

www.atmos-chem-phys.org/acp/5/1473/

It is clearly seen that the sharpness is highest in the Arctic
region during NH summer reaching values greater than 1.8
(Fig. 9b). A similar statement is true for Antarctica in SH
summer but with lower values of about 1.5 (F8g.). During
the winter months the sharpness decreases to values less than

region with the weaker tropopause sharpness.
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Fig. 11. Mean LRT pressure (hPa), altitude (km) and temperature (K) differences between GPS RO and ECMWF operational analyses for
the complete time interval (May 2001-December 2004).

sharpness (1.6—1.8) all year long is observed over the westerf.2.4 Comparison with ECMWF
Pacific “warm pool” region with slightly higher values dur-
ing NH winter. This is in agreement with lower tropopause In this section we compare the LRT altitude and tempera-
pressure and temperature during that season compared witbre derived from GPS RO with those from ECMWF opera-
the summer months (Fig#a, ¢ and Figs8a, c). The same is tional analyses. Meridional differences between GPS RO and
valid for central Africa and parts of South America. ECMWEF were already shown in Fig. Largest deviations in
High sharpness values-{.3) are found during NH winter  LRT pressure occur between?285° on both hemispheres,
between 40N-60° N over the Atlantic and eastern Pacific whereas the overall deviations between CHAMP/SAC-C and
(Fig. 9a). At this time in this regions low pressure systems ECMWEF listed in Tablel are relatively small. Seasonal
are dominating. A similar, but smaller region is found at SH and regional differences are shown in Fid®.and11. It
winter between 40S-60 S around 180longitude (Fig 9b). is clearly seen that on average GPS RO LRT pressure (alti-
A sharpness less than 1 is observed in most parts of théude) is systematically higher (lower) in the vicinity of the
STJ. Averaging over the complete time period the normalisedSTJ with highest values (by up t910 hPa or 700 m) over
sharpness is greater 1 with the exception of areas around 3@ast Asia/western Pacific during NH summer. In the polar jet
(Fig. 9c) in the vicinity of the STJ. Highest values {.5) are  region on both hemispheres during the corresponding winter
found over areas with large convection in the tropics. months GPS RO gives lower pressure (higher altitude) values
Due to the normalization of the LRT sharpness with re-than ECMWF by up to —15hPa (300-400 m) on the North-
spect to the mean temperature lapse-rate in the upper trop&n Hemisphere. In the remaining areas the differences vary
sphere and lower stratosphere (see Big. 9 shows also  between about-6 hPa {100 m; Figs.10a—d). This is also
the deviation between the mean tropopause sharpness of tigident from the overall average (Figdla, b).
US standard atmosphere and GPS RO measurements. If the The corresponding temperature deviations can be seen in
normalised sharpness is less than 1 it is lower than the shargrigs. 10e, f and11lc. The maximum temperature deviation
ness of the standard atmosphere, in case of values above 1hietween GPS RO and ECMWEF (about 2-3K) is observed
is larger, respectively. The latter is found on average @y.  south (north) of the maximum altitude deviation at the North-
with only some exceptions in the STJ region. ern (Southern) Hemisphere. This seems to be consistent
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Fig. 12. Temperature anomalies (blue: negative, red: positive) over the equator regi®ar4MN) from CHAMP measurements for the
period May 2001-December 2004. Contours-afe5 K. The heavy white dashed line shows the monthly-mean CPT altitude (update from
Schmidt et al(20041).

because the jet stream axis is on the southern side of the max- An other point that should be considered here is the hy-
imum altitude (pressure) gradients (see Fi@gs.b) whereas  drostatic approximation and the spherical symmetry assumed
the strongest temperature gradients lie above the jet streain the RO retrieval software, that could be invalid in the jet
axis Hoinka 1999. These are also the areas with largest stream areas, especially when associated with strong convec-
differences between GPS RO and ECMWF. tion as above the Asian land mass and warm western Pacific
The reasons for the larger deviations in the jet stream arduring the NH summer months. This will be a topic of fur-
eas are open points and topics of further studies. One redher research.
son could be the already mentioned different vertical reso-
lution of both data sets. In the jet stream areas tropopause
breaks and folds often occuElpern et al. 1998 Sgrensen 6 The equatorial QBO
and Nielsen2001 Sprenger et al.2003 Pan et al. 2004
leading to multiple tropopauses as seen, e.g., in the CHAMRRandel et al(2003 have first shown the quasi-biennial os-
temperature profile from Figt, whereas the ECMWF model cillation (QBO) pattern in GPS RO temperature data for the
can not always resolve such small temperature changes. B&SPS/MET data. Schmidt et al.(20040 followed with the
cause we only consider the first tropopause that fulfills thefirst 31 months from CHAMP data. We present here an up-
WMO criteria the differences from Figgd0and1linthe jet  date of the latter study using the complete time period from
stream region can be explained. May 2001-December 2004 (Fif2). The plot results from
The small temperature changes, which are not resolved byhe following algorithm: monthly means of temperature and
the ECMWF model, could be connected with gravity wave the annual cycle based on 3- or 4-year values (2001-2004),
activities. This interpretation is supported by, e.g., globalrespectively, were calculated but separately for each altitude
gravity wave momentum flux calculations from the CRISTA level between 10-35km in 0.5km intervals over the equa-
(Cryogenic Infrared Spectrometers and Telescopes for théor (4° S—# N). Subtracting the annual temperature cycle
Atmosphere) instrumentgn et al, 2004. These authors from the individual monthly means leads to Fi2 show-
have found high momentum fluxes (at 25km) for Augusting the monthly temperature anomalies in the UTLS over
1997 in the edge of the Antarctic polar vortex, above thethe equator region. The downward propagating patterns in
Gulf of Mexico, and east of China and Japan. These arghe lower stratosphere have a period of about two years with
also regions of large differences between CHAMP/SAC-Cmaximum deviations of-4.5 K between 22 and 31 km. At
and ECMWEF LRT parameters for the NH summer monthsthe tropopause level the anomalies are decreased to about
(Figs.10b, d, f). +0.5K. These temperature anomaly patterns are caused by
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7 Conclusions
Edited by: A. Richter

The GPS RO is a relatively new remote sounding technique
of the atmosphere. At GFZ Potsdam the first long-term
RO data set is created from the CHAMP satellite mission.
The temperature hias between CHAMP and independent raAnthes, R. A., Rocken, C., and Kuo, Y. H.: Applications of COS-
diosonde measurements 'S, Igss than 1.5K between 300- MIC to meteorology and climate, Terrestrial, Atmospheric and
10hPa (2-3K standard deviation). Between 200 and 20 hPa gcean Sciences, 11, 115-156, 2000.
the bias is less than 0.5K (standard deviation of about 2 K)Baldwin, M. P., Gray, L. J., Dunkerton, T. J., Hamilton, K., Haynes,
On this basis global LRT tropopause pressure, temperature, P, H., Randel, W. J., Holton, J. R., Alexander, M. J., Hirota, I.,
potential temperature, and sharpness derived from CHAMP Horinouchi, T., Jones, D. B. A, Kinnersley, J. S., Marquardt, C.,
and SAC-C RO temperatures profiles for the period May Sato, K., and Takahashi, M.: The quasi-biennial oscillation, Rev.
2001-December 2004 have been discussed. Geophysics, 39, 179-229, 2001.

The main results on LRT pressure, temperature, and poBirmer, T., Dombrack, A., and Schumann, U.. How sharp
tential temperature are consistent with those of other investi- :joit_q% ig;;g%‘é;%félrgﬂgt'g‘g;;?' Geophys. Res. Lett, 29,
a?;i?ﬁsfiggg E;:Li;tigg;r?g:g';?’;?jgo'_gg rluvzlgf?vc\i/c?on(;j Birner, T.: The extratropical tropopause region, PhD thesis (in Ger-

. . . man), DLR Oberpfaffenhofen, Germany, 2003.
etal, 200Q Seidel et al.2001 Zangl and Hoinka2001; Get- Elbern, H., Hendricks, J., and Ebel, A.: A climatology of

telman and de qust,eZOOZ. New resu.lts from tropopause _ tropopause folds by global analyses, Theor. Appl. Climatol., 59,
sharpness were introduced. Normalised LRT sharpness is 181200, 1998.

highest in the Arctic region during NH summer (about 1.8) Ern, M., Preusse, P., Alexander, M. J., and Warner, C.
and Antarctica in SH summer but with lower values (1.5). D.: Absolute values of gravity wave momentum flux de-
During the winter months the sharpness decreases to valuesrived from satellite data, J. Geophys. Res., 109, D20103,
less than 1 in the polar regions. In the tropics the variation of d0i:10.1029/2004JD004752, 2004.

the sharpness is less during the year compared with the pold#€ldbo. G., Kliore, A. J., and Eshleman, V. R.: The neutral atmo-
regions. A maximum sharpness all year long is observed over sphere of Venus as studied with the Mariner V radio occultation

P " A ; ; ; experiments, Astron. J., 76, 123-140, 1971.
the western Pacific “warm pool” region with slightly higher Gettelman, A. and de Forster, P. M.: A climatology of the tropical

values during NH Wlnte_r (1'6_1'.8)' High sharpness values tropopause layer, J. Meteorol. Soc. Japan, 80, 911-924, 2002.
(1.2-1.4) are f‘?“”d during NH W'nFef‘r betweerf 40-60° N Hajj, G. A., Ao, C. O, lijima, B. A., Kuang, D., Kursinski, E.
over the Atlantic and eastern Pacific. On total average the R mannucci, A. J., Meehan, T. K., Romans, L. J., de la Torre
normalised sharpness is above 1, except for the STJ region. juarez, M., and Yunck, T. P.. CHAMP and SAC-C atmospheric
Highest values%1.5) are found over areas with large con-  occultation results and intercomparisons, J. Geophys. Res., 109,
vection in the tropics. doi:10.1029/2003JD003909, 2004.
Comparisons between CHAMP/SAC-C tropopause pa-Highwood, E. J. and Hoskins, B. J.: The tropical tropopause, Q.J.R.
rameters and ECMWF show on average the largest differ- Meteorol. Soc., 124, 1579-1604, 1998.
ences in the vicinity of the jet streams with up to 700m in Highwood,. E. J., Hoskins, B. J., and Berrisford, P.: Properties of
LRT altitude and 3K in LRT temperature, respectively. the Arctic tropopause, Q. J. R. Meteorol. Soc., 126, 1515-1532,
Because of accuracy, high vertical resolution, and globally goli)o. K P Statistics of the global M
distributed temperature data in the tropopause region the R&o'n a, K. b.: Statistics of the global fropopause pressure, Mon.

hni . itable f lobal o f th Weather Rev., 126, 3303-3325, 1998.
technique is suitable for global monitoring of the UTLS as Hoinka, K. P.: Temperature, humidity, and wind at the global

an important part of the atmosphere. Changes in tropopause tropopause, Mon. Weather Rev., 127, 22482265, 1999.

parameters can be used for the detection of climate changgolton, J. R., Haynes, P. H., Mcintyre, M. E., Douglass, A. R.,

as already shown b$ausen and Santé003. Rood, R. B., and Pfister, L.: Stratosphere-troposphere exchange,
The CHAMP RO experiment will be followed by Rev. Geophysics, 33, 403-439, 1995.

other missions (GRACE, COSMIC, MetOp, TerraSAR-X, Huesmann, A. S. and Hitchman, M. H.: The stratospheric quasi-

EQUARS) establishing the RO technique for global temper- biennial oscillation in the NCEP reanalyses: Climatological
ature monitoring in the UTLS region. structures, J. Geophys. Res., 106(D11), 11859-11874, 2001.
Jensen, A. S., Lohmann, M., Benzon, H. H., and Nielsen, A.:
Full Spectrum inversion of radio occultation signals, Radio Sci.,
38(3), d0i:10.1029/2002RS002763, 2003.
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