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AB STRACT

Ra dio Occultation (RO) data, us ing Global Po si tion ing Sys tem (GPS) sig nals, de liver high qual ity ob ser va tions of the

at mo sphere, which are well suited for mon i tor ing global cli mate change. The spe cial cli mate util ity of RO data arises from their

ac cu racy and long-term sta bil ity due to self-cal i bra tion. Launched in 2000, the Ger man re search sat el lite CHAMP

(CHAl leng ing Minisatellite Pay load for geoscientific re search) pro vides the first op por tu nity to cre ate RO based climatologies. 

Over lap with data from the Tai wan/US FORMOSAT-3/COS MIC (Formosa Sat el lite Mis sion 3/Con stel la tion Ob serv ing

Sys tem for Me te o rol ogy, Ion o sphere and Cli mate, F3C) mis sion al lows the test ing for con sis tency of climatologies de rived

from dif fer ent sat el lites. We show ini tial re sults for zonal mean climatologies as well as trop i cal tropo pause pa ram e ters based

on F3C RO data. Our re sults in di cate ex cel lent agree ment be tween RO climatologies from dif fer ent F3C sat el lites as well as

be tween data from dif fer ent RO mis sions. Af ter sub trac tion of the es ti mated re spec tive sam pling er ror, sea sonal tem per a ture

climatologies de rived from dif fer ent F3C sat el lites are in agree ment to within < 0.1 K al most ev ery where in the con sid ered

do main be tween 8 and 35 km al ti tude. Monthly mean trop i cal tropo pause (lapse rate) tem per a tures and al ti tudes de rived from

four dif fer ent RO mis sions show re mark able con sis tency (< 0.2 - 0.5 K, < 50 - 100 m) and in di cate that data from dif fer ent RO

mis sions can in deed be com bined with out need for inter-cal i bra tion. F3C fi nal con stel la tion sam pling er ror es ti ma tion shows a

small oscillating local time related error (±0.03 K amplitude) in the extratropics.
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1. IN TRO DUC TION

Ac cu rate, con sis tent long-term data are re quired as ba sis 

for cli mate stud ies and for at tempts to de tect, un der stand,

and at trib ute cli mate vari abil ity and change. Our knowl edge

about the tem per a ture evo lu tion in the free at mo sphere is

still lim ited, de spite no ta ble en deav ors to build long term

upper air tem per a ture re cords. This has been done us ing

data from MSU (Mi cro wave Sound ing Unit) as well as

AMSU (Ad vanced MSU) in stru ments on board po lar or bit -

ing sat el lites (e.g., Christy and Spencer 2005; Mears and

Wentz 2005; Vinnikov et al. 2006) as well as us ing data from 

ra dio sondes (e.g., Sherwood et al. 2005; Thorne et al. 2005). 

Af ter many years of in tense dis cus sions, tem per a ture trend

es ti mates based on these data sets now seem to be con sis -

tent with sur face warm ing es ti mates and re sults from cli -

mate mod els but sig nif i cant dis crep an cies still re main (Karl

et al. 2006). In de pend ent high-qual ity up per air re cords are

there fore de sir able.

A prom is ing source for such data sets is the Global Po si -

tion ing Sys tem (GPS) Ra dio Occultation (RO) tech nique,

com bin ing high ac cu racy and ver ti cal res o lu tion, long-term

sta bil ity due to in trin sic self cal i bra tion, global cov er age,

and all-weather ca pa bil ity. The RO tech nique was orig i nally

de vel oped for the study of plan e tary at mo spheres and ion o -

spheres (see Yunck et al. 2000, for a re view). Sens ing of the

Earth’s at mo sphere with RO data was dem on strated with the

GPS Me te o rol ogy (GPS/MET) ex per i ment within sev eral

mea sure ment cam paigns from April 1995 to March 1997,
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prov ing most of the ex pected strengths of the tech nique, like

high ver ti cal res o lu tion, high ac cu racy of re trieved para -

meters, and in sen si tiv ity to clouds (Ware et al. 1996;

Kursinski et al. 1997; Rocken et al. 1997; Steiner et al.

1999). The Ger man re search sat el lite CHAMP (CHAl leng -

ing Minisatellite Pay load for geoscientific re search) was

launched in July 2000, con tin u ous RO mea sure ments started 

in Au gust 2001 (Wickert et al. 2001, 2004). CHAMP RO

data pro vide the first op por tu nity to cre ate RO based multi-

 year climatologies.

In April 2006, FORMOSAT-3/COS MIC (Formosa Sa -

tellite Mis sion 3/Con stel la tion Ob serv ing Sys tem for Me -

te orology, Ion o sphere, and Cli mate, F3C), a Tai wan/US RO

mis sion con sist ing of six re ceiv ing sat el lites (Rocken et al.

2000; Wu et al. 2005; Schreiner et al. 2007) was suc cess fully 

launched, pro vid ing up to ~2500 RO pro files per day. All

six F3C sat el lites were launched from a sin gle launch ve -

hicle into a park ing or bit with ~515 km or bit al ti tude. The

satellites have been se quen tially raised to their fi nal or bit

altitudes of ~800 km. At this al ti tude the pre ces sion due to

the oblateness of the Earth is smaller than in the park ing or -

bit [see sec tion 3.4, Eq. (2)], lead ing to a (de sired) de ploy -

ment of the or bit planes to a fi nal sep a ra tion of 30°. By the

end of 2007 five of the six F3C sat el lites have reached their

fi nal orbits.

The po ten tial of RO data for cli mate mon i tor ing has

been shown based on sim u la tion stud ies (e.g., Yuan et al.

1993; Steiner et al. 2001; Foelsche et al. 2003; Leroy et al.

2006) and through cli ma to log i cal anal y ses (Schroeder et al.

2003; Hajj et al. 2004; Gobiet et al. 2005; Foelsche et al.

2006, 2008; Schmidt et al. 2006; Borsche et al. 2007;

Schreiner et al. 2007). Here we re port ini tial re sults on cli -

mate mon i tor ing with F3C RO data. The F3C data base is

cer tainly still too small for ex ten sive cli ma to log i cal an -

alyses, but suf fi cient to test the con sis tency of cli mato -

logies from dif fer ent F3C sat el lites and the con sis tency with

climatologies de rived from CHAMP RO data. Also a few

“an chor point” months from the RO sat el lites SAC-C and

GRACE are com pared. In sec tion 2 we de scribe the setup of

F3C RO climatologies. In sec tion 3 we pres ent and dis cuss

ini tial re sults on F3C climatologies, trop i cal tropo pause

parameters, and sim u la tion re sults for the F3C sam pling

error (in its fi nal or bit con stel la tion) due to un even lo cal time 

sam pling, fol lowed by con clud ing re marks.

2. METH ODS AND DATA

A de tailed de scrip tion of the RO tech nique is given by

Kursinski et al. (1997), Steiner et al. (2001), and Hajj et al.

(2002).

2.1 Pro file Re trieval

Within the CHAMPCLIM pro ject (Foelsche et al. 2005),

a co op er a tive en deavor by the Wegener Cen ter in Graz and

the GeoForschungsZentrum (GFZ) in Potsdam, a re trieval

scheme has been de vel oped at the Wegener Cen ter (Gobiet

and Kirchengast 2004; Borsche et al. 2006; Gobiet et al.

2007; Foelsche et al. 2008), with a spe cial fo cus on min i miz -

ing po ten tial bi ases of at mo spheric pa ram e ters and on us ing

back ground in for ma tion in a trans par ent way. The same

retrieval scheme, in an up graded ver sion (im proved out lier

rejection, noise fil ter ing, and Earth ref er ence sur face), now

termed Occultation Pro cess ing Sys tem ver sion 5.2 (OPSv5.2),

has been ap plied to all RO data used in this study (F3C,

CHAMP, GRACE, and SAC-C).

OPSv5.2 is based on geo met ric op tics and ion o spheric

cor rec tion via a lin ear com bi na tion of bend ing an gles (Vo -

rob’ev and Krasil’nikova 1994) and starts from RO phase

de lay data for each occultation event in clud ing pre cise po si -

tion and ve loc ity in for ma tion for the trans mit ting and re -

ceiving sat el lites. At high al ti tudes, where the er rors in RO

data are com par a tively large, the re trieved bend ing an gle

pro files are com bined with bend ing an gle pro files de rived

from back ground in for ma tion in a sta tis ti cally op ti mal way,

us ing the in verse covariance weight ing ap proach (Healy

2001) to min i mize re sid ual bi ases in at mo spheric pa ram e ters 

be low 35 km (Gobiet and Kirchengast 2004; Gobiet et al.

2007). As back ground in for ma tion we use what we re gard as 

the best avail able dataset, the op er a tional anal y ses from the

Eu ro pean Cen tre for Me dium-Range Weather Fore casts

(ECMWF). For each ob served RO pro file, col lo cated at mo -

spheric pa ram e ters are ex tracted from the tem po rally clos est

of the six-hourly ECMWF anal y sis fields and ex panded up -

wards from ~60 to 120 km us ing MSISE-90 cli ma tol ogy

(Hedin 1991). The OPSv5.2 at mo spheric pro files are back -

ground-dom i nated above the stratopause and ob ser va tion-

 dom i nated be low 40 km. Our ap proach re sults in well de -

fined er ror char ac ter is tics and al lows to ini tial ize the hy dro -

static in te gral at very high al ti tudes (120 km), where the up -

per-bound ary ini tial iza tion has no ef fect on the re trieved

atmospheric pa ram e ters in the height in ter val of in ter est

(below 40 km).

A dry air re trieval (Syndergaard 1999; Gobiet et al.

2007) is used to de rive at mo spheric pa ram e ters, yield ing

“dry tem per a ture”, which is a com monly used vari able in the 

RO com mu nity. At al ti tudes above 8 km (po lar win ter) and

14 km (trop ics) the dif fer ence be tween “dry” and phys i cal

tem per a ture is al ways well be low 0.1 K (for a de tailed dis -

cus sion see Foelsche et al. 2008). In this re gard, Steiner et al. 

(2007) also re cently in spected the ef fect of us ing “dry” in -

stead of phys i cal tem per a tures re lated to a com par i son of

RO-de rived syn thetic MSU TLS data (up per tro po sphere/

lower strato sphere tem per a tures; also called T4 chan nel

data) with the real MSU cli mate re cords. Based on checks

with ECMWF anal y sis data, us ing both dry and phys i cal

tem per a ture pro files over the full time pe riod 2001 - 2006,

they found neg li gi ble dif fer ence in the RO-de rived MSU
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TLS tem per a tures of < 0.02 K in the trop ics and of < 0.01 K

glob ally and in the extratropics, re spec tively.

The ba sic re trieval scheme (be fore the up grade to

OPSv5.2) has been val i dated with five dif fer ent at mo -

spheric anal y ses and in de pend ent data sets (such as from

MIPAS on Envisat). The re sults in di cate that the global

mean RO tem per a ture er ror be tween 10 and 30 km al ti tude is 

< 0.2 K. Re sid ual bi ases in lat i tu di nally re solved cli ma -

tologies as used here are ob ser va tion ally con strained by this

val i da tion to < 0.5 K up to 30 km in any case, even if se -

verely bi ased (about 10 K or more) a pri ori in for ma tion is

used in the high al ti tude ini tial iza tion of the re trieval (Gobiet 

et al. 2007).

2.2 Setup of Climatologies

For the setup of RO climatologies we used the same

approach as ex plained in de tail by Foelsche et al. (2008).

Our RO climatologies are ob tained by “binning and av er ag -

ing”. All RO pro files in a pre scribed geo graphic do main

(“bin”) are sam pled and av er aged (weighted by the co sine of 

the lat i tude), us ing a com mon (mean-seal-level, MSL) al ti -

tude grid with a reg u lar 200 m spac ing of al ti tude lev els. The 

mean dry tem per a ture pro file in each bin is

(1)

where Nprof (z) is the num ber of pro files in each bin at level

z, which de creases with de creas ing al ti tude in the tro po -

sphere. The co sine-weight ing ac counts for area changes

be tween me rid i ans at vary ing lat i tudes. We use “fun da -

men tal” zonal bins with 5° lat i tu di nal width to build zonal

mean monthly climatologies. Our ba sic lat i tu di nal res o lu -

tion (used for the re sults shown here) is 10°, each of the 18

lat i tude bands (pole to pole) con tains two fun da men tal

bins, and the mean pro files for these two bins are av er aged,

weighted with the sur face area of the re spec tive bin. This

ap proach slightly re duces the ef fect of un even sam pling

within the lat i tude bands. Sea sonal climatologies are ob -

tained by av er ag ing over three monthly climatologies. A

finer lon gi tu di nal res o lu tion is fea si ble (e.g., for the en tire

F3C con stel la tion) but not rec om mended for sin gle-sat el -

lite climatologies (Foelsche et al. 2008).

The to tal er ror of RO climatologies can be sep a rated

into an ob ser va tional com po nent (dom i nated by the sys tem -

atic er ror) and a sam pling er ror com po nent due to an under -

sampling of the true spa tial and tem po ral vari abil ity of the

at mo sphere (Foelsche et al. 2006, 2008; Pirscher et al.

2007). Even with per fect ob ser va tions (with out any ob ser -

vational er rors), climatologies from dif fer ent RO sen sors

would dif fer due to dif fer ent sam pling of the at mo sphere and 

both would dif fer from the “true” mean state of the at mo -

sphere. The sam pling er ror can be quan ti ta tively es ti mated,

when an ad e quate rep re sen ta tion of the “true” spatio- tem -

poral evo lu tion of the at mo sphere is avail able and the times 

and lo ca tions of RO events are known (even for fu ture RO

mis sions, see sec tion 3.4). As a proxy for this at mo spheric

evo lu tion we use ECMWF anal y ses, which are ob tained by

dy nam i cally com bin ing a short-range fore cast with data

from vir tu ally all tra di tional sources (like ra dio sondes and

MSU/AMSU sat el lite in stru ments) via four-di men sional

va riational as sim i la tion (ECMWF 2004). ECMWF an al y -

ses are avail able at four time lay ers per day (0000, 0600,

1200, and 1800 UTC), which is suf fi cient to sam ple the di -

ur nal cy cle up to the sec ond har monic (the semidiurnal cy -

cle). We es ti mate the sam pling er ror by com par ing climato -

logies de rived from ver ti cal ECMWF pro files at the RO

times and lo ca tions (the mean tan gent point lo ca tion) with

climatologies de rived from the com plete 4D ECMWF field

(see Foelsche et al. 2008, for fur ther de tails).

3. RE SULTS AND DIS CUS SION

3.1 Monthly Climatologies

In this sec tion we show ex em plary monthly clima to -

logies for Sep tem ber 2006. The ver ti cal range of all fields

shown ex tends from 0 to 35 km al ti tude. The CHAMP cli -

matologies are cut off at the lower end at vary ing heights

increas ing from the poles to ward the equa tor. From the

poles to 60° lat i tude they reach down to 4 km, the cut-off

height then in creases over the mid lat i tude bins to 8 km at

low lat i tudes (from the equa tor to 30° north and south).

Within 60° to 30° the cut-off heights are 5 km (60° - 50°),

6 km (50° - 40°), and 7.5 km (40° - 30°). The rea son for this

strat egy is to dis re gard re gions with bi ased sam pling in the

lower tro po sphere caused by dif fer ent pen e tra tion depths of

the in di vid ual CHAMP pro files (see Foelsche et al. 2008).

Our pre lim i nary F3C climatologies are cut-off at 8 km, since

open loop pro cess ing is not in cluded yet.

The 18 zonal bands and the geo graphic dis tri bu tion of

all ~31000 F3C events (that passed qual ity con trol) are

shown in Fig. 1a in an equal-area map pro jec tion. The CHAMP

cli ma tol ogy in volves 4166 events. Due to the high in cli na -

tion (72°) of all six F3C sat el lites, RO events are glob ally

dis trib uted, but the event den sity at low lat i tudes is com par a -

tively low. The in cli na tion is, on the other hand, not high

enough (to gether with a 55° in cli na tion of the GPS sa -

tellites) to al low for many RO events be yond 85° lat i tude,

re sult ing in sys tem at i cally un even sam pling in the north -

ern most and south ern most (po lar cap) bin, re spec tively.

The F3C dry tem per a ture cli ma tol ogy is dis played in Fig. 1b,

show ing dis tinct fea tures like the cold trop i cal tropo pause

re gion and the cold Ant arc tic po lar vor tex.

The es ti mated sam pling er ror for F3C and CHAMP is

shown in Figs. 1c and d, re spec tively. In Sep tem ber 2006 all
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F3C sat el lites ex cept FM-5 (Flight Model 5) were still close

to each other. The sam pling is there fore not much dif fer ent

from a sin gle sat el lite like CHAMP (de spite a much higher

num ber of RO pro files). This sit u a tion will cer tainly change

with the pro gress ing de ploy ment of the F3C con stel la tion.

The F3C sam pling er ror in the south ern po lar cap bin is

larger than the cor re spond ing sam pling er ror of CHAMP

(with a higher or bit in cli na tion of 87°). The F3C sam pling

er ror in the north ern po lar cap bin is less pro nounced due to

smaller spa tial tem per a ture vari a tions dur ing this month (see 

Fig. 1b). Most F3C mea sure ments dur ing this early stage of

the mis sion were con fined to a com par a tively small az i muth

an gle of 40° (with re spect to the or bit plane). The az i muth

an gle was then opened to 70°; for FM-5 on 9 September

2006, for all other F3C sat el lites on 11 November 2006, al -

low ing for more RO events be yond 85°.

The sys tem atic dif fer ence of ECWMF to the RO data,

based on col lo cated ECMWF pro files for each RO event, is

shown in the bot tom pan els of Fig. 1 for F3C (Fig. 1e) and

CHAMP (Fig. 1f), re spec tively. The sys tem atic dif fer ences

are < 0.5 K in large parts of the do main; the over all fea tures

for F3C and CHAMP are very sim i lar. The wave-like bias

struc ture over Antarctica (and to a lesser ex tent over the

Arctic) is a known de fi ciency of the ECMWF anal y ses,

158 Foelsche et al.

Fig. 1. (a) Dis tri bu tion of F3C RO events dur ing Sep tem ber 2006 and (b) cor re spond ing dry tem per a ture cli ma tol ogy. Es ti mated sam pling er ror for (c) 

F3C and (d) CHAMP and sys tem atic dif fer ence of ECMWF to (e) F3C and (f) CHAMP for the same month.
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which is even more pro nounced in south ern win ter months

(Gobiet et al. 2005; Foelsche et al. 2006, 2008). Above about 

30 km ECMWF anal y ses are sys tem at i cally colder than F3C

and CHAMP, but the ef fect is less pro nounced in case of

F3C. This fea ture is typ i cal for ECMWF-CHAMP com -

parisons from 2001 - 2006 (Foelsche et al. 2008). Val i da -

tion stud ies (Gobiet et al. 2007) sug gest that these dif fer -

ences are prob a bly caused by an ECMWF cold bias. Over all

we note a re mark able con sis tency of RO climatologies from

dif fer ent sat el lite mis sions in the al ti tude range from 8 to

30 km, even on a monthly ba sis. In or der to more closely

investigate this con sis tency we an a lyzed sea sonal mean

fields for dif fer ent sat el lites for Sep tem ber-Oc to ber-No vem -

ber (SON) 2006.

3.2 Sea sonal Climatologies

Here we fo cus on the con sis tency of sea sonal cli ma -

tologies de rived from the RO data of four dif fer ent sat el lites:

CHAMP, FM-1 (Flight Model 1 of the F3C con stel la tion),

FM-3, and FM-5. Dur ing SON 2006, FM-5 was al ready in the

fi nal or bit, whilst FM-1 and FM-3 where still in the park ing

orbit, rel a tively close to each other and there fore sam pling

sim i lar (al though not ex actly the same) re gions of the at mo -

sphere. The num ber of at mo spheric pro files in volved in the

climatologies is 12330, 20313, 20061, and 22094 for CHAMP,

FM-1, FM-3, and FM-5, re spec tively (F3C sat el lites mea sure

set ting and ris ing RO events, CHAMP only set ting events).

Fig ure 2 (top pan els) shows the dif fer ence be tween
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Fig. 2. Sys tem atic dif fer ence be tween SON 2006 zonal mean climatologies de rived from dif fer ent F3C sat el lites (top pan els): (a) FM-1 mi nus FM-3,

(b) FM-1 mi nus FM-5 are shown. RO events per 10° lat i tude bin for (c) FM-1 and (d) FM-5. The es ti mated sam pling er ror for (e) FM-1 and (f) FM-5.
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SON 2006 zonal mean climatologies de rived from FM-1 and 

FM-3 RO data (Fig. 2a) and from FM-1 and FM-5 data

(Fig. 2b). The over all agree ment is very good but the ef fect

of sam pling errors at high lat i tudes (bot tom pan els) is

clearly vis i ble (see also sec tion 3.1). These sam pling er rors

are rel a tively large dur ing SON 2006 due to the low or bit al -

ti tudes of the F3C sat el lites (ex cept FM-5) in con nec tion

with the or bit inclinations of 72° and a com par a tively small

az i muth an gle within which RO events have been re ceived

in this early stage of the F3C mis sion (ex cept FM-5, see sec -

tion 3.1). An RO event in a po lar cap bin is only re corded by

an F3C sat el lite when the trans mit ting GPS sat el lite is in the

op po site hemi sphere. This sit u a tion is more eas ily achieved

for FM-5 than for the other F3C sat el lites. As a con se quence, 

the num ber of RO events in the south ern most bin dur ing

SON 2006 is al most 300 for FM-5 (Fig. 2c), about 250 for

CHAMP (with set ting events only but an or bit in cli na tion of

87°), but less than 150 for FM-1 (Fig. 2d) and FM-3, re spec -

tively. The es ti mated sam pling er ror for FM-3 (not shown) is 

qual i ta tively very sim i lar to that of FM-1 (Fig. 2e) but south -

ern polar cap val ues are even larger, ex ceed ing +3 K. The

south ern po lar cap sam pling er ror for FM-5 is con sid er ably

smaller (Fig. 2f); the large sys tem atic dif fer ence be tween

FM-1 and FM-5 (Fig. 2b) in this bin is thus mainly caused by 

FM-1 sam pling er rors.

Since we fo cus here on data con sis tency and not on

sampling er rors, we sub tracted the es ti mated sam pling er rors 

(see sec tion 2.2) from the re spec tive climatologies and dis -

play the re sults in Fig. 3. These “dou ble-dif fer ence” plots

there fore con tain sys tem atic dif fer ences be tween the pro file

data de rived from the dif fer ent sat el lites as well as any un cer -

tain ties in the es ti ma tion of the re spec tive sam pling er rors for

both sat el lites (but not po ten tial com mon sys tem atic er rors).

Sys tem atic dif fer ences are < 0.5 K al most ev ery where

be tween 8 and 30 km al ti tude, for ev ery sat el lite com bi na -

tion. In Fig. 3 we kept a con tour spac ing of 0.5 K to high light 

the sys tem atic fea tures. FM-5 re sults are on av er age slightly

cooler than CHAMP (0.26 K over the en tire do main). Sys -

tem atic dif fer ences of more than 0.5 K oc cur mainly above

30 km; a sim i lar sit u a tion is en coun tered for all other F3C -

CHAMP com bi na tions (not shown). The rea son for the sys -

tem atic dif fer ence as seen in Fig. 3a (CHAMP be ing warmer

than F3C) is cur rently un der in ves ti ga tion in or der to ob tain

a clear un der stand ing.

Dif fer ences be tween FM-1 and FM-5 (Fig. 3b), FM-1

and FM-3 (Fig. 3c), and FM-3 and FM-5 (Fig. 3d) do not show

any sys tem atic fea tures at this res o lu tion, jus ti fy ing a closer

in spec tion as il lus trated in Fig. 4. The mean val ues for the

fields shown in Figs. 3b - d are -0.033, -0.015, and -0.018 K,

re spec tively.
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Fig. 3. Sys tem atic dif fer ences be tween SON 2006 zonal mean climatologies for dif fer ent sat el lite com bi na tions with the es ti mated sam pling er rors

sub tracted: (a) FM-5 mi nus CHAMP, (b) FM-1 mi nus FM-5, (c) FM-1 mi nus FM-3, and (d) FM-3 mi nus FM-5 are shown.

(a) (b)

(c) (d)



Fig ure 4 shows the dif fer ences be tween SON 2006

climatologies de rived from FM-1 and FM-3 RO data (Fig. 4a) 

and FM-3 and FM-5 data (Fig. 4b) with a very fine res o lu tion

of 0.1 K con tour spac ing. The re spec tive sam pling er ror es ti -

mates are again sub tracted. It can be seen that the dif fer ences

are in deed < 0.1 K al most ev ery where. Dif fer ences be tween

FM-1 and FM-5 data (not shown) are even slightly smaller

than those for FM-3 and FM-5 data (note that FM-1 and FM-3 

events are con tin u ously sam pled in dif fer ent re gions and at

dif fer ent lo cal times than FM-5 events). The ten dency for

slightly larger dif fer ences in the two po lar bins is prob a bly re -

lated to re main ing er rors in the es ti ma tion of the sam pling er -

rors which are larg est in these bins, reach ing 3 K and more for

the in di vid ual F3C sat el lites. The re sults sug gest also that the

quan ti ta tive un cer tainty of the sam pling er ror es ti ma tion

based on ECMWF fields is no more than the or der of 10%.

We note that these re sults are based on a pre lim i nary ver sion

of our F3C re trieval, nev er the less the con sis tency of the

climatologies from dif fer ent sat el lites is re mark able. It will be

in ter est ing to look at sys tem atic dif fer ences again when all

six F3C sat el lites will have reached their fi nal or bits.

3.3 Trop i cal Tropo pause Pa ram e ters

The tropo pause as the bound ary re gion be tween the

con vec tively mixed tro po sphere and the stably strat i fied

strato sphere is an im por tant do main of the at mo spheric sys -

tem. Tropo pause pa ram e ters are ex pected to be valu able in -

di ca tors for cli mate change (e.g., Sausen and Santer 2003).

RO data with their high ver ti cal res o lu tion are well suited for 

the de ter mi na tion of tropo pause pa ram e ters. Pre vi ous stu -

dies used RO data from GPS/Met (Nishida et al. 2000;

Randel et al. 2003), CHAMP (Schmidt et al. 2004; Borsche

et al. 2007) and CHAMP + SAC-C (Schmidt et al. 2006).

We cal cu late tropo pause tem per a ture and al ti tude us ing

the WMO def i ni tion of the lapse rate tropo pause (LRTP)

(World Me te o ro log i cal Or ga ni za tion 1957). The cold point

tropo pause (CPTP) tem per a ture and the re spec tive al ti tude

are de ter mined as the cold est tem per a ture above the LRTP.

The LRTP and CPTP tem per a tures and al ti tudes are cal cu -

lated for each RO pro file and each co-lo cated ECMWF an -

alysis pro file. Pub licly avail able NCEP (US Na tional Cen -

ters for En vi ron men tal Pre dic tion) reanalysis pro files have

a too coarse ver ti cal res o lu tion for a fair com par i son, but

LRTP tem per a tures are pro vided by NCEP as a sep a rate

prod uct which is thus shown as well.

In an ear lier study (Borsche et al. 2007), we fo cused on

sea sonal mean trop i cal tropo pause tem per a tures and al ti -

tudes de rived from five years of CHAMP data. As main re -

sults we found that NCEP reanalysis LRTP tem per a tures ex -

hibited warm de vi a tions of about 4 K com pared to CHAMP

un til the end of 2004, de creas ing to about 2 K from 2005

onwards. ECMWF LRTP tem per a tures were sys tem at i cally

colder than CHAMP by ~2 K but con verged to CHAMP

values af ter Feb ru ary 2006, when a ma jor im prove ment of

the ECMWF model sys tem be came ef fec tive. On 1 Feb ru ary 

2006, the ver ti cal res o lu tion of ECMWF anal y ses in creased

from 60 to 91 lev els, the hor i zon tal res o lu tion from T511

(spec tral rep re sen ta tion with tri an gu lar trun ca tion at wave

num ber 511) to T799, al low ing more smaller-scale at mo -

spheric vari abil ity to be rep re sented.

Here we show the tem po ral evo lu tion of LRTP tem -

perature (Fig. 5a) and LRTP al ti tude (Fig. 5b) in the Tropics 

(15°S - 15°N) on a monthly-mean ba sis un til De cem ber

2006 and add re sults from other RO mis sions. The sys tem -

atic de vi a tions be tween CHAMP (black), NCEP (green),

and ECMWF (yel low) LRTP tem per a tures are clearly vis i -

ble in Fig. 5a as men tioned above. From Feb ru ary 2006

onwards, CHAMP and ECMWF data agree very well. “Er -

ror bars” for ev ery third month rep re sent the dis per sion of

the LRTP tem per a tures (and al ti tudes in Fig. 5b) of in -

dividual pro files (one stan dard de vi a tion). RO data from

SAC-C (Satélite de Aplicaciones Científicas-C, Hajj et al.

2004) and GRACE (Grav ity Re cov ery and Cli mate Ex per i -
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Fig. 4. Sys tem atic dif fer ences be tween SON 2006 zonal mean climatologies from F3C (a) FM-1 and FM-3 and (b) FM-3 and FM-5 with the es ti mated

sam pling er rors sub tracted (0.1 K con tour spac ing).

(a) (b)



ment, Wickert et al. 2005) have been avail able for in di vid ual 

months (blue).

The SAC-C re sults for June, July, and Au gust 2002 and

GRACE re sults (July 2006, fill ing a “gap” of CHAMP data)

serve as “an chor points” and show ex cel lent agree ment with

CHAMP. This also holds true for LRTP tem per a tures de -

rived from F3C data (red, mean val ues for all 6 sat el lites),

which are added from Au gust 2006 on wards. Com par i son

amongst F3C FMs is dis cussed fur ther be low. LRTP al ti tude

es ti mates, which are not avail able for NCEP data (Fig. 5b),

show a very good over all agree ment be tween all systems

considered.

The lower pan els of Fig. 5 show the cor re spond ing

anom a lies of LRTP tem per a ture (Fig. 5c) and al ti tudes

(Fig. 5d), in order to high light intra-sea sonal and inter-an -

nual vari abil ity and to en able a closer look on sim i lar i ties

and dif fer ences. For this pur pose, ref er ence monthly means

over 2002 - 2005 were com puted and sub tracted from the

ab so lute monthly mean data, pro vid ing anom aly time se ries

cleared from the mean sea sonal cy cle. In case of RO data, we 

sub tracted CHAMP monthly mean val ues from all datasets,

i.e., also SAC-C, GRACE, and F3C anom a lies were re ferred 

to the CHAMP mean. The other datasets were each re ferred

to their own 2002 - 2005 means. We did not use 2002 - 2006

for com put ing the mean, but re stricted our selves to 2002 -

2005, be cause of the inhomogeneity of ECMWF data by

Feb ru ary 2006 dis cussed above; the same ap proach was fol -

lowed by Steiner et al. (2007), who eval u ated RO-de rived

MSU ano maly time se ries over the same time pe riod.

In the anom aly space, the sys tem atic tropo pause tem -

per a ture changes in NCEP data in 2005 and in ECMWF data

in early 2006 are clearly vis i ble, though over all there is very

good agree ment in both intra-sea sonal and inter-an nual va -

riabil ity, in par tic u lar be tween CHAMP and ECWMF. The

LRTP anom aly data from the dif fer ent RO sat el lites agree

within ~0.1 - 0.3 K and ~50 m, re spec tively, which is con sis -

tent with the sam pling er ror of sin gle RO sat el lites (Pirscher

et al. 2007). This close match ing of in de pend ent LRTP data

from dif fer ent RO sat el lites in very dif fer ent or bits, ob tained

with out a need for a fine tun ing of the WegCenter’s OPSv5.2 

pro cess ing sys tem de vel oped for CHAMP, in di cates re -

markable con sis tency and ho mo ge ne ity of the RO data.

Steiner et al. (2007) found sim i lar inter-sat el lite con sis tency

for RO-de rived MSU TLS anom a lies in the trop ics.
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Fig. 5. (a) Tem po ral evo lu tion of monthly mean trop i cal LRTP tem per a ture for CHAMP data (black), ECMWF anal y ses (yel low), NCEP reanalyses

(green), and F3C data (red). (b) LRTP al ti tude for CHAMP data (black), ECMWF data (yel low), and F3C data (red). “An chor point” months from

SAC-C and GRACE are marked in blue. Lower pan els: (c) tem per a ture and (d) al ti tude anom a lies for the data shown in pan els (a) and (b).

(a) (b)

(c) (d)



Trop i cal CPTP tem per a tures and al ti tudes are shown in

Fig. 6. Gen eral fea tures like the op po site sea sonal cy cle be -

hav ior of trop i cal tropo pause tem per a tures and al ti tudes are

clearly vis i ble in Figs. 6a - b (as also in LRTP). CPTP

altitudes (Fig. 6b) are al ways higher than LRTP al ti tudes

(Fig. 5b), on av er age by about 500 m. ECMWF-based mean

CPTP tem per a tures are slightly cooler than RO-based mean

val ues un til Feb ru ary 2006, but dif fer ences are smaller than

cor re spond ing LRTP tem per a ture dif fer ences (Fig. 5a).

Mean CPTP al ti tudes based on RO pro files are slightly

higher than those based on ECMWF pro files most of the

time, for LRTP tem per a tures the sit u a tion is re versed.

The lower pan els of Fig. 6 show the anom a lies of CPTP

tem per a ture (Fig. 6c) and al ti tude (Fig. 6d), com puted in the

same way as those for Fig. 5. The small sys tem atic off set be -

tween CHAMP and F3C data in the CPTP tem per a ture

anom a lies re flects the sys tem atic tem per a ture dif fer ence be -

tween those data sets (dis cussed re lated to Fig. 3a). The

avail able ev i dence in di cates that this dif fer ence is ap prox i -

mately time- con stant but, as noted in sec tion 3.2, it is cur -

rently be ing in ves ti gated to ob tain a clear un der stand ing.

CPTP tem per a ture, as a more sen si tive in di ca tor of po ten -

tial re sid ual inter-sat el lite dif fer ences than LRTP tem per a ture, 

is one very use ful pa ram e ter to help this next level of scru tiny.

Over all, Figs. 5 and 6 show that the agree ment of

ECMWF and RO data is ex cel lent since Feb ru ary 2006 (see

up per pan els: Figs. 5a, b, 6a, b; the ap par ent tem per a ture off -

set in ano maly space since Feb ru ary 2006, Figs. 5c, 6c,

does only re flect the off set of the ECMWF data un til Jan u -

ary 2006, since the anom aly data re fer to 2002 - 2005 means).

Thus a more de tailed quan ti ta tive look into the 2nd half of

2006, where both CHAMP and F3C data are avail able, is

worth while in or der to more closely in spect the level of

agree ment at the sub- Kel vin and sub-100 m scales.

Fig ure 7 shows de tails of the evo lu tion of trop i cal LRTP

pa ram e ters from July to De cem ber 2006. NCEP data are

omit ted in Fig. 7a since they are out of the plot ting range

most of the time. In July 2006 there are only GRACE RO

data avail able, mean val ues for the F3C con stel la tion (dark

red) and data from the six in di vid ual F3C sat el lites (or ange)

are shown from Au gust to De cem ber.

Fig ure 8 shows the same for CPTP pa ram e ters (note the

dif fer ent al ti tude range be tween Figs. 7b and 8b). Monthly

mean LRTP tem per a tures from CHAMP and F3C (the mean
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Fig. 6. Tem po ral evo lu tion of monthly mean trop i cal CPTP (a) tem per a ture and (b) al ti tude for CHAMP data (black), ECMWF anal y ses (yel low), and

F3C data (red). “An chor point” months from SAC-C and GRACE are marked with blue dots. Lower pan els: (c) tem per a ture and (d) al ti tude anom a lies 

for the data shown in pan els (a) and (b).

(a) (b)

(c) (d)



value for the con stel la tion) agree within 0.2 to < 0.5 K, the

LRTP al ti tudes within 50 to < 100 m; the re spec tive GRACE

an chor points are very plau si ble as well. LRTP tem per a tures

from all six in di vid ual F3C sat el lites agree within 0.2 K from 

Sep tem ber on wards, the spread of the LRTP al ti tudes es ti -

mates from the dif fer ent F3C sat el lites is 50 to 100 m. There

are still small sys tem atic dif fer ences be tween ECMWF and

the bulk of RO-based es ti mates, but < 0.5 K and gen er ally

< 100 m, re spec tively, which are dif fi cult to in ter pret given

the dif fer ent al ti tude res o lu tion of RO pro files and ECMWF

anal y ses (with the lat ter still some what coarser). These

LRTP re sults are fur ther sup ported by the CPTP data pre -

sented in Fig. 8.

An in ter est ing fea ture is that F3C and ECMWF CPTP

tem per a tures agree very well while CHAMP (and GRACE)

val ues are gen er ally warmer by ~0.5 K (ex cept in December

2006). LRTP al ti tudes, on the other hand, show a better

agree ment be tween ECMWF and CHAMP (+ GRACE) than 

be tween ECMWF and F3C. While dif fer ences in de tails will 

re ceive fur ther in ves ti ga tion we con clude over all (as in sec -
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Fig. 7. Tem po ral evo lu tion of July - De cem ber 2006 monthly mean trop i cal LRTP (a) tem per a ture and (b) al ti tude for CHAMP data (black), ECMWF

anal y ses (yel low), F3C data (red, mean val ues), in di vid ual F3C sat el lites (or ange), and an “an chor point” month from GRACE (blue).

Fig. 8. Tem po ral evo lu tion of July - De cem ber 2006 monthly mean trop i cal CPTP (a) tem per a ture and (b) al ti tude for CHAMP data (black), ECMWF

anal y ses (yel low), F3C data (red, mean val ues), in di vid ual F3C sat el lites (or ange), and an “an chor point” month from GRACE (blue).

(a) (b)

(a) (b)



tion 3.2) that there ex ists a re mark able con sis tency of data

from dif fer ent RO sat el lites.

3.4 Lo cal Time Sam pling

Given the very good agree ment be tween climatologies

de rived from dif fer ent RO sat el lite data (sec tion 3.1 - 3.3) it

is in ter est ing to closely in ves ti gate sam pling er rors since

their rel a tive im por tance in creases when the data qual ity is

high, i.e., when ob ser va tional er rors are small. In this cli -

matological con text, sys tem atic sam pling er rors are par -

ticularly im por tant. The sys tem atic undersampling of F3C at 

po lar-cap lat i tudes be yond 85° has al ready been men tioned

in sec tion 3.1 and 3.2. An other sys tem atic com po nent in the

sam pling er ror can be in tro duced through un even lo cal time

sam pling, re sult ing in a bi ased rep re sen ta tion of the di ur nal

cy cle (Salby and Callaghan 1997; Leroy 2001; Kirk- Davi -

doff et al. 2005). Pirscher et al. (2007) in ves ti gated this ef -

fect for RO climatologies from sun-syn chro nous and non-

 sun-syn chro nous sin gle sat el lites. Here we ex tend the an -

alysis to the F3C mis sion in its fi nal or bit con stel la tion with 

30° or bit plane sep a ra tion. For an RO mis sion with six sat el -

lites in or bits with the same in cli na tion and mea sure ments

dur ing day and night, this con stel la tion re sults in a best pos -

si ble dis tri bu tion of RO events in lo cal time.

The Earth’s oblateness is the main rea son for the sec u lar

drift of sat el lite or bit planes. For a cir cu lar or bit, the pre ces -

sion rate &W [rad s-1] with re spect to the ver nal equi nox can be

cal cu lated as

(2)

where J2 = 1082.63 × 10-6 is the neg a tive of the sec ond zonal

co ef fi cient of spher i cal har mon ics de scrib ing the Earth’s

oblateness, ae = 6378.137 km is the mean equa tor ra dius of the 

Earth, a is the semi-ma jor axis of the sat el lite’s or bit, i its in cli -

na tion, and n GM a= e / 3  is the mean mo tion of the sat el lite

[rad s-1], where G = 6.67 × 10-11 m3 kg-1 s-2 is the grav i ta tional

con stant and Me = 5.97 × 1024 kg the mass of the Earth (Boain

2005). The pre ces sion rate in creases with de creas ing or bit

al ti tude and with de creas ing in cli na tion. For spe cial com -

binations of i and a, the pre ces sion rate equals 0.9856°/day

(360°/365.2564 day), the mean mo tion of the Earth around

the Sun, re sult ing in a sun-syn chro nous or bit. For F3C sat el -

lites with i = 72° and an as sumed fi nal or bit al ti tude of (a - ae)

= 800 km, the pre ces sion rate equals -2.0361°/day. The

preces sion rate with re spect to the sun, &WS , is given by

(3)

For a sun-syn chro nous sat el lite & /WS  day= °0 , whilst for

F3C & . /WS  day= °30217  (or 180° in about 60 days). Fig ure 9
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Fig. 9. Lo cal time of equa to rial cross ing for CHAMP (dark red) and the six F3C sat el lites (dif fer ent tones of blue).



il lus trates the lo cal time drift of CHAMP and the six F3C

sat el lites for the pe riod Sep tem ber - No vem ber 2006 (based

on or bit el e ments/two-line el e ment sets ev ery 10 days). Even 

though the or bit al ti tude of CHAMP (~360 km in SON 2006) 

is lower than that of the F3C sat el lites, the lo cal time drift is

smaller due to the higher in cli na tion of CHAMP [see Eq. (2)].

The orbit of FM-2 has been raised dur ing this pe riod, lead -

ing to a con tin u ously slower drift in lo cal time. FM-5 has al -

ready reached its fi nal or bit so that it is sep a rated from the

bulk of the other F3C sat el lites.

RO mea sure ments of a sin gle sat el lite at the Equa tor are

dis trib uted around two lo cal times, sep a rated by ex actly 12

hours. With a pre ces sion rate of ~3°/day, the RO mea sure -

ments from a sin gle F3C sat el lite (in fi nal or bit) thus drift

through all lo cal times within ~60 days, and for the en tire

F3C con stel la tion (with 30° or bit plane sep a ra tion) it takes

about 10 days to sam ple the di ur nal cy cle.

At higher lat i tudes, how ever, the sit u a tion is dif fer ent

(cf. Leroy 2001). The cross ing times of a sin gle F3C sat el lite 

at 60°N, for ex am ple, are sep a rated by only ~7.5 hours.

From about 60° poleward, it takes more than one month to

sam ple the di ur nal cy cle with the full F3C con stel la tion.

Fig ures 10a, c show the sub or bital points and the cor re -

spond ing sim u lated RO event lo ca tions for the full F3C con -

stel la tion over one month as func tions of lo cal time and lat i -

tude (for sim u la tion setup de tails, see Pirscher et al. 2007).

2004 - 2005 was the sim u la tion anal y sis pe riod and the un -

der ly ing ECMWF fields for the sam pling er ror esti mation

are from this pe riod. An in ter est ing fea ture is the clustering

of RO pro files in lo cal time. For the par tic u lar month shown

in Fig. 10, the RO events are con cen trated around 6 LT (lo cal 

time) on the North ern Hemi sphere (NH) and around 18 LT in 

the South ern Hemi sphere (SH) (Figs. 10b, d), re spec tively,

al though the global dis tribution of RO events with re spect to 

lo cal time is uni form.

One month later (Fig. 11) the en tire con stel la tion has

drifted by about 6 hours in lo cal time, re sult ing in a con cen -

tra tion of RO events around mid night in the NH and around

noon in the SH, re spec tively, while the LT dis tri bu tion of RO 

events at low lat i tudes stays uniform.

Fig ure 12a shows the tem po ral evo lu tion of es ti mated

sam pling er ror of the sim u lated F3C con stel la tion at trop i -

cal lat i tudes (20°S - 20°N), based on the four-times-daily

ECMWF anal y sis fields of 2004. The lo cal time com po nent

of the sam pling er ror was com puted ac cord ing to Pirscher et

al. (2007), and is shown in Fig. 12b. As ex pected, the lo cal

time com po nent is with out clear sys tem atic pat terns and

very small (or der 0.01 K fluc tu a tions only).

The re sults for mid and high lat i tudes are shown in

Fig. 13. Here, the sam pling sit u a tion de scribed above leads

to an un even weight ing of day and night tem per a tures, re -

sult ing in al ter nat ing small pos i tive and neg a tive de vi a tions

(half-cy cle pe riod ~60 days) with op po site signs in the lo -

cal-time com po nent of the sam pling er ror in the NH and SH,

re spec tively (Figs. 13c, d). For monthly-mean zonal- mean

climatologies with 10° lat i tu di nal res o lu tion, this ef fect
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Fig. 10. (a) Sim u lated F3C or bit track, (c) occultation event lo ca tions and num ber of occultation events with respect to lo cal time sep a rated for both

hemi spheres [(b) North ern Hemi sphere, (d) South ern Hemi sphere] in De cem ber 2004 (2004 - 2005 was the sim u la tion anal y sis pe riod).

(a) (b)

(c) (d)



amounts to about ±0.03 K. It dis ap pears (to < 0.01 K) when

mean val ues over lon ger time pe ri ods (at least sea sons) are

con sid ered. The full F3C sam pling er ror is gen er ally < 0.1 K

(Figs. 12a, 13a, b) with an ex cep tion in the sam pling of the

extratropical (NHSM, SHSM) tropo pause al ti tude re gion

where er rors sys tem at i cally ex ceed 0.1 to 0.2 K. The rea son

is the high space-time tem per a ture vari abil ity of this tro po -

sphere/strato sphere ex change re gion which would need

even more than six sat el lites to be sam pled to < 0.1 K er ror.

We have also per formed a sim i lar anal y sis for the F3C

con stel la tion in the orig i nally planned con fig u ra tion with 24°

or bit plane sep a ra tion. Re gard ing lo cal time sam pling, this sit u -

a tion is sim i lar to the loss of one sat el lite in the fi nal con stel la -

tion (with 30° plane sep a ra tion). The sam pling er rors (not

shown) are only slightly larger, which means that loosing one

sat el lite would not mark edly de grade the cli mate mon i tor ing

ca pa bil ity of the F3C con stel la tion. Ad di tional deg ra da tion of

the con stel la tion would grad u ally fur ther in crease the sam pling

er ror, to ul ti mately match the sin gle sat el lite sit u a tion an a lyzed

by Pirscher et al. (2007). Prac ti cally, when con struct ing a re -

cord of climatologies from a num ber of sat el lites vary ing in

time, it is there fore im por tant to quan ti ta tively co- es ti mate the

sam pling er ror, which can be done as de scribed in sec tion 2.2

(see also Pirscher et al. 2007 and Foelsche et al. 2008).
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Fig. 12. (a) Time se ries of the monthly-mean tem per a ture sam pling er ror and (b) its lo cal time com po nent for the full F3C con stel la tion between 20°S

and 20°N.

Fig. 11. Same for mat as Fig. 10 but sam pling sit u a tion for Jan u ary 2005, one month later.

(a) (b)

(c) (d)



4. CON CLU SIONS

We used ra dio occultation (RO) data from the re cently

launched Tai wan/US FORMOSAT-3/COS MIC (F3C) con -

stel la tion to build zonal mean climatologies. We showed

initial re sults for monthly and sea sonal dry tem per a ture

climatologies as well as trop i cal tropo pause pa ram e ters. Our

re sults in di cate ex cel lent agree ment be tween RO climato -

logies from dif fer ent F3C sat el lites as well as be tween data

from dif fer ent RO mis sions (F3C, CHAMP, SAC-C, and

GRACE). Af ter sub trac tion of the es ti mated re spec tive

sampling er ror, sea sonal tem per a ture climatologies de rived 

from dif fer ent F3C sat el lites agree to within < 0.1 K al most

ev ery where in the con sid ered do main be tween 8 and 35 km

al ti tude.

Trop i cal lapse rate tropo pause pa ram e ters (tem per a ture

and al ti tude) de rived from F3C, CHAMP, SAC-C, and

GRACE show re mark able con sis tency (gen er ally < 0.2 -

0.5 K, < 50 - 100 m agree ment) and in di cate that data from

dif fer ent RO mis sion can in deed be com bined with out need

for inter-cal i bra tion.

Sim u la tion re sults for the fully de ployed F3C constel -

lation, fo cus ing on sam pling er ror, re vealed un even lo cal

time sam pling as a small but sys tem atic os cil la tory com po -

nent of the sam pling er ror in monthly mean climatologies in

the extratropics (hemispherically anti-sym met ric, half cy cle

~60 days, ±0.03 K am pli tude). Sim u la tion stud ies such as

this may also help to de sign fu ture RO mis sions with op ti mal 

sam pling char ac ter is tics.
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