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AB STRACT

Ac cu rate, con sis tent, and sta ble ob ser va tions from dif fer ent sat el lite mis sions are cru cial for cli mate change de tec tion.

In this study, we use Global Po si tion ing Sys tem (GPS) Ra dio Occultation (RO) data from the early phase of the

FORMOSAT-3/Con stel la tion Ob serv ing Sys tem for Me te o rol ogy, Ion o sphere, and Cli mate (COS MIC) mis sion, which was

suc cess fully launched on 15 April 2006, to inter-cal i brate Tem per a ture in the Lower Strato sphere (TLS) taken from Ad vanced

Mi cro wave Sound ing Unit (AMSU) mi cro wave mea sure ments from dif fer ent sat el lites for po ten tial im prove ments of

strato spheric tem per a ture trend anal y sis. Be cause of the lim ited num ber of COS MIC soundings in the early phase of the

mis sion, these re sults are con sid ered pre lim i nary. In this study, we use COS MIC RO data to sim u late mi cro wave bright ness

tem per a tures for com par i son with AMSU Ch9 mea sure ments (e.g., TLS) on board NOAA15, 16, and 18. Ex cel lent cor re la tion

was found be tween syn thetic COS MIC bright ness tem per a tures (Tbs) and Tbs from NOAA15, NOAA16, and NOAA18,

re spec tively. How ever, sys tem atic dif fer ences on the or der of 0.7 to 2 K were found be tween COS MIC and AMSU

ob ser va tions over Antarctica. Our re sults dem on strate that syn thetic COS MIC Tbs are very use ful in iden ti fy ing inter-sat el lite

off sets among AMSU mea sure ments from dif fer ent sat el lites. To dem on strate the long-term sta bil ity of GPS RO data, we

com pare COS MIC dry tem per a ture pro files to those from col lo cated CHAMP pro files, where CHAMP was launched in 2001.

The fact that the CHAMP and COS MIC dry tem per a ture dif fer ence be tween 500 and 10 hPa ranges from -0.35 K (at 10 hPa) to

0.25 K (at 30 hPa) and their mean dif fer ence is about -0.034 K dem on strates the long-term sta bil ity of GPS RO sig nals. In or der

to dem on strate the po ten tial us age of the GPS RO cal i brated AMSU Tbs to inter-cal i brate other over lap ping AMSU Tbs, we

ex am ine the un cer tainty of the cal i bra tion co ef fi cients de rived from AMSU-GPS RO pairs. We found the dif fer ence be tween

COS MIC cal i brated AMSU Tbs and those from CHAMP to be in the range of ±0.07 K with a 0.1 K stan dard de vi a tion. This

dem on strates the ro bust ness of the cal i bra tion co ef fi cients found from AMSU-GPS RO pairs and shows the po ten tial to use the

cal i brated AMSU Tbs to calibrate other overlapping AMSU Tbs where no coincident GPS RO data are available.

Key words: FORMOSAT-3/COSMIC, Temperature in the Lower Stratosphere, AMSU

Ci ta tion: Ho, S. P., M. Goldberg, Y. H. Kuo, C. Z. Zou, and W. Schreiner, 2009: Cal i bra tion of tem per a ture in the lower strato sphere from mi cro wave mea -
sure ments us ing COS MIC ra dio occultation data: Pre lim i nary re sults. Terr. Atmos. Ocean. Sci., 20, 87-100, doi: 10.3319/TAO.2007.12.06.01(F3C)

1. IN TRO DUC TION

Ac cu rate and sta ble long-term ob ser va tions of the ver -

tical struc ture of at mo spheric tem per a ture trends are cru -

cial for cli mate change de tec tion. How ever, it is not an easy

task to con struct a con sis tent tem per a ture re cord us ing mea-

surements from dif fer ent in stru ments where the char ac ter -

is tics of the in stru ment may be sub se quently mod i fied due

to its chang ing en vi ron ment. For ex am ple, due to the

chang ing in stru ments, ob ser va tion prac tices, and lim ited

spa tial cov er age, es pe cially over the oceans, it is very dif -

ficult to use tem per a ture mea sure ments from ra dio sondes

for cli mate stud ies. The es ti mated trend is sen si tive to the
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ob jec tive se lec tion of ra dio sonde sam ples (Angell 1988;

Gaffen et al. 2000; Christy et al. 2003; Christy and Norris

2004; Santer et al. 2005; Sherwood et al. 2005). Mea sure -

ments from sat el lite in stru ments pro vide con tin u ous ob ser -

va tions with a more com plete spa tial and tem po ral cov er -

age than that from in situ mea sure ments like ra dio sondes.

Nev er the less, even with ab so lute cal i bra tion against known

ra di ant en ergy tar gets be fore launch, the char ac ter is tics of

the sat el lite in stru ment can still change in re sponse to the

ex treme en vi ron ment in space. Due to chang ing plat forms, 

di ur nal cy cle sam pling and or bital de cay, inter-sat el lite off -

sets are ap par ent among sim i lar in stru ments on board dif -

fer ent sat el lite mis sions. It is crit i cal to have ac cu rate, con -

sis tent, sta ble, and well-cal i brated observations from dif -

fer ent sat el lite mis sions to im prove climate change mon i -

tor ing.

Since 1978, the Na tional Oce anic and At mo spheric Ad -

min is tra tion (NOAA) has equip ped nine po lar sat el lites

(from NOAA6 to NOAA14) with Mi cro wave Sound ing

Unit (MSU) in stru ments. MSU, which has four chan nels

with cen ter fre quen cies in the 50 to 60 GHz ox y gen band,

can pro vide at mo spheric tem perature in for ma tion near the

sur face, in the mid-tro po sphere, up per-tro po sphere, and

strato sphere, re spec tively, ac cord ing to its weight ing func -

tions. Be cause MSU mea sure ments are not af fected by

non-pre cip i tat ing clouds, MSU mea sure ments pro vide a

very use ful at mo spheric layered tem per a ture re cord un der

nearly all weather con ditions (Folland et al. 2001). Start ing

in 1988, MSU (on board NOAA14) is op er at ing in par al lel

with the Ad vanced Mi cro wave Sound ing Unit (AMSU).

AMSU is on board the NOAA K, L, and M se ries and con -

tains more chan nels than the MSU with some of the chan nels 

hav ing sim i lar frequencies to those of the MSU. Be cause of

their ob vi ous advan tage in terms of global cov er age and

long-term ob ser va tions over the past 30 years, MSU and

AMSU data have been used widely for at mo spheric tem per -

a ture trend de tec tion (e.g., Spencer and Christy 1992a, b;

Christy et al. 1998, 2000, 2003; Mears et al. 2003; Vinnikov

and Grody 2003; Fu et al. 2004; Grody et al. 2004;

Vinnikov et al. 2006; Zou et al. 2006). How ever, even

with con tin u ous at mo spheric-lay ered tem per a ture ob ser va -

tions from com bined AMSU and MSU data, inter-sat el lite

bi ases among dif fer ent AMSU/MSU datasets are still ob vi -

ous, due to chang ing plat forms, the ef fect of the on-or bit

heat ing and cool ing of sat el lite com po nents, and or bit drift

er rors (Karl et al. 2006). This makes the uti li za tion of

AMSU/MSU mea sure ments for cli mate change de tec tion

chal leng ing (see sec tion 2). There fore, it is im por tant to have 

an in de pend ent dataset, with high ac cu racy and long-term

sta bil ity, as a cli mate bench mark with which to cal i brate

AMSU/ MSU datasets for the gen er a tion of long- term co -

her ent atmospheric tem per a ture re cords.

GPS RO is the first tech nique which can pro vide all-

 weather, high ver ti cal res o lu tion (from ~60 m near the sur -

face to ~1.5 km at 40 km) refractivity pro files (Kursinski et

al. 1997; Yunck et al. 2000; Kuo et al. 2004). The funda -

mental ob serv able of GPS RO is a pre cise tim ing mea sure -

ment that is ref er enced to ul tra-sta ble atomic clocks on the

sur face of the Earth. GPS RO data are not af fected by

weather con di tions. Con se quently, GPS RO data are ide ally

suited for use as a cli mate bench mark data type (Kursinski et

al. 1997; Hajj et al. 2004). This was dem on strated by com -

par ing the col lo cated GPS RO data ob tained be tween Chal -

leng ing Mini-sat el lite Pay load (CHAMP) (Wickert et al.

2004) and Satélite de Aplicaciones Científicas-C (SAC-C),

which showed that the pre ci sion of the av er aged GPS RO

pro files is about 0.1 K be tween 10 to 20 km (Hajj et al.

2004). The pre ci sion of 0.1 K in the av er age makes GPS RO

soundings ide ally suited for de tect ing sub tle cli mate trends.

Kuo et al. (2004, 2005) have shown that the ac cu racy of GPS 

RO data is com pa ra ble to or better than that of ra dio sondes.

Be ing an ac tive sen sor, the GPS RO mea sure ments are not

con tam i nated by per sis tent clouds, pre cip i ta tion, and un der -

ly ing sur face con di tions, and there fore, are ide ally suited for

at mo spheric cli mate tem per a ture trend de tec tion (Schroeder

et al. 2003; Schmidt et al. 2004; Gobiet et al. 2005).

GPS RO data is also very use ful for as sess ing the qual ity 

of other sat el lite ob ser va tions for cli mate stud ies. By us ing

49 months of high pre ci sion GPS RO data from CHAMP,

Ho et al. (2007) char ac ter ized the dif fer ences of the monthly

mean AMSU/MSU tem per a tures of the lower strato sphere

(TLS) be tween the Re mote Sens ing Sys tems (RSS) Inc.

(Mears et al. 2003) and Uni ver sity of Al a bama in Huntsville

(UAH) (Christy et al. 2003) groups where dif fer ent data

merg ing pro ce dures and dif fer ent sat el lite mea sure ments are 

used as ref er ences. How ever, be cause CHAMP has only one

GPS re ceiver, it takes more than three months to com plete

full di ur nal cov er age once over a re gion in the low and mid -

dle lat i tudes. There fore, we may not have enough CHAMP

RO ob ser va tions dur ing this pe riod to de ter mine the small

dif fer ence in RSS TLS and UAH TLS re sult ing from dif -

ferent di ur nal cor rec tion al go rithms used by these two

groups (Mears et al. 2005). Re cently, the six-sat el lite

FORMOSAT-3/Con stel la tion Ob serv ing Sys tem for Me te o -

rol ogy, Ion o sphere, and Cli mate (COS MIC) mis sion (de -

noted as COS MIC here af ter) was suc cess fully launched in

April 2006. Af ter the sat el lites are de ployed to op er a tional

or bits, ~2500 GPS RO soundings will be avail able over the

globe ev ery 24 hours (Fig. 1). With very high ver ti cal res o lu -

tion and ac cu racy, and about an or der of mag ni tude of more

soundings than pre vi ously avail able, with uni formly dis -

tributed data in time and space, COS MIC pres ents a unique

opportunity for inter-cal i brat ing the mi cro wave mea sure -

ments from dif fer ent sat el lite mis sions (see sec tion 3).

The ob jec tive of this study is to dem on strate the use ful -

ness of COS MIC data for inter-cal i brat ing mea sure ments

from AMSU in stru ments to po ten tially im prove at mo -

spheric temperature trend anal y sis. We com pare syn thetic
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COS MIC AMSU Ch9 bright ness tem per a tures (Tbs) to

AMSU Tbs from NOAA15 (N15), NOAA16 (N16), and

NOAA18 (N18) to show that COS MIC data can be used to

inter-cal i brate mea sure ments from sim i lar in stru ments on -

board dif fer ent sat el lites. The syn thetic COS MIC AMSU

Ch9 Tbs are com puted by ap ply ing an AMSU for ward

model to the COS MIC tem per a ture pro files. To dem on strate

the long-term inter- satellite sta bil ity of GPS RO data, we

col lect the col lo cated dry tem per a ture pairs from CHAMP

and COS MIC in Sep tem ber and Oc to ber 2006. The dif fer -

ences be tween COS MIC dry tem per a ture pro files and those

from CHAMP are ex am ined. To avoid the pos si ble tem per a -

ture re trieval un cer tainty due to the am bi gu ity of GPS RO

refractivity as so ci ated with both tem per a ture and mois ture

in the tro po sphere, and the ef fect of ion o spheric cal i bra tion

to the GPS RO refractivity re triev als, we fo cus on the com -

par i son be tween GPS RO data and AMSU TLS (e.g., Tb for

AMSU Ch9), whose weight ing func tion cov ers from 300 to

10 hPa (see sec tion 4.1). We il lus trate the chal lenges of us ing

AMSU/MSU mea sure ments to con struct co her ent tem per a -

ture re cords in sec tion 2. The char ac ter is tics of GPS RO data

from COS MIC are il lus trated in sec tion 3. The method to use

COS MIC sound ing pro files to inter-cal i brate AMSU data

from dif fer ent NOAA sat el lite mis sions and the com par i son

re sults are pre sented in sec tion 4. The com par i sons of COS -

MIC dry tem per a ture pro files with those from col lo cated

CHAMP data are also shown in sec tion 4. The un cer tainty of 

the GPS RO cal i brated AMSU Tbs is also ex am ined in this

sec tion. We con clude this study in sec tion 5.

2. THE CHAL LENGES OF US ING AMSU/MSU
DATA TO CON STRUCT CO HER ENT
TEM PER A TURE RE CORDS

Over the past 15 years, var i ous stud ies have been per -

formed to de ter mine long-term at mo spheric tem per a ture

trends us ing MSU/AMSU mea sure ments. How ever, the

trends de rived from these mea sure ments are un der sig nif i -

cant de bate (Karl et al. 2006), with dif fer ent groups (Christy

et al. 2003 from UAH; Mears et al. 2003 from RSS; and

Zou et al. 2006 from NESDIS of NOAA) yield ing dif fer ent

trends. In gen eral, there are two pri mary chal lenges for con -

struct ing AMSU/MSU data into con sis tent long-term tem -

per a ture re cords.

(i) On ei ther AM or PM or bits, the equa to rial cross ing

times of the NOAA sat el lite or bits drift in lo cal time af ter

launch (Fig. 2, de rived from N6 to N14). The drift of lo cal

time can be as large as eight hours in 12 years (e.g., NOAA

14 from 1995 to 2007). This in di cates that the tem po ral sam -

pling of the MSU/AMSU mea sure ments at spe cific geo -

graph ical lo ca tions is also chang ing with time for each

NOAA sat el lite. AMSU/MSU mea sure ments are cal i brated

against the known warm tar get on board the NOAA sat el -

lites. How ever, the warm tar get ex pe ri ences ab nor mal

changes due to the on or bit heat ing or cool ing of sat el lite

com po nents. To use a mi cro wave in stru ment to de tect cli -

mate tem per a ture change, we have to care fully re move cal i -

bra tion drifts that are cor re lated with the tem per a ture of the

cal i bra tion tar get (Christy et al. 2000; Mears et al. 2003; Zou

et al. 2006). To re move the on-or bit cal i bra tion drift, dif fer -

ent em pirical and phys i cal cor rec tion meth ods were intro -

duced by dif fer ent groups (Christy et al. 2000, 2003; Mears

et al. 2003; Grody et al. 2004; and Zou et al. 2006).

(ii) Al ter nately, to con struct a long-term ho mog e nous

tem per a ture re cord, one has to cal i brate the tem per a ture data 

us ing a pe riod of over lap be tween old mea sure ments and

new mea sure ments. When re sults from sup pos edly iden ti cal

sat el lite in stru ments are com pared, inter-sat el lite off sets are

im me di ately ap par ent. A set of the pentad global ocean-av -

er aged inter-sat el lite off sets for MSU Ch2 for NOAA op er a -

tional cal i bra tion gen er ated by Zou et al. (2006) is re pro -

duced in Ta ble 1. It can be seen in Ta ble 1 that the inter-sat el -

lite off sets have a range of a few tenths of de grees vary ing
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Fig. 1. Typ i cal op er a tional dis tri bu tion of COS MIC GPS ra dio oc -

cultation soundings (green dots) over a 24-h pe riod across the globe.

Red dots are lo ca tions of op er a tional radiosonde sta tions.

Fig. 2. NOAA sat el lite or bit drifts with lo cal times af ter launch from

1978 to 2007. Num bers in the fig ure rep re sent sat el lite se ries from

NOAA6 to NOAA14.



from year to year. The inter-sat el lite off sets also vary for dif -

fer ent chan nels at dif fer ent lo ca tions (not shown). To re -

move the inter- satellite cal i bra tion off sets, dif fer ent merg -

ing pro ce dures were in tro duced by dif fer ent groups (Christy 

et al. 2003; Mears et al. 2003; Zou et al. 2006).

Thus, even be gin ning with the same raw data, dif fer ent

choices on how to re move non-cli mate fac tors as dis cussed

above could lead to dif fer ent trends. Since the ad just ments

are com pli cated and in volve ex pert judg ments that are dif -

ficult to be eval u ated due to a lack of trace able stan dards,

the dif fer ent tem per a ture trends re ported from dif fer ent

groups still pres ent a con tro ver sial is sue in cli mate anal y sis.

In this study, AMSU L1B raw counts for NOAA15, 16,

and 18 from Sep tem ber 2006 were down loaded from

NESDIS. We used read ing soft ware and cal i bra tion co -

efficients for each NOAA AMSU in stru ment pro vided by

NOAA to con vert the raw counts into bright ness tem per a -

tures. An cil lary data for each AMSU pixel in clud ing view -

ing an gle, lo ca tion, and time were also down loaded with

L1B data.

3. THE CHAR AC TER IS TICS FOR GPS RA DIO
OCCULTATION DATA FROM COS MIC
MIS SION

GPS limb sound ing is the first tech nique which can pro -

vide high ver ti cal res o lu tion all-weather mea sure ments. The

fun da men tal ob ser va tion of the GPS RO is a mea sure ment of 

the phase and am pli tude of the GPS ra dio sig nals. With

knowl edge of the pre cise po si tions and ve loc i ties of the GPS 

and Low Earth Or bit ing (LEO) sat el lites, which carry the

GPS re ceiver, we can re trieve a dis tri bu tion of the bend ing

an gles at the ray peri gee point (the point of the ray path that

is clos est to the earth) (Mel bourne et al. 1994; Hocke 1997;

Rocken et al. 1997; Feng and Herman 1999; Steiner et al.

1999). From the ver ti cal dis tri bu tion of the bend ing an gle we 

can de rive a ver ti cal pro file of at mo spheric refractivity,

which is a func tion of at mo spheric tem per a ture, mois ture

and pres sure (Ware et al. 1996). The COS MIC mis sion con -

sists of six mi cro-sat el lites. The sat el lites are cur rently be ing

de ployed to op er a tional or bits and we ex pect that COS MIC

will pro vide ap prox i mately 2500 soundings per day. The

uni form tem po ral and spa tial dis tri bu tion of GPS RO pro -

files and their long-term sta bil ity and high ver ti cal res o lu tion 

are very im por tant char ac ter is tics to the pro cess of inter-cal i -

brat ing mi cro wave mea sure ments (see be low).

Kuo et al. (2004) showed that GPS RO soundings de -

monstrate a very high ac cu racy (up to 0.3% in terms of

refractivity) in the at mo spheric layer be tween 5 to 25 km. In

a trop i cal lower tro po sphere, a com pli cated ver ti cal struc -

ture of hu mid ity usu ally re sults in multi-path prop a ga tion

and a strong phase and am pli tude fluc tu a tion of RO sig nals,

which leads to larger un cer tainty in the re trieved refractivity

be low 5 km, based on the tra di tional sig nal track ing al go -

rithm (known as the phase lock loop track ing al go rithm).

Re cently, an ad vanced track ing al go rithm, known as open

loop track ing, has been de vel oped and tested on the COS -

MIC sat el lites. Re sults show that open-loop track ing al go -

rithm al lows much more ac cu rate re triev als of refractivity in

the lower tro po sphere, and can re solve struc tures as so ci ated

with the at mo spheric bound ary layer. About 90% of the

COS MIC data pen e trate to around 2 km height or lower

(Sokolovskiy et al. 2006).

The early phase of the COS MIC mis sion, when these six 

COS MIC re ceiv ers were closely lo cated, pro vided a unique

op por tu nity to test the pre ci sion of GPS RO mea sure ments,

where the GPS RO sig nals travel through nearly the same

atmospheric paths. The dif fer ences in refractivity be tween

COS MIC RO soundings (from 2006, day 111 through 277)

when their tan gent points are less than 10 km apart were

com pared to pro vide an es ti mate of the pre ci sion of the GPS

RO tech nique (Schreiner et al. 2007). The re sults show that

the stan dard de vi a tion of a refractivity dif fer ence is around

0.15% from 8 to 20 km. Here we plot the me dian and the

Median Ab so lute De vi a tion (MAD) of a dry tem per a ture

(wherein a tem per a ture read ing is ob tained us ing refractivity 

and the hy dro static equa tion as sum ing no wa ter va por in the

at mo sphere) from slightly more pairs (from 2006, day 111

through 300) from COS MIC FM3 (Flight Model #3) and

FM4 re ceiv ers as shown in Fig. 3. The MAD is small est

from 10 to 20 km, where the mean MAD is about 0.35 K

(Fig. 3a). Since this es ti mate of pre ci sion is de rived from the

dif fer ence of two pro files, the pre ci sion for a sin gle pro file

(as sum ing Gaussi an er rors) can be ob tained by di vid ing by
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sqrt(2), which re sults in a sin gle dry tem per a ture pro file pre -

ci sion of ~0.25 K be tween 10 to 20 km. It should be noted

that these pre ci sion es ti mates from 10 to 20 km may still be

as so ci ated with sig nif i cant real me te o ro log i cal vari abil ity

within 10 km. A larger MAD be low 8 km is re lated to a

larger nat u ral vari abil ity within a 10 km sep a ra tion of dis -

tance and RO track ing er rors. The in crease of MAD above

25 km is most likely caused by re sid ual er rors of ion o spheric 

cor rec tions. The me di ans of dry tem per a ture dif fer ences are

very close to zero from the sur face to 35 km (Figs. 3a and b).

The ranges of me dian val ues of dry tem per a ture dif fer ences

from sur face to 30 km are within 0.05 K (Fig. 3b), where it is

as small as 0.02 K from 3 to 25 km. The me dian val ues of dry 

tem per a ture dif fer ences in which  < 0.05 K in the mean make 

COS MIC RO data ide ally suited for mon i tor ing cli mate

trends from the sur face to 35 km. The ex per i men tal er ror

estimates pre sented here are sim i lar in mag ni tude to sim u -

lated er rors pre sented by Kursinski et al. (1997). Though not 

quan ti fy ing the com mon sys tem atic er rors in the FM3 - FM4 

pairs, re sults here still dem on strate the qual ity of COS MIC

GPS RO data and their po ten tial to serve as a ro bust cli mate

bench mark.

In this study, we ap ply COS MIC RO dry tem per a ture

pro files from Sep tem ber 2006 to an AMSU for ward model

to com pute syn thetic AMSU Tbs. Col lo cated dry tem per a -

ture pairs from CHAMP and COS MIC are also com pared.

All COS MIC and CHAMP RO dry tem per a ture pro files

were down loaded from the UCAR COS MIC Data Anal y sis

and Ar chive Cen ter (CDAAC) (http://cos mic-io.cos mic.ucar

.edu/cdaac/in dex.html). To avoid wa ter va por and ion o -

sphere cal i bra tion ef fects on COS MIC dry tem per a ture re -

triev als, in this study we fo cus on the com par i son of AMSU

tem per a ture in the up per tro po sphere and lower strato sphere

(a re gion from 5 to 30 km, e.g., Tb for AMSU Ch9). Com -

par i son re sults for AMSU Ch8 and Ch10 Tbs to the syn thetic 

COS MIC Tbs are also in cluded (see be low).

4. USE COS MIC RO SOUNDINGS TO
INTER-CAL I BRATE AMSU MEA SURE MENTS

4.1 Cal i bra tion Method

Sim i lar to us ing de fined cal i bra tion co ef fi cients for each 

NOAA AMSU/MSU in stru ment de rived us ing the warm tar -

get on board the sat el lite and the uni verse back ground tem -

per a ture as the cold tar get (pro vided from NOAA to con vert

AMSU L1B raw counts to bright ness tem per a tures), in this

study, we use a syn thetic AMSU Tbs cal cu lated from ap ply -

ing a COS MIC tem per a ture pro file to an AMSU for ward

model to inter-cal i brate AMSU Tbs for dif fer ent NOAA

satellite mis sions. The COS MIC data are used as sta ble
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Fig. 3. (a) The me dian and the me dian ab so lute de vi a tion (MAD) of the dry tem per a ture dif fer ence be tween two COS MIC sat el lites (FM3 and FM4)

from 2006, day 111 through 300 where the dis tance be tween FM3 - FM4 re ceiv ers are within 10 km. The dashed line is MAD to its me dian dif fer ence

(in solid line) and the dashed-dot ted line is the num ber of FM3 - FM4 pro file pairs used in the com par i son at var i ous ver ti cal lev els, (b) me dian of the

dry tem per a ture dif fer ence be tween FM3 - FM4 as (a) but in a much smaller tem per a ture scale in x-axis.

(a) (b)



benchmark tar gets here. A two-step strat egy is im ple mented.

Step 1: To avoid AMSU ver ti cal weight ing func tion re -

presentation er rors, in stead of us ing a global fixed weight -

ing func tion (WF), we ap ply a COS MIC dry tem per a ture

pro file to an AMSU fast for ward model from the Co op er a -

tive In sti tute for Me te o ro log i cal Sat el lite Stud ies-CIMSS

(MWFCIMSS) with 100 fixed pres sure lev els (Hal Woolf,

CIMSS, per sonal com mu ni ca tion 2005; the val i da tion of mi -

cro wave trans mit tance of this model is de scribed in Woolf et

al. 1999) to com pute the syn thetic mi cro wave Tbs. Be cause

the shape and the mag ni tude of AMSU tem per a ture WF is a

func tion of the tem per a ture pro file (Fig. 4), this ap proach is

able to re duce WF rep re sen ta tion er rors in the sim u lated Tbs

as com pared to those com puted from a glob ally-fixed WF.

The MWFCIMSS used here was op er a tion ally em ployed in the 

In ter na tional ATOVS Pro cess ing Pack age de vel oped at

SSEC, Uni ver sity of Wis con sin. COS MIC RO soundings

were in ter po lated onto the MWFCIMSS lev els. Since the ver -

ti cal res o lu tion of the COS MIC pro file is from 60 m near

sur face to 1.5 km (Kuo et al. 2004) at higher lev els (the raw

COS MIC data con tain more than 3000 ver ti cal grids for

each pro file), which is much higher than the MWFCIMSS

pres sure res o lu tion, this ap proach is un likely to cause an

un-rep re sen ta tive er ror on the vertical grid. Be cause the

shape and mag ni tude of AMSU tem per a ture WF is also a

func tion of view ing ge om e try, the sat el lite view ing an gle is

set to nadir for our cal cu la tions.

Step 2: To avoid spa tial and tem po ral rep re sen ta tion er -

rors, we com pute the mean of AMSU Tbs that are col located 

with each COS MIC pro file within 30 min utes and 50 km.

The col lo cated mean AMSU Tbs from N15 (TbAMSU_N15),

N16 (TbAMSU_N16), and N18 (TbAMSU_N18) are paired with

COS MIC syn thetic AMSU Tb (TbCOS MIC) for N15, N16, and 

N18, re spec tively. AMSU pix els with a sat el lite view ing an -

gle rang ing from -15 to 15 de grees are all included in this

study to in crease the num ber of AMSU pix els in our com -

par i son. This ap proach is un likely to cause a bias in the anal -

y sis, as it is just a ran dom ef fect at each AMSU-COS MIC

pair. Al though not fully de ployed to their fi nal or bits, rel a -

tively uni formly dis trib uted COS MIC pro files shall pro vide

much better tem po ral and spa tial cov er age than those from

CHAMP.

4.2 Us ing COS MIC Data to Inter-Cal i brate AMSU
Mea sure ments for Dif fer ent Sat el lite Mis sions

To dem on strate the use ful ness of COS MIC data to

inter- cal i brate mea sure ments from sim i lar in stru ments but

onboard dif fer ent sat el lites, we com pare COS MIC syn thetic

AMSU Tbs to AMSU Tbs from N15 and N16 and N18.

COS MIC syn thetic AMSU Tbs are de rived from ap ply ing

COS MIC dry tem per a ture pro files to MWFCIMSS (as de -

scribed in sec tion 4.1). The at mo spheric con tri bu tion for

AMSU Ch9 is from the up per tro po sphere to the lower st -

rato sphere (Fig. 4). The col lo cated AMSU Ch9 Tbs from

N15, N16, and N18 (TbAMSU_N15, TbAMSU_N16, and TbAMSU_N18)

within 30 min utes and 50 km of COS MIC pro files are col -

lected and com pared to TbCOS MIC_N15 (Fig. 5a), TbCOS MIC_N16

(Fig. 5b), and TbCOS MIC_N18 (Fig. 5c), re spec tively. The facts

that the paired COS MIC syn thetic AMSU Tbs are highly

cor re lated with that from TbAMSU_N15 (cor re la tion co ef fi cient 

= 0.99), TbAMSU_N16 (cor re la tion co ef fi cient = 0.99) and

TbAMSU_N18 (cor re la tion co ef fi cient = 0.998) and with small

stan dard de vi a tion to their means of COS MIC-N15 (0.9 K),

COS MIC-N16 (0.84 K), and COS MIC-N18 (0.95 K) pairs,

dem on strate the use ful ness of COS MIC data to inter-cal i -

brate TbAMSU_N15, TbAMSU_N16, and TbAMSU_N18 to the syn -

thetic COS MIC Tbs de spite their dif fer ent or bits, or bit drift

er rors and sen sor acu ity de cay ing over time.

There are ob vi ous mean dif fer ences among COS MIC-

 N15 (N15-COS MIC = -0.42 K), COS MIC-N16 (N16-COS -

MIC = -0.83 K) and COS MIC-N18 (N18-COS MIC = -1.13 K) 

pairs. The tight fit be tween COS MIC-N15, COS MIC-N16

and COS MIC-N18 pairs shows that the COS MIC syn thetic

AMSU Tbs can iden tify the small inter-sat el lite off sets

among N15, N16, and N18 Tbs, which are or bit- and lo ca -

tion-de pend ent. In Figs. 5a, b, and c, we use dif fer ent col ors

to in di cate the pixel pairs from dif fer ent lat i tu di nal zones. In

Fig. 5, the higher Tb val ues (in black) are from the North
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Fig. 4. AMSU Chan nel 8, 9, and 10 at mo spheric weight ing func tions

for a typ i cal at mo spheric pro file in the Trop ics and the Arc tic, re spec -

tively. The weight ing func tion is de fined as -d(trans mit tance) / dln(p).



Pole re gions (60 - 90°N zone dur ing the north ern hemi -

spheric sum mer) and the lower Tb val ues (in red) are from

the South Pole re gions (60 - 90°S zone dur ing the south ern

hemi spheric win ter). The Tb val ues in be tween (in green)

are from mid-lat i tudes and the trop ics (60°S - 60°N zone).

The mean bi ases of NOAA-COS MIC pairs for dif fer ent lat i -

tu di nal zones are shown in Ta ble 2. As de scribed in sec tion

2, inter-sat el lite off sets among NOAA AMSU/MSU mea -

sure ments vary with year, lo cal time, and lo ca tion. The mean 

bi ases of NOAA-COS MIC pairs at dif fer ent lat i tu di nal

zones found here (Ta ble 2) are con sis tent with the mean bi -

ases of RSS-CHAMP pairs found by Ho et al. (2007, Ta ble 1)

where AMSU Ch9 Tb from RSS is sys tem at i cally 0.8 to 1.9 K 

lower than that de rived from CHAMP  (TbCHAMP) at al most

all lat i tu di nal zones.

It can be seen in Ta ble 2 and Fig. 5 that TbAMSU_N16 and

TbAMSU_N18 in the South Pole re gions are bi ased 1 to 2 K

lower than that from COS MIC, where the TbAMSU_N16 and

TbAMSU_N18 in the South Pole re gions are bi ased only about

0.5 K lower than that from COS MIC dur ing the south ern

hemi sphere sum mer (e.g., for Feb ru ary 2007, not shown).

The cause of the large NOAA-COS MIC Tbs bi ases in the

south ern hemi sphere dur ing the win ter is prob a bly not due to 

the un cer tainty of GPS RO data. We have ex am ined the re -

sid ual er rors of the ion o spheric cal i bra tion and the pos si ble

to pog ra phy ef fect on COS MIC data over Antarctica. Be -

cause the at mo spheric con tri bu tion for AMSU Ch9 Tb is

mainly from 10 to 300 hPa (see AMSU Ch9 WF in Fig. 4),

the im pact of any un cer tainty with re gard to ion o spheric

corrections and Antarctica to pog ra phy on the syn thetic

COSMIC Tbs is min i mal. In ad di tion, we have also com -

pared the syn thetic AMSU Ch9 Tb de rived from CHAMP

dry tem per a ture (TbCHAMP) with that de rived from the tem -

per a ture pro files from ECMWF (TbECMWF) in the south ern

hemi sphere dur ing the win ter. Lower ver ti cal res o lu tion

ECMWF pro files (< 30 ver ti cal lev els) are used here. Due to

a lack of high ver ti cal res o lu tion ob ser va tions to re solve the

sharp tem per a ture in ver sion near the tropo pause, ECMWF

tem per a ture is bi ased lower as com pared to CHAMP near

the up per tro po sphere and lower strato sphere (the bias de -

creased when high ver ti cal res o lu tion, 91 lev els, ECMWF

pro files are used). There fore, the TbECMWF is bi ased 0.67 K

lower than TbCHAMP, which still can not ex plain the cause of

the large NOAA-COS MIC Tbs bi ases in the south ern hemi -

sphere dur ing the win ter. Note that be cause the qual ity of the 

GPS RO data do not vary with dif fer ent or bits, the dif fer ent

slopes and bi ases among NOAA-COS MIC pairs in Fig. 5

gen er ally oc cur be cause of or bit drift er rors and sen sor acu -

ities de cay ing from the AMSU data on board dif fer ent

NOAA sat el lites. Since the AMSU data use pre-launch cal i -

bra tion co ef fi cients, which may not ac count for the non -

linear cal i bra tion ef fect (Zou et al. 2006), tem per a ture-

 depen dent bi ases for AMSU Tbs may be pos si ble. More

investigations re gard ing the causes for the larger bi ases

between the AMSU and COS MIC ob ser va tions over An -

tarctica dur ing the south ern hemi spheric win ter will be pur -

sued in a fu ture study. The GPS RO data will then be com -

pared to the new AMSU data from NESDIS, where the non -

lin ear cal i bra tion co ef fi cients are ap plied (Zou et al. 2006).
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Fig. 5. Com par i son of COS MIC-sim u lated AMSU Ch9 Tbs and (a) NOAA 15 AMSU Ch9 Tbs and (b) NOAA 16 AMSU Ch9 Tbs and (c) NOAA 18

AMSU Ch9 Tbs for Sep tem ber 2006. Pix els in red are from the 60 - 90°S zone, pix els in green are from 60°N - 60°S zone, and pix els in black are from

60 - 90°N zone.

(a) (b) (c)



Here we also ex plore the fea si bil ity of us ing GPS RO

data to inter-cal i brate AMSU Ch8 and Ch10 Tbs, whose

atmospheric con tri bu tion is also mainly within 5 to 30 km.

The com par i sons of N15, N16, and N18 Ch8 and Ch10 Tbs,

whose weight ing func tions are given in Fig. 4, to the cor re -

spond ing syn thetic COS MIC Tbs us ing the cal i bra tion pro -

ce dure dis cussed in sec tion 4.1, are shown in Fig. 6. Only

sub sets of that from Fig. 5 are used here. Most of COS -

MIC-NOAA pairs in Fig. 6 are over the po lar re gions where

wa ter va por con tent above 500 hPa is neg li gi ble. Be cause a

very small por tion of AMSU Ch8 and Ch10 WFs are cov er -

ing above 10 hPa (for AMSU Ch10) and be low 500 hPa (for

AMSU Ch8), the ef fect of the un cer tainty of GPS RO dry

tem per a ture be low 500 hPa to the syn thetic AMSU Tbs is

small. The COS MIC syn thetic AMSU Ch8 and Ch10 Tbs

are very close to those from AMSU Tbs. The ex cel lent

agree ment and small vari a tions be tween AMSU Ch8 Tbs

and Ch10 Tbs from N15, N16, and N18 and those from syn -

thetic COS MIC Tbs also dem on strates the po ten tial to use

COS MIC data to inter-cal i brate AMSU Ch8 and Ch10 Tbs.

4.3 The Sta bil ity of GPS RO Data

Be cause the sen si tiv ity of a sat el lite re ceiver for in fra red 

and mi cro wave in stru ments may de cay in space af ter launch, 

it is crit i cally im por tant to have in de pend ent ob ser va tions

with long-term sta bil ity as cli mate benchmarks in which

mea sure ments from ei ther newly-launched or ag ing in stru -

ments can all re fer. For tem per a ture trends con structed from

AMSU/MSU mea sure ments, where there is no cli mate ben -
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Fig. 6. Com par i son of (a) COS MIC-sim u lated AMSU Ch8 Tbs and NOAA 15 AMSU Ch8 Tbs, (b) COS MIC-sim u lated AMSU Ch10 Tbs and

NOAA 15 AMSU Ch10 Tbs, (c) COS MIC-sim u lated AMSU Ch8 Tbs and NOAA 16 AMSU Ch8 Tbs, (d) COS MIC-sim u lated AMSU Ch10 Tbs and

NOAA 16 AMSU Ch10 Tbs, (e) COS MIC-sim u lated AMSU Ch8 Tbs and NOAA 18 AMSU Ch8 Tbs, (f) COS MIC-sim u lated AMSU Ch10 Tbs and

NOAA 18 AMSU Ch10 Tbs.

(a) (b)

(c) (d)

(e) (f)



ch mark ref er ence for cor rect ing the inter-sat el lite bias, the

tem per a ture trends can vary as much as 0.1 K/de cade when

dif fer ent sat el lite mea sure ments are used as ref er ences

(Christy et al. 2003). Here we in ves ti gate the sta bil ity of

GPS RO data by com par ing dry tem per a ture pro files from

COS MIC to those from col lo cated CHAMP pro files. The

same soft ware pack ages are used in COS MIC CDAAC to

pro cess the real time COS MIC and CHAMP data. To in clude 

more COS MIC and CHAMP pairs, here we used COS MIC

and CHAMP pairs col lo cated within 200 km and 1.5 hours

col lected from 1 Sep tem ber to 31 Oc to ber 2006, but within

60°S to 60°N, in our com par i son. Around 80 COS MIC and

CHAMP pairs are in cluded here (Fig. 7). Be cause of the

large time and sep a ra tion dis tance ranges used here and the

fact that the ray path for CHAMP and COS MIC pairs may

have sig nif i cantly dif fer ent az i muth an gles, the stan dard de -

vi a tion to the mean dry tem per a ture dif fer ences be tween

COS MIC and CHAMP pairs is rel a tively large in the mid-

 tro po sphere (~2 K) and above 50 hPa (~3 - 4 K). Be cause

dif fer ent sig nal track ing al go rithms are used by CHAMP

(phase lock loop track ing) and COS MIC (open loop track -

ing), which al lows much more ac cu rate re triev als of the

COS MIC refractivity in the lower tro po sphere than for

CHAMP, larger bi ases be tween COS MIC and CHAMP are

found be low 500 hPa. Al though CHAMP has been in or bit

since June 2001 and COS MIC had been in or bit for just five

months as of Sep tem ber 2006, the fact that the mean dry

tem per a ture dif fer ence in the height rang ing from 500 to

10 hPa is within the nor mal ized stan dard er ror of the mean

dif fer ence dem on strates long term sta bil ity of the GPS RO

sig nals (e.g., GPS RO dry tem per a ture from CHAMP is still

con sis tent with that from new launched COS MIC). The

CHAMP and COS MIC dry tem per a ture dif fer ence be tween

500 and 10 hPa ranges from -0.35 K (at 10 hPa) to 0.25 K (at

30 hPa) and their mean dif fer ence is about -0.034 K. Note

that, be cause COS MIC sa tellites are not fully de ployed to

op er a tional or bits dur ing the early stage of its mis sion, and

even with a rel a tively weak con straint (COS MIC-CHAMP

pairs col lo cated within 200 km and 1.5 hours), we have

found only about 80 COS MIC-CHAMP pairs within two

months and be tween 60°S to 60°N for our com par i sons

(Fig. 7). To avoid the pos si bly large sam pling er rors (mis -

match of time and lo ca tion) be tween COS MIC and CHAMP

data due to the weaker col lo ca tion cri te rion used here, in

next sec tion, we pres ent an in di rect es ti mate of the pre ci sion

of the COS MIC and CHAMP data where N18/N16 Tbs are

used as cross ref er ences. N16 and N18 AMSU pix els within

30 min utes and 50 km of COS MIC and CHAMP pro files

are col lected. Com par i son re sults are shown in sec tion 4.4.

In the near fu ture, we will use more COS MIC- CHAMP

pairs to con firm the mis sion in de pend ent sta bil ity of GPS

RO data.

4.4 The Un cer tainty of GPS RO Cal i brated AMSU
Mea sure ments

In sec tion 4.2 we have dem on strated the use ful ness of

COS MIC data to inter-cal i brate N15, N16, and N18 AMSU

Tbs to the syn thetic COS MIC Tbs. This also sug gests that

the COS MIC cal i brated AMSU Tbs may be used as cli -

mate benchmarks to cal i brate other AMSU Tbs from dif -

fer ent sat el lites when ever they are over lapped. Be fore us -

ing the cal i brated AMSU Tbs to cal i brate other over lap -

ping mea sure ments, we will need to first ex am ine the ro -

bust ness of the cal i bra tion co ef fi cients (slope and off set)

we de fined.

In this sec tion, we quan tify the ac cu racy of the de fined

slope and off set by find ing the dif fer ence be tween COS MIC

cal i brated N18 AMSU Tbs (TbCOS MIC_N18) and CHAMP ca -

librated N18 AMSU Tbs (TbCHAMP_N18). The TbCHAMP_N18

was found by com par ing syn thetic CHAMP Tbs (TbCHAMP)

to the col lo cated TbAMSU_N18 us ing the pro ce dures in tro -

duced in sec tion 4.1. Again, CHAMP, COS MIC, N16 and

N18 AMSU data from September 2006 are used. The scat ter

plot for the CHAMP-N18 Tb com par i son is shown in Fig. 8a 

and the slope and off set of the CHAMP-N18 pairs is de fined. 
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Fig. 7. Com par i son sta tis tics (mean: red; stan dard er ror of the mean:

hor i zon tal black lines su per im posed on the mean; stan dard de vi a tion:

blue; sam ple num ber of com pared soundings: solid black line) of 80

CHAMP and COS MIC pro files that were col lo cated within 200 km and 

90 min utes within 60°N and 60°S and be tween 1 September and 31

October 2006.



The TbCHAMP_N18 and TbCOS MIC_N18 can be then com puted us -

ing the fol low ing equa tions when N18 Tbs from CHAMP-

 N18 pairs are used as in puts:

TbCHAMP_N18 = 0.973 ´ TbAMSU_N18 + 6.90 (1)

TbCOS MIC_N18 = 0.96 ´ TbAMSU_N18 + 8.68 (2)

The slope and off set de fined in Eq. (2) are found us ing

COS MIC-N18 pairs (Fig. 5c). Then we ap ply the same N18 

Tbs from CHAMP-N18 pairs to Eqs. (1) and (2) to find

TbCOS MIC_N18 and TbCHAMP_N18. There fore, by find ing the

difference be tween TbCOS MIC_N18 and TbCHAMP_N18, we can

determine if the slope and off set in Eq. (2) are still valid

when dif fer ent N18 Tbs are used as in puts. The scat ter plot

of TbCOS MIC_N18 and TbCHAMP_N18 is shown in Fig. 8b. The

cor re la tion co ef fi cient of TbCHAMP_N18 and TbCOS MIC_N18 is

equal to 1.0 and the mean bias be tween TbCOS MIC_N18 and

TbCHAMP_N18 is very close to zero (~0.07 K). The very tight

fit of TbCOS MIC_N18 and TbCHAMP_N18 (the stan dard de vi a tion

is about 0.1 K) dem on strates the con sis tency be tween the

slope and off set (cal i bra tion co ef fi cients) found in the

N18- CHAMP pairs and that from N18-COS MIC pairs.

To see if we can find a sim i lar con clu sion for the GPS RO

cal i brated AMSU Tbs from other NOAA sat el lites, we re peat

the above pro ce dures but re place TbAMSU_N18 with TbAMSU_N16,

where COS MIC cal i brated N16 AMSU Tbs (TbCOS MIC_N16)

and CHAMP cal i brated N16 AMSU Tbs (TbCHAMP_N16) can be

com puted us ing the fol low ing equa tions when the same

N16 Tbs from CHAMP-N16 pairs are used as in puts:

TbCHAMP_N16 = 0.984 ´ TbAMSU_N16 + 4.05 (3)

and

TbCOS MIC_N16 = 0.978 ´ TbAMSU_N16 + 5.50 (4)

The scat ter plots sim i lar to Figs. 8a and b are shown in
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Fig. 8. Com par i son of (a) syn thetic CHAMP Tbs and AMSU N18 Ch9 Tbs, (b) COS MIC cal i brated N18 AMSU Tbs and CHAMP cal i brated N18

AMSU Tbs, (c) syn thetic CHAMP Tbs and AMSU N16 Ch9 Tbs, and (d) COS MIC cal i brated N16 AMSU Tbs and CHAMP cal i brated N16 AMSU

Tbs.

(a) (b)

(c) (d)



Figs. 8c and d, re spec tively. It is shown in Fig. 8c that we

have fewer N16-CHAMP pairs when com pared to that of

N18-CHAMP pairs (Fig. 8a). This is be cause the dis tri bu -

tion of CHAMP data is more syn chro nized to that of N18

than that of N16 in this month. The fact that the mean dif -

ference (-0.07 K) and stan dard de vi a tion (~0.1 K) be -

tween TbCOS MIC_N16 and TbCHAMP_N16 is com pat i ble to those

from TbCOS MIC_N18 and TbCHAMP_N18 dem on strates that even

with fewer sam ples (from CHAMP-N16 pairs in this month),

be cause of the high pre ci sion of GPS RO data, we can still

define ro bust slopes and off sets for NOAA-CHAMP pairs

which are con sis tent with those de rived from NOAA-

 COSMIC pairs.

Re sults in Figs. 8b and d can also be in ter preted as an

indi rect es ti mate of the pre ci sion of the av er aged TbCOS MIC

and TbCHAMP where N18/N16 Tbs are used as cross ref er -

ences, al though dif fer ent N18/N16 sam ples are used for

N18/N16-CHAMP and N18/N16-COS MIC pairs. This in di -

cates that, even though we can not di rectly com pare TbCOS MIC

and TbCHAMP, by com par ing TbCOS MIC_AMSU and TbCHAMP_AMSU,

where slopes and off sets from N18-COS MIC and N18-

 CHAMP pairs re spec tively are used, we can still de fine the

pre ci sion be tween TbCOS MIC and TbCHAMP. The ±0.07 K

mean dif fer ences of GPS RO-NOAA pairs and ~0.1 K of

stan dard deviation may still be re lated to the nat u ral va -

riability within 50 km sep a ra tion dis tance and 30-min ute

time dif fer ence. In the fu ture, more sam ples with a smaller

time dif fer ence and sep a ra tion dis tance will be used to pro -

vide better es ti ma tion of the mean dif fer ence and pre ci sion

be tween TbCOS MIC and TbCHAMP. A smaller mean bias and a

higher pre ci sion be tween TbCOS MIC and TbCHAMP can be

expected.

5. CON CLU SIONS AND FU TURE WORK

It is ex tremely im por tant to have con sis tent and long-

 term sta ble ob ser va tions from dif fer ent sat el lite mis sions for

cli mate change de tec tion. In this study, we use lim ited GPS RO

data from the early phase of the COS MIC mis sion to de m on -

strate the po ten tial use ful ness of GPS RO data to inter-cal i -

brate mi cro wave mea sure ments from si milar in stru ments but

onboard dif fer ent sat el lites. The con clu sions we can draw

from this study are:

1. Re sults found in this pa per dem on strate the use ful ness of 

COS MIC data to inter-cal i brate AMSU Ch9 Tbs from

N15, N16, and N18 into co her ent lower strato spheric

tem per a ture mea sure ments. We com pare syn thetic

AMSU bright ness tem per a tures cal cu lated from the for -

ward model MWFCIMSS based on COS MIC dry tem per a -

ture pro files to AMSU Tbs from N15, N16, and N18.

Good agree ment was found be tween syn thetic COS MIC

bright ness tem per a tures (TbCOS MIC) and those of N15,

N16, and N18, re spec tively. The tight fits from COS -

MIC-N15, COS MIC-N16, and COS MIC-N18 pairs re -

veal that even with dif fer ent or bits, or bit drift er rors, and

sen sor sen si tiv ity de cay ing over time, AMSU mea sure -

ments, in this case from N15, N16, and N18, can be cal i -

brated to the same ref er ence us ing the syn thetic COS -

MIC Tbs.

2. We also show that COS MIC data can iden tify inter-sat el -

lite off sets from AMSU mea sure ments from dif fer ent

NOAA sat el lites. Us ing uni formly dis trib uted COS MIC

data, the global mean dif fer ences be tween COS MIC-

 N15 (N15-COS MIC = -0.42 K), COS MIC-N16 (N16-

 COS MIC = -0.83 K), and COS MIC-N18 (N18-COS -

MIC = -1.13 K) pairs are found. The mean bi ases be -

tween NOAA-COS MIC pairs for dif fer ent lat i tu di nal

zones are also iden ti fied, where the larg est NOAA-

 COSMIC Tb bi ases are in the South Pole re gions dur ing 

the south ern hemi spheric win ter. The AMSU Ch9 Tbs

from N15, N16, and N18 in the South Pole re gions are

bi ased 0.67 to 2 K lower than those from COS MIC. The

tem per a ture-de pend ent bi ases found here may be due to

the fact that the raw AMSU data com pared here use only

pre-launch cal i bra tion co ef fi cients, which may not ac -

count for the non lin ear cal i bra tion ef fect (Zou et al.

2006). More in ves ti ga tion re gard ing the causes of bi ases

be tween op er a tional cal i brated L1B data to that de rived

from GPS RO data over the Ant arc tic dur ing the south -

ern hemi spheric win ter will be car ried out in a fu ture

study. The sea sonal vari a tion of NOAA-COS MIC Tb

biases at dif fer ent geo graph ical lo ca tions will also be

investigated.

3. We dem on strate the po ten tial of us ing GPS RO data to

cal i brate AMSU Ch8 and Ch10 Tbs in this study, where

their weight ing func tions cover mainly the al ti tude rang -

ing from 5 and 30 km, but peak around 100 hPa lower

and 50 hPa higher than that of AMSU Ch9, re spec tively.

Be cause a very small por tion of AMSU Ch8 and Ch10

WFs are cov er ing above 10 hPa (for AMSU Ch10) and

be low 500 hPa (for AMSU Ch8), the ef fect of the un cer -

tainty of GPS RO dry tem per a ture above 10 hPa and

below 500 hPa to the syn thetic AMSU Tbs is neg li gi ble.

4. In this study, we also dem on strate the long-term sta bil ity

be tween COS MIC and CHAMP dry tem per a ture pro -

files. The CHAMP and COS MIC dry tem per a ture dif -

ference be tween 500 and 10 hPa ranges from -0.35 K (at 

10 hPa) to 0.25 K (at 30 hPa) and their mean dif fer ence

es ti mated here is -0.034 K. This shows the use ful ness for 

GPS RO data to serve as a cli mate bench mark to cal i -

brate other sat el lite data. In the near fu ture, we will use

more COS MIC-CHAMP pairs to con firm the mis sion in -

de pend ent sta bil ity of GPS RO data.

5. In or der to dem on strate the po ten tial use of GPS RO

calibrated AMSU Tbs to cal i brate other tem po rally and

spatially over lapped AMSU Tbs, we ex am ine the ro bust -

ness of the cal i bra tion co ef fi cients (slope and off set)
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found from NOAA-GPS RO pairs. In this study, we

quan tify the ac cu racy of the de fined slope and off set by

eval u at ing the dif fer ence be tween COS MIC cal i brated

N18 AMSU Tbs (TbCOS MIC_N18) and CHAMP cal i brated

N18 AMSU Tbs (TbCHAMP_N18). Here the slope and off set 

of TbCOS MIC_N18 are de fined us ing COS MIC-N18 pairs

and the TbCHAMP_N18 used here are com puted us ing N18

Tbs from CHAMP-N18 pairs. The pur pose of eval u at ing 

the dif fer ence be tween TbCOS MIC_N18 and TbCHAMP_N18 is

to as sess whether the slope and off set de fined from

COMSIC-N18 pairs are still valid when dif fer ent N18

Tbs are used as in puts. Com par i son re sults show that the

cor re la tion co ef fi cient of TbCHAMP_N18 and TbCOS MIC_N18

is equal to 1.0. The dif fer ences be tween TbCOS MIC_AMSU

and TbCHAMP_AMSU are in the range of ±0.07 K with stan -

dard de vi a tion of about 0.1 K. This dem on strates the

robustness of the cal i bra tion co ef fi cients found from

NOAA-GPS RO pairs and shows the po ten tial us age of

the cal i brated AMSU Tbs to inter-cal i brate other over -

lap ping AMSU Tbs where there are no co in ci dent GPS

RO data avail able. The con sis tency of the slope and off -

set from COS MIC-NOAA pairs to that from CHAMP-

 NOAA pairs dem on strates that even with fewer sam ples

(for ex am ple, CHAMP-N16 pairs in Sep tem ber 2006),

due to the high pre ci sion of GPS RO data, we can still

define ro bust slope and off set from NOAA-CHAMP

pairs that is con sis tent with those from NOAA-COS MIC 

pairs.

6. The TbCOS MIC_AMSU and TbCHAMP_AMSU com par i son can

also be in ter preted as the in di rect es ti mate of the pre -

cision of syn thetic COS MIC Tbs (TbCOS MIC) and that

from CHAMP (TbCHAMP) where NOAA AMSU Tbs are

used as a cross ref er ence. The es ti mated mean dif fer ence

is in the range of ±0.07 K of GPS RO-NOAA pairs with

~0.1 K of stan dard de vi a tion. The ±0.07 K mean dif fer -

ences of GPS RO-NOAA pairs and ~0.1 K of stan dard

de vi a tion may still be re lated to nat u ral vari abil ity within

50 km sep a ra tion dis tance and 30-min ute time dif fer -

ence. In the fu ture, more sam ples with smaller time dif -

fer ences and sep a ra tion dis tance will be used to pro vide

better es ti ma tion of the mean dif fer ence and pre ci sion

be tween COS MIC and CHAMP data.

In this study, to min i mize the im pacts of ion o sphere re -

sid ual er rors and lower level mois ture ef fects on dry tem -

perature re triev als, we use only mea sure ments from AMSU

Ch8, 9, and 10. For these mea sure ments, the at mo spheric

con tri bu tion co mes mainly from 5 to 35 km. In the fu ture we

will ex plore the pos si bil ity of us ing GPS RO data to sim u late 

other AMSU chan nels above 35 km and be low 5 km. With

the pen e tra tion of COS MIC deep into the tro po sphere us ing

an open-loop track ing al go rithm, es pe cially over rel a tively

dry po lar re gions, the use of COS MIC data to cal i brate

AMSU chan nels whose weight ing func tions peak at up per

to mid dle tro po sphere should be pos si ble.

The ro bust ness of the cal i bra tion co ef fi cients found

from GPS RO-NOAA pairs de pends not only on the pre ci -

sion of GPS RO data, but also on the ac cu racy of the mi cro -

wave for ward model. Al though the tight fit be tween syn -

thetic GPS RO Tbs and ob served AMSU Tbs dem on strates

the fea si bil ity of MWFCIMSS used here, for the pur pose of cli -

mate stud ies it is still very im por tant to iden tify the un cer -

tainty of the trans mit tances used in MWFCIMSS for var i ous

at mo spheric con di tions. In the fu ture, we will also use

AMSU/MSU mea sure ments from var i ous NOAA sat el lites

to col lo cate with COS MIC GPS RO sound ing to min i mize

the spa tial and tem po ral sep a ra tion of COS MIC-AMSU

matches. Dif fer ent AMSU and MSU data will be cal i brated

us ing con sis tent COS MIC soundings. Con sis tent AMSU

and MSU weight ing func tions will be used. Sam pling un -

certainties will be sig nif i cantly re duced when around 8 to

10 times more GPS RO soundings than CHAMP data are

avail able from COS MIC for com par i son. Con sis tent and

long-term sta ble ob ser va tions from AMSU/MSU data from

dif fer ent sat el lite mis sions for cli mate change can then be

con structed.
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