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AB STRACT

With its high ac cu racy, sta bil ity, and world wide cov er age GPS ra dio occultation of fers an at trac tive means of

in de pend ently val i dat ing and cal i brat ing the world’s pre mier weather and cli mate sen sors. These in clude such in stru ments as

AIRS, AMSU, and MODIS on NASA’s EOS plat forms, and sim i lar sys tems on op er a tional weather sat el lites. GPSRO also

of fers a valu able com par i son stan dard for global weather anal y ses, such as those pro duced by NOAA’s Na tional Cen ter for

En vi ron men tal Pre dic tions (NCEP) and the Eu ro pean Centre for Medium-Range Weather Forecasts (ECMWF).

We have stud ied the per for mance of GPSRO tem per a ture pro files through com par i sons of co in ci dent data from CHAMP

and SAC-C, as well as from COS MIC. We have also com pared GPSRO tem per a ture pro files with nearby pro files from AIRS

(At mo spheric In fra red Sounder), car ried on NASA’s Aqua plat form, and with the ECMWF anal y ses. Our principal findings

are:

· AIRS and ECMWF tem per a ture pro files de part in sys tem atic ways from GPSRO pro files. These de par tures are highly

re peat able and vary by geo graph ical region.

· There is sig nif i cant cor re la tion be tween the AIRS and ECMWF de par tures from GPSRO, not ex plain able by GPSRO er ror.

This may arise be cause AIRS re triev als are in i tial ized with es ti mates de rived from ECMWF training samples.

· ECMWF sin gle-pro file RMS tem per a ture de vi a tions range be tween 0.6 and 1.8 K and are at a max i mum near the tropo pause.

Bi ases are typ i cally below 0.5 K.

· AIRS sin gle-pro file RMS tem per a ture de vi a tions range be tween 0.9 and 2.2 K and are also at a max i mum near the

tropo pause. Bi ases are typ i cally be low 0.5 K but reach 1 K near the tropo pause in the Antarctic.
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1. IN TRO DUC TION

At mo spheric sound ing by GPS Ra dio Occultation

(GPSRO) is com ing of age. The Cen tral Weather Bu reau in

Tai wan now uses COS MIC data in op er a tional fore casts, as

do NCEP in the US and ECMWF in Eu rope. The pre ci sion

and sta bil ity of GPSRO can en hance the ob ser va tional ba sis

for study ing long-term cli mate change and make GPSRO

well suited for an other crit i cal func tion: as sess ing and ca -

librating the per for mance of con ven tional at mo spheric sen-

sors. These in clude the work horse sound ers on NASA’s re -

search mis sions, such as Terra and Aqua, and on op er a -

tional weather sat el lites.

One of these flag ship sen sors is the At mo spheric In -

frared Sounder (AIRS), a high spec tral res o lu tion IR radio -

meter on Aqua. As a fea tured com po nent of NASA’s Earth

Ob serv ing Sys tem (EOS) fleet of re mote sens ing in stru -

ments, AIRS pro vides data for study ing a range of at mo -

spheric and sur face pro cesses and their roles in Earth’s cli -

mate. To help as sess the value of AIRS (and of high spec tral

res o lu tion IR sound ing gen er ally) an a lysts must char ac ter ize 
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and quan tify its range of per for mance. In this study we ap ply 

GPS tem per a ture pro files to il lu mi nate prop er ties of AIRS

tem per a ture re triev als that are oth er wise dif fi cult to ob serve.

2. GPSRO AS A VAL I DA TION STAN DARD

Sev eral unique qual i ties make GPSRO (il lus trated in

Fig. 1) suited to the roles of cal i bra tion and ver i fi ca tion. It

works by phys i cal prin ci ples en tirely dif fer ent from radio -

metry to pro vide an in de pend ent com par i son. Over its most 

effective al ti tude range (roughly 5 - 25 km) GPSRO ex hib its

an ab so lute bias of < 0.1 K, sin gle-pro file re peat abil ity of

< 1 K, and ver ti cal res o lu tion of 100 - 1000 m in tem per a ture 

re triev als (e.g., Ho et al. 2009). (GPS pre ci sion is dis cussed

fur ther in the sec tion, Ba sis of GPSRO Per for mance

Claims). Uniquely among spaceborne sen sors, GPSRO pro -

vides the ab so lute geopotential heights of all its mea sure -

ments, with an ac cu racy of better than 10 m (Leroy 1997).

GPSRO pro files are col lected al most uni formly around the

globe, in clud ing over oceans where AIRS per for mance is

most de pend able, and per for mance is es sen tially un af fected

by clouds, dust, and weather, or by the na ture of the sur face

be low.

3. AIRS OVER VIEW

With 2378 IR chan nels, AIRS is among the most ad -

vanced at mo spheric sen sors in op er a tion to day. Space News

has noted, “The most de tailed at mo spheric soundings cur -

rently come from the AIRS in stru ment on NASA’s Aqua

satellite” (18 September 2006). In dis cuss ing AIRS it is

help ful to distinguish two modes of use: as a pure ra di om e -

ter, pro ducing ra di ance mea sure ments at mul ti ple fre quen -

cies for assimilation into fore cast mod els; and as a means for 

di rectly re triev ing geo phys i cal prod ucts, such as pro files of

tem perature, mois ture, and ozone, in de pend ent of as sim i la -

tion models.

As sim i la tion of AIRS radiances has been shown to pro -

duce con sis tent and sig nif i cant im prove ment in weather

fore casts (e.g., Chahine et al. 2006; Healy et al. 2006). We

note, how ever, that rel a tively few chan nels are needed to

pro duce this im prove ment. ECMWF, for ex am ple, in gests

60 of the 2378 radiances op er a tion ally.

The com plex ity of AIRS de rives largely from its goal of

pro duc ing di rect geo phys i cal re triev als of high ac cu racy and 

ver ti cal res o lu tion. The in for ma tion pro vided by hun dreds

of chan nels may per mit the ex trac tion of such prod ucts un -

me di ated by as sim i la tion mod els. The spec i fi ca tion for

AIRS tem per a ture re triev als, which dates back more than

25 years, is 1 Kel vin ab so lute ac cu racy at 1 km ver ti cal

resolution from the bound ary layer to the up per strato -

sphere. A good deal of ef fort has gone into test ing that claim, 

pri mar ily by com par i son with other tech niques. Chahine et

al. (2006), for ex am ple, claim a cloud clear ing er ror of 0.6 K

and a col lo ca tion er ror (with ra dio sondes) of 0.8 K.

Divakarla et al. (2006) com pared AIRS tem per a ture and 

mois ture pro files with near-co in ci dent ra dio sondes, or

RAOBs. Fig ure 2 gives a typ i cal re sult show ing the RMS

dif fer ences be tween RAOB mea sure ments and AIRS for the

less com mon “clear-only” con di tions (dashed lines) and the

more com mon “cloud-cleared” mea sure ments in which

microwave data from AMSU aid the IR re trieval un der par -

tial cloud con di tions. The curves in Fig. 2 are for the full

globe, in clud ing mea sure ments over oceans and land. We

see RMS tem per a ture dif fer ences of 0.9 - 1.6 K up to 100 hPa

for clear-only pro files, and 1.2 - 1.7 K for cloud-cleared

profiles.

The AIRS val i da tion team at JPL per forms reg u lar

compari sons of AIRS re triev als be tween ±50° lat i tude with

ECMWF global anal y ses on so-called AIRS “fo cus days.”

Fig ure 3 shows the AIRS-ECMWF RMS tem per a ture de vi a -

tions (af ter re moval of the mean off set) for re triev als over

oceans and land for 14 fo cus days be tween Sep tem ber 2002

and De cem ber 2004. The com par i sons are re stricted to

“Qual ity 0” AIRS data, which is the best of five qual ity

levels re ported by AIRS. Over wa ter we see RMS de -

viations of 0.7 - 1.3 K for a wide al ti tude range with the

deviations over land some what higher.

These re sults would ap pear to sup port the claim of 1 K

AIRS tem per a ture ac cu racy when we con sider that the ob -

served de vi a tions in clude the ef fects of both mea sure ments

in each com par i son. If the mea sure ments are fully in de -
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Fig. 1. Il lus tra tion of the GPS limb-sound ing ge om e try.



pendent (an as sump tion we shall chal lenge be low) and

roughly com pa ra ble in their er rors, it fol lows that the

“Quality 0” AIRS sin gle-pro file sigma is at or be low 1 K

from the sur face to 30 km al ti tude. We note, how ever, that

the ECMWF anal y ses de pend strongly on RAOB in puts and

(as we shall ar gue) the AIRS re triev als are par tially in flu -

enced by the ECMWF model, giv ing rise to the pos si bil ity of 

cor re la tions that could lead to mu tual agree ment sur pass ing

ac tual ac cu racy (see also Divakarla et al. 2006). Thus these

com par i sons, while en cour ag ing, are in con clu sive and we

re main un cer tain whether AIRS per for mance might ac tu ally

be better or worse than in di cated in Figs. 2 and 3.

The high pre ci sion and low bias of GPSRO tem per a -

tures over its ef fec tive al ti tude range al lows us to ex am ine

that per for mance more closely. The “ef fec tive al ti tude

range” var ies geo graph i cally and is de ter mined at the low

end by the con cen tra tion of mois ture in the at mo sphere, and

at the high end by the GPS sig nal-to-noise ra tio, which

limits how high we can ob serve in the rap idly thin ning at mo -

sphere. The cur rent prac ti cal up per limit is about 30 km,

though per for mance is best to about 25 km. Since the at mo -

spheric refractivity de pends on both tem per a ture and mois -

ture con tent and GPSRO alone can’t readily dis tin guish be -

tween the two, we must limit the lower range to al ti tudes

where the mois ture ef fect is in sig nif i cant; in po lar re gions,

this is typ i cally 2 - 3 km, at mid lat i tudes about 5 km, and in

the trop ics 8 - 10 km.

We have per formed a se ries of com par i sons in volv ing

GPSRO, AIRS, and ECMWF tem per a ture pro files from

2003 over the ef fec tive GPS al ti tude range. As 2003 pre -

dates COS MIC, the GPS data were taken from the CHAMP

and SAC-C mis sions. For the com par i sons we must iden tify

AIRS and GPS mea sure ments that are nearly co in ci dent in

space and time. For that pur pose we have de fined a co -

incident pair as a pair of pro files oc cur ring within 200 km

and 2 hours of one an other.

4. COM PAR I SON OF AIRS, GPS AND ECMWF:
30 - 60°N

For the ini tial com par i sons we se lected a re gion where

all three meth ods are ex pected to work well, which meant

avoid ing the poles, where ice and snow can con found AIRS
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Fig. 2. AIRS-RAOB tem per a ture RMS dif fer ence (from Divakarla et

al. 2006).

Fig. 3. AIRS-ECMWF RMS tem per a ture de vi a tions for 15 AIRS fo cus

days from September 2002 to December 2004 (adapted from Fetzer et

al. 2005).



cloud de tec tion, and se lect ing re gions with dense cov er age

by ra dio sondes, a crit i cal in put for ECMWF. We chose the

lat i tude band 30 - 60°N, (“Mid North”) which spans much of 

North Amer ica, Eu rope, and Asia and has ex cep tional ra dio -

sonde cov er age. Within that re gion we iden ti fied all AIRS-

 GPS co in ci dent pairs for 2003, then re trieved the ECMWF

val ues for those lo ca tions and times. (Tests showed that

com par i son sta tis tics were un af fected by whether the

ECMWF pro file was com puted for the pre cise AIRS lo ca -

tion, the GPS lo ca tion, or in be tween.) All pro files were

smoothed to a 2 km ver ti cal res o lu tion to en sure, to the de -

gree pos si ble, that like quan ti ties were be ing com pared. That 

value was de ter mined largely from the ap par ent ver ti cal

resolution avail able from AIRS. For the three pair-wise

match-ups – AIRS-ECMWF, AIRS-GPS, and GPS- ECMWF

– we com puted the tem per a ture dif fer ence at 2 km ver ti cal

in ter vals and com puted the mean off sets and the RMS de -

viations about the mean off sets for all of 2003.

4.1 A Co nun drum

Fig ure 4 shows the RMS tem per a ture de vi a tions (RMS

scat ter about the mean off sets) for each of the three com -

parison pairs for 765 match-ups oc cur ring in the Mid North 

in 2003. What stands out is the larger de vi a tion for the

GPS-AIRS match-up than for the other two, and that, for the

most part, the two match-ups in volv ing GPS have the larg est 

de vi a tions. This is puz zling since GPSRO pre ci sion is be -

lieved to be well un der 1 K over most of this range (e.g.,

Kursinski et al. 1997; Rocken et al. 1997; Hajj et al. 2004;

Kuo et al. 2004) and to sur pass the pre ci sion of both AIRS

and ECMWF, at least be low 20 km. If that were true, and if

the three datasets were mu tu ally in de pend ent, then the

AIRS-ECMWF pair would show the great est RMS scat ter.

In stead, it shows the least.

There are two plau si ble ex pla na tions. Ei ther the GPS

mea sure ment pre ci sion is far worse than the ev i dence to

date has in di cated, or there is a siz able cor re la tion be tween

AIRS and ECMWF to ac count for their better-than-ex pected 

agree ment. Here we will ex am ine these pos si bil i ties more

closely.

4.2 Ba sis of GPSRO Per for mance Claims

In ter pre ta tion of these re sults de pends strongly on our

un der stand ing of the per for mance of GPSRO. There are

several bases for that un der stand ing. First, many in ves ti ga -

tors have per formed the o ret i cal and sim u la tion stud ies of

GPSRO over the past fif teen years. The most com pre hen sive 

is Kursinski et al. (1997), who ex am ined all known ma jor

error sources. Fig ure 5, adapted from that study, shows the

estimated to tal er ror for a sin gle pro file in the trop ics and at

mid and high lat i tudes for al ti tudes from 5 to 30 km.

Per haps more re veal ing are di rect com par i sons of

near-co in ci dent GPSRO pro files from sep a rate in stru ments.

We now have hun dreds of such co in ci dent pairs from
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Fig. 4. Mid North RMS de vi a tions about the mean dif fer ences for

765 three-way match-ups.

Fig. 5. Ex pected GPSRO tem per a ture er ror in three re gions (adapted

from Kursinski et al. 1997).



CHAMP and SAC-C and, more re cently, sev eral thou sand

from COS MIC. As the CHAMP/SAC-C co in ci dences are

typ i cally up to 2 hrs and 200 km apart, there are real dif fer -

ences be tween the quan ti ties be ing mea sured. These dif fer -

ences were es ti mated in ear lier CHAMP/SAC-C stud ies

(e.g., Hajj et al. 2004) to be 0.1 - 0.4 K, de pend ing on

separation dis tance and time, as well as height. COS MIC

has now pro duced thou sands of pairs within 1 min ute and

10 km of one an other; for those, the real tem per a ture dif fer -

ences can be con sid ered neg li gi ble. The COS MIC stud ies

have more clearly mapped the ef fect of sep a ra tion dis tance

on tem per a ture agree ment and con firmed the 0.1 - 0.4 K es ti -

mate for real tem per a ture dif fer ences for sep a ra tions up to

200 km in the up per tro po sphere and lower strato sphere

(e.g., Anthes 2006, p. 21).

Fig ure 6 shows the es ti mated sin gle-pro file RMS de vi a -

tions de rived from com par i sons of re triev als from CHAMP

and SAC-C, COS MIC 1 and 3, and COS MIC 2 and 3. The

ac tual RMS de vi a tion curves have been smoothed slightly

and then di vided by the square root of 2 to give the sin -

gle-pro file es ti mates. While the curves are sim i lar the COS -

MIC per for mance is some what better than for the ear lier

mis sions. At higher al ti tudes where per for mance is lim ited

by sig nal-to-noise ra tio (SNR), this is likely due to the higher 

gain of the COS MIC occultation an ten nas. Be low 15 km, the 

im prove ment may re sult from the closer proximity of the

COSMIC coincident profiles.

These com par i sons do not re veal mea sure ment ac cu -

racy, only pre ci sion or re peat abil ity. There can be sys tem atic 

er rors, par tic u larly be low 8 km where wa ter va por be comes

prom i nent, com mon to the co in ci dent pairs that can cel in the

dif fer ences. To model the GPSRO er ror for these stud ies we

take a some what cau tious ap proach. We use the CHAMP –

SAC-C curve from Fig. 6 to rep re sent the ran dom com po -

nent and add in (in the root-sum-square, or RSS, sense) a

sys tem atic com po nent based on the Kursinski et al. (1997)

anal y sis. The re sult for the Mid North band is shown in

Fig. 7. If any thing, this may over state the GPS er ror for this

study since it is de rived in part from GPS-GPS com par i sons at 

1 km ver ti cal res o lu tion; for the AIRS com par i sons we have

smoothed to 2 km, which re duces the ran dom com po nent.

Let us as sume for the mo ment that this ac cu rately

models the GPSRO tem per a ture er ror and that GPSRO

errors are in de pend ent of the er rors in both AIRS and

ECMWF. We can then es ti mate the sin gle-pro file de vi a -

tions for both AIRS and ECMWF by per form ing an RSS (or

quad ra ture) sub trac tion of the mod eled GPSRO er ror (Fig. 7)

from the ob served GPS-AIRS and GPS-ECMWF de vi a tion

curves (Fig. 4). The re sults are shown as the two “De rived”
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Fig. 6. Plots of es ti mated sin gle-pro file GPS tem per a ture de vi a tions

derived from co in ci dent GPS-GPS matchups from three sat el lite

pairs: CHAMP/SAC-C, COS MIC 1 and 3, and COS MIC 2 and 3. The

COS MIC match-ups were much closer in space and time.

Fig. 7. Er ror model for in di vid ual mid-lat i tude GPSRO tem per a ture

pro files.



de vi a tions in Fig. 8. If the AIRS and ECMWF pro files were

mu tu ally in de pend ent, we would ex pect the RMS de vi a tion

for the AIRS-ECMWF com par i son to be the RSS of the in di -

vid ual de rived de vi a tions for AIRS and ECMWF. This is

also shown in Fig. 8 (rightmost dot ted line) along with the

AIRS-ECMWF de vi a tion ac tu ally ob served (dashed line in

cen ter) and the mod eled GPS de vi a tion.

The dis crep ancy is strik ing. Not only is the ob served

AIRS-ECMWF de vi a tion far smaller than ex pected, it is

smaller than the de rived sin gle-pro file AIRS de vi a tion and

close to the sin gle-pro file ECMWF de vi a tion. If our GPS

model er ror is in deed ac cu rate (a sub ject we ad dress fur ther

be low), then there must be a cor re la tion be tween AIRS and

ECMWF lead ing to er ror can cel la tion in the AIRS-ECMWF 

dif fer ence.

We can quan tify this in terms of the re quired covariance

of AIRS and ECMWF pro files with the for mula,

Var(A - E) = Var(A) + Var(E) - 2Cov(A , E)

                       + Var(Atrue - Etrue) (1)

where Var(A - E) is the vari ance of the ob served AIRS-

 ECMWF dif fer ences, Var(A) and Var(E) are the in her ent

vari ances for AIRS re triev als and ECMWF model val ues,

and Var(Atrue - Etrue) is the vari ance of the true tem per a ture

dif fer ences at the ob ser va tion points. Be cause the fi nal

term is gen er ally small (0.01 - 0.16) we can ig nore it in the

anal y sis. We can write this equa tion for each of the three

pair ings. Given the GPSRO er ror model in Fig. 7 and as -

sum ing GPSRO is uncorrelated with both AIRS and

ECMWF, we can solve ex plic itly for the vari ances and

covariance of AIRS and ECMWF pro files.

Fig ure 9 shows the re sult ing “covariation” (square root

of the covariance) of AIRS and ECMWF tem per a ture pro -

files (long dashed line) along side the es ti mated de vi a tions

for the tech niques in di vid u ally, for the Mid North band

(rightmost lines). Also shown for ref er ence is the mod eled

GPS de vi a tion and the cor re la tion co ef fi cient for AIRS and

ECMWF, which var ies be tween about 0.4 and 0.7. We see

that if the mod eled GPS de vi a tion is ac cu rate, there is a siz -

able cor re la tion be tween AIRS and ECMWF pro files and

that the over all vari ance for AIRS is con sis tently greater

than for ECMWF.

4.3 Al ter na tive In ter pre ta tion

This in ter pre ta tion de pends fun da men tally on our mo -

del for the sin gle-pro file GPSRO stan dard de vi a tion (Fig. 7). 

The uncorrelated com po nent of that er ror model is well con -

strained by co in ci dent GPSRO com par i sons, but the cor re -

lated com po nent (i.e., the sys tem atic com po nent in Fig. 7),

though based on both the ory and ob ser va tion, is less well

determined. We can free up that com po nent and trade off

some hy po thet i cal GPS sys tem atic er ror against AIRS-
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Fig. 8. Plots of the mod eled GPS tem per a ture de vi a tion; the es ti mated

AIRS and ECMWF de vi a tions and ex pected AIRS-ECMWF joint de -

vi a tion based on the GPS model er ror, as sum ing GPS is in de pend ent of

AIRS and ECMWF; and the ob served AIRS-ECMWF de vi a tion.

Fig. 9. Es ti mated AIRS and ECMWF RMS tem per a ture de vi a tions and

the AIRS-ECMWF covariation, as sum ing the mod eled GPS de vi a tion.

Also shown is the re sult ing AIRS-ECMWF cor re la tion co ef fi cient.



 ECMWF cor re la tion: In creas ing one de creases the other in a 

pre cisely known way. In the limit, if we set the AIRS-

 ECMWF cor re la tion to zero, at trib ut ing all “ex cess” de vi a -

tion to added GPS sys tem atic er ror, we ob tain the de vi a tions

shown in Fig. 10. This pres ents a mark edly dif fer ent pic ture,

though one with ob vi ous prob lems. The to tal GPS RMS de -

vi a tion is above 1 K for the en tire range, with nearly all of it

(at least be low 20 km) due to com mon GPS vari a tions that

re li ably dis ap pear in the GPS-GPS dif fer ences. Many years

of anal y sis have re vealed no ev i dence or plau si ble mech a -

nism for such large sys tem atic GPSRO er rors. More over, the 

as sump tion of zero AIRS-ECMWF cor re la tion forces an

improb a bly low RMS de vi a tion for the ECMWF anal y sis,

with val ues rang ing be tween 0.4 and 0.8 K. Global ECMWF 

anal y sis er ror is gen er ally be lieved to be about twice that.

The GPSRO model er ror of Fig. 7 rep re sents our best

cur rent in for ma tion on GPSRO per for mance, and in fact is

be lieved to some what over state the er rors. If that is true then

we are con fronted with an ev i dent cor re la tion be tween AIRS 

and ECMWF tem per a ture pro files, which on the sur face

may seem to have no clear con nec tion. Be fore pre sent ing

fur ther ev i dence of such a cor re la tion we de scribe a me ch a -

nism by which it might arise.

4.4 The AIRS Re trieval Pro cess

To ob tain a tem per a ture pro file from AIRS radiances the 

re trieval sys tem first takes a sub set of the 2378 radiances

col lected for each foot print, typ i cally 200, and mul ti plies

them by a ma trix of co ef fi cients that map radiances to tem -

per a tures. This is called the “re gres sion” step. These es ti -

mates then be come the ini tial val ues in a com plex es ti ma tion 

pro cess em ploy ing the same set of radiances (Divakarla et

al. 2006). Ex actly the same re gres sion co ef fi cients are used

to ini tial ize all re triev als world wide, ev ery day, year-in and

year-out. Where did these critical coefficients come from?

The re gres sion co ef fi cients were de rived in a one-time

train ing pro cess us ing as its truth model the ECMWF global

anal y sis for two days in Au gust 2002. The AIRS re gres sion

co ef fi cients are thus trained to map par tic u lar com bi na tions

of radiances char ac ter is tic of dis tinct at mo spheric states into

those states, not nec es sar ily as they were, but as they were

rep re sented in the ECMWF anal y sis. To some de gree, then,

the ECMWF rep re sen ta tions of dif fer ent at mo spheric states,

and thus their in her ent bi ases, are encoded in the AIRS

regression coefficients.

On a given day a great va ri ety of at mo spheric states,

occur around the globe. While those states change, the

particular state in a given AIRS foot print will likely re -

semble, pos si bly quite closely, states oc cur ring in the train -

ing pe riod in 2002. As sum ing sim i lar at mo spheric states

give rise to sim i lar ra di ance pat terns (a ba sic tenet of radio -

metry), sys tem atic mis rep re sen ta tions of those states in the

ECMWF model may be re pro duced in the AIRS re gres sion

step. To what ex tent such sys tem atic er rors may per sist over

months or years is un known, but model bi ases de riv ing from

such fac tors as smooth ing and the un even dis tri bu tion of

RAOB in puts may well be sim i lar in 2002 and 2003.

These heu ris tic ar gu ments deal only with the ini tial

AIRS re gres sion step. A com plex es ti ma tion pro cess then

trans forms the re gres sion out put into the fi nal AIRS tem -

perature pro files. This raises the ques tion of how much

free dom is given in the es ti ma tion step to mod ify the re gres -

sion re sults. If the so lu tion is tightly con strained, fi nal es ti -

mated val ues close to the a pri ori will re sult. Tight con -

straints are re quired when the in for ma tion in the in put data is 

weak and un able to carry the bur den of the es ti mate. The

ques tion then be comes, “How tightly con strained are the

AIRS tem per a ture es ti mates?” Sur pris ingly lit tle is known

about this, though fur ther work is un der way by the AIRS

team.

5. SUP PORT ING ANAL Y SIS I: THE TROP I CAL
TRO PO SPHERE

We can gain some in sight into sys tem atic er rors by ex -

am in ing other re gions where a par tic u lar tech nique is known 

to be have in a par tic u lar way. The trop ics, for ex am ple, of ten 

ex hibit a sharp tropo pause, which can vary in al ti tude by

sev eral ki lo me ters over time and space. Ver ti cal smooth ing

in her ent in the mod el ing pro cess makes it im pos si ble for the
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Fig. 10. Es ti mated in di vid ual RMS de vi a tions as sum ing no cor re la tion

be tween AIRS and ECMWF pro files. The re quired GPS sys tem atic er -

ror is shown by the dot ted line.



anal y ses to cap ture such fea tures pre cisely, while the high

ver ti cal res o lu tion of GPSRO can do so eas ily. Fig ure 11

shows an ex am ple in which nearly co in ci dent GPSRO pro -

files from CHAMP and SAC-C pass through a sharp tropo -

pause. Also shown are both the ECMWF and NCEP model

pro files com puted for the lo ca tions of the GPS pro files.

These re veal char ac ter is tic model er rors near a sharp tropo -

pause: a smooth ing down of the peak to pro duce a warm bias 

at the tropo pause, along with a cor re spond ing cold bias im -

me di ately above. This is typ i cal of the dis tor tion imposed on

a sharp pulse that has gone through a low-pass (or smooth -

ing) filter.

The sharp ness of the cold peak can cause high vari abil -

ity in the model er ror around the tropo pause. If the tropo -

pause height moves up 1 or 2 km, the cold bias pre vi ously

above will be re placed by a warm bias.  Since tropo pause

height var ies by 1 - 2 km around the trop ics, we see higher

vari a tion in the GPS-ECMWF dif fer ences in the tropo pause

re gion than else where, a prop erty en tirely at trib ut able to

lim i ta tions of the model. (Note: Fig. 11 de picts an un usual

tropo pause out side the trop ics; the trop i cal tropo pause

height tends to oc cur higher, at 15 - 18 km.)

This char ac ter is tic of the trop i cal ECMWF model is

evident in Fig. 12, which shows the RMS de vi a tions for

thousands of GPS-ECMWF com par i sons (not just where

there are AIRS matchups) for all of 2003, in three re gimes:

30° - 90° north; 30° - 90° north and south com bined; and the

trop ics, here de fined as ±30°. As no AIRS data were in -

cluded, the com par i sons in Fig. 12 were done at a 1 km

vertical res o lu tion rather than 2 km. The con trast is dra -

matic. In the trop ics we see the ex pected high vari a tion due

to tropo pause mis-mod el ing at 15 - 20 km, with lower vari a -

tion im me di ately be low, in creas ing again as GPS de scends

into the trop i cal mois ture. Out side the trop ics we see an an -

alogous but far less pro nounced vari a tion bulge at 9 - 13 km,

due, we be lieve, to the lower and gen er ally less dis tinct

non-trop i cal tropo pause.

Re turn ing to our match-ups, Fig. 13a shows the es ti mated 

in di vid ual RMS de vi a tions for AIRS and ECMWF along with 

the es ti mated AIRS-ECMWF covariation from more than

2200 three-way pair ings in the Trop ics, where the GPSRO

deviation has been mod eled by the curve shown. In this case

we have in creased the GPS model vari a tion be low 8 km to

account for sig nif i cantly in creased mois ture in the trop ics.

Figure 13b shows the three es ti mated RMS de vi a tions un der

the as sump tion of zero cor re la tion be tween AIRS and

ECMWF, al low ing the sys tem atic GPS er ror to grow.

The first plot shows the ex pected high de vi a tion in the

ECMWF model around the trop i cal tropo pause. AIRS shows

a sim i lar pat tern, though with con sid er ably higher over all

de vi a tion, and the AIRS-ECMWF covariation is at nearly

the full level of the ECMWF de vi a tion. By con trast, the

second sce nario pushes the full de vi a tion in crease at the

tropopause onto the GPS side of the led ger, though this con -
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Fig. 11. A sharp high-lat i tude tropo pause ob served by CHAMP and

SAC-C, along with the cor re spond ing model anal y ses from ECMWF

and NCEP, show ing char ac ter is tic dis tor tion by the anal y ses, which

lack the res o lu tion to cap ture the sharp fea ture.

Fig. 12. Plots of the GPS-ECMWF RMS de vi a tion for the trop ics and

the non-trop ics, at 1 km res o lu tion, il lus trat ing the high vari abil ity of

ECMWF near the of ten sharp trop i cal tropo pause.



tra dicts the es tab lished at tri bu tion to model de fi cien cies and

re quires a 1.8 K GPS-GPS covariation around the tropo -

pause, hith erto un ob served, for which there is no known ex -

pla na tion. Once again the ECMWF de vi a tion is im prob a bly

low, fall ing ul ti mately to zero, and lacks a peak at the tropo -

pause where we ex pect one to oc cur. The re sults in Fig. 13b

are at best im plau si ble while those in Fig. 13a are con sis tent

with the known or ex pected prop er ties of GPSRO and

ECMWF. What is sur pris ing is the ap par ent high de gree of

cor re la tion be tween AIRS and ECMWF pro files in the tropics.

6. SUP PORT ING ANAL Y SIS II: NORTH vs.
SOUTH BI ASES

ECMWF anal y sis ac cu racy var ies geo graph i cally ow -

ing to the ir reg u lar dis tri bu tion of RAOBs, its most in flu en -

tial in put. At Mid North lat i tudes where RAOBs abound, the

model is most re li able; in the Far North and around the

South ern Ocean and Antarctica, where RAOBs are scarce,

the model de grades. We see this in Fig. 14 which com pares

the mean dif fer ence be tween sev eral thou sand GPS pro files

and the ECMWF model for all of 2003, once again at 1 km

res o lu tion, in four lat i tude bands: Mid North (30 - 60°N);

Mid South (30 - 60°S); Far North (60 - 90°N); and Far South

(60 - 90°S). In the Far South, with just a few RAOBs to draw

on, model de fi cien cies sur face most viv idly in the form of a

highly reg u lar ver ti cal wave struc ture.

In the Mid North, with a high con cen tra tion of RAOBs,

the wave struc ture is nearly ab sent. In the Mid South, which

is geo graph i cally sym met ric to the Mid North but which

cov ers mostly ocean and where RAOBs are rel a tively

sparse, the wave struc ture ap pears at an in ter me di ate level.

In the Far North, where the RAOB cov er age is also inter -

mediate to that of the Mid North and Far South, the wave

pattern also emerges at an in ter me di ate level. We see also

that there is a net warm bias of a few tenths of a Kel vin in the

mid lat i tudes not ev i dent at high lat i tudes.

The known de pend ence of ECMWF per for mance on the 

den sity of avail able RAOB data, and the fact that GPSRO

per forms es sen tially equally at these al ti tudes in all four re -

gions, in di cate that the wave struc ture emerg ing out side the

Mid North arises in the model. (We note that the model is not 

with out sig nif i cant in puts in the Far South. It in gests large

quan ti ties of AMSU and other sat el lite data, which reach

their high est con cen tra tions near the poles. That the model

main tains this pro nounced bias pat tern in the Far South de -

spite an abun dance of sat el lite data says a good deal about

both the value of the RAOBs and the lim i ta tions of sat el lite

ra di om e try ab sent a solid ref er ence.)

Fig ure 15 shows the GPS-ECMWF mean dif fer ences

for the same four re gions as Fig. 14, but re stricted to pro files

used in the 3-way match-ups, af ter smooth ing to a 2 km re -

Ra dio Occultation to Eval u ate IR Tem per a ture Data 79

Fig. 13. Es ti mated AIRS and ECMWF RMS tem per a ture de vi a tions and the AIRS-ECMWF covariation, as sum ing the mod eled GPS de vi a tion (left),

and the es ti mated RMS de vi a tions as sum ing no cor re la tion be tween AIRS and ECMWF pro files.

(a) (b)



solution. The pat terns are much the same as seen in Fig. 14,

although the smooth ing re moves ver ti cal de tail and re duces

the am pli tude of the Far South ex cur sions.

Re turn ing to our match-ups, Fig. 16 shows the same

mean dif fer ences as Fig. 15 (this time drawn with line seg -

ments rather than a smooth curve) to gether with the GPS-

 AIRS mean dif fer ences. In each re gion the GPS-AIRS

mean off set pat tern mim ics the GPS-ECMWF pat tern, par -
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Fig. 14. Plots of the GPS-ECMWF mean off sets for four non-trop i cal bands, at 1 km res o lu tion, il lus trat ing the pro nounced ECMWF bias pat tern

where RAOB in puts are lim ited.

Fig. 15. Plots of the same GPS-ECMWF mean off sets as Fig. 14, but restricted to the GPS pro files hav ing AIRS matchups and smoothed to 2 km

vertical res o lu tion.



tic u larly in the ap pear ance of a clear wave struc ture in the

high lat i tudes and Mid South, vir tu ally in phase with the

ECMWF pat tern. While one ex pla na tion could be that GPS

is in tro duc ing com mon sig na tures, in this case we know with 

near cer tainty that (a) GPS per for mance above 5 km is es -

sen tially the same in all four re gions and (b) the GPS-

 ECMWF wave struc ture out side the Mid North arises in the

ECMWF model. We also have con sid er able ev i dence that

the GPS tem per a ture bias is be low 0.1 K through out this al ti -

tude range, even when smoothed to only 1 km. The sim i lar

pat terns in the GPS- ECMWF and GPS-AIRS bi ases in di cate 

that the mean off sets in the lat ter arise mainly in the AIRS

mea sure ments, and sug gest an AIRS- ECMWF cor re la tion

con sis tent with that in ferred from RMS de vi a tions. We see

also that the bias ex cur sions for AIRS tend to be greater than

for ECMWF, with a few exceptions.

It should be noted that there is an asym me try in the yield

of match-ups be tween north and south: 56% more in the Mid

South than in the Mid North and 78% more in the Far North

than in the Far South. This has to do with the suc cess of AIRS

in achiev ing high qual ity re triev als in dif fer ent re gions. Its

greater suc cess over wa ter than over land gives AIRS an ad -

van tage in the Mid South; its lesser suc cess over ice and snow

gives it a dis ad van tage within the ice fields of An tarctica.

7. SUP PORT ING ANAL Y SIS III: BI ASES IN THE
TROP ICS

Fig ure 17 shows the bias off sets with re spect to GPS for

the Trop ics. As we saw with the RMS plots in Fig. 12, the

pat tern is quite dis tinct from the other re gions, though cer -

tain fea tures of the AIRS-ECMWF com par i son re main. The

AIRS bias pat tern is grossly sim i lar to the ECMWF pat tern

though with ex cur sions stretched by about a fac tor of two.

The warm bi ases for both AIRS and ECMWF at 14 - 17 km

are ex pected if they are both smooth ing down the sharp cold
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Fig. 17. Plots of GPS-ECMWF and GPS-AIRS mean off sets for 2200

match-ups in the trop ics.

Fig. 16. Plots of the same GPS-ECMWF mean off sets as Fig. 15, along with the cor re spond ing GPS-AIRS mean off sets.



peak of the trop i cal tropo pause. This is some what at odds

with the other re gions where ECMWF is said to have a cold

bias at the tropo pause, though we see this only in the Far

North and Far South.

For a more ready com par i son, Figs. 18a - e show the

bias and de vi a tion sta tis tics for each re gion, side-by-side on

a com mon scale. Sev eral fea tures stand out.

1. ECMWF and (more mark edly) AIRS vari ances peak

around the tropo pause, prob a bly be cause the of ten steep

gra di ents, pos i tive and neg a tive, cause them to both over -

shoot and un der shoot in dif fer ent cir cum stances (Fig. 11).

2. AIRS shows a con sis tently cold bias at or some what

above the vari ance peak at the tropo pause in all re gions.

3. The AIRS vari ance is uni formly greater than the ECMWF

vari ance in all re gions.

4. The AIRS bias ex cur sions are gen er ally greater than the

ECMWF ex cur sions.

5. There is sub stan tial AIRS-ECMWF covariation in all re -

gions, great est in the Trop ics.

There is now sub stan tial ev i dence that the net bias of

GPSRO tem per a ture pro files is less than 0.1 K be tween 8

and 30 km al ti tude (5 - 30 km out side the trop ics). In deed,

that bias may be less than 0.05 K (Shu-peng Ho, per sonal

com mu ni ca tion). If that is true we can at trib ute vir tu ally the

en tire bias ex cur sion pat terns seen in the pairwise com par i -

sons with GPSRO to the AIRS and ECMWF com po nents.

We can then RSS to gether the bias and de vi a tion es ti mates

for each tech nique to yield es ti mates of their to tal er ror.  The

re sults are shown in Figs. 19a - f, for each re gion, and for the

com bined Far North and Far South (“Poles”). Since the bias

ex cur sions tend to be be low 0.5 K and the in di vid ual de vi a -

tions near 1 K or above for AIRS and ECMWF, the to tal

error curves do not dif fer mark edly from the de vi a tion

curves. Con se quently the curves are quite sim i lar for cor re -

spond ing re gions in the north and south, though the er ror for

AIRS in the Far South is some what higher than in the Far

North, prob a bly be cause of the ef fects of ice and snow. In

gen eral both AIRS and ECMWF show the great est er rors

around the tropo pause. Fig ures 19e and f show clearly the

dif fer ent tropo pause heights in the Trop ics com pared with

the Poles.

8. SUM MARY AND CON CLU SIONS

As we have em pha sized, one’s in ter pre ta tion of the

RMS de vi a tion re sults for AIRS and ECMWF de pends on

what one be lieves about the per for mance of GPSRO. We

have em ployed a model of sin gle-pro file GPSRO tem per a -

ture pre ci sion based on the best in for ma tion cur rently avail -

able; in deed, re cent un pub lished re sults from UCAR in di -

cate that ac tual GPSRO tem per a ture er ror may be lower than 

rep re sented in our model (Shu-peng Ho, per sonal com -

municat ion). Ap pli ca tion of that model re veals a sig nif i -

cant corre la tion be tween AIRS and ECMWF tem per a ture

pro files that re sults in er ror can cel la tion in AIRS-ECMWF

dif fer ences. If that is true, er rors for in di vid ual AIRS and

ECMWF pro files in ferred from such dif fer ences will tend to

be op ti mis tic.

Com pan ion stud ies of AIRS-GPS and ECMWF-GPS

bi ases, which do not de pend on any as sump tion re gard ing

GPSRO mea sure ment pre ci sion, tend to sup port the con clu -

sion of a cor re la tion be tween AIRS and ECMWF pro files.

Dis tinc tive ver ti cal wave struc tures in the ECMWF-GPS

bias pro files that vary by re gion can be de fin i tively as cribed

to de fi cien cies in the model re sult ing from lim ited RAOB

data, a crit i cal in put that pro vides an ab so lute ref er ence.

Where RAOBs are plen ti ful (Mid North), the wave pat tern is 

vir tu ally ab sent; where they are few est (Far South), it is most 

prom i nent. AIRS-GPS bi ases tend to show the same vari a -

tion as ECMWF-GPS bi ases by re gion. While the AIRS-

 GPS ex cur sions are sys tem at i cally greater than those for

ECMWF-GPS, the wave pat terns for AIRS and ECMWF are 

re mark ably sim i lar in each re gion, al most ex actly in phase,

with the great est am pli tude in the Far South and the small est

in the Mid North. Since the ECMWF-GPS bias pat terns arise 

in the ECMWF model, it fol lows that the similar AIRS-GPS

bias patterns arise largely in the AIRS retrievals.

We note that these bias ex cur sions, while quite dis tinct

and highly re peat able from month to month, tend to be at or

be low 0.5 K and are thus com pat i ble with an over all er ror at

the 1 K level. If we as sume that our er ror model for GPSRO

is ac cu rate, we see that out side the trop ics the ECMWF tem -

per a ture er ror ranges be tween 0.6 K in the Far North above

20 km to 1.6 K in the Mid South near the tropo pause. The

AIRS tem per a ture er ror ranges be tween 0.87 and 2.0 K, hit -

ting both ex tremes in the Far North. In the trop ics, ECMWF

er ror ranges be tween 0.8 K be low the tropo pause to 1.8 K at

the tropo pause, pass ing from one ex treme to the other in the

span of 4 km. AIRS shows a very sim i lar pat tern, with larger

over all er rors rang ing from 1.3 to 2.2 K. The source of the

ap par ent cor re la tion be tween AIRS and ECMWF tem per a -

ture er rors is not well un der stood, but may de rive in part

from the AIRS re trieval ini tial iza tion step, which de pends

upon re gres sion co ef fi cients trained on the ECMWF model

analysis for two days in August 2002.

We note that since 2003, sig nif i cant changes have been

made in the ECMWF anal y ses, and a new AIRS “Ver sion 5”

re trieval pro cess has been in tro duced. The ECMWF changes 

in clude as sim i la tion of AIRS radiances (be gin ning mid

2004), in creased num ber of ver ti cal lev els (Jan u ary 2006),

and as sim i la tion of GPSRO pro files (De cem ber 2006). These

changes will un doubt edly have sig nif i cant ef fects on the

com par i son sta tis tics. We are now in the pro cess of re peat ing 

the com par i sons with data ac quired af ter each of these mile -

stones to quan tify the chang ing re la tion ship among the three

datasets.

Per haps the larger mes sage from these stud ies is that,
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Fig. 18. Side-by-side plots of the GPS-ECMWF and GPS-

 AIRS mean off sets for 2003 along with es ti mates of in -

dividual AIRS and ECMWF de vi a tions and the AIRS-

 ECMWF covariation for all five lat i tude bands ex am ined.

(a) (b)

(c) (d)

(e)
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Fig. 19. To tal er ror plots for AIRS, ECMWF, and GPSRO tem per a ture pro files for each of the five re gions and for the com bined high lat i tudes

(“Poles”).

(a) (b)

(c) (d)

(e) (f)



should the er ror model em ployed here for GPSRO tem per a -

ture pro files be sub stan ti ated in fu ture stud ies, then GPSRO

will serve as an ef fec tive, nearly de fin i tive means for chart -

ing the per for mance of spaceborne ra di om e ters in re triev ing

atmospheric temperatures.
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