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AB STRACT

Fol low ing sev eral years of ex per i men ta tion with the GPS ra dio occultation tech nique, the 6-sat el lite FORMOSAT-3/

COS MIC (F3C) mis sion was launched mid-2006 and has been col lect ing data since then. In this pa per we pres ent early

find ings of re search per formed at Météo-France re gard ing the use of these data for as sim i la tion in nu mer i cal weather

pre dic tion. Ben e fit ing from the dense global cov er age al lowed by F3C re frac tion-in duced ob ser va tions, we first as sess the

qual ity of these data at four lev els: bend ing an gle, refractivity, refractivity lapse rate, and tem per a ture. We com pare them with

cal cu la tions from Météo-France nu mer i cal weather fore casts. Learn ing from these var i ous lev els of data we de vise qual ity

con trol pro ce dures that rely on the refractivity lapse rate. Ap ply ing a re cent meth od ol ogy de vel oped in data as sim i la tion we

cal cu late ob ser va tion bend ing an gle er ror vari ances for our as sim i la tion sys tem. Us ing these new qual ity con trol pro ce dures

and ob ser va tion er ror es ti mates we run an as sim i la tion and fore cast ex per i ment with Météo-France’s op er a tional global

4DVAR data as sim i la tion sys tem used as a ref er ence. Our re sults in di cate a very clear pos i tive im pact of the as sim i la tion of F3C 

bend ing an gle data in the South ern hemi sphere for the pre dic tion of geopotential heights and winds. We also ob serve an

improvement in wind forecast skill in the Northern hemisphere, albeit such an improvement is smaller than in the Southern

hemisphere.
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1. IN TRO DUC TION

In 1995, The GPS ra dio occultation tech nique dem on -

strated its abil ity to col lect low cost ob ser va tions of the

Earth’s at mo sphere with a pas sive in stru ment in volv ing nei -

ther op tics nor mov ing parts (Ware et al. 1996). The tech -

nique re quires plac ing an ad vanced ra dio equip ment (i.e., a

GPS re ceiver) onboard a sat el lite whose or bit de ter mi na tion

needs to be pre cise. With this setup the track ing data of the

highly sta ble sig nals trans mit ted by the con stel la tion of GPS

sat el lites can be in verted to yield ionospheric and at mo -

spheric information.

The out line of the pa per is as fol lows. In sec tion 2 we

pres ent the FORMOSAT-3/COS MIC (F3C) ob ser va tions.

We dis cuss the char ac ter is tics of one week of F3C data for

tem per a ture, refractivity, refractivity lapse rate, and bend -

ing an gle in sec tion 3. Sec tion 4 in tro duces Météo-France’s 

op er a tional as sim i la tion and fore cast sys tem ARPEGE (the 

French ac ro nym for Ac tion de Re cher che Pe tite Echelle et

Grande Echelle, i.e., Re search Pro ject on Small and Large

Scales). That sec tion also de tails the ob ser va tion op er a tors

used to sim u late F3C data. Sec tion 5 pres ents a com par i son

of F3C data with ARPEGE fore casts. We de vise qual ity

con trol pro ce dures in sec tion 6 and eval u ate ob ser va tion

er ror covariances for bend ing an gles in sec tion 7. Sec tion 8

pres ents the re sults of an as sim i la tion and fore cast ex per i -

ment. Sec tion 9 con tains con clu sions and per spec tives for

fu ture work.
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2. THE FORMOSAT-3/COS MIC (F3C)

OB SER VA TIONS

2.1 The F3C Mis sion

The F3C mis sion co mes af ter four suc cess ful ex per i -

ments with the GPS ra dio occultation. The first ex per i ment

(GPS/MET) car ried a so-called first gen er a tion GPS re -

ceiver in stru ment and col lected the first-ever ob ser va tions of 

the re frac tion prop er ties of the at mo sphere on GPS sig nals

from space (Ware et al. 1996). Sec ond-gen er a tion in stru -

ments have been ex per i mented with onboard the CHAMP,

SAC-C, and GRACE ex per i ments (Hajj et al. 2002a). Ad -

vances in data pro cess ing have fur ther en abled a fair level of

im prove ment in data qual ity (Beyerle et al. 2004). The F3C

con stel la tion carries third-generation receivers.

The sens ing prin ci ple of the GPS ra dio occultation tech -

nique was pre sented in de tail by e.g., Kursinski et al. (1997)

and Hajj et al. (2002b). Briefly, the GPS sig nals ra di at ing

from the GPS con stel la tion of trans mit ters (more than 24

satellites in mid-Earth or bit) un dergo bend ing and slow ing

down when prop a gat ing in side the Earth’s at mo sphere, by

com par i son with the prop a ga tion that oc curs in a vac uum

(i.e., out side the at mo sphere). A GPS re ceiver on a low-

 Earth or bit ing sat el lite can mea sure the Dopp ler ef fect in -

duced by its rel a tive mo tion with re spect to the trans mit ter,

as sum ing the re ceiver is able to track the phase of the re -

ceived GPS sig nals. If the po si tions and ve loc i ties of the two

plat forms are known ac cu rately, and as sum ing straight-line

prop a ga tion be tween the GPS trans mit ter and re ceiver, it is

pos si ble to cal cu late (or pre dict) the the o ret i cal Dopp ler ef -

fect that one should ob serve at the re ceiver. How ever, if an

at mo sphere is pres ent along the prop a ga tion path, the an gle

of incidence of the tracked sig nal dif fers from what is as -

sumed by straight-line prop a ga tion. The mea sured Dopp -

ler- shifted fre quency is then dif fer ent from the pre dic tion.

From that dif fer ence one can yield a bend ing an gle obser -

vation. A se ries of such ob ser va tions can be col lected

whenever a GPS sat el lite rises or sets be hind the Earth’s

atmospheric limb (so-called occultation event).

Due to the pres ence of the ion o sphere above the Earth’s

neu tral at mo sphere (0 - 100 km al ti tude), the bend ing an gles

ob served by track ing of the two GPS fre quen cies are dif -

ferent. A lin ear com bi na tion of the two (and pos si bly the

use of con straints via a model) can be used to re move the

ion o spheric con tri bu tion and re tain only the neu tral at mo -

sphere con tri bu tion to bend ing an gle (e.g., Kursinski et al.

1997). Here af ter we sim ply call that neu tral con tri bu tion a

bend ing an gle. As sum ing spher i cal sym me try, the re sult ing

time-se ries of bend ing an gle ob ser va tions can be as signed a

se ries of im pact pa ram e ters (or as ymp totic ray-miss dis -

tances) and fur ther con verted, via an Abel trans form, into a

ver ti cal pro file of refractivities as a func tion of height (e.g.,

Hajj et al. 2002b). These can in turn be in verted into tem -

perature and wa ter vapour pro files. The in ver sion pro cess

requires one to as sume hy dro static equi lib rium and a va -

riational ap proach or equiv a lent scheme in or der to pro vide

con straints and make use of a pri ori es ti mates of the ver ti cal

dis tri bu tions of these two me te o ro log i cal pa ram e ters.

2.2 F3C Data Prod ucts Used in This Study

The F3C ob ser va tions are pro cessed in near-real time by 

the COS MIC Data Anal y sis and Ar chive Cen ter (CDAAC)

at the Uni ver sity Cor po ra tion for At mo spheric Re search

(UCAR). We use in the pres ent study ob ser va tions re leased

in Oc to ber and No vem ber 2006, and avail able via the

internet (http://cos mic-io.cos mic.ucar.edu/cdaac/in dex.html).

The geo graph ical cov er age achieved by the six F3C sat el -

lites around that time pe riod is il lus trated in Fig. 1. Note that

the cov er age has been in creas ing since, with soft ware and

firm ware up grades and with the grow ing dis tance be tween

the six mi cro-sat el lites, al low ing for more data down loads.

We use the data ren dered in the World Me te o ro log i cal Or ga -

ni za tion (WMO)-ap proved Bi nary Uni ver sal Form for the

Rep re sen ta tion of me te o ro log i cal data (BUFR). We ex tract

for each occultation event the pro file of bend ing an gles ver -

sus im pact pa ram e ters, refractivities ver sus al ti tudes, and

tem per a tures ver sus geopotential heights. Note that bend ing

an gles and refractivities share the same ver ti cal grid while

tem per a tures are given at dif fer ent lev els. Each pro file con -

tains 200 lev els and ex tends up to an al ti tude of 40 km ex cept 

for tem per a tures which only ex tend up to around 30 km al ti -

tude. We also ex tract for each occultation event geo met ri cal

pa ram e ters such as the lat i tude and lon gi tude pro files avail -

able on the same lev els as the im pact pa ram e ters, the geoid

un du la tion (D: dif fer ence be tween the geoid height and the

el lip soid height), and the lo cal ra dius of cur va ture of the

Earth with re spect to the el lip soid, noted Rc. The start ing

date and time of each occultation is also used as time tag. In

or der to eval u ate the phys i cal con di tions un der which bend -

ing oc curred, we also com pute for each in di vid ual re frac -

tivity ob ser va tion the refractivity lapse rate (dN/dz) us ing the 

next ad ja cent refractivity ob ser va tion lo cated above.

3. ONE WEEK OF F3C DATA

We con sider here 7 days of F3C data ob tained be tween  

0300 UTC 4 Oc to ber 2006 and 0900 UTC 11 Oc to ber 2006

(to tal of 8432 occultation events). We bin the ob ser va tions

in 10 degree lat i tude and 1 km thick ver ti cal bins. The ver ti -

cal co or di nate used in this op er a tion for bend ing an gle,

refractivity, and refractivity lapse rate is the al ti tude found

in the ob ser va tions. We use geopotential heights for the

tem per a tures.

We com pute the mean for tem per a tures, refractivities,

refractivity lapse rates, and bend ing an gles within each bin

(no out lier re moval). The re sult is shown in Figs. 2a - d. The

zonal tem per a ture struc ture is con sis tent with cli ma tol ogy:
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e.g., tropo pause around 15 km al ti tude in the trop ics, dou ble

struc ture around 60°N lat i tude. Note that the mean re -

fractivity ap pears fairly con stant with re spect to lat i tude as a

re sult of the log-scale. The refractivity lapse rate closely fol -

lows the at mo spheric den sity lapse rate in the strato sphere

and in the tro po sphere with tem per a tures be low 250 K (ty -

pically down to 8 km al ti tude in the trop ics, and near-sur -

face at the poles). But more im por tantly, the ver ti cal dis tri -

bu tion of the refractivity lapse con trols pri mar ily the re frac -

tion-in duced mea sure ment pro cess. The refractivity lapse

rate is usu ally neg a tive, and in creases with al ti tude to less

neg a tive val ues, ex cept around the trop i cal tropo pause

where that de cay is slower.

We also eval u ate within each bin the vari abil ity of each

re trieved pa ram e ter by com put ing the stan dard de vi a tion in

Figs. 2e - h. The re sult en com passes the nat u ral vari abil ity of

the ob served quan ti ties as well as the mea sure ment and pro -

cess ing er rors. In terms of tem per a ture, the mid-lat i tudes are

ar eas of larger vari abil ity than the Trop ics. The South ern po lar 

vor tex (around 20 km in al ti tude) ex hib its the larg est tem per a -

ture vari a tions (up to more than 10 K). In terms of refractivity,

refractivity lapse rate, and bend ing an gle, an area of rel a tively

large vari abil ity can be iden ti fied in the same re gion but start -

ing at an al ti tude of 20 km and ex tend ing higher up. The moist 

tro po sphere is also a re gion where nat u ral vari abil ity and pos -

si bly mea sure ment and pro cess ing er ror lead to larger stan -

dard de vi a tions in ob served re frac tivity lapse rate. Over all,

the var i ous lev els of F3C data seem con sis tent be tween one

an other. One ex cep tion is the tem per a ture re trieval in the

South ern hemi sphere near the 17 km al ti tude level where the

vari abil ity seems larger than in the other prod ucts. In fact,

plot ting the tem per a ture vari abil ity in percents yields a re sult

that is more con sis tent with re fractivity stan dard de vi a tions:

the ob served tem per a ture stan dard de vi a tions are less than 2% 

through out most of the do main ex cept for the South ern high

lat i tudes. Fur ther more, this area cor re sponds to the nat u ral

vari abil ity as so ci ated with the break-up of the po lar vor tex in

the South ern hemi sphere spring.

4. MÉTÉO-FRANCE DATA AS SIM I LA TION
SYS TEM

4.1 Ref er ence Sys tem

We used the ARPEGE as sim i la tion and fore cast sys tem

which be came op er a tional at the end of 2006 (ver sion

CY30T2_op2) as a base line for the pres ent work (Janiskova

et al. 1999; Gauthier and Thépaut 2001). The fore cast mo -

del and the as sim i la tion scheme share the same 46 ver ti cal

lev els be tween the sur face and the 0.1 hPa pres sure level (or

about 65 km al ti tude). The hor i zon tal res o lu tion of the fore -

casts is T358 on a stretched grid (about 23 km over France

and 133 km over France’s an tip o des). The as sim i la tion

horizontal res o lu tion is T149 on a uni form grid (or about

133 km). The 4DVAR as sim i la tion scheme bins all ob ser va -
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tions within ±3 hours of the anal y sis time in 7 dif fer ent

time-slots. The first and last time-slots are 30 min utes long;

the re main ing time-slots are 60 min utes long.

The fol low ing data-types were as sim i lated in the op er a -

tional ARPEGE as sim i la tion sys tem as of Oc to ber 2006:

in-situ mea sure ments from the sur face (by land, ship, and

buoys) and up per-air (via ra dio sondes and air craft), at mo -

spheric mo tion vec tor winds from geo sta tion ary and po lar- or -

bit ing im ag ery, wind pro files from Eu ro pean and Amer i can

wind profilers, sea winds from the QuikSCAT scat terometer,

ze nith to tal de lays from ground-based GPS sta tions over

Europe, and bright ness tem per a tures from the fol low ing

pas sive ra di om e ters: the Ad vanced Mi cro wave Sound ing

Unit (AMSU)-A, AMSU-B, High Res o lu tion In fra red Ra -

diation Sounder (HIRS), At mo spheric In fra Red Sounder

(AIRS), and Spe cial Sen sor Mi cro wave/Imager (SSM/I) on -

board (resp.) the NOAA-15, -16, -18, and NASA Aqua sat el -

lites, the NOAA-16, -17, and -18 sat el lites, the NOAA-17 sa -

tellite, the NASA Aqua sat el lite, and the DMSP-13 sat el lite.

4.2 GPS Ra dio Occultation Ob ser va tion Op er a tors

We map the in for ma tion from fore cast fields (or back -

ground) into GPS ra dio occultation ob ser va tion space with

the help of ob ser va tion operators.

The bend ing an gle ob ser va tion op er a tor used in this

study is the same as that used by Healy and Thépaut (2006).

The as sump tion of spher i cal sym me try en ables to cal cu late

the bend ing an gle from a one-di men sional in te gra tion of the

back ground refractivity lapse rate pro file lo cated at the ver -

tical of the ob ser va tion point. The com pu ta tion of this in te -

gral from the back ground tem per a ture, pres sure, hu mid ity

and geopotential height in for ma tion re quires the prod uct n

times r. The re frac tive in dex n equals the unity plus 10-6 times

the ra dio refractivity N (cal cu lated us ing the for mula of

Smith and Weintraub 1953). The ra dial dis tance r equals the

geo met ric al ti tude (cal cu lated from the geopotential height

as sum ing an al ti tude and lat i tude-de pend ent grav ity ac ce le -

ration) plus Rc and D.
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Fig. 2. The zonal av er age (1 km ver ti cal res o lu tion, 10° lat i tude) of the F3C ob ser va tions for (a) tem per a ture in K, (b) refractivity, (c) refractivity lapse

rate in km-1, and (d) bend ing an gles in milli-ra di ans. Lower panel plots [(e), (f), (g), and (h)] show the stan dard de vi a tions cal cu lated within each bin re -

spec tively in K, in percents of refractivity, in percents of refractivity lapse rate, and in per cent of bend ing an gle. Note the log-scale for [(b), (c), and (d)].



We added ob ser va tion op er a tors to com pute refrac -

tivity and refractivity lapse rate as a func tion of im pact

parameter (see Ap pen dix A), and tem per a ture as a func tion

of geo po tential height from the back ground fields. The

observation op er a tor also re turns for each bend ing an gle

observation the back ground layer in dex con tain ing the

observed im pact pa ram e ter.

Our ob ser va tion op er a tors as sume that the prod ucts

(n.r) cal cu lated at back ground level in ter faces de cay with

altitude. Con se quently, when n.r in creases lo cally with

altitude in a back ground layer (i.e., ducting con di tions, see

von Engeln and Teixeira 2004) we can not com pute back -

ground equiv a lent quan ti ties for refractivity, refractivity

lapse rate, and bend ing an gle at any of the lev els be low.

5. COM PAR I SON OF THE F3C DATA WITH
ARPEGE FORE CASTS

The ob ser va tion op er a tors pre sented above are used to

pro ject the ARPEGE op er a tional 6-hour fore casts onto the

var i ous ob ser va tion spaces: tem per a ture, refractivity, refrac -

tivity lapse rate, and bend ing an gle. The fore casts rep re sent

the back ground onto which F3C data are to be as sim i lated

later on. Be fore ap ply ing variational data as sim i la tion al go -

rithms we must eval u ate the va lid ity an im por tant un der ly -

ing as sim i la tion hy poth e sis re gard ing the F3C ob ser va tions

and the fore casts pro jected in the same space; namely, the

two datasets must re pro duce the same phe nom ena, within a

known er ror range form ing a Gaussi an dis tri bu tion whose

mo ments are un der stood. The pur pose of this sec tion is to

an swer first the ques tion of what are the mean and the stan -

dard de vi a tion of the dis tri bu tion of the dif fer ences be tween

F3C data and their equiv a lent as cal cu lated from the

forecasts.

5.1 Tem per a ture

Fig ure 3a shows the zonal cross-sec tion of the mean dif -

fer ence be tween F3C tem per a ture and back ground tem per a -

ture. The back ground pres ents a cold bias in the trop ics

reach ing more than 2 K at the trop i cal tropo pause (this bias

is known and was also ob served with ra dio sondes) and a

warm bias at high lat i tudes as com pared to F3C tem per a ture

re triev als. We also note a ver ti cally sign-os cil lat ing bias over 

Antarctica (sim i lar to that re ported by Healy and Thépaut

(2006) but in a dif fer ent as sim i la tion sys tem). The F3C

temperature in for ma tion is in valu able in the sense that it

provides us with a global es ti mate of the back ground tem -

per a ture bi ases.

Fig ure 3e shows the stan dard de vi a tion of the tem -

perature dif fer ences be tween F3C re triev als and back -

ground. The larg est de vi a tions are ob served in the moist tro -

po sphere, pos si bly due to a wa ter vapour am bi gu ity in the

tem per a ture re trieval as well as mea sure ment and back -

ground er rors. Be tween the 10 and 20 km al ti tude (ex cept

around the trop i cal tropo pause) the stan dard de vi a tions

reach be low 1.0 K in di cat ing that the back ground and F3C

agree fairly well in that re gion. In con trast with Fig. 2e, we

ob serve small de vi a tions above the South ern high lat i tudes

around 17 km al ti tude. This sug gests that the tem per a ture

vari abil ity ob served ear lier in the ob ser va tions is cor rectly

sim u lated by the back ground and re sults from nat u ral vari -

abil ity (and not from pro cess ing or re trieval er ror).

5.2 Refractivity

Fig ure 3b shows the zonal bias of the refractivity de par -

tures be tween F3C and the back ground. We can iden tify a re -

gion of neg a tive bias in the moist tro po sphere which is sim i -

lar to the so-called refractivity bias ob served by other GPS

ra dio occultation ex per i ments (e.g., Beyerle et al. 2004).

Over Antarctica we note again ver ti cal di poles of bias. Ex -

clud ing the South ern high lat i tudes and the trop i cal tropo -

pause, the bias is less than 0.5% be tween 8 and 20 km in al ti -

tude.

The stan dard de vi a tions of the refractivity de par tures

shown in Fig. 3f are less than 1% al most ev ery where be low

25 km al ti tude ex cept in the moist troposphere.

5.3 Refractivity Lapse Rate

If hor i zon tal gra di ents of refractivity are ne glected, the

refractivity lapse rate (dN/dz) de ter mines lo cally how much

bend ing is to oc cur. We fur ther use it as an in di ca tor of

whether, over a par tic u lar re gion, the F3C ob ser va tions in -

trin si cally saw the same phys i cal re frac tion phe nom ena as

the back ground. One ca veat to this ap proach is that the

refractivity re trieved un der ab nor mal prop a ga tion con di -

tions dif fers from the true refractivity (e.g., Xie et al. 2006).

Fig ure 3c shows the zonal mean dif fer ences in re -

fractivity lapse rate be tween that cal cu lated from F3C

refractivity ob ser va tions and that cal cu lated from the back -

ground refractivities. Be tween 8 and 35 km in al ti tude, the

dif fer ences re main within 3%, sug gest ing that F3C obser -

vations and back ground pres ent sim i lar ver ti cal struc tures.

We note an ex cep tion above Antarctica where we ob serve

os cil la tions sim i lar to those seen in the refractivities.

Fig ure 3g shows the stan dard de vi a tion of the dif fer -

ences be tween the refractivity lapse rate from F3C and that

cal cu lated from the back ground. The agree ment is within

9% be tween 8 and 35 km al ti tude, ex ceed ing 15% around

the trop i cal tropopause.

5.4 Bend ing An gle

Fig ures 3d and h show the zonal mean and stan dard

deviation of the bend ing an gles de par tures be tween F3C

observations and back ground cal cu la tions. The mean agree -
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ment is best over 8 to 20 km al ti tude (ex clud ing Antarctica),

be tween -2% and +2%. The re gion lo cated above 25 km

altitude pres ents dif fer ence stan dard de vi a tions in creas ing

with height above 30 km al ti tude (pos si bly due to noise and

ion o spheric con tam i na tion). The moist tro po sphere in di -

cates stan dard de vi a tions in ex cess of 15%. Ev ery where else

the stan dard de vi a tions re main be low 3% (ex cept near the

trop i cal tropo pause).

Over all, we ob serve that the stan dard de vi a tions of

departures for all quan ti ties are larger in the South ern high

latitudes than in the North ern high lat i tudes. This may be

explained by the better ac cu racy of the ARPEGE fore casts

in the North ern hemi sphere.

6. QUAL ITY CON TROL PRO CE DURES

6.1 Phys i cal Con sid er ations

The GPS ra dio occultation sound ing tech nique re lies on

the prop a ga tion of L-band ra dio waves within the Earth’s

atmosphere. Ra dar me te o rol o gists typ i cally con sider that

normal (ra dio) re frac tion oc curs when the (ra dio) refrac -

tivity lapse rate dN/dz is be tween -79 and 0 km-1 (Doviak and 

Zrnic 1984). Be low that range and down to -158 km-1,

super-re frac tion is said to oc cur. Ducting (sub-re frac tion)

may oc cur be low -158 km-1 (at or above 0 km-1). Based on

the refractivity lapse rate cal cu lated from F3C ob ser va tions

we find that about 27% of the F3C occultation events seem

to in clude at least one of such ab nor mal prop a ga tion event.

Our re sults (not shown here) in di cate that most of these

events oc cur in the lower tro po sphere, as ex pected.

6.2 Pro ce dures and Val i da tion

At tempt ing to show the ef fects of these events in the

data, we show in Fig. 4a a scat ter plot of the bend ing an gle

ob ser va tion mi nus back ground de par tures ver sus al ti tudes.
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Fig. 3. The zonal av er ages of the dif fer ences be tween ob ser va tions from F3C and cal cu la tions from the back ground for (a) tem per a ture in K, (b)

refractivity in per cent dif fer ence, (c) refractivity lapse rate in per cent dif fer ence, and (d) bend ing an gles in per cent dif fer ence. [(e), (f), (g), and (h)]

show stan dard de vi a tions. There are no F3C tem per a ture re triev als above about 32 km in al ti tude. Sta tis tics in clude all data ex cept for refractivity

lapse rate dif fer ences out li ers in ex cess of 200%.



We ob serve a neg a tive tail of de par tures be low 10 km al -

titude. There is no cloud con tam i na tion in the GPS ra dio

occultation mea sure ments un like in fra red mea sure ments for

which sim i lar ‘cold tails’ de par tures are fre quent with out

proper cloud-screen ing. How ever, this neg a tive tail is trou -

ble some if some data are not screened out be fore as sim i la -

tion. One rea son is that variational as sim i la tion as sumes

Gaussi an er ror dis tri bu tions, as men tioned ear lier in the in -

tro duc tion of sec tion 5. Plot ting in Fig. 4b a scat ter plot of

the refractivity lapse rates ver sus al ti tude, we also ob serve a

spread with super and sub-re frac tion events. At tempt ing to

find a pos si ble re la tion ship be tween ab nor mal refractivity

lapse rates and large bend ing an gle de par tures we show a

scat ter plot of one ver sus the other in Fig. 4c. For the stron -

gest lapse rates (i.e., in the lower tro po sphere), we ob serve

an an vil shape with a sig nif i cant num ber of large neg a tive

bend ing an gle de par tures. Us ing in stead the back ground

refractivity lapse rate in Fig. 4d we find again an an vil shape, 

but re versed, in di cat ing that the ob ser va tions and the back -

ground each pos sess their own in trin sic lapse rate of phys i -

cal lim i ta tions (lead ing to large pos i tive or neg a tive bend ing

an gle de par tures).

Con se quently, we de vise the fol low ing qual ity con trol

pro ce dure (called QC1). We flag as sus pi cious all data ob -

ser va tions lo cated be low re gions where dN/dz (from ob ser -

va tion or back ground) falls be low -50 km-1. We choose this

con ser va tive thresh old to in clude the pos si bil ity that the F3C 

refractivity data may have in deed seen some ab nor mal pro -

pagation lay ers but whose ef fects may have been damped

in the in ver sion pro cess.

We also find that the de riv a tive of the back ground and

ob ser va tion refractivity lapse rate with re spect to height

(d2N/dz2) is use ful to lo cate ar eas where the phys i cal phe -

nom ena con sid ered sim u lated by the back ground may dif fer

from the ob ser va tion con di tions. In prac tice, we screen out

all data for which |d2N/dz2| ex ceeds 100 km-2 (QC2).
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Fig. 4. (a) A scat ter plot of the bend ing an gle de par ture (F3C ob ser va tion mi nus back ground) ver sus al ti tude; (b) scat ter plot of the refractivity lapse

rate mea sured by F3C ver sus al ti tude; (c) scat ter plot of the bend ing an gle de par ture ver sus the refractivity lapse rate mea sured by F3C; and (d) the

same as (c) ex cept that the refractivity lapse rate is cal cu lated from the back ground. Oc cur rences of pos i tive refractivity lapse rates are ex cluded from

the plots (c) and (d).

(a) (b)

(c) (d)



Fig ure 5a shows the ef fect of tak ing into ac count QC1

and QC2 in the dis tri bu tion of the bend ing an gle de par tures

be tween 0 - 2 km al ti tude. The ef fect of QC2 af ter QC1 is

smaller than that of QC1 alone. Out of the data that pass both 

tests, the skew, stan dard de vi a tion, and mean of the bend ing

an gle de par tures are re duced. The ef fect of both qual ity

controls is ben e fi cial at other al ti tudes (Figs. 5b - d).

7. BEND ING AN GLE ER ROR ANAL Y SIS

7.1 Meth od ol ogy

Desroziers et al. (2005) de vel oped a meth od ol ogy to

eval u ate anal y sis, ob ser va tion and back ground er ror co -

variance ma tri ces in ob ser va tion space (writ ten re spec tively

A, R, B) within a variational data as sim i la tion sys tem. For

clar ity, we re mind read ers that the anal y sis is the prod uct of

the as sim i la tion of the ob ser va tions with the back ground.

Note that the ob ser va tion er ror in cludes the mea sure ment

error as well as the rep re sen ta tive ness er ror.

The method used by Desroziers et al. (2005) re lies on

the in trinsic fil ter ing prop er ties of the anal y sis pro cess. The 

as sumptions are that the back ground and the ob ser va tions

pres ent dis tinct er ror spec tra; oth er wise the method may not

sep a rate be tween ei ther sources of er ror. The cal cu la tions

involve the ex pec ta tion value of prod ucts of the ob ser va -

tion mi nus back ground and anal y sis de par tures, noted re -

spec tively as y0-h(xb) and y0-h(xa):

(1)

(2)

(3)

where h de notes the ob ser va tion op er a tor, xb (xa) is the

back ground (anal y sis) state, and y0 is the ob ser va tion

vector.

We first run the as sim i la tion sys tem ARPEGE with the

ad di tion of F3C bend ing an gle data. We as sim i late all the
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Fig. 5. His to grams of the bend ing an gle de par tures be tween F3C ob ser va tion and back ground with var i ous qual ity con trols and at var i ous al ti tude

ranges: (a) 0 - 2 km, (b) 2 - 4 km, (c) 4 - 6 km, and (d) 6 - 8 km.

(a) (b)

(c) (d)



F3C data that pass the qual ity con trols above, for three

non-cy cling con sec u tive as simi la tions (i.e., us ing the op er a -

tional fore cast as a back ground). As a first es ti mate we as -

sign (uncorrelated) bend ing an gle ob ser va tion er rors of 1%

above 10 km al ti tude and in creas ing lin early to 10% near the

sur face.

7.2 Re sults

In or der to cal cu late the er ror covariance ma tri ces we

bin all the ob ser va tions within the ver ti cal to a res o lu tion of 

200 m (which is close to the F3C dataset ver ti cal res o lu -

tion). Fig ure 6a shows the square root of the di ag o nal of

the R ma trix. The ob ser va tion er ror stan dard de vi a tion is

found to be around 1.5% above 8 km in al ti tude and in -

creas ing to ward the sur face up to 8%. The back ground er -

ror stan dard de vi a tion reaches a peak at 3 km al ti tude and is 

usu ally larger than the ob ser va tion er ror above 2 km al ti -

tude. The anal y sis stan dard de vi a tion er ror is found (as ex -

pected) be low the back ground and the ob ser va tion er rors.

The ob ser va tion er ror ver ti cal cor re la tion is shown at four

dif fer ent lev els in Figs. 6b - e. The cor re la tions in terms of

bend ing an gle are fairly nar row for lev els above 5 km,

about 1 to 2 km thick. The cor re la tion in the low er most

level is found to be fairly broad. We fur ther note that the

ver ti cal cor re la tions ex hibit anti-cor re la tion pat terns for the

three lev els shown here above 4 km in al ti tude. These

anti-cor re la tions con firm sim u la tion stud ies by Syndergaard 

(1999) and Rieder and Kirchengast (2001). The neg a tive

cor re la tions orig i nate from the raw mea sure ment of phases

and the de riv a tive op er a tion nec es sary to de rive a fre -

quency shift from there. The ver ti cal ex tent of the cor re la -

tions may come from the smooth ing ap plied dur ing data

pro cess ing.

Note that these re sults are sub ject to sev eral points of

cau tion. First, the hy poth e ses used above may not all be true. 

Sec ond, the method could be ap plied within an other as sim i -

la tion sys tem, for ex am ple, to con firm that ob ser va tion er -

rors re main the same. In volv ing other data-types to eva l u ate

the ob ser va tion er rors is also an op tion.
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Fig. 6. (a) An es ti mate of the ob ser va tion, back ground, and anal y sis er rors in bend ing an gle space. (b) An es ti mate of the bend ing an gle er ror ob ser va -

tion cor re la tions at 1.5 km al ti tude [where (c), (d), and (e) cor re spond to 4.5, 9.5, and 14.5 km in al ti tude, re spec tively].

(a)

(b) (c)

(d) (e)



8. AS SIM I LA TION EX PER I MENT OF F3C

BEND ING ANGLES

8.1 Ex per i men tal Setup

We use as base line the op er a tional con fig u ra tion of the

ARPEGE as sim i la tion and fore cast sys tem pre sented ear lier. 

We add to this ref er ence the as sim i la tion of F3C bend ing

angles be tween the al ti tudes of 5 and 15 km. We limit the

vertical cov er age in this first ex per i ment as we note that

adding more data be low 5 km mod i fies the stan dard de vi a -

tion of the anal y sis fit to the other ob ser va tions (in clud ing

ra dio sondes), sug gest ing that our par ti tion ing be tween

bend ing an gle ob ser va tion er rors and other ob ser va tion

datatype er rors needs fur ther work. As for the higher limit

(15 km), it cor re sponds to the up per level of the prime re gion 

of in ter est of the us ers of the ARPEGE op er a tional model,

i.e., the lower strato sphere and the tro po sphere. Fur ther more 

the ver ti cal res o lu tion of our back ground be comes coarser

(from 2 to 4 km) be tween al ti tudes of 15 and 25 km. Fi nally,

we ob serve that as sim i lat ing the bend ing an gle data above

15 km changes sig nif i cantly the mean back ground fit to

bright ness tem per a ture ra di ance ob ser va tions. This is ex -

plained by our bright ness tem per a ture ra di ance bias cor rec -

tion be ing not adap tive but could have been solved with an

it er a tive bias cor rec tion tun ing (a sig nif i cant un der tak ing in

it self). As an as sim i la tion sys tem with in creased ver ti cal

resolution and variational bias cor rec tion of the radiances

is cur rently be ing de vel oped, we plan to soon re vise the

choice of re strict ing the as sim i la tion to 5 - 15 km in the

vertical.

In line with Fig. 6a, we as sume ob ser va tion er ror stan -

dard de vi a tions of 2% above 10 km al ti tude and in creas ing

lin early to 3% at 5 km altitude.

A thin ning pro ce dure is ap plied be cause our as sim i la -

tion sys tem can not yet han dle spa tial ob ser va tion er ror cor -

re la tions. The hor i zon tal thin ning is a two-step pro ce dure

sim i lar to that em ployed for other sat el lite ob ser va tions. The

first step bins all bend ing an gle ob ser va tions in 0.60 de gree

lat i tude and lon gi tude square boxes and re tains one ob -

servation in each box. The sec ond step re peats this op er a -

tion but only on those ob ser va tions that were se lected in the

first pass, and in 1.25 de gree lat i tude and lon gi tude boxes

(about 139 km hor i zon tal res o lu tion at the Equa tor). Af ter

this we also per form a ver ti cal thin ning spe cific to bend ing

an gle ob ser va tions. We re tain only one bend ing an gle ob ser -

va tion per occultation pro file and per back ground layer in -

dex, as de ter mined by the ob ser va tion op er a tor de scribed in

sec tion 4.2. The se lec tion of one ob ser va tion per hor i zon tal

bin and per ver ti cal layer is ran dom so that no pref er en tial

se lec tion is ap plied.

The qual ity con trol pro ce dures in tro duced above are

used. An other test con sists in re mov ing all the ob ser va tions

whose de par ture from the back ground ex ceeds a cer tain

thresh old. That thresh old is about three times the ob ser va -

tion er ror stan dard de vi a tion, or ~6% above 10 km al ti tude

and in creas ing lin early to ~9% at 5 km al ti tude.

The ex per i ment as sim i lat ing the F3C bend ing an gles is

called ARPF3C, and run from 0000 UTC 4 Oc to ber 2006 to

1800 UTC 10 No vem ber 2006. A to tal of 33 four-day fore -

casts are is sued daily from the anal y sis at 0000 UTC.

8.2 Re sults

Fig ures 7a and b show the back ground de par tures sta -

tistics for all bend ing an gle data (for the first week of as -

similation), be fore and af ter ap pli ca tion of the qual ity con -

trol. The thin ning pro ce dures re duce the data den sity to a

lower quan tity. Fig ure 7c shows that only a frac tion of all

the F3C data is used in the pres ent study. Af ter as sim i la tion,

the stan dard de vi a tions of the de par tures are re duced be -

tween 5 and 15 km in al ti tude. The lim ited re duc tion is an

effect of the con ser va tive ob ser va tion er ror es ti mate.

We now de fine the fol low ing con cepts to pres ent the

fore cast im pact re sults. The ‘fore cast RMS score’ is the

RMS of dif fer ences be tween ver i fi ca tion data and fore cast

data. The ‘fore cast RMS score dif fer ence’ is the dif fer ence

of the fore cast RMS score for the ref er ence mi nus the fore -

cast RMS score for the ARPF3C ex per i ment. A pos i tive

fore cast RMS score dif fer ence in di cates that the ARPEGE

ref er ence con tains larger fore cast er rors than the ARPF3C

ex per i ment (pos i tive im pact). Like wise, a neg a tive fore cast

RMS score dif fer ence in di cates deg ra da tion in the fore casts

as sim i lat ing the F3C bend ing an gle data.

Fig ure 8 shows the fore cast RMS score dif fer ence for

the South ern, trop i cal, and North ern lat i tudes. The ver i fi ca -

tion data used here are geopotential heights from each an -

alysis. This ap proach en ables to have many more points of

comparison and ver ify the sta bil ity of the re sults with a boot -

strap test. The North ern hemi sphere shows lit tle or no im -

pact. The South ern hemi sphere re sults are much more pro -

nounced with a gain in fore cast RMS of more than 2 mgp

around the tropo pause at day 4.

Fig ure 9 shows the fore cast RMS score dif fer ence us ing

geopotential heights from ra dio sondes as ver i fi ca tion. Again,

the South ern hemi sphere re sults are pos i tive, while the

North ern hemi sphere shows a (gen er ally pos i tive, but small) 

neu tral im pact. The trop ics are more sub ject to dis cus sion, as 

the neg a tive re gions of im pact seem to have gained room in

the plot. The signs of these re sults are found to be sig nif i cant

for most al ti tudes and most fore cast lead times with a sign

test.

Fi nally, Fig. 10 shows the fore cast RMS score dif fer -

ence us ing winds from ra dio sondes as ver i fi ca tion. The fore -

cast im pact mea sured us ing that met rics is more vis i ble in

the North ern hemi sphere, while it re mains strong in the

South ern hemi sphere. The re sults are more mixed in the

trop ics.

Over all, the max i mum pos i tive im pact is found in the

110 Poli et al.



FORMOSAT-3/COS MIC As sim i la tion in Meteo-France NWP 111

Fig. 7. Global sta tis tics of dif fer ences be tween F3C bend ing an gle ob ser va tions mi nus back ground (‘all data’ - ‘post-QC’: only those data se lected by

the QC - ‘ac tive’: only those data se lected for as sim i la tion) or anal y sis in the ARPF3C ex per i ment. The list un der ‘num bers’ in di cates the size of the

to tal pop u la tion (‘all data’), binned to 1 km ver ti cal res o lu tion.

Fig. 8. Fore cast RMS score dif fer ences of the ARPF3C ex per i ment as com pared to the op er a tional ARPEGE sys tem for geopotential height. Anal y ses

from each run are used as ver i fi ca tions (con tour 0.5 mgp). The solid (dot ted, dashed) con tours in di cate ar eas of pos i tive (re spec tively: neu tral, neg a -

tive) im pact. X-axis: fore cast lead time (hours), y-axis: pres sure level (hPa).

Fig. 9. Same as Fig. 8 but us ing ra dio sondes as ver i fi ca tions.

(a) (b) (c)



up per tro po sphere and around the tropo pause. The re sults in

the trop ics need fur ther in ves ti ga tion and/or ex per i men ta -

tion to be conclusive.

9. CON CLU SIONS AND FU TURE WORK

The F3C mis sion has been pro vid ing a global dataset of

GPS re frac tion ob ser va tions since mid-2006. We have as -

sessed these data pro cessed by UCAR in a com par i son with

the global op er a tional as sim i la tion and fore cast sys tem of

Météo-France (ARPEGE). Look ing at four dif fer ent lev els

(bend ing an gle, refractivity, refractivity lapse rate, tem per a -

ture), we have found that the F3C data are close to the fore -

casts is sued by ARPEGE ex cept in the moist tro po sphere.

We pro pose thresh olds for qual ity con trol pro ce dures when

in ves ti gat ing the dis tri bu tions of refractivity lapse rates.

These checks en able re search ers to re duce the skew and

stan dard de vi a tion in the bend ing an gle ob ser va tion mi nus

back ground dis tri bu tions. Cap i tal iz ing upon a method re -

cently de vel oped by Desroziers et al. (2005) we de rive es ti -

mates of bend ing an gle ob ser va tion er ror stan dard de vi a -

tions and ver ti cal cor re la tions. We con firm the pres ence of

neg a tive cor re la tions in bend ing an gle ob ser va tion er rors

(as sug gested by pre vi ous au thors in their sim u la tions) and

the over all rather sharp ver ti cal cor re la tions.

Us ing these el e ments as well as a hor i zon tal and ver ti cal

thin ning we run an as sim i la tion ex per i ment of F3C bend ing

an gle data for about a month. The fore casts is sued by this

experiment prove closer to ra dio sondes and ver i fy ing an -

alyses in the south ern hemi sphere for geopotential heights.

We also find an im pact on the pre dic tion of winds in the

North ern and South ern hemi spheres’ up per tro po sphere.

The over all fore cast im pact in the trop ics is more mixed.

This first study in di cates that the F3C data do con tain

the prom ise to help im prove nu mer i cal weather pre dic tion

fore casts. Based on the pos i tive re sults shown here and

thanks to the re cent de liv ery of F3C data on the GTS and in

near-real time we plan to make use of these ob ser va tions as a

part of the Météo-France op er a tions in the near fu ture.

It must be noted that the work pre sented here was largely

en abled by the dense daily cov er age of ob ser va tions al lowed

of the F3C con stel la tion. This has made it eas ier to iden tify,

in ves ti gate (solve) the ben e fits (chal lenges) of these data.

This work will help the as sim i la tion of data from sin -

gle-sat el lite GPS ra dio occultation mis sions such as GRACE,

CHAMP, and GRAS on MetOp.

An other an tic i pated ap pli ca tion of F3C data in our

operational as sim i la tion sys tem (be sides as sim i la tion) is

the use of the F3C tem per a ture re triev als to help mon i tor the

up per-air fields, for which we have oth er wise few ver i fi ca -

tion data at high ver ti cal res o lu tion.

Re gard ing fu ture de vel op ments, higher res o lu tion ex -

per i ments of the ARPEGE sys tem are cur rently be ing per -

formed with 60 lev els in stead of 46. These might help lower

the lower altitude limit at which we as sim i late the F3C ob -

ser va tions in the future.
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AP PEN DIX A

Ob ser va tion op er a tors for refractivity and refractivity

lapse rate as a func tion of im pact pa ram e ter

The im pact pa ram e ter (noted a) is used as the inde -

pendent ver ti cal co or di nate. First we find the back ground

layer in which a is lo cated. That back ground layer is

bounded by two in ter faces with refractivities N1 and N2 (and

re frac tive in di ces n1 and n2), with ra dii r1 and r2, such that

n1r1 < a < n2r2 (A1)

As noted ear lier, this as sump tion only works as long as

the prod ucts (n.r) de cay with al ti tude in the back ground (for

al ti tudes be low ducting lay ers, the ob ser va tion op er a tor can -

not be ap plied). The refractivity N(a) is then cal cu lated by

as sum ing an ex po nen tial de cay with re spect to the impact

parameter:

(A2)

The al ti tude z en ters this equa tion via the im pact para -

meter def i ni tion

a = [1 + 10-6 N(a)] × (Rc + D + z) (A3)

us ing the no ta tions de fined in sec tion 2.2. Re plac ing a by

its def i ni tion and tak ing the nat u ral log a rithm of (A2), we

can cal cu late the to tal de riv a tive on both sides

(A4)

We fi nally re ar range this ex pres sion to yield the re -

fractivity lapse rate

(A5)
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