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AB STRACT

A nonlocal ob ser va tion op er a tor has been de vel oped to as sim i late GPS ra dio occultation (RO) refractivity with WRF

3DVAR. For sim plic ity, in the past GPS RO refractivity was of ten as sim i lated us ing a lo cal ob ser va tion op er a tor with the

as sump tion that the GPS RO ob ser va tion was rep re sen ta tive of a model lo cal point. Such an op er a tor did not take into ac count the

ef fects of hor i zon tal inhomogeneity on the de rived GPS RO refractivity. In or der to more ac cu rately model the observables,

Sokolovskiy et al. (2005a) de vel oped a nonlocal ob ser va tion op er a tor, which would take into ac count the ef fects of hor i zon tal

inhomogeneity on GPS RO mea sure ments. This nonlocal ob ser va tion op er a tor cal cu lates the in te grated amount of the model

refractivity along the ray paths cen tered at the peri gee points. For com par a tive pur poses, the nonlocal ob ser va tion op er a tor can be

sim pli fied by lim it ing the length of in te gra tion near the RO point. This is called the “lo cal op er a tor vari ant”, which is equiv a lent to

the orig i nal lo cal op er a tor ex cept that the orig i nal one is per formed with fixed tan gent points at ob ser va tion lev els. For

com pu ta tional ef fi ciency, as sim i la tion us ing both the nonlocal op er a tor and lo cal op er a tor vari ant now is per formed with smear

tan gent points at the mean height of each model ver ti cal level. In this study, the sta tis tics of ob ser va tion er rors us ing both lo cal

and nonlocal op er a tors were es ti mated based on WRF sim u la tions. The ob ser va tion er rors produced by the nonlocal operator

are about two times smaller than those generated by the local operator and in agreement with Sokolovskiy et al. (2005b).

Each of the three op er a tors is used to as sim i late GPS RO refractivity soundings from the FORMOSAT-3/COS MIC mis sion

us ing the WRF 3DVAR sys tem. The WRF model then is ap plied to sim u late Ty phoons Kaemi (July 2006) which struck Tai wan

with sig nif i cant tor ren tial rain fall. The anal y sis in cre ments pro duced by the nonlocal op er a tor and lo cal op er a tor vari ant are quite

sim i lar in hor i zon tal and ver ti cal dis tri bu tions; whereas, the for mer is slightly stretched along the ray’s di rec tion, as a re sult of the

lon ger in te gra tion length. The sim u lated ty phoon tracks prior to land fall are quite sim i lar for the three op er a tors. Both the nonlocal 

op er a tor and lo cal op er a tor vari ant im prove the de toured track af ter land fall as pre dicted by the lo cal op er a tor. The nonlocal

op er a tor out per forms the two lo cal op er a tors in rain fall pre dic tion at later times. The per for mances of the nonlocal op er a tor in

gen eral are promising and can replace the local operator at no marked cost of computational efficiency.
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1. IN TRO DUC TION

Re mote sens ing us ing about 28 Global Po si tion ing Sys -

tem (GPS) sat el lites in cur rent op er at ing may be ef fec tively

car ried out by re ceiv ing GPS sig nals with air borne or

ground-based re ceiv ers. The ra dio rays are bent when tra -

vers ing the at mo sphere. Re ceived by Low-Earth Or bit

(LEO) sat el lites, ra dio occultation (RO) sig nals pro vide

use ful in for ma tion about the state of the at mo sphere. Con -
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struct ing a global con stel la tion net work through such ra dio

occultation and mo bile LEO sat el lites, in par tic u lar, have

sev eral ad van tages such as a high ver ti cal res o lu tion, no

need for cal i bra tion, un af fected by cloud cover or rain fall,

and global cov er age (Anthes et al. 2000). The com par i sons

of GPS RO ob ser va tions with con ven tional ra dio sonde

soundings were con ducted in a num ber of stud ies (e.g.,

Rocken et al. 1997; Kuo et al. 2004, 2005). In the mid dle

and up per tro po sphere, the ac cu racy of the refractivity re -

trieved from GPS RO soundings is com pat i ble to or higher

than that of ra dio sondes as re ported by Kuo et al. (2005).

De pend ing on the level of data pro cess ing, var i ous vari -

ables can be re trieved from GPS RO ob ser va tions for use in

data as sim i la tion, rang ing from raw ex cess phases to re -

trieved mois ture and/or tem per a ture pro files (see Kuo et al.

2000, 2004). The bend ing an gle, de fined as the an gle be -

tween the in ci dent ray and the out go ing ray (Kursinsky et al.

2000), can be re trieved from low-level data with the as -

sumption of spher i cal sym me try. Af ter ap ply ing the Abel

inversion for bend ing an gles, GPS RO refractivity pro files

can be ob tained at an occultation point as an in ter me di ate

prod uct with pre sumed lo cal spher i cal sym me try. There are

sev eral im pact stud ies us ing GPS RO refractivity soundings

(Kuo et al. 2004, 2005; Huang et al. 2005; Chen et al. 2006;

Cucurull et al. 2006). For ex am ple, Huang et al. (2005) as -

sim i lated sev eral GPS RO refractivity soundings into the

fifth-gen er a tion Penn syl va nia State Uni ver sity Na tional

Cen ter for At mo spheric Re search Mesoscale Model (MM5)

with a three-di men sional variational data as sim i la tion sys -

tem (3DVAR) and showed that both track ing and ac cu mu -

lated rain fall pre dic tions were im proved in sim u lat ing two

ty phoons which struck Tai wan, Nari (2001) and Nakri

(2002). Data as sim i la tion stud ies have shown that GPS RO

bend ing an gles and refractivities can have a pos i tive im pact

on re gional as well as global weather pre dic tions (Kuo et al.

1997; Zou et al. 1999, 2000; Liu and Zou 2003; Healy et al.

2005; Huang et al. 2005; Cucurull et al. 2006; Healy and

Thepaut 2006).

The at mo spheric refractivity (N) is re lated to sev eral

me te o ro log i cal vari ables, such as

(1)

where Pw is wa ter va por pres sure in hPa, T air tem per a ture

in K, and P the pres sure of the at mo sphere in hPa, as the

model pre dicted vari ables vary with height. As men tioned

above, as sim i la tion of the Abel-re trieved refractivity pro -

files has as sumed lo cal mea sure ment at the peri gee point

where the GPS ray is clos est to the earth. This treat ment

also in di cates that the ob served refractivity is mod eled as

lo cal refractivity when as sim i lated by a lo cal refractivity

op er a tor; how ever, this re sults in cer tain rep re sen ta tive

er rors due to the char ac ter is tics of the Abel-re trieved re -

fractivity that ac counts for an in te grated amount of re -

fractivity along the path of the ray in a spher i cally- sym -

met ric at mo sphere (Poli 2004; Poli and Joiner 2004; So -

kolovskiy et al. 2005a, b). In or der to take into ac count the 

ef fect of the in te gra tion, Sokolovskiy et al. (2005a, b)

sug gest the use of ex cess phase as the ob serv able for as -

sim i la tion, which is de fined as the in te grated amount of

re fractivity along a ray. For sim plic ity and ef fi ciency, the

ray of the in te gra tion can be as sumed as a straight line (for 

de tails see Fig. 1 of Sokolovskiy et al. 2005b). Such a for -

ward model is the so-called nonlocal op er a tor as com -

pared to the lo cal op er a tor us ing the point refractivity.

Soko lovskiy et al. (2005a, b) found that the ob ser va tional

er rors pro duced by the nonlocal op er a tor are smaller than

those by the lo cal op er a tor, which de creases by a fac tor

1.5 to 2 be low 6 km. This er ror re duc tion is con sid er able

in the case of strong hor i zon tal mois ture and tem per a ture

gra di ents. For the non local and lo cal op er a tors, we also

es ti mated their ob ser va tion er rors in our sim u lated do -

main in this study.

Ob ser va tions and mod el ing stud ies in di cate that the

bend ing an gle of a ray tan gent to the sur face may be only as

large as 3 de grees (e.g., Zou et al. 1999; Healy and Thepaut

2006). Hence, it is rea son able to use a straight line to rep re -

sent the ac tual ray, and such ap prox i ma tion will be cost-

 effective for our model as sim i la tion. In this study, we de -

velop just such a new op er a tor to as sim i late the ex cess phase 

to in ves ti gate the nonlocal ef fect along a straight ray path,

and im ple ment this op er a tor into the 3DVAR for the Weather 

Re search & Fore cast ing (WRF) Model (see sec tion 2 for

more de scrip tions).

The launch of six FORMOSAT-3/COS MIC (FORMOSA

Sat el lite #3/Con stel la tion Ob serv ing Sys tem for Mete oro -

logy, Ion o sphere, and Cli mate) sat el lites on 15 April 2006

pro vides a great op por tu nity for a re gional model to as sim i -

late more GPS RO data than avail able be fore (see http://

www.cos mic.ucar.edu). By Au gust 2006, sev eral sig nif i cant 

ty phoons struck Tai wan with a few of RO soundings from

FORMOSAT-3/COS MIC within our sim u la tion do main. We 

choose one of the ty phoon events, Kaemi (July 2006) to il -

lus trate the fea si bil ity of the new op er a tor. We will com pare

the re sults in more de tail us ing both lo cal and nonlocal

operators in a sim u la tion of Ty phoon Kaemi, and dis cuss

the possible im pact of the GPS RO refractivity as sim i la tion

on ty phoon track ing and rain fall pre dic tion. A brief in tro -

duc tion of the meth od ol ogy (in clud ing the ob ser va tion er ror

es ti ma tion, nonlocal op er a tor, and the weather model) will

be given in sec tion 2. The de sign of the ex per i ments and si -

mulated re sults will be de scribed in sec tion 3 where the

comparisons of model re sults with the ob ser va tions will be

fo cused on both ty phoon track pre dic tion and ac cu mu lated

rain falls over Tai wan. Sev eral sen si tiv ity tests and dis cus -

sions are pro vided in sec tion 4. Fi nally, we will of fer our

con clu sions in sec tion 5.
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2. THE METH OD OL O GIES

The up dated WRF Model (ver sion 2.1.2), which is a

next-gen er a tion mesoscale nu mer i cal weather pre dic tion

sys tem, was ap plied to sim u late Ty phoon Kaemi (2006). The 

de tails of the WRF model can be found on the web site

(http://wrf-model.org) as well as in Skamarock et al. (2005).

The model is com press ible and non-hy dro static, and thus is

ca pa ble of de pict ing the con vec tive sys tems as so ci ated with

a ty phoon. WRF fea tures mul ti ple dy nam i cal cores with

high-or der numerics and al lows for com pu ta tional par al -

lelism that can en hance nu mer i cal ac cu racy and ef fi ciency.

The WRF 3DVAR was de vel oped based on the MM5

3DVAR, and they share the same ob ser va tion op er a tors (for

de tails of the WRF/MM5 3DVAR, see Barker et al. 2003,

2004). By min i miz ing a cost func tion, which cal cu lates the

mag ni tude of dif fer ences be tween the anal y sis and ob ser -

vations, the in gested ob ser va tions can be used to ad just the

initial anal y sis through proper weight ing de pend ing on ob -

ser va tion and back ground er ror sta tis tics (Wu et al. 2002). In 

this study, we will use the WRF 3DVAR (ver sion 2.1) with

the nonlocal op er a tor for as sim i la tion of the GPS RO data.

2.1 Nonlocal Op er a tor in WRF 3DVAR

In ear lier stud ies, GPS RO refractivity has been as sim i -

lated by as sum ing that the re trieved refractivity is rep re sen -

ta tive of a lo cal value valid at the ray peri gee point. Such an

ap proach, though computationally ef fi cient, does not take

into con sid er ation the ef fects of hor i zon tal gra di ents on the

re trieved GPS refractivity and will be come as so ci ated with

some er rors of rep re sen ta tive ness. Sokolovskiy et al. (2005a)

show that such er rors can be come much more size able over

re gions with sig nif i cant hor i zon tal mois ture or tem per a ture

gra di ents. In or der to re duce the rep re sen ta tive ness er rors, a

nonlocal op er a tor is used to take into ac count the ef fect of

hor i zon tal gra di ents.

In this study, we de vel oped a new as sim i la tion op er a tor

for WRF 3DVAR. To ac count for nonlocal ef fects, lo cal

refractivity is in te grated along the ray path which is ap prox i -

mated by a straight line and this in te grated amount is treated

as a new ob serv able (ex cess phase) de fined as S N dl= ò  

where l is the ray path (Sokolovskiy et al. 2005a, b). First of

all, we ob tained re trieved ver ti cal pro files from the COS -

MIC Data Anal y sis and Ar chi val Cen ter (CDAAC), which

in clude the lon gi tude, lat i tude and height of a tan gent point, 

the as so ci ated refractivity and the az i muth of an in com ing

ray. Then, we cal cu lated the model mean heights by av er -

ag ing the heights of all the model grids on each model ver -

ti cal level. The above ob ser va tions (in clud ing the po si tions 

of tan gent points) were got ten on the model mean heights

by a ver ti cal av er age. We be lieve that such a ver ti cal av er -

age may still re tain enough sig nals from the ob ser va tions

with out going into de tails that the model can not re solve.

Since the operator is ori ented ef fi ciently with rea son able

ac cu racy, the de vel oped ver sion fits our goals. The model

vari ables were in ter po lated by a cu bic spline into the model 

mean heights. Then, both ob ser va tion and model re frac -

tivities were in te grated along a ray path by a step size of 5 km

for each tan gent point. It is im por tant to use the same ap -

prox i ma tion for cal cu la tion of the ex cess phase from the

model and from an observation. This re sults in can cel la -

tion, to a ma jor ex tent, of the er rors aris ing from the st -

raight-line ap prox i ma tion for rays. Herein, some prop er -

ties of the nonlocal op er a tor should be noted:

(1) The as sim i la tion is per formed at model mean heights for

sav ing com pu ta tional time and also re duc ing the aliasing 

of high ver ti cal res o lu tion vari a tions in the GPS re -

fractivity ob ser va tions onto the much lower ver ti cal re -

solutions of the model.

(2) Both ob ser va tions and model refractivities are in te grated 

us ing the same op er a tor with two con straints that con fine 

the ray within the model do main and can not al low pen e -

tra tion through ter rain.

(3) The ob served refractivity is as sumed to be spher i cally

sym met ric about the RO point. The co or di nates of the

peri gee point for each ray may vary with geo detic height.

(4) The ray is pre sumed to be a straight line for sim plic ity

and the in te gra tion is ter mi nated be fore the ray has

approached the model top which is set to 50 hPa (about

20 km in height).

(5) The er ror sta tis tics for the ex cess phase is ide al ized by an

ap prox i mated func tion of the rel a tive ob ser va tion er rors

which are 1% in the low est layer of 2 km and then de -

crease monotonically with height to about 0.2% at 10 km 

height (see be low for fur ther de tails).

The de fault lo cal op er a tor in WRF 3DVAR as sim i lates

refractivity from CDAAC with fixed tan gent points at ob -

servation heights by map ping model vari ables into the

observation heights. Note that this is a dis crep ancy in the

heights of as sim i la tion be tween the lo cal op er a tor and the

nonlocal op er a tor. For ac count ing the smear ing of tan gent

points, we also de velop a lo cal op er a tor vari ant in the WRF

3DVAR to pro vide a di rect eval u a tion of the ef fect of in te -

gra tion. The lo cal op er a tor vari ant dif fers from the nonlocal

op er a tor only in that no ray in te gra tion is per formed.

2.2 Ob ser va tion Er rors

It is im por tant to have con sis tent er ror sta tis tics of ob -

ser va tions for use in as sim i la tion. Both lo cal and nonlocal

op er a tors were used to as sim i late the cor re spond ing vari -

ables as observables. The ap par ent er rors con sist of two

sources, one from the model it self and the other from the

observations. First, the ap par ent er ror can be es ti mated by
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calculating the dif fer ences be tween the fore cast re sults and

the ob ser va tions. Then, we es ti mate the fore cast er rors fol -

low ing the method used by Hollingsworth and Lönnberg

(1986). It is as sumed that the ob ser va tion er rors are un -

correlated with each other, and they are also uncorrelated

with the fore cast er rors. We es ti mated the cor re lated fore cast 

er rors us ing the 12-h fore cast re sults of WRF model. The

observation er ror thus can be ob tained as s s so a f
2 2 2= -  as

dis cussed in Kuo et al. (2004), where s o
2 , s a

2 , and s f
2  are the

vari ances of ob ser va tion er rors, ap par ent er rors, and model

fore cast er rors, re spec tively.

In this study, we cal cu late the sta tis tics of ob ser va tion

er rors for a one month pe riod us ing both lo cal and nonlocal

op er a tors. The GPS RO soundings from 15 Au gust to 15

Sep tem ber 2003 from CHAMP (CHAl leng ing Minisatellite

Pay load) and from 15 July to 15 Au gust 2006 from FOR -

MOSAT-3/COS MIC were used for the er rors in sta tis tics,

respectively. The amounts of the GPS RO in the sim u lated

outermost do main (with 151 by 151 grids at hor i zon tal re -

solution of 45 km) vary with height for both data sources

(Fig. 1a). The num ber of GPS RO from FORMOSAT-3/

COS MIC is about two to three times more than that from

CHAMP at lower lev els and about 1.7 times above 8 km

(where the amounts are 314 for CHAMP and 546 for

FORMOSAT-3/COS MIC). Ev i dently, there are only small

dif fer ences be tween the sta tis tics of the ob ser va tion er rors at

all ver ti cal heights for the two data sources (Fig. 1b), ex cept

be low 6 km where a larger dif fer ence arises pos si bly due to

the data scar city for CHAMP at lower al ti tudes. The ob ser -

va tion er ror pro duced by lo cal op er a tor shows an ap prox i -

mately ex po nen tial de cay with a max i mum in the low est

level of about 3%, which is con sis tent with the es ti mate of

Chen et al. (2006) us ing a 50-km res o lu tion. The nonlocal

op er a tor pro duces smaller er rors even at the low est height,

and the er rors are gen er ally less than 1% at all the lev els and

0.5% above 6 km. Hence, the ob ser va tion er rors pro duced

by the nonlocal op er a tor are about two times smaller than

those by the lo cal op er a tor, which is in good agree ment with

Sokolovskiy et al. (2005b). With the sim i lar ob ser va tion er -

rors as es ti mated from CHAMP and FORMOSAT-3/COS -

MIC, we adopt the pro files of ob ser va tion er ror sta tis tics

with a mod i fied curve in the low est level of 2 km for the

nonlocal op er a tor. Due to less con fi dent sta tis tics from fewer 

GPS RO points at lower lev els for the CHAMP data, we

have lev eled off the ob ser va tion er rors be low 2 km as sup -

ported by the FORMOSAT-3/COS MIC data.

3. EX PER I MENTS AND MODEL RE SULTS

3.1 Model Set ting and Ex per i ment De sign

To as sess the po ten tial im pact of the FORMOSAT-3/

COS MIC data on model sim u la tion, we sim u late a ty phoon

event to dem on strate the per for mance of the nonlocal op er a -

tor. Sev eral ty phoons oc curred in the north west Pa cific be -

fore Au gust 2006 in the ear lier ad just ment stage of the six

sat el lites af ter launch. One of the ty phoons, Kaemi, is par -

ticularly in ter est ing since it made land fall in south east Tai -

wan and brought tor ren tial rain fall dur ing its pas sage. To

sim u late Ty phoon Kaemi, we use WRF model with three

nested do mains at hor i zon tal res o lu tions of 45, 15, and 5 km, 

re spec tively (Fig. 2). Ac cord ing to the anal y sis by CWB (the 

Cen tral Weather Bu reau) in Tai wan, Ty phoon Kaemi pos -

sessed a mod er ate in ten sity with a max i mum wind speed of

38 m s-1 when it, born south west of Guan on 19 July, in ten si -

fied to a mod er ate ty phoon on 21 July. Kaemi per sis tently

headed west-northwestward for Tai wan and made land fall at 

Tai-Tung (the south east county of Tai wan) at 1545 UTC 24

July. At 0000 UTC 25 July, the ty phoon cen ter had left Tai -

wan, but the outer cir cu la tion still sur rounded the whole is -

land. The near-sur face wind from NCEP AVN (global

model) anal y sis at 0000 UTC 23 July 2006 (the ini tial sim u -

la tion time) is shown in Fig. 2. The cen tral low pres sure of

997 hPa for Kaemi is con sid er ably weaker than the ob ser -
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(a)

Fig. 1. (a) The amounts of GPS RO var ied with height. (b) The sta tis ti -

cal ob ser va tion er rors for lo cal (right) and nonlocal (left) op er a tors with 

CHAMP data (2003/08/15 - 2003/09/15) and FORMOSAT-3/COS -

MIC data (2006/07/15 - 2006/08/15).

(b)



vation (960 hPa) at this time (fig ures not

shown).

The model sim u la tions em ploy the cu -

mu lus para meter ization of the Kain-Fritsch

scheme in two outer do mains and the cloud

microphysics scheme of Lin et al. in all the

do mains. The first guess for WRF 3DVAR

was taken from the NCEP AVN anal y sis

which also pro vided the bound ary con di -

tion for the out er most do main. The mo del

was in i tial ized at 0000 UTC 23 July, within

±3 h of which seven GPS RO events took

place in the out er most do main. The data as -

similations were per formed in all of these

three do mains. Seven soundings with oc -

cul tation times are marked by a plus sign in

Fig. 2. One ob ser va tion lo ca tion (oc cur -

ring at 0050 UTC) near est to the ty phoon

cen ter was about 600 km away. We con -

ducted the sim u la tions with out as sim i la tion

of GPS RO data (de noted by NONE) and

with as sim i la tion of refractivity us ing the

nonlocal op er a tor and the so-called lo cal

op er a tor vari ant (de noted by EPH and LLZ, 

re spec tively) for com par i sons, see Ta ble 1.

The main rea son for in tro duc ing LLZ is that 

it al lows an ac count ing for the hor i zon tal

smears of tan gent points as EPH and test ing
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Fig. 2. The near-sur face wind from a NCEP AVN anal y sis in the out er most do main at

the ini tial time, and the best track (in di cated by the date) from the CWB for Ty phoon

Kaemi (2006). The model sim u la tion do mains with hor i zon tal res o lu tion of 45, 15, and

5 km, respectively, are de picted. The plus signs in di cate the occultation po si tions

avail able for assimilation and their cor re spond ing UTC times.



the ef fect of dif fer ent ob ser va tion er rors. Mod i fy ing the de -

fault lo cal op er a tor built into the WRF 3DVAR for test ing

these ef fects re quires more tech ni cal work. For both EPH

and LLZ, the cost func tion is cal cu lated on the model mean

heights (about 31 lev els) us ing same inter polation schemes.

A sim u la tion with re fractivity as sim i la tion on the ob ser va -

tion heights was also con ducted for the de fault lo cal op er a tor 

in WRF 3DVAR (de noted by LOC) but with smoother ob -

ser va tion er rors based on the sta tis tics in Fig. 1b (Ma et al.

2006). Note that the cost func tion is cal cu lated on all ob ser -

va tion heights (nor mally con sist ing of about 200 lev els) for

LOC.

Ty phoon pre dic tions are in ti mately in flu enced by how

the ini tial ty phoon vor tex is re solved by the model. Some

vor tex bogussing in 3DVAR might be use ful for im prove -

ment of model per for mance. On the other hand, bo gus data

as sim i la tion (BDA) (e.g., Zou and Xiao 2000) us ing the dy -

namic model in 4DVAR has been pro posed and shown to be

ro bust for ini tial iza tion of an in tense vor tex with asym met ric 

struc tures. In this study, a sym met ric bal anced vor tex as rou -

tinely adopted by CWB is used to rep re sent a bo gus ty phoon

to be as sim i lated in 3DVAR. We de note the rel e vant ex peri -

ments with a bo gus vor tex by at tach ing a name “TCBOG”.

Sim i larly, a name “GTS” is also at tached in rel e vant ex -

periments with con ven tional soundings in view of the avail -

ability of these rou tine data. In this study, the QuikSCAT

wind field dur ing the as sim i la tion time win dow is also com -

bined with the con ven tional data.

For iden ti fy ing the in flu ence of in di vid ual GPS RO

soundings, two ad di tional ex per i ments (EPH_RE2A and

EPH_RE2B) were con ducted in which two GPS RO

points clos est to the ty phoon vor tex or over China near the 

ini tial time are re moved, re spec tively. Sen si tiv ity tests on

the sta tis tic ob ser va tion er rors were also con ducted to jus -

tify the gross model per for mance with the de fault er rors.

All of the ex per i ments were in te grated over 72 hours.

Dur ing the model in te gra tion, the pre dic tion in the finer

do main with lat eral bound ary con di tions spec i fied from

the pre dic tion in the outer do main is used to up date the lat -

ter pre dic tion on their over lapped points as “an in ter ac tion 

of two ways”.

3.2 In cre ment Anal y ses

In ges tion of the seven GPS RO refractivity soundings

pro duces siz able ini tial in cre ments, i.e., the dif fer ences be -

tween the ini tial fields with and with out GPS RO as simi la -

tions, as shown in Fig. 3 for the anal y sis level at 806 hPa

where the in cre ments are found to be rel a tively larger. The

pan els, from left to right de note the in cre ments of tem -

perature, wa ter va por mix ing ra tio and refractivity, re spec -

tively, for ex per i ments EPH, LLZ, and LOC (from the top to

bot tom pan els, re spec tively). In gen eral, the in cre ments of

tem per a ture (Figs. 3a, d, g), mois ture (Figs. 3b, e, h) and

refractivity (Figs. 3c, f, i) pro duced by the three dif fer ent op -

er a tors have sim i lar geo met ric dis tri bu tions. Also, the in cre -

ments for these op er a tors ap pear to have same signs for most 

of the im pact re gions. How ever, some of them are in op po si -

tion. For ex am ple, the tem per a ture in cre ments are pos i tive

for EPH and LLZ at RO point 1 which is in di cated in Fig. 3a, 

while they are neg a tive for LOC. The mois ture increments

south of Ja pan (RO point 2) are pos i tive for EPH and LLZ,

while they are neg a tive for LOC. Con tri bu tions from RO

point 4 are neg a tive for EPH, while they are very weakly

pos i tive for LLZ and al most near zero for LOC. The in cre -

ments for refractivity and mois ture ex hibit sim i lar dis tri bu -

tions since the larg est con tri bu tion of refractivity vari a tions 

co mes from the mois ture term in (1). We note that the shapes

of the mois ture and refractivity in cre ments for EPH are more 

el lip ti cal as com pared to those for LLZ and LOC. The long

axis of the el lip tic con tour is pri mar ily along the di rec tion of

ray prop a ga tion, re flect ing the ef fect of ray in te gra tion from

the peri gee point, es pe cially for RO point 2. For LLZ and

LOC, the in cre ments are more sym met ric with re spect to the

peri gee point, re sult ing from as sim i la tion of lo cal refrac -

tivity. The re sponses of the as sim i la tion to wind in cre ments

are gen er ally weak, as a typ i cal re sult of the associated

small tem per a ture changes with a hy dro static bal ance in

3DVAR (Huang et al. 2005).

At a higher level, 433 hPa, most of the in cre ments also

pre serve the same sign (Fig. 4), ex cept for the mois ture in -

cre ments in east China (RO point 7) that are pos i tive for LLZ 

and LOC but are neg a tive for EPH. The hor i zon tal scope of

the in cre ments is sim i lar to that at lower lev els for each

operator (see Fig. 5 for some cross sec tions). Mag ni tudes

of the in cre ments pro duced by the three op er a tors are also

quite sim i lar and are closer at 433 hPa than at lower lev els.

As ex pected, the dif fer ent be hav iors of the op er a tors are

more prom i nent at lower lev els where at mo spheric re -

fractivity is much larger and less ho mo ge neous. This is be -

cause the spher i cal sym me try ap prox i ma tion be comes less

valid and the use of a nonlocal op er a tor is more ap pro pri ate

to re duce the er ror of the for ward model. Again, the in cre -

ments at 433 hPa pro duced by the nonlocal op er a tor (EPH)

ex hibit el lip tic shapes elon gated along the ray com pared to

rather cir cu lar con tours pro duced by the lo cal op er a tor va -

riant (LLZ) and the lo cal op er a tor (LOC).

For a clearer pic ture of ver ti cal vari a tions, in cre ments in

the ver ti cal cross-sec tion along the ray paths of three se -

lected RO points (points 2, 4, and 7, marked in Fig. 4a) are

in spected. Herein, we show in Fig. 5 the rel a tive change of

refractivity af ter the as sim i la tion at the cross sec tions along

the three RO ray paths which are nearer to the ty phoon cen -

ter. The ver ti cal dis tri bu tions of the ex treme high and low

val ues pro duced by these three op er a tors are mainly in

phase, al though dif fer ing in some de tails. In gen eral, the in -

cre ments are graded more clearly for LLZ (Figs. 5d, e, f) and 

LOC (Figs. 5g, h, i) than EPH (Figs. 5a, b, c). The ray in te -
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gra tion ap pears to smooth out the ver ti cal in flu ence of lo cal

refractivity in the ver ti cal col umn. As a re sult, ver ti cal vari a -

tions are sharper with greater max ima for both LLZ and

LOC. Over all, the max i mum refractivity in cre ments are less

than 4% for the three op er a tors. The po si tion of the cen ter at

a max i mum or min i mum slightly tilts with height for EPH

and LLZ as com pared to that for LOC be cause the lo ca tions

of the tan gent points change slightly with height for the for -

mer two. The ob ser va tions are as sim i lated on the ob ser va -

tion lev els for LOC, but on the model mean heights for both

EPH and LLZ. That is the rea son why more sim i lar rep re sen -

ta tions oc cur by EPH and LLZ than that by LOC at higher

lev els. At lower heights, the ver ti cal model res o lu tion is

higher than that at higher lev els. Thus, the features ex hib ited 

by LLZ are more sim i lar to those by LOC at lower heights

in di cat ing that the ray in te gra tion for EPH pro duces con -
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Fig. 3. Ini tial in cre ments for (a) tem per a ture (at an in ter val of 0.05°C), (b) wa ter va por mix ing ra tio (at an in ter val of 0.1 g kg-1), and (c) refractivity (at

an in ter val of 0.5 N-units) at 806 hPa pro duced by the nonlocal op er a tor. The in cre ments for hor i zon tal wind at the same level are also over lapped.

Pan els (d), (e), and (f) as in (a), (b), and (c), re spec tively, but for the lo cal op er a tor vari ant, and (g), (h), and (i) for the lo cal op er a tor. The plus signs

indicate the occultation po si tions. The num bers in (a) in di cate the RO points.



sid er able in flu ence on the minimization.

The frac tional dif fer ences in ex cess phases be tween

the anal y sis (A), back ground (B), and the ob ser va tion (O)

are ex am ined for sev eral occultations, as shown in Fig. 6.

The frac tional dif fer ences of O-B for EPH are less than

1% even at lower lev els, which is con sis tent with Soko -

lovskiy et al. (2005a, b). Based on the anal y ses, most of

the pro files ex hibit a neg a tive bias at lower lev els for EPH 

(Fig. 6), LLZ, and LOC (fig ures not shown) as pre sented

by Rocken et al. (1997). The stan dard de vi a tions (SD) of

the above in tro duced frac tional dif fer ences for seven GPS 

RO soundings are shown in Fig. 6e for EPH and in Fig. 6f

for LLZ. The dif fer ences of SD for EPH are al ways less

than that for LLZ; the lat ter dif fer ences are about two to

three times larger than the for mer. This in di cates that the

ray in te gra tion for EPH does re sult in a re duc tion of the

rep re sen ta tive ness er ror by LLZ. Af ter as sim i la tion, both

the ad justed ex cess phase and refractivity are closer to the

ob ser va tions, i.e., with mag ni tudes of O-A are more re -

duced than those of A-B.

140 Chen et al.

Fig. 4. The same as in Fig. 3 but at 433 hPa.



3.3 Gen eral Per for mance

The anal y sis field af ter as sim i la tion was then used for a

72-h model in te gra tion. The sim u lated ty phoon tracks (based

on the po si tion of min i mum sea-level pres sure) are shown in

Fig. 7 for the four ex per i ments, NONE, LOC, LLZ, and

EPH. With out re lo ca tion for the ty phoon cen ter at the ini tial

time, the ini tial vor tex in the model as re solved by the NCEP

AVN data dif fers slightly from the ob served lo ca tion. Con -

sequently, early in the sim u la tion the sim u lated tracks for

the four ex per i ments are slightly north ward as com pared to

the CWB best track. The sim u lated ty phoon cen ters gen er -

ally move west-northwestward to ward Tai wan and then

make land fall in south east Tai wan for NONE, EPH, and

LLZ; there is no land fall for LOC. How ever, their land fall

times are con sid er ably de layed by about 6 - 12 h com pared

to the ac tual time (39 h). Prior to 24 h, most of the sim u lated

ty phoon tracks are sim i lar, all to the north of the best track.

Af ter 24 h, the sim u lated ty phoon cen ters for the three land -

fall cases have moved to the south of the best track. Al -

though most the sim u lated ty phoons make close land fall

positions near the south ern tip of Tai wan, the land fall po si -
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Fig. 5. The ini tial frac tional in cre ments of refractivity (the dif fer ences be tween the anal y ses with and with out as sim i la tion) at the ver ti cal cross sec -

tions along the ray through RO points (a) 2 at (25.347°, 137.421°), (b) 4 at (14.095°, 125.859°), and (c) 7 at (25.504°, 115.948°) at an in ter val of 0.5%

for the nonlocal op er a tor. Pan els (d), (e), and (f) as in (a), (b), and (c), re spec tively, but for the lo cal op er a tor vari ant, and (g), (h), and (i) for the lo cal

operator.
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Fig. 6. The frac tional dif fer ences of ex cess phase (S) for (SA - SB) / SO (solid line), (SO - SB) / SO (dot ted line), and (SO - SA) / SO (dashed line) by the

nonlocal op er a tor for the RO points (a) 2, (b) 3, (c) 4, and (d) 7. Panel (e) as in (a), but for frac tional stan dard de vi a tion of seven GPS RO points for the

nonlocal op er a tor and (f) the lo cal op er a tor vari ant. Here, A, B, and O rep re sent the anal y sis, back ground and ob ser va tion fields, re spec tively.

(a) (b) (c)

(d) (e) (f)

Fig. 7. The best track from the CWB (de noted by bold-solid cir cles at 12-h in ter vals ac com pa nied with the in te grated hours). The sim u lated tracks for

ex per i ment NONE are de noted by “N” (gray-solid line), LOC by “L” (dot ted line), LLZ by “Z” (dashed line), and EPH by “E” (lon ger-dashed line).



tion for EPH is clos est to the ob served than the oth ers. Af ter

pass ing over Tai wan, the sim u lated ty phoons with a land fall

tend to move northwestward in con cert with the ob served

direction by the end of the sim u la tion time.

For a sta tis ti cal eval u a tion for the four ex per i ments, the

mean track er rors in ev ery 24 hours are in spected and are

depicted in Fig. 8. For the first day, EPH gives the small est

track er ror of about 80 km and greatly out per forms the other

three ex per i ments. How ever, this outperformance some what 

de grades with time for the sec ond and third days. With out

vor tex bogussing, the ini tial ty phoon cen tral pres sures are

about 997 hPa for the four ex per i ments and are much weaker 

than the ob served value, 960 hPa from CWB or 955 hPa

from JTWC (Joint Ty phoon Warn ing Cen ter) (Fig. 8b). Even 

in the as sim i la tion ex per i ments with a bo gus vor tex for

EPH+TCBOG and GTS+EPH+TCBOG (Ta ble 1), their ty -

phoon cen tral pres sures are only about 989 hPa (fig ures not

shown). The GPS RO data from the three as sim i la tion ex -

periments ap pear to have less im pact on ty phoon in ten sity

forecast ing pro duc ing sim i lar vari a tions of the in ten sity with 

time as those for the no-as sim i la tion ex per i ment (cross sign). 

The ty phoon in ten sity for NONE is stron ger af ter 24 h than

that in the three as sim i la tion ex per i ments, but less con sis tent

with ob ser va tions af ter 48 h. With land fall po si tions fur ther

south of the is land than the ob served, the ty phoons for the

as sim i la tion ex per i ments still slightly in ten sify with time

while the real ty phoon quickly weak ened af ter mak ing land -

fall. For this ty phoon case, there are no sig nif i cant fore cast

dif fer ences in ty phoon in ten sity when as sim i lat ing the same

GPS RO data with dif fer ent op er a tors.

3.4 Lo cal Cir cu la tion near Tai wan

In the pre vi ous sec tion, the over all per for mances for the

ex per i ments us ing dif fer ent op er a tors were shown with a fo -

cus on ty phoon track ing and in ten sity fore cast ing. It is in ter -

est ing to look into fur ther de tails of the im pact on the sim u -

lated lo cal cir cu la tion near Tai wan that might pro duce pro -

minent dif fer ences in ver i fi able rain fall over the is land.

The sea-level pres sures and near-sur face wind field in the

innermost do main are shown in Fig. 9. As men tioned be -

fore, the ty phoon vor tex cen ter has in ten si fied to 971 hPa at

48 h (Fig. 9b) and to 969 hPa at 60 h (Fig. 9c). For the three

as sim i la tion ex per i ments, their vor tex cores (Figs. 9d, e, f)

are less or ga nized com pared to that with out as sim i la tion.

Ev i dently, as sim i lat ing the GPS RO data has pro duced sig -

nif i cant ef fects on the ty phoon de vel op ment. The lo cal cir -

cu la tions at 48 h with a vor tex core just off south east Tai wan

coast are much more sim i lar for EPH (Fig. 9f) and LLZ

(Fig. 9e) than that for EPH and LOC (Fig. 9d). In deed, LOC

has pro duced a more south ward bi ased track at this time,

with a vor tex core to the south of Tai wan.

3.5 Sim u lated Rain fall over Tai wan

Since we have ob served more mois ture mod i fi ca tions

(in cre ments) at lower lev els from the as sim i la tion of GPS

RO soundings, it is in ter est ing to see whether rain fall pre -

diction will be in flu enced, given sim i lar track pre dic tions

for the as sim i la tion ex per i ments. The ob served rain fall

distributions are quite dif fer ent at var i ous stages of a ty -

phoon which ap proached or passed Tai wan. In the first day

(0000 UTC 23 - 24), rain fall was sparse ex cept for a lo cal

event over south west Tai wan which was not re lated to the

typhoon cir cu la tion (not shown). Kaemi then brought most

of the rain fall over the east ern por tion of the is land over the

sec ond day (0000 UTC 24 - 25) with a max i mum of 348 mm

over the south ern slope of the Cen tral Moun tain Range

(CMR) in Tai wan (Fig. 10a). In the third day (0000 UTC 25 

- 26), the rain fall in gen eral sig nif i cantly weak ened ex cept
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Fig. 8. (a) The 24-h mean track er rors (unit: km) for ex per i ments NONE, LOC, LLZ, and EPH, and (b) the sea-level pres sure (unit: hPa) at ty phoon

cen ters var ied with time from CWB (solid cir cle), JTWC (open cir cle), and the four sim u la tions.

(a) (b)
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Fig. 9. The sim u lated sea-level-pres sure (unit: hPa) and near-sur face wind (unit: m s-1) for ex per i ment NONE at (a) 36, (b) 48, and (c) 60 h; (d), (e),

and (f) as in panel (b) but for ex per i ments LOC, LLZ, and EPH, re spec tively.
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for the south west plain of Tai wan (Fig. 10f). The in tense

rain fall in east Tai wan was re lated to the im ping ing upslope

flow in the north west ern flank of the ty phoon cir cu la tion. In

ad di tion to the ob ser va tions, Fig. 10 also shows the sim u -

lated 24-h ac cu mu lated rain fall for the ex per i ments NONE,

LOC, LLZ, and EPH for the sec ond and third days. Thus,

when the sim u lated ty phoon vor tex ap proaches Tai wan,

most of the sim u lated pre cip i ta tion is pro duced over east

Tai wan as ob served (Figs. 10b, c, d, e). In the sec ond day,

ob ser va tions show a rain fall max i mum (be tween 22.5°N

and 23°N) over the south ern CMR, which is not well cap -

tured by any of the ex per i ments (NONE, LOC, LLZ, and

EPH). Only the ex per i ment NONE pro duces con sid er able

rain fall fur ther South due to the ef fect of a more in tense flow

as so ci ated with the stron ger vor tex core (Fig. 9b). For the

other three ex per i ments, the sim u lated rain fall pat terns are

gen er ally sim i lar.

In the third day, all of the four sim u la tions show se vere

overprediction of rain fall on the east ern is land (Figs. 10g,

h, i, j), es pe cially for NONE giv ing a max i mum ac cu mu -

lated daily rain fall over 1200 mm. In deed, the rain fall for

NONE has also ex hib ited over all overprediction on the en -

tire is land. This overprediction, how ever, is some what abated 

in the three as sim i la tion ex per i ments. Among the three as -

sim i la tion ex per i ments (Figs. 10h, i, j), it ap pears that the

ob served rain fall max i mums on the south west ern and

south ern is land are better cap tured by EPH. To ex am ine the 

con tri bu tions of GPS RO soundings to the lo cal rain fall

pre dic tion, we con ducted sen si tiv ity tests by re mov ing se -

veral GPS RO soundings. When two GPS RO soundings

over east China were dis carded in the ex per i ment EPH_

RE2B (Ta ble 1), the rain fall dis tri bu tions (fig ures not shown)

for the three days were sim i lar to those for EPH. The other

sen si tiv ity test which re moves two GPS RO soundings near 

the Phil ip pines (ex per i ment EPH_RE2A) shows sim i lar

rain fall as those for EPH in the sec ond day, but gives a

much larger max i mum (888 mm) over south ern Tai wan in

the third day (not shown).

4. SEN SI TIV ITY TESTS AND DIS CUS SIONS

The pre vi ous sec tion pre sented sim u lated re sults com -

pared with some ob ser va tions for sev eral ex per i ments us ing

dif fer ent ob ser va tion op er a tors. Their sim u la tion re sults in -

di cated that as sim i la tion of GPS refractivity data by a lo cal

op er a tor and nonlocal op er a tor may have some im pact on

model per for mance solely due to the mod i fi ca tion in ini tial

anal y sis. How ever, these im pacts should be eval u ated in a

more ob jec tive man ner. In ad di tion, it is also es sen tial to

explore other com bined ef fects such as the in clu sion of a

bo gus vor tex, cy cling ex per i men ta tion and as sim i la tion of

con ven tional GTS soundings, all of which are now im ple -

mented in rou tine op er a tions. Some ex per i ments were de -

signed in this study to ad dress these is sues in or der to ex -

plore whether more im pacts will be pro duced. Hence, we

will mainly fo cus on fur ther ex am i na tion of the per for -

mances for all the ex per i ments on ver i fi able rain fall pre dic -

tion over the is land. The im pact of GPS RO data as sim i la tion 

us ing the new op er a tor will also be an a lyzed.

4.1 Sen si tiv ity Tests

For rou tine op er a tions for ty phoon pre dic tion, the CWB

has im ple mented a bo gus vor tex from a so lu tion of bal anced

Ran kine vor tex at six man da tory ver ti cal lev els. This bo gus

vor tex (with an es ti mated in ten sity of 965 hPa) is then as -

similated as “ob ser va tions” into the model ini tial con di tion

for the three do mains. Fig ure 11 shows the sim u lated sea-

 level pres sure and near-sur face wind in the out er most do -

main at the ini tial time for EPH+TCBOG.  There are to tal of

40 bo gus ob ser va tions for the ty phoon vor tex (dot points as

in di cated in Fig. 11). The anal y sis af ter as sim i la tion for ty -

phoon has a stron ger in ten sity of the cen tral low pres sure

(989 hPa) than that (only about 997 hPa) in the other ex per i -

ments with out vor tex bogussing.

Fig ure 12 shows the ty phoon track pre dic tions for the

ex per i ments with the bo gus vor tex and other sen si tiv ity tests 

as de scribed be fore. From ho mo ge neous com par i sons (GTS

and GTS+EPH), their tracks are very close, in dic a tive of the

re duced im pact when GTS soundings are also as sim i lated.

The in clu sion of an ini tial bo gus vor tex in the ex per i ments

(EPH+TCBOG and GTS+EPH+TCBOG) has de graded the

per for mance with out vor tex bogussing. This may be due to

the fact that the bo gus vor tex af ter re lo ca tion was not strong

enough to re pro duce the in ten sity of the ob served ty phoon.

Thus, there will be a more com pli cated is sue in volv ing both

cy cling and bogussing, and such an ex plo ra tion is cur rently

not within our scope tar get ing on the im pact of the GPS data

assimilation using the developed operators.

4.2 Eval u a tion of Model Per for mances

The above tests and com par i sons have pre sented a broad 

spec trum of model per for mance; how ever, def i nite con clu -

sions may not be eas ily made and may be partly due to the

fact that not so many GPS RO soundings have been as sim i -

lated within the ex per i ments and also be cause ty phoon pre -

dic tion usu ally en coun ters more in tri cate prob lems. Fur ther,

dif fer ent bi ases from ob ser va tion as simi la tions may in ter act

with each other de mand ing a much more de tailed eval u a tion. 

Fig ure 13 de picts the daily av er age track er rors (in km) over

the three days for each of the ex per i ments in this study.

Over all per for mances of dif fer ent runs are com pa ra ble. In -

deed, the first daily track er ror for EPH is the best (around

80 km) among each of the ex per i ments, and the per for mance 

still ranks high in the sec ond day but slightly de grades by the 

third day. On av er age, LOC gives worse per for mances in the 

sec ond and third days com pared to LLZ and EPH. The
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combined as sim i la tion of both GPS and GTS soundings

does n’t al ways out per form the as sim i la tion with GPS data

only. Dou bling the covariance er ror for the ob ser va tion op -

er a tor has shown some vari a tions in per for mance but not as

much as in the runs with vor tex bogussing. Re moval of some 

RO soundings (EPH_RE2A and EPH_RE2B) gives some -

what sim i lar per for mances as those for EPH, but the lat ter

(EPH_RE2B) seems to give a larger im pact on av er age. Fur -

ther anal y sis on the pro cesses pro duc ing an im pact will be

given later.

For an ob jec tive eval u a tion on ver i fi able rain fall, the

threat score (TS) and root-mean-square er ror (RMSE) are

cal cu lated for the daily ac cu mu lated rain fall over Tai wan in

the sec ond and third days for each of the ex per i ments in this

study. The TS as ver i fied against ob ser va tions (see Huang et

al. 2005) with the thresh olds of 0.25, 0.5, 1, 2, 5, 10, 15, 20,

25, 50, and 100 mm and RMSE are listed in Ta ble 2. Max i -

mum daily rain fall amounts de picted by grid over lays cov er -

ing the is land are also pre sented for the ob ser va tions and dif -

fer ent sim u la tions in Ta ble 2. For each of the ex per i ments,

the TSs for both days are higher than 0.5 for smaller thre -

sholds (less than 5 mm) but de crease sharply with in creas -

ing thresh olds. For the sec ond day, there is no ad van tage of

the as sim i la tion ex per i ments over the unassimilated ex -

periments. The per for mances for smaller thresh olds are

improved by in clu sion of GTS soundings but be come worse

than NONE for larger val ues (e.g., 5 mm and higher). The

com bi na tion of both GTS and GPS data (e.g., GTS+EPH)

also has no sig nif i cant im pact for all thresh olds as com pared

to the ex per i ment with GTS only. In clu sion of a bo gus vor -

tex (EPH+TCBOG) re sulted in a deg ra da tion of TS for

smaller thresh olds but helped im prove the scores for higher
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Fig. 11. The sea-level-pres sure (unit: hPa) and near-sur face wind (unit: m s-1) at the ini tial time for the ex per i ment EPH+TCBOG. The lo ca tions of the

bo gus ty phoon and GPS RO data are in di cated by gray cir cles and plus signs, re spec tively.



thresh olds as com pared to EPH only. This is also true when

the GTS data have also been used as shown in (GTS+

EPH+TCBOG). Re moval of two soundings (EPH_RE2A

and EPH_RE2B) en hances TS per for mances for all thresh -

olds and also im proves the track pre dic tion. Dou bling the

ob ser va tion covariance er rors (LLZ_2ER and EPH_2ER)

has im proved the over all per for mances for larger thresh olds

(above 5 mm) for the sec ond day; how ever, the per for -

mances for larger thresh olds (above 20 mm) are re versed for

the third day.
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Fig. 13. The same as in Fig. 8a, but for all the ex per i ments.

Fig. 12. As in Fig. 7 but for the sim u lated tracks for ex per i ment GTS in di cated by “G”, GTS+EPH by “S”, EPH+TCBOG by “H”, and

GTS+EPH+TCBOG by “T”.



The con clu sions from the sec ond-day are not gen er -

ally ap pli ca ble to that gar nered from the third day. In ge -

neral, per for mances have been greatly en hanced with a TS

larger than 0.8 for weaker rain fall (at smaller thresh olds)

which is rather com mon for wide spread ty phoon rain fall

over the is land. We have ob served that the TSs are even

larger than 0.5 for in tense rain fall in some runs. For ex am -

ple, EPH pro duces a high TS up to 0.547 for 50-mm rain -

fall, which is high est among all the ex per i ments ex cept

for EPH_RE2A (0.554). Most of the as sim i la tion ex per i -

ments ex hibit con sid er ably better per for mances for larger

rain fall (above 20 mm) com pared to the no-as sim i la tion

one (NONE). The im pact of ad di tional GTS data as sim i la -

tion is not def i nitely pos i tive or neg a tive for all thre -

sholds. On the other hand, add ing a bo gus vor tex signi -

ficantly de grades the per for mance for this day, as seen in

TS from 0.789 (EPH) to 0.370 (EPH+TCBOG) or 0.828

(GTS+EPH) to 0.658 (GTS+EPH +TCBOG) for 10-mm

rain fall. For this pe riod, dou bling the ob ser va tion er rors

re sults in worse per for mance for larger rain fall as sess -
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ments (e.g., above 20 mm).

The above com par i sons ren der the im pact of dif fer ent

data as simi la tions on model per for mance rather di verse. For

ex am ple, it might be ex pected that as sim i la tion of ad di tional

GTS soundings should be more help ful than noth ing, but the

out comes are not al ways sup port ive. As sim i la tion of a bo gus 

vor tex would pro vide a more in tense ty phoon de pic tion

closer to ob ser va tions, but it also ex hib its no im prove ment

due to larger track er rors as seen in Fig. 12. Dou bling the

observation covariance er rors also leads to worse per for -

mance for large rain fall. Thus, our pro posed op er a tor with

the cur rent de faults for the ob ser va tion covariance er rors (as

in ferred from Fig. 1) in WRF 3DVAR has pre sented a quite

rea son able level of con fi dence for se vere weather pre dic -

tion. In this sec tion, we pres ent the gross ex plo ra tion to show 

that the nonlocal op er a tor is at least com pa ra ble to or better

than the lo cal op er a tor. We do find that this new op er a tor

pro vides more im prove ment in the pre dic tion of large or

significant rain fall at later times than the lo cal op er a tor

vari ant and the lo cal op er a tor. It will be of in ter est to un der -

stand how these im pacts may be in curred in the fol low ing

sub sec tions.

4.3 In flu ences Pro duced by the Nonlocal Op er a tor

To ex plore why the sim u la tion is im proved with GPS

RO as sim i la tion by giv ing less pre cip i ta tion over the is land

at later times than NONE, we looked into the dif fer ences

(due to the as sim i la tion) with the sim u la tion time. Fig ure 14

shows the dif fer ences in wa ter va por mix ing ra tio at 3 km

be tween EPH and NONE at 24 and 36 h. At the ini tial time,

the in cre ments show sev eral im pact zones at 3 km in height

(also see Figs. 3 and 4). Over time, the im pact zones have

been widely trans ported and dis persed with pos i tive and

neg a tive dif fer ences mainly pro duced in the east China and

Tai wan area via ty phoon cir cu la tion. The other two neg a tive

dif fer ences over east China have been dis persed with the

flow along the north east-south west di rec tion (Figs. 14a, b).

The neg a tive dif fer ences near the Phil ip pines ap pear to fol -

low the cy clonic vor tex to merge with the in cre ments near

Tai wan. In or der to better un der stand the im pact of these

GPS RO soundings by in spect ing the tra jec to ries of some

par ti cles re leased near the RO lo ca tions (Fig. 14c). As seen,

only one of the re leased par ti cles over one RO lo ca tion was

able to reach Tai wan as the mean flow dom i nates the par ti -

cle’s move ment. How ever, par ti cles ad ja cent to the RO lo ca -

tions (points 3, 4, and 7) may be trans ported into the tar get

zone which is more in flu en tial for is land rain fall (Fig. 14d).

The con tri bu tions from points 3 and 7 should be more do m i -

nant since most of the tra jec to ries get in volved in the tar get

zone. Par ti cles re leased near point 7 are more likely to cir cle

around east Tai wan. Since these tra jec to ries are as so ci ated

with mostly neg a tive in cre ments, the rain fall over prediction

over the is land may be abated in the EPH ex per i ment.

4.4 Sen si tiv ity of Per for mances to Lo cal RO
Soundings

Al though there are only seven RO ob ser va tions in the

out er most do main for this case, each sound ing may play a

dif fer ent role in the lo cal rain fall and cir cu la tion over the is -

land. We are par tic u larly in ter ested in the ef fects of the two

con ti nen tal soundings over south east China (points 6 and 7)

and two oce anic soundings near the Phil ip pines (points 3

and 4). As seen in Fig. 14c, the soundings, points 1, 2, 5, and

6, are too far away from the ty phoon and thus may not have

siz able in flu ences on model pre dic tion. The two ex per i -

ments, EPH_RE2A (ab sent the two oce anic soundings) and

EPH_RE2B (ab sent the two con ti nen tal soundings), thus

illustrate the dif fer ences from the per for mance of EPH with

as sim i la tion of all the seven points. Fig ure 15 shows the dif -

fer ences in the wa ter va por mix ing ra tio (in g kg-1) at 3 km

height at 24 and 48 h be tween the two sen si tiv ity tests

and EPH. The dif fer ences be tween EPH_RE2A and EPH

(Figs. 15a, b) show ma jor im pact zones with much smaller

mag ni tudes and scopes when com pared to the dif fer ences

be tween EPH_RE2B and EPH (Figs. 15c, d). The con -

tributions from the two con ti nen tal soundings are more in -

fluential through the outer ty phoon cir cu la tion as they may

pen e trate into south east China to form two pos i tive con ver -

gence bands at 48 h. In deed, the TS in creases and RMSE de -

creases (see Ta ble 2) while keep ing sim i lar track per for -

mance for EPH_RE2B when the two con ti nen tal sound -

ings are not used in EPH. Ob vi ously, these re mote soundings 

about 1000 ~ 1200 km away from Tai wan do play a sig nif i -

cant role in rain fall ac tiv ity over Tai wan. Al though pre dic -

tion of con vec tive and orographic rain fall can be in ti mately

in flu enced by many fac tors (e.g., model res o lu tion, phys i cal

parameterization schemes, track er rors, and vor tex bo gus -

sing, etc.), it ap pears that the pre dic tion of the ac cu mu lated

rain fall is still im proved when more re al is tic sound ing in for -

ma tion has been in gested to ad just the ini tial con di tion of the 

model.

5. CON CLU SIONS

In this study, we de vel oped a new op er a tor for as sim i la -

tion of the GPS RO refractivity soundings in WRF 3DVAR.

This op er a tor, called a nonlocal op er a tor as sim i lates the in te -

grated amount of refractivity along a straight ray path which

is de fined as an ex cess phase. For com par i son, a lo cal op -

erator vari ant was de vel oped in WRF 3DVAR. The lo cal

op erator vari ant is equiv a lent to the nonlocal op er a tor, ex -

cept that for the for mer, the length of in te gra tion is lim ited

near the RO point. The per for mance of the de fault lo cal

operator in WRF 3DVAR was also in ves ti gated in this

study. In pro vid ing ob ser va tion er ror covariances used in

WRF 3DVAR, ob ser va tion er rors for both lo cal and non -

local op er a tor were eval u ated based on WRF daily weather
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pre dic tions of the Asian re gion dur ing the sum mer. Sta tis tics 

in di cate that the ob ser va tion er rors for the nonlocal op er a tor

are about two times smaller than those for the lo cal op er a tor

and in agree ment with Sokolovskiy et al. (2005b).

Here we should note that in our study both a nonlocal

op er a tor and lo cal op er a tor vari ant with smear tan gent points 

are per formed on the mean height of each model level (with

31 lev els in all), while the lo cal op er a tor is per formed with

tan gent points (fixed by the peri gee point) at the ob ser va tion

level (usu ally about 200 levels).

To as sess the po ten tial im pact of GPS RO soundings on

model pre dic tion, we em ploy the WRF model (ver sion 2.1.2)

to sim u late Ty phoon Kaemi (July 2006) which struck Tai -

wan with tor ren tial rain fall. In or der to un der stand the sole

im pact of the GPS RO data, we leave the ty phoon un mod i -

fied by not bogussing an in tense vor tex into the model in

most of the ex per i ments con ducted in this study. A bo gus

vor tex rou tinely im ple mented in the op er a tional ty phoon
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Fig. 14. The dif fer ences of the wa ter va por mix ing ra tio (g kg-1) in do main 1 at 3-km height be tween ex per i ments EPH and NONE (EPH-NONE) at (a) 

24 h and (b) 36 h. The wind vec tors (m s-1) at the same time and height for ex per i ment EPH are over lapped. The lo ca tions of GPS RO events are

marked by plus signs. (c) The tra jec to ries of the seven par ti cles re leased at the lo ca tions of the seven GPS RO soundings at 3-km height for EPH as

indicated by the num bers for the points and (d) the tra jec to ries of nine par ti cles re leased at 500 m height near GPS RO points 3, 4, and 7 for

experiment EPH.



model at CWB has also been as sim i lated as “ob ser va tions”

for a sen si tiv ity study.

As sim i la tion of seven GPS RO refractivity soundings

avail able from FORMOSAT-3/COS MIC for this case in di -

cates that ini tial in cre ments pro duced by both the nonlocal

op er a tor and lo cal op er a tor vari ant are quite sim i lar in hor i -

zon tal and ver ti cal dis tri bu tions. The mod i fi ca tions from the

nonlocal op er a tor, how ever, show slight el lip tici ty along the

ray’s di rec tion, as a re sult of the in te gra tion ef fect. In a pre -

dic tive run with out GPS data as sim i la tion, the track of the

ty phoon is well known by the sec ond day be fore mak ing

land fall in south east Tai wan while the sim u lated track has

de vi ated some what with a south ward bias over the last day.

Both the lo cal op er a tor vari ant and the nonlocal op er a tor

give sim i lar per for mances of a ty phoon track ing pre dic tion,

which are better than that for the lo cal op er a tor. Over-

 prediction of the ac cu mu lated rain fall dur ing land fall in the

third day of the run with out the as sim i la tion has also been

reduced by as sim i la tion of GPS RO refractivity. Ver i fi ca -

tion against best tracks and rain fall ob ser va tions over Tai -
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Fig. 15. The dif fer ences of the wa ter va por mix ing ra tio (g kg-1) in do main 1 at 3-km height be tween ex per i ments EPH_RE2A and EPH at (a) 24 h and

(b) 48 h, and the wind vec tors (m s-1) at the same time and height for EPH_RE2A are over lapped. (c) and (d) as in (a) and (b), re spec tively, but for the

dif fer ences be tween EPH_RE2B and EPH, and over lapped the wind vec tors for EPH_RE2B.



wan in di cates that the nonlocal op er a tor can sim u late ty -

phoon track ing quite well and also better pre dict lat ter rain -

fall pat terns com pared to the two lo cal op er a tors.

Other sen si tiv ity tests on in clu sions of GTS soundings,

vor tex bogussing and re moval of par tic u lar soundings were

also con ducted and the model per for mances were com pared

with their coun ter parts. The two oce anic GPS soundings

near the Phil ip pines and the two con ti nen tal soundings in

east China give di verse im pacts on pre dic tions of both the

track ing and rain fall over Tai wan. Ob jec tive eval u a tions

tend to in di cate that the oce anic GPS soundings are more in -

flu en tial to later rain fall pre dic tion as the ty phoon vor tex

closes on Tai wan. In ad di tion, as sim i la tion of GTS sound -

ings may be help ful for model pre dic tion but a pos i tive im -

pact does not al ways hold for larger rain fall. Fur ther, in -

cluding vor tex bogussing is not par tic u larly ben e fi cial for

improv ing the pre dic tion in this study al though it gives an

ini tial stron ger vor tex.

A nonlocal op er a tor in prin ci ple is more ac cu rate than a

lo cal op er a tor as found in sta tis ti cal ob ser va tional er ror an -

alyses in this study and Sokolovskiy et al. (2005a, b). Our

as sim i la tion study with the nonlocal op er a tor has shown

some prom is ing re sults for one ty phoon event when com -

pared to the per for mance of a lo cal op er a tor. As sim i la tion of

GPS RO refractivity may par tic u larly im prove the ini tial

environmental anal y sis on mois ture and tem per a ture, which

may lead to better model pre dic tion. This nonlocal op er a tor

was de vel oped herein pri mar ily for a better rep re sen ta tive -

ness of the Abel-re trieved refractivity test and it is less com -

pli cated in for mu la tion, more ef fec tive in com pu ta tion and

more eas ily treated in re gional mod els as com pared to bend -

ing-an gle as sim i la tion. This study pres ents fea si ble and

mean ing ful ad vances in pro vid ing an ef fec tive tool in WRF

3DVAR for as sim i lat ing abun dant GPS RO soundings avail -

able from FORMOSAT-3/COS MIC.
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