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What to assimilate?

GPS Radio Occultation measurements:.

1. Excess phase: caused by the bending of the radio signal at
two frequencies.: 1227.6 MHz, 1575.4 MHz.

. Excess Doppler frequency shift: estimated by the time
derivative of excess phase.

. Bending angle and impact parameter: derived from Doppler
frequency shift based on satellite geometry (1impact parameter
1s assumed constant at GPS and LEO).

. Refractivity: calculated from bending angle through the Abel
inversion (the refractivity is assumed spherically symmetric).

. Temperature and pressure: retrieved from refractivity using
the hydrostatic equation and neglecting water vapor content.




Why bending angle? Accuracy

m The total effect of atmospheric refractivity along
the ray path can be included.

m The effect of the ionosphere can be largely
removed.

m Problems that are unique to GPS refractivity
retrieval from bending angle can be avoided (e.g.,
the upper boundary condition for the Abel
inversion and the ill-poseness of the Abel
inversion under super-refraction).

m Providing a benchmark for developing a fast and
accurate GPS refractivity assimilation method.

m Computational cost may be significantly reduced
by running ray-tracing on multiple processors.

Why not bending angle? Efficiency




Why Refractivity

The computational cost is low to assimilate N.

. A priori separation of temperature and moisture
information 1s not required.

. A weighted average (or a so-called linearized
non-local operator) might be sufficient to
account

for the integrated effect of the atmosphere to GPS
measurements.




3DVAR System at CWB




CWB’s 3DVAR System

Based on NCEP’s SSI (version 1999)
Operational since May 2003

Official version: T179/L30 (i.e., 540 x 270 x 30),
running with 3PE (on Fujitsu 5000)

Testing version: T79/L30 (i.e., 240 x 120 x 30),

running with 1PE

Incremental approach: only 1 outer loop, with
100 inner loops (currently testing 2 outer
updates with 70/30 iterations, respectively)

No 3- and 9-hr forecasts for temporal
interpolation to observational time.




CWB 3DVAR (Contd.)

Analysis variables:

vorticity ({), unbalanced divergence(D’),
unbalanced virtual temperature (T,),
unbalanced log of surface pressure (/In p.’),
specific humidity (q)

Implicitly including a linear balance constraint
Additional constraint: divergence tendency

Background term at spectral space,
observational terms at physical space




Formula of CWB/3DVAR (i.e. NCEP/SSI)
(Parrish and Derber, 1992)

Cost-function to be minimized:

J(w) = %WTW+%[y—H(Xb +Cw) Ry -H(x, +Cw) |+ J.

where

Coefficients of error weighted analysis increments
Analysis variables

Background error covariance matrix

6-hr forecast of analysis variables

Observational & Representative error covariance matrix
(Nonlinear) observational (forward) operator
Observations




Formula (Contd.)

(Gradient:

Y- CTURfy - H(x, + O ] £
W

where

tangent linear operator of H, adjoint operator of L
dX

Outer Loop: At m-th 1teration:

At (m+1)-th iteration: i@

coefficient matrix




Linear Conjugate Gradient
Method

Inner Loop:

At the k-th update:

o T A -1
to minimize:

— B pzd/(—l + (mepk)TR_l[ym B LmCdk—l] B p£WI;1
pIT\:pk + (mepk)T R_l (mepk)

: search direction p.=f_ +B_ P,
Therefore,

f, =1 _, -oaAp,

(for orthogonality)




2D GPS Ray-tracing Operator




GPS RO concept
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o: Refraction angle

LEO orbit
p: Impact parameter

Courtesy of X. Zou




GPS Ray-tracing Operator

—_—
A * (I) The calculation of model refractivity field and its gradient

Model Refractivit
j P Y

T(2), p(2), q(2), z

Refractivity:

N=77.6p/T+3.73x10°p,/T*(0.622+0.378q
)

Preprocessing Refraction Index: n
\ N=(n-1)x10°

l (II) The ray-tracing calculation using the alternating direction
Input Variables: implicit (ADI) method

T(0), 4(0), 0, Pste, Zo Ray Equation:

s —
 — uillm ; oy = N

direction)

(II1) The interpolation onto the observed positions

a mud( a mud) — O mod ( a ()bs)

a: impact parameter

Interpolation




A slightly modified version
of the 2D GPS ray-tracing
operator from Zou et al.

(1999)
IS Implemented




« Calculating N on the

Original Operator

Mean errors of all cases

vertical Velocity (ha|f) in model_1(990907) and model_2(000524)
ear tropopaus bias

level, but using variables X
(T and q) at the following Sy e
model layer (full level) |

except p

Calculating the geometric

heights of vertical grids

on the half-level, but

treating T as given at the

half-level in the

hypsometrlc equatlon -0.001 0 0.001 0.002 0.003 0.004 0.005

Results: a lower mean error

tropopause bias
T21/L18




Revised Operator

« Calculating N on the
model (full) layers,
NOT the vertical
velocity (half) level

Calculating the
geometric heights of
vertical grids on the
full-layer, and treating
T back to where it
belong

CWB Model’s Vertical Grids

Variables
Dtops ﬁ1/2=0

Nk-1/2
’ 6}6: f[Q]“d ¢’¢

Mk+1/2

Figure 3.1: The finite difference vertical structure o

L18 = L30




Data Assimilation Procedure of
GPS RO Observation

All available observations,
except GPS bending angle

GPS bending angle
3dVAR

With GPS




Experiments

Remarks

All other available data,
except GPS (Step | only)

Including GPS
observation, but with 10°
O-weighting

Including GPS

observation, but with 106
O-weighting




Observational Weighting Profile
Used

02 0 02 04 06 038 1 1.2
col_bend




Case Study

. July 4, 2002, 1200UTC

* From GFZ (GeoForschungs Zentrum)
Potsdam CHAMP-ISDC ( http://isdc.gfz-

potsdam.de/champ/ )
* 41 soundings during 09-15UTC




Observations Used

Variables

Types

Amounts

Winds

rawinsonde ~ pibal ~ wind

profile ~ NEXRAD - AIREP -

ACARS - SATOB - SHIP -
BUQY - surface SSM/I wind

speed

111192

Temperature

rawinsonde - AIREP - SHIP

43088

Water Vapor

rawinsonde - SHIP

10567

Surface
Pressure

rawinsonde -~ surface land -
SHIP

13770

Bending Angle

GPS/RO

6586(41 soundings with
vertical resolution 200m)




Data Distributions

02070412 wind obs

02070412 temperature obs




S Soundings

GPS1 for 1 sounding
test

02070412 gps obs (41 points)
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GPS only Exp
(1 sounding)

« Systematically larger
model bending
angles:

>

— lower pg,
— dryer @
— warmer T,




Analysis increments:

120E 150E 180 150W
Contouring: —0.015 to O interval 0.015

* lower adjustment indeed.
 wgto : wgtd ~5: 1




Analysis increments:
E-W cross section at lat =47.2°N & at 0= 0.5658

q incr cross section at lat=47.2
w_gps=w_gps*10+x6 — 1gpsobs

q incr cross section at lat=47.2
w_gps=w_gps*10¥+x5 — 1gpsobs

T50E T60E T70E 180 70 60W,

150E |s4‘1€ 170E 180 170W 160W Contouring: —6e—05 to O interval 2e—05
Contouring: —0.0004 to O interval 1e—04 GrADS: CONIGES 004-11-26-15:48

q incr at siglvi=15, sigma=0.5658
w_gps=w_gps*10*x6 — 1 gps snd

q incr at siglvi=15, sigma=0.5658
w_gps=w_gps*10#x5 — 1 gps snd

q
&
%

180 150W

=2
120E 150E 180 150W Contouring: —6e—05 to O interval 2e—05

Contouring: —0.0004 to O interval 1e—04 ° dryer

* localized
o ~7:1

GrADS: COLA/IGES 2004-11-29-15:51




Analysis increments: T,
E-W cross section at lat =47.2 & at 0= 0.5658

tv incr cross section at lot=47.2
w_gps=w_gps*10+*6 — 1gpsobs

150E 160E 170E 180 170W 160W 1500

Contouring: —0.2 to 0.6 interval 0.1

tv incr at siglvi=15, sigma=0.5658
w_gps=w_gps*10*x6 — 1 gps snd

Contouring: —0 to 0.6 interval 0.1

wgt6

tv incr cross section at lat=47.2
w_gps=w_gps*10¥+x5 — 1gpsobs

E

GrADS: COLA/IGES

T50E T60E T70E 180 70 60W,

Contouring: —0.02 to 0.1 interval 0.02

2004-11-29-15:45

tv incr at siglvl=15, sigma=0.5658
w_gps=w_gps*10#x5 — 1 gps snd

primarily warmer
vertical structure from B
not as localized as q
~6: 1

10
Contouring: =0 to 0.1 interval 0.02

2004-11-29-15:49

wgtd




Analysis increments: v
E-W cross section at lat =47.2 & at 0= 0.5042

v incr cross section at lat=47.2
w_gps=w_gps*10%**6 — 1gpsobs

150E 160E 170E 180 170W 160W

Contouring: —0.3 to 0.3 interval 0.1

v incr at siglvi=16, sigma=0.5042

w_gps=w_gps*10+*x6 — 1 gps snd

q
&
%

A"/zwb

120E 150E 180

Contouring: —0.3 to 0.3 interval 0.1

wgt6

v incr cross section at lat=47.2
w_gps=w_gps*10¥+x5 — 1gpsobs

E

GrADS: COLA/IGES

T50E T60E T70E 180 70 60W,

Contouring: —0.05 to 0.06 interval 0.01

2004-11-29-1626

v incr at siglvi=16, sigma=0.5042
w_gps=w_gps*10#x5 — 1 gps snd

from B
upper: anti-cyclonic
lower: cyclonic

not as localized as q
~6 : 1

180 150W

Contouring: —0.04 to 0.06 interval 0.02

2004-11-29-16:30

wgtd




Analysis increments: u
N-S cross section at lon = 172.4E & at o= 0.5042

u incr cross section at lon=172.4

w_gps=w_gps*10¥x6 — 1gpsobs

ED N e EQ SN
Contouring: —0.4 to 0.4 interval 0.1

GrADS: COLA/IGES

u incr at siglvi=16, sigma=0.5042
w_gps=w_gps*10*x6 — 1 gps snd

u incr cross section at lon=172.4
w_gps=w_gps*10¥+x5 — 1gpsobs

GrADS: COLA/IGES

180

Contouring: —0.4 to 0.3 interval 0.1

wgt6

ED N ) EQ SN
Contouring: —0.06 to 0.06 interval 0.01

2005-05-31-10:11

u incr at siglvi=16, sigma=0.5042
w_gps=w_gps*10#x5 — 1 gps snd

- from B

* upper: anti-cyclonic
* lower: cyclonic

* not as localized as q
«~6:1

10 50
Contouring: —0.06 to 0.06 interval 0.02

2004-11-29-1629

wgtd




Multi-sounding Results




Cost-Function

Sguared Gradient

rrm of 41 gpsSND exp — wt5_allobs_gps

total penalty — 41 gpsSND exp(igrallabsanu+a|lubs+gps)
w_gps=w_qgpss10ss5

tot penalty
g & B

(gradient)**2

40
iteration

70 8
iteration
GrADS: COLA/IGES 2004-12-10-18:02
penalty fr bck — 41 gpsSND exp(fg_allobsana+allobs+gps) . . - L
'_gps='_gps-?ﬁ--5 w_gps=0sw_gpssT04s5

bek penalty
gps penally

40
iteration

40
iteration




Analysis Increments (P

psk incr at siglvl=1, sigma=0.9947
ssi_nogps.dat — stp2

120E 150E 180 150w 120w 0w

Contouring: —0.8 to 0.8 interval 0.2

sfc
gps_only (wt6)

Ps incr — w_gps=w_gps*10#x6 (41 gpsobs)

90E 1208 150E 180 150w 120W Sow

Contouring: —4 to 1.5 interval 0.5

psk incr at siglvl=1, sigma=0.9947
ssi_anaallobs_gps02070412_stp2_wt5.dat — stp2

90E 120 150E 180 150W 120W 90w 60w

Contouring: —0.08 to 0.06 interval 0.02

30w




Analysis Increments (q)

norad gps_only (wt6)

q incr at siglvl=5, sigma=0.933

q incr at siglvl=10, sigma=0.801 W_gps=w_gps+10++6 ~— 41gps snd

ssi_nogps_norad.dat — stp2

e L3 920E 120 150 180 150m 1200 WK 0N 20w

Contouring: —0.002 to 0.002 intervael 0.0005 B0 15N 120w
Contouring: —0.005 to 0.001 interval 0.001

q incr ot sigivl=10, sigmo=0.801 incr ot siglvl=10, sigma=0.801
ssi_nogps.dat — stp2 ssi_cnq(ﬂlobs_gp5020704|2_s\p2_w\5.du! - stp2

(=3 NE 120E 150E 180 150 120 WK E0W X 3e &€ NE 1E 150E 120 150m 1200 WK 0N 20w

Contouring: —0.002 to 0.0025 interval 0.0005 Contouring: —0.0014 te 0.0006 interval 0.0002




Analysis Increments (T,

gps_only (wt6)

tv incr at siglvl=5, sigma=0.933
w_gps=w_gps*x10x*x6 — 41gps snd

90E 120€ 150E 180 150w 120W 90w
Contouring: =2 to 7 interval 1

tv incr ot siglvl=5, sigme=0.933 tv incr ot siglvl=5, sigme=0.933
ssi_nogps.dat — stp2 ssi_anaallobs_gps02070412_stp2_wt5.dat — stp2

2% - 1ME 150E 120 |£m 1200 !(;A EON 20N ‘ X B 90%E 1I0E 150E 180 150 1200 0N EON 20N
Contouring: —8 to 8 interval 2 Contouring: —0.9 to 1.8 interval 0.3




L=

Analysis Increments: u

gps_only (wt6)

incr ot siglvl=5, sigmo=0.933
ssi_nogps.dat — stp2

2% 10 150E 120 150M 1200 EN] &N B
Contouring: —12 to 12 interval 2

u incr at siglvl=5, sigma=0.933
w_gps=w_gps*10*x6 — 41 gps snd
o T

90E 1206 150E 180 150W 1200 90W

Contouring: —1.5 to 2 interval 0.5

u incr at siglv1=5. sigma=0.933
ssi_anaallobs_gps02070412_stpZ_wtS.det — stp2

906 1:0E 1S0E 180 1504 1200 0K

Contouring: —0.5 to 0.5 interval 0.1




Analysis Increments: v

gps_only (wt6)

v incr ot siglvi=5, sigme=0.933
ssi_nogps.dat — stp2

9% 1300 + 501 180 150m 120 0K 0N 20K
Contouring: —12 to 15 interval 3

v incr at siglvl=5, sigma=0.933
w_gps=w_gps*10*x6 — 41 gps snd

90E 120€ 150E 180 150W 120W gow

Contouring: =2 to 2.5 interval 0.5

v incr ot siglvl=5, sigma=0.933
ssi_onaallobs_gps02070412_stp2_wt5S.dat — stp2

2% 120E 1S0E 180 150 120 W0A 0N

Contouring: —0.5 to 0.5 interval 0.1




Forecasts




Analysis: Day O

02070412 hPa slp 2002:7:4:12 festhr=0
black:t80nogps red:t80gpswt5Sn

t80gpswtdn 02070412 slp  2002:7:4:12 festhr=0
t80gpswtSn—t80nogps

t80gpswiSn 02070412 500hPa z 2002:7:4:12 festhr=0
t80gpswt5n—t80nogps




Forecasts: Day 3

02070412 hPa slp 2002:7:4:12 festhr=72 t80gpswtSn 02070412 slp  2002:7:4:12 festhr=72
t80gpswtSn—t80nogps

t80gpswtdn 02070412 500hPa z 2002:7:4:12 festhr=72
t80gpswt5n—t80nogps




Forecasts: Day 5

02070412 hPa slp 2002:7:4:12 fcsthr=120
black:t80nogps red:t80gpswtSn

02070412 500hPa z 2002:7:4:12 festhr=120

black:t80nogps red:t80gpswt5n

t80gpswtSn 02070412 slp 2002:7:4:12 festhr=120
t80gpswtSn—t80nogps

t80gpswtSn 02070412 500hPa z 2002:7:4:12 festhr=120
t80gpswt5n—t80nogps




Anomaly Correlation
(NH: 20°N-80°N / SH: 80°S-20°S)

Exp

24-hr
0.8695 /
0.9290

0.8695 /
0.9293

0.9380 /
0.9486

0.9382 /
0.9487

48-hr
0.8374 /
0.8965

0.8380/
0.8965

0.9380 /
0.9315

0.9383 /
0.9309

(Yellow means better!)

72-hr
0.7437 /
0.8520

0.7433 /
0.8524

0.8831/
0.9600

0.8829 /
0.9555

96-hr
0.6696 /
0.8255

0.6683 /
0.8230

0.7873 /
0.8520

0.7869 /
0.8495

120-hr

0.6636 /
0.7552

0.6630 /
0.7497

0.7590 /
0.7492

0.7598 /
0.7413




(NH / SH)

Root-Mean-Squared Errors

24 hr

48 hr

72 hr

96 hr

120 hr

3.0394 /
3.8771

3.0718 /
4.7778

3.8642 /
6.0524

4.5628 /
6.7831

4.5594 /
7.9602

3.0399 /
3.8722

3.0666 /
4.7803

3.8738 /
6.0488

4.5845 /
6.8404

4.5691 /
8.0626

26.5011 /
37.9443

24.5412 /
43.8359

31.5442 |
52.9972

42.8493 /
65.8923

43.2711 /
82.1605

26.4472 /
37.9236

24.4784 /
44.0226

31.5891 /
53.1366

41.9354 /
66.4673

43.2277 |
83.5716

850 T (C)

1.8392/
2.7345

21729/
3.0421

2.5124 /
3.5993

2.8975/
4.0409

3.1161/
4.3594

1.8392/
2.7281

21707/
3.0409

2.5127 /
3.6115

2.8959 /
4.0756

3.1116 /
4.3951

200 Wind
(m/s)

5.0369 /
6.6639

7.4152 |
8.2302

10.1056 /
10.0843

12.3924 /
13.1967

13.2515/
15.9940

5.0392 /
6.6706

7.4168 /
8.2561

10.1036 /
10.1231

12.3933 /
13.1900

13.2855/
16.0811




Summary

* A minorly revised 2D ray-tracing operator and
its tangent-linear/adjoint operators (Chang et
al., 2003, based on Zou et al., 1999) are
currently implemented and tested on
CWB/GFS.

Though marginal, the forecasting impact in
this case study is generally positive, which is
encouraging!




Summary (Il

Upper-bound maximal analysis increments (GPS_only wt6):
P ~ 4 hPa
T,~7K
q~ 5 gkg
u,v~25m/s

GPS_only 1-sounding tests suggest:

maximal analysis increments are about 5-7 times smaller for the wtd
experiment.

CWB'’s analysis increments without GPS:
P ~ 1 hPa
T,~4-7TK
q ~ 2-3 g/kg
u,v~10-15m/s




summary (ll)

» Additional increments added by GPS
observation are generally one order
smaller, except moisture (1-2 g/kg) and
lower-level temperature (2 K).

» Substantial differences occurred in Day-5
forecasts.




Things To Do

Impact studies on CWB/GFS analysis and
forecasts

QC

O matrix

Speed up

— Local refractivity operator

— Data thinning
— Parallelizing

Linearized non-local refractivity operator




