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Assimilation of early FORMOSAT-7/COSMIC-2 GNSS radio occultation data
with the global NWP system at Central Weather Bureau (CWB)

Guo-Yuan Lien?, Chung-Han Lin', Zih-Mao Huang?!, Wen-Hsin Teng?, Ting-Yi Lin!, Jen-Her Chen?, and Taiwan
Analysis Center for COSMIC (TACC)

1Central Weather Bureau, Taipei, Taiwan

The FORMOSAT-7/COSMIC-2 satellites have been launched on June 25, 2019. It is a
successor of the successful FORMOSAT-3/COSMIC mission and is expected to provide better
deep tropical tropospheric moisture data compared to FORMOSAT-3/COSMIC. As a member
of the project, Taiwan’s Central Weather Bureau (CWB) has received early internal release
of the FORMOSAT-7/COSMIC-2 GNSS radio occultation (GNSS-RO) data from Taiwan
Analysis Center for COSMIC (TACC), starting from July 16, 2019. To evaluate the impact of
the FORMOSAT-7/COSMIC-2 data for global numerical weather prediction (NWP), a parallel
experiment assimilating the FORMOSAT-7/COSMIC-2 data in addition to the operational
data stream is conducted with the global NWP system at CWB. We will show the results
from this parallel experiment by the time of the presentation, including the impact to global
forecast skills, observation minus background/analysis statistics, observation error diagnosis,
and ensemble forecast sensitivity to observation (EFSO) diagnosis for the
FORMOSAT-7/COSMIC-2 data. We expect that such information will be useful for the final
public release of the FORMOSAT-7/COSMIC-2 data.
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Background

CWRB'’s current operational global NWP system

* Model: CWB Global Forecast System (CWBGFS)
— T511L60 (~25 km)
» Data assimilation: Modified GSI (ver. 2015) for CWBGFS

— Hybrid 3DEnVar with 36 members (6-h fcst) + 36 time-lag members
(12-h fest) at T319L60.
— Assimilate bending angle for GNSS radio occultation (RO}.

FORMOSAT-7/COSMIC-2 (FS7) satellites

» A Taiwan-U.S. collaborative space program, with a main
focus of GNSS-RO observation.
— The follow-on program to the successful FORMOSAT-3/COSMIC (FS3)
program.

— The 6 satellites were launched in June 2019, and started transmitting
GNSS-RO data from July 2019.

Experimental design

Observation data processing

17 ™
1 FORMOSAT-7

1
' FORMOSAT-7 FORMOSAT-7 |!
! GNSS-RO raw data Bp GNSS-ROraw data By GNSSRO  |ip GSI
! (atmPrf - wetPrf) (bfrPrf) (NCEP Bufr) H

L

Processed by TACC (Taiwan Analysis Center for COSMIC)

Experimental design

m Observation data assimilated

CWBGFS Current operational data stream
operational (OP)  (including conventional data, satellite,
GNSS-RO excluding FORMOSAT-7, ...etc.)

Parallel Current operational data stream (as in OP)
experiment (FS7) + FORMOSAT-7

The FS7 parallel experiment has been conducted for more than 3 months.

Example of the distribution of GNSS-RO data

assimilated in CWBGFS
2019092412 GPS Radio Occultation Assimilated

—_ = ~ —~ = 5
= =
EaeN
~ -
-

GNSS-RO data count assimilated: @® FORMOSAT-7 175,138 (GPS / GLONSS)
(in the FS7 experiment) ® Other GNSS-RO 81,163

11
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Impact of FORMOSAT-7 data: FS7 vs. OP
RMSE of 5-day forecast 500-hPa temperature (K) in tropics
T: RMSE
P500 G2/TRO 00Z, fh120
1.8 4 - B T I
[ L B LR E I s 4 e B T
1.4 ; | %
1.24 - = .;.‘.;"‘ TN N T
1] e T
0.8 - ’
0.8 - ' I |
0.4 1211 so Period Period |Per10dl
oz ——QE . 2211 o0 LIV ) B R SRR
o R RS0 B SRR | G ||
-0.2q4 - R B B PR TR B
_0-‘- “ap - PR - “ e aeaaas “ e e e e - . Caeaaaaaa ‘-
184AUG 1SEP 16SEP 10CT liedcT TiNovV
=019 Verification Date I I
See [Poster G21B-0745] Adjusting RO Adjusting RO
for RO obs error tuning obs error in FS7 obs error in OP
Score card — Green/Red: FS7 is better/worse than OP
Verified against NCEP analysis
NH 5‘ Tropics
Period I e 3&;., tht
(Aug 10 — Oct 1, 2019) === S=== BooC Ao
AV 99.9% significance level i —— Ex
4 ¥ 99% significance level ol e n
95% significance level Lot L T
I Not statistically significant i A
Period III
(Oct 22 — Nov 14, 2019)
AV 93.9% significance level
4 v 99% significance level a3
95% significance level T =
B Not statistically significant I - : - t
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O-B/0O-A statistics

Comparison of different versions of
data processing algorithms

Algorithm [a.] Algorithm [b.] Algorithm [c.]
(- Aug 13, 2019) (Aug 14 — Sep 9) (Sep 10 -)
2019080812 Diagnosis of GNSS-RO BND 2019090612 Diagnosis of GNSS-RO BND 2019091812 Diagnosis of GNSS-RO BND
50 sat: FORMOSAT? count: 144368 5o S8t FORMOSAT? count: 281919 50 Sat: FORMOSAT? count: 241388
— —-— —_— —
...... i _ R _ Y >
Y Eolmm =3 ; Ew o o S
o oue b oue > oun
i i &
i — pu}
ul 30 W oo - ul 30 -
2 2 2
@ @ [
E E £
£ 20 - S 20 |- g 20 -
& <] 5
o a o
] ] ]
g 10 3 10 - g 10
E E E |8 e
0 I o | L= 0 | i
-8 -4 [ 4 8 -8 -4 ] 4 8 -8 -4 8
Fractional Diff / Std Dev (%) Fractional Diff / Std Dev (%) Fractional Diff / Std Dev (%)

* The data quality has kept improving with every upgrade of the data
processing algorithms.

Comparison of data from GPS and GLONASS signals

GPS signal GLONASS (Russian) signal
Average Diagnosis of GNSS-RO BND Average Diagnosis of GNSS-RO BND
20190818007 - 2019082418Z 20190818007 - 20190824187
50 sat: FOHMOSAT?-GPSI count: 3121767 50 sat: FORMOSAT7-GLONASS _ count: 1973094
o - T
. ~====-§TDA | SToA e
,,,,,, ston —--sTOB

[ — ool
o ———omn o ——oun
T [
jur} )
430 W30 -
o2 2
3 @
E E
g 20 g 20
e I
[ o
El g

0 10 —
£’ E

o L1 = 1 ] o I

-8 -4 o 4 8 -8 -4 0 4 8
Fractional Diff / Std Dev (%) Fractional Diff / Std Dev (%)

+ We do not see significant differences in quality between the data from
GPS and GLONASS signals.

Impact to typhoon track forecasts

Average typhoon track forecast errors
Statistics with 6 typhoons in western North Pacific during Aug — Nov 2019

700

600

s a
=1 2
=1 =1

track error (km)

200

FS7

100

48 72 9 120
fest time (hr)
Case # 88 81 74 67 62 53 47 39 34 29
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Ensemble Forecast Sensitivity to Observation
Impact (EFSOI)
EFSOI by RO satellite

Estimated average forecast error reduction measured in terms of energy norms
Period 1

(Sep 1— Oct 6, 2019) Total EFSOI Per-obs EFSOI

Split into

each FS§7 Fs7aes o+ | - FS7/
satellite ;;:::;_m 5 rasams on [z GPS
Dry total

"|Fs7/
GLONASS

energy norm

hr Fest ry Errar Narm Reduction (10~ Jfkg)

FS7/
GPS

Fs7GrRS 03

Moist total e FS70S 04

Fs7GPE 05

energy norm

FS7/
GLONASS
Sum all B 26 &
FS7 data : o :
Moist total ‘g g
energy norm Tandem % f oz 3 [ &
FS7 all
R C I
EFSOI of FS7 data with respect to height
Dry total energy Moist total energy

Total I |Perobs ) L
EFSOQI EFSOI !

wressare (miv)

1000

3 7] T g 1 3 7 T g
Ory total energ (107 pig) iy total energy {107 yha)

[Negative values: beneficial impact)

* FS7 data exhibits comparable per-obs EFSOI with other GNSS-RO data.

* FS7’s total EFSOI is greater than the sum of all other GNSS-RO data
mainly due to its greater number.

* In troposphere (250-730 hPa), the forecast improvement by RO
assimilation is mainly seen in the moisture variable.
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The sensitivity of GNSS-RO bending angle observation errors in the GSI
hybrid assimilation system

Chung-Han Lin?, Zih-Mao Huang?!,Guo-Yuan Lien' and Jen-Her Chen?

1Central Weather Bureau, Taipei, Taiwan

In Taiwan’s Central Weather Bureau (CWB), a version of NCEP Gridpoint Statistical
Interpolation (GSI) hybrid data assimilation system, modified to be coupled with the CWB'’s
Global Forecast System (CWBGFS), has been used for its operational numerical weather
prediction. Regarding the use of GNSS radio occultation (GNSS-RO) data, the bending angle
data have been assimilated using the default observation error settings in GSI, which is a
family of empirical piecewise quadratic equations with respect to the observation height. To
investigate whether these default observation errors in GSI are suitable for CWBGFS, we use
the Desroziers (2005) method to estimate the optimal GNSS-RO bending angle observation
errors in our system. The diagnosed observation errors are roughly two times as large as the
default ones. Accordingly, a one-month assimilation experiment using the bending angle
observation errors tuned based on the Desroziers statistics is conducted, and a significant
positive impact on forecast skills is therefore obtained, indicating that the default
observation error values in GSI are certainly too small. We note that this conclusion is valid
when using GSI for CWBGFS, while for other models such as NCEP’s GFS, we suspect that it
would also be applicable, although it still requires experimental validation. In addition, the
current results are obtained without the FORMOSAT-7/COSMIC-2 data, but further
investigation on the same aspect for the upcoming FORMOSAT-7/COSMIC-2 data is

anticipated.
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Introduction

* In Taiwan’s Central Weather Bureau (CWB), a version of NCEP Gridpoint Statistical Interpolation (GSI) hybrid
data assimilation system, modified to be coupled with the CWB’s Global Forecast System (CWBGFS), has been
used for its operational numerical weather prediction.

* For GNSS radio occultation (RO) data, the bending angle data have been assimilated using the default
chservation error settings in GSI, which is a family of empirical piecewise quadratic equations with respect to
the observation height and latitude.

Methodology

* To investigate whether these default observation errors in GSI are suitable for CWBGFS, we use the Desroziers
(2005) method to estimate the optimal GNSS-RO bending angle observation errors in our system.

* The formulation to diagnose observation errors under the assumption of an optimal DA system:

E[d3(d)T]=R  dy=y° - H(XY) b=y’ - H(x")

Observation error estimation

Default vs. estimated observation errors Latitude-height plot of
Statistics computed based on one-month operational data zonal mean observation errors
GNSS-RO BND Estimated Observation Error
gk AL e Zonal Mean of Estimaed BND Observation Error
= <40 | % gray lines: GSI built-in obs error for 50 sat: ALL count: 9277776
> do GNSS5-RO data (by NCEP) = =l
2 latitudinal bands [40°5-40°N, 40-90°N/S) X
2 data categories (CDAAC, UKMET) 40 10
g 5
Colored solid lines: Estimated obs errors =< 30 7
in CWBGFS by Desroziers’ method %} “6
Colored dashed lines: Polynomial fitting ‘o 20 Z
of the above estimated obs errors T 3
40°S-40°N 10 ?
20-90°N/5 T |
of T |
-90 -60 -30 o 30 80 20

Latitude
Normalize Observation Error (%)

* The estimated vertical chservation error profiles of GNSS-RO bending angle data show similar characteristics as the default
error profiles in GSI:
— Largest at upper stratosphere and lower troposphere, and another peak at mid-levels.
* However, the estimated error profiles are about twice larger than the default observation errors in GSI |
+ According to the results, new equations of vertical observation error profiles (the colored dashed lines in the above figure) are
praposed by fitting to the estimated values:
obserr =10 xe™@
For latitude between 40°S and 40°N :
—0.8792362 + 0.3341449 x (a —r.) — 0.003730234 x (o — rc)z , a—71. > 12 km
- 1 —1.820805 + 0.7211169 x {a — 1) — 0.02935872 x (a—1, )% , a—r. < 12km
For else:
o {—2.752?18 +0.3965473 x (a — 1) — 0004217492 x (a = 1.)% , a—1. > 18km
—2.015269 + 0.572622 x (a — 1) — 0.001600341 X (a — ;)% , a—7. < 18 km
a is impact parameter, 7, is Earth’s local radius of curvature,
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Assimilation experiment results

* We conduct two cycling assimilation experiments for one-month period:
CTRL: with default observation errorsin GSI  ESOE: with estimated observation errors

Score card - Green/Red: ESOE is better/worse than CTRL
00Z

A 99.9% significance level
eval

Re-estimated observation errors in ESOE

GNSS-RO BND Estimated Observation Error

50 sal: ALL count: 8218848

* The experimental results show that using the new observation
NOE <40
——HOE-40 errors of GNSS-RO data, tuned based on the Desroziers (2005)

ESOE>40
—ESOE<40

—esoe method, can actually lead to generally positive impacts on the
forecast scores.

* Re-estimated observation errors based on the new ESOE

Height (km)

experiment are close to the observation errors given {i.e., first
_ estimation), confirming the convergence of the observation
=S error estimation.

Normalize Observation Error (%)

* We tune the observation errors of GNSS-RO bending angle in GSI based on the Desroziers method, and thus a
significant positive impact is obtained in CWBGFS with cycling assimilation experiments.
* We note that this conclusion would only be valid when using GSI for the CWBGFS model.

* These results were obtained prior to the launch of the FORMOSAT-7/COSMIC-2 satellites. Further investigation
on this aspect with the FORMOSAT-7/COSMIC-2 data is being conducted. See [Poster G21B-0727]

Reference:
Desroziers, G., L. Berre, B. Chapnik, and P. Poli, 2005: Diagnosis of observation, background and analysis-error statistics in observation
space. Q. J. R. Meteor. Soc., 131, 3385-3396.
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