10

11

12

13

14

15

16

17

18

19

Reply to reviewer 1

General comments,

This study implemented the assimilation of JMA himawari-8 AHI radiance with the
framework of the mesoscale numerical model WRF and its three dimensional
variational assimilation system (3DVAR) for the analysis and prediction of typhoon
"Soudelor". The results are impressive in terms of the AHI radiance simulation and
the forecast skill of the tropical cyclone for both the track and intensity. This action is
meaningful, when geostationary meteorological satellite radiances provide valuable
information of the weather systems with high spatial and temporal resolutions.
However, there are several issues to be fixed to better clarify the methodologies and

results.

Specific comments,

1) section 4.1 Please explain why there is some oscillation in the variation of the

gradient with increasing iteration?

Reply:3DVAR works by minimizing the cost function through iterations, which will
not guarantee the decrease for the gradient for each step monotonously. The similar

oscillation in the gradient can be also found in Wang and Liu (2019).

Reference:
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21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Wang, S. and Z. Liu, 2019: A radar reflectivity operator with ice-phase hydrometeors
for variational data assimilation (version 1.0) and its evaluation with real radar data,

Geosci. Model Dev., 12, 4031-4051.

2) This study assimilates clear-sky radiances. However, Figure 6 gives a very
confusing picture. The data over the cloudy regions are presented in the observations.
Radiances over the cloudy region are still calculated. Please provide the procedure for
the verification results in Fig.6 with all the data shown as only clear-sky data are

applied.

Reply: The simulation of the brightness temperature is conducted as one of the
verification methods. More explanation is added as “It should be pointed that even
only parts of the AHI radiance data are applied after quality control in the data
assimilation, the radiative transfer model is able to simulate the brightness
temperature for all the pixels with the background and the analysis respectively for
the verification purpose. The similar verification method is also applied in Yang et al.,

(2016).”

Reference:

Yang, C., Liu, Z., Bresch, J., Rizvi, S. R. H, Huang, X.-Y., and Min, J. AMSR?2 all-sky

radiance assimilation and its impact on the analysis and forecast of Hurricane Sandy

with a limited-area data assimilation system, Tellus A: Dynamic Meteorology and

Oceanography, 68, 1, 2016.
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43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

3) Please point out the reason channel 10 yield smaller RMSE?

Reply: It is found from Fig. 8g that the simulated brightness temperature for
assimilated pixels fit best with the observation compared to other two channels, which
is likely related to strict cloud detection scheme for channel 10 with rather lower
detecting peak. The authors have plotted the weighting function for the three water
vapor channels. Thus, the manuscript is revised as “Among them the RMSE of
channel 10 is smallest as 0.234 K in Fig. 8i, which is likely related to strict cloud
detection scheme for channel 10 with rather lower detecting peak (Wang et al.,

2018).”

Technical corrections

1) L35 use accurate instead of exact

Reply: Thanks for the helpful advice. Corrected at line 43

2) L39 together with the microphysics and ..

Reply: Thanks. Added.



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

3) L54 radiance data are ..

Reply: Thanks. Corrected.

4) L104 positive impact

Reply: Thanks for pointing it out. Corrected.

5) L106 Please reorganize the sentence “Wang, et al (2018). . .”and check this kind of

problem thoroughly for the whole manuscript

Reply: Thanks for the helpful advice. The sentence is reorganized and the language is

further edited by an English native speaker for the whole manuscript.

6) L112 previous researches

Reply: Corrected.



81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

7) L147 This work focuses. . . Please check this problem for the whole manuscript

Reply: Corrected. We also improved these expressions with active words to an

objective statement. Revisions can be found by tracks in detail.

8) L243 Please change the word rarefy

Reply: Thanks for the helpful advice. We use thin to replace rarefy at line 283, now

the sentence is “20 km is chosen to make thinning of AHI radiance data”.

9) L261 Fig. 6a shows or provides. Please fix this problem for the whole manuscript

Reply: Thanks. corrected.

10) L262 of channel 8

Reply: corrected.

11) L332 after the bias correction.



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

Reply: Thanks. This expression is corrected as “before and after the bias correction”,

see line 353.

12) L350 are also calculated

Reply: Thanks. This expression is corrected as “The RMSEs of the simulated
brightness temperature by the NWP model before and after the assimilation are also

calculated against the AHI radiance observations.” at line 370.

13) L427, this manuscript. . .

Reply: Thanks for the helpful advice. This expression is corrected as “In this study,
the AHI radiance data assimilation is conducted under the clear sky condition.” at line

460.
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120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

Reply to reviewer 2

This paper studies the effect of assimilating satellite observations on the prediction of
typhoon. The predictions are made with WRF model, and initialization is performed
by its 3D-VAR system. The technique is not new but the claim of novelty is that the
system incorporates the newest data from a geostationary (in contrast to polar-orbiting)
satellite, namely Himawari-8. Improvements in the predicted track and intensity of
typhoon Soudelor are found with the assimilation of the satellite data. This is a timely
study with potentially useful results. Nevertheless, clarifications are needed on some

of the technical details:

(1) The conclusion of this work relies on a small number of runs without exploring
the dependence of the prediction on tunable parameters in WRF-3DVAR, for example
those for the spatial correlation length and the scale of background variance. Previous
studies have shown that the predictions of typhoon/hurricane tracks depend on those
parameters (Xu et al. 2019, Meteorol. Appl., doi:10.1002/met.1820; Chou and Huang
2011, Adv. Meteorology, doi:10.1155/2011/803593). If this study just uses the default
setting of those parameters, it would be useful to provide justifications or demonstrate

that the results are robust with respect to tuning of the parameters.

Reply: Thanks for the pointing it out. The sentences are added as “The length scale

and the variance scale are set to be 0.5 and 1 respectively after several sensitivity
7



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

experiments conducted on tuning the background error. Similar conclusions are also
found in Shen and Min (2015) with the scale factors related to the static background

error covariance.” to make it clear.

(2) Since only clear-sky data is assimilated, one would guess that most of the
satellite data over the cloudy area surrounding the core of typhoon are rejected. Yet,
from Figs. 10(a) and 10(b) it appears that some distinctive small-scale structures (e.g.,
multiple spiral bands of high humidity) are created over the vortex core of the
typhoon after the assimilation of satellite data. Are those structures artificial (e.g., due
to numerical schemes of the model) rather than a realistic effect of assimilation of
satellite observation? Related to this, it would also be interesting to compare the detail
of the wind field near the center of the typhoon, but the vectors in Fig. 10 are hard to

read. It would be useful to modify the figure to improve clarity.

Reply: We agreed that most of the AHI clear-sky radiance data over the typhoon core
area are rejected. However, the environment can be adjusted to some extent with the
obtained observations. The model status in the cloudy area will also be modified with
the spatial correlation in the background error covariance. The similar findings for
small-scale information in the cloudy area can also be referred in Wang et al., (2018).
Fig. 10 is also replotted to improve the clarity. Related explanations are also added as

“It should be pointed out that the model status in the cloudy area are modified due to

8



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

the spatial correlation in the background error covariance. The similar findings for

small-scale information in the cloudy area can also be referred in Wang et al., (2018).”

(3) Figure 11(a), which shows the key result for typhoon tracks, is hard to read. The 3
tracks all look like solid lines that it is not possible to identify which is which. There
seems to be random drawings in the background but it is not clear what they are
(continental boundaries?) The labeling at left for the ordinate is cut off. Also, only one
set of predictions is shown. What about other predictions made at different initial
times? Do they exhibit similar behaviors? [This is also related to the comment in (1)

concerning the robustness of results, given the small number of runs.]

Reply: Thanks for the helpful advice. We replotted the tracks with colorful lines in the
revised manuscript. The random drawings in the background is also removed. The
labeling at left is also kept. The forecast from 0000 UTC 02 August 2015 is also
added for the track in Figure 12a. The forecast ranges are extended from 18 hours to
48 hours. In addition, the mean track errors, maximum surface wind speed error, and
the minimum sea level pressure error are also calculated for two forecasts initialized

at 0000 UTC and 0600 UTC presented in Figure 12¢, and Figure 13.
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182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

Reply to reviewer 3

Overview: In this manuscript, the authors have tried to attempt to see the effect of
data assimilation of AHI data for Typhoon Soudelor by using WRF-3DVAR. Perhaps,
this data assimilation method has been widely used by many typhoon researchers, but
this AHI data assimilation would be novel because Himawari-8 satellite provides
more segmentalized bands compared to previous MTSAT series. I could see the effect
of this AHI data assimilation, but the forecasting time is too short, which is close to
nowcasting. Different initial locations may cause these track errors. Furthermore, the
intensity forecasts from both experiments show the same tendency. It may indicate
this AHI assimilation is not effective in improving inner-core structures yet. Actually,
I could see longer period simulation results rather than 18-h simulations results to see
definite improvement of AHI assimilation. Finally, as I suggest many specific
comments and editorial comments, the authors seriously consider the English
proofreading or carefully review this manuscript before publication. Therefore, since
there are some corrections before publication, I would give a major revision opinion.

Nevertheless, I think this paper approach is nice.

Specific comments

Lines 119-123: The authors could make the section lists to show how this paper is

10



201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

comprised.

Reply: Thanks for your advice. A new paragraph is added as “Section 2 describes the
observations and the data assimilation system. Introductions to the typhoon case and
the experimental setup are provided in section 3. The detailed results in terms of the
analyses and the forecasts are illustrated in section 4 before conclusions are

summarized in section 5.”

Lines 69-72 & 126-128: These sentences are repeated.

Reply: Agreed. Related sentences are deleted in section 1 and section 2.1. The
sentence is also reorganized as “As the first new generational geostationary satellite,
Himawari-8 plays a pioneering role for the geosynchronous imagers to be launched in
US, China, Korea and Europe.” from line 84 to 86. In the second part, we revised as
“Himawari-8 satellite was launched by JMA to a geosynchronous orbit on 17 October
2014 and has begun its operational use since 7 July 2015 (Bessho et al., 2016).” from

line 153 to 155.

Lines 147-151: I am not sure why the authors put the location of the focuses or

purposes in this paragraph? I guess, if the authors put this to Introduction, it would be

11



221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

much clearer than now.

Reply: Thanks for the helpful advice. Following the reviewer’s suggestion, these

sentences are moved to the 6™ paragraph in the introduction part (line 141 to 145).

Lines 147-149: How can we understand that these three moisture channels are

sensitive to those levels? Please provide some evidence.

Reply: Thanks. The evidence for the sensitive levels for three water vapor channels is
provided as the weighing function in Fig. 1 in the revised manuscript (line 141 to

146).

The sentence is revised as “Our study focuses mainly on assimilating the three water
vapor channels (6.2, 6.9, and 7.3um) since they are very sensitive to the humidity in
the middle and upper troposphere and have a certain effect on the lower troposphere.
Thus, a large amount of effective atmospheric information can be provided for AHI
radiance data assimilation in the troposphere. The weighting functions for the three

channels are provided in Fig. 1.” in the manuscript.

12
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Fig.1 Weighting function for Channel 8, 9, and 10.

Lines 190-200: About re-intensification of Soudelor, I guess, the authors reference
JTWC best track data, because there is no such a pattern in JMA best track data.

Please specify this information.

Reply: In this study, the best track data are provided by the China Meteorological
Administration (Yu et al., 2007; Song et al., 2010). “Related information is added in
section 3.1(line 215) and section 4.4 (line 407-408).

Reference:

13



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

Yu H, Hu C, Jiang L. 2007. Comparison of three tropical cyclone intensity datasets.

Acta Meteorol. Sin. 21: 121-128.

Song J-J, Wang Y, Wu L. 2010. Trend discrepancies among three best track data sets
of western North Pacific tropical cyclones. J. Geophys. Res. 115: D12128, DOI:

10.1029/2009JD013058.

Line 200: what the Taiwan channel? Does that mean channel effect? I guess there are

some papers discussing that. Please cite some references.

Reply: Thanks for the helpful advice. Taiwan channel means Taiwan Strait, which is a
180-kilometer (110 mi)-wide strait separating Taiwan and mainland China. To avoid

misunderstanding, we replace Taiwan Channel with Taiwan Strait at line 227.

Lines 202-203: as mentioned in General comments, the authors should clarify the best

track information.

Reply: Agreed. The best track data are provided by the China Meteorological
Administration (Yu et al., 2007; Song et al., 2010). “Related information is added in

section 3.1(line 215) and section 4.4 (line 407-408).

14



269  Section 3.1: Figure 2 needs to make the same period with Fig. 1, and the authors may
270  highlight the specific period (color-shading) according to the purpose.

271 e

272  Reply: Agreed. Figure 2 is replotted from 0000 UTC 30 July 2015 to 0600 UTC 12
273  August 2015 and the specific period from 1800 UTC 1 August 2015 to 0000 UTC 3

274  August 2015.

990

960

(hPa)

930

900

870

275

276  Fig. 3 The time series of the minimum sea level pressure (solid line, unit: hPa) and the
277  maximum surface wind (dash line, unit: m s') from 0000 UTC 30 July 2015 to 0600

278  UTC 12 August 2015.

279

15



280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

Line 218: “We use Arakawa C grid in the horizon with a 5 km grid distance.” What is
the Arakawa C-grid? I know this grid-structure, but people reading this paper without
any background of the WRF model, may not understand this grid-type. If the authors
want to use this, please clarify what it is or compare this with other grid-type kinds

such as A, B, D, E types (should discuss momentum conservation and other kinds).

Reply: Agreed. Sentences are added to make it clear as “As is known, Arakawa A grid
is "unstaggered" by evaluating all quantities at the same point on each grid cell. The
"staggered" Arakawa B-grid separates the evaluation of the velocities at the grid
center and masses at grid corners. Arakawa C grid further separates evaluation of

vector quantities compared to the Arakawa B-grid.” (1in246-250)

Line 219: is this eta levels? Or sigma levels? And is this even vertical spacing?

Reply: Corrected. The eta levels are applied with coarser vertical spacing for the
higher levels. The manuscript is revised as “Vertically, it has 41 eta levels using 10
hPa as its top with coarser vertical spacing for the higher levels.” (1in250-252) to

make it clear.

Figure 4 appears earlier than Fig. 3; that is not critical, but its order should be

16



300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

sequential. Please rephrase the sentences or remove them.

Reply: Agreed. Thanks for pointing it out. The order of Figure 3 and Figure 4 is

changed in the revised manuscript and related sentences are rephased.

Lines 224-225: are there references for the Dudia scheme?

Reply: Thanks for the helpful advice.

The sentence is revised as “The following parameterization schemes are used: WDM6
microphysics scheme (Lim et al., 2010), Grell Devenyi cumulus parameterization
scheme (Grell et al., 2002), RRTM (Rapid Radiative Transfer Model) longwave
radiation scheme (Mlawer et al., 1997), shortwave radiation scheme (Dudhia et al.,
1989), and YSU boundary layer scheme (Hong et al., 2006) .” now from line 254 to

262. Besides, the reference is added as follows,

Dudhia, J. Numerical Study of Convection Observed during the Winter Monsoon
Experiment Using a Mesoscale Two-Dimensional Model, Journal of the Atmospheric

Sciences, 46, 3077-3107, 1989.

Line 225: It is surprising that YSU PBL is Noh et al. 2003? By the way, the authors

said WRFV3.9.1. About the above and this line, the authors should carefully look at
17



320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

the WRF website to cite more appropriate references for the parameterizations.

Reply: Thanks. We double checked the details for all the physics from WRF user

guide and make corrections for the reference of YSU PBL as,

Hong S.Y., Noh Y., Dudhia J. A New Vertical Diffusion Package with an Explicit

Treatment of Entrainment Processes. Mon. Wea. Rev., 134, 2318-2341, 2006.

Follow the reviewer’s suggestion, all the references for the for the parameterizations

are also checked.

WDMG6:

Lim, K.-S. S., and Hong, S.-Y.: Development of an effective double-moment cloud
microphysics scheme with prognostic cloud condensation nuclei (CCN) for weather

and climate models. Mon. Wea. Rev., 138, 1587-1612, 2010.

Grell Devenyi cumulus parameterization:

Grell G.A., Dévényi D.: A generalized approach to parameterizing convection
combining ensemble and data assimilation techniques, Geophys. Res. Let., 29,

587-590, 2002.

The shortwave radiation scheme:

Dudhia, J.: Numerical Study of Convection Observed during the Winter Monsoon

Experiment Using a Mesoscale Two-Dimensional Model, Journal of the Atmospheric

18



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

Sciences, 46, 3077-3107, 1989.

The longwave radiation scheme:

Mlawer E.J., Taubman S.J., Brown P.D., et al.: Radiative transfer for inhomogeneous
atmospheres: RRTM, a validated correlated-k model for the longwave, Journal of

Geophysical Research Atmospheres, 102: 16663-16682, 1997.

Sections 3.1 and 4.4 and Fig. 1: What the authors reference the best track data? In the

body context and Fig. 1, there is no information on that.

Reply: Agreed. The best track data are provided by the China Meteorological
Administration (Yu et al., 2007; Song et al., 2010). “Related information is added in

section 3.1(line 215) and section 4.4 (line 407-408).

Section 4.2: I wonder that OMB and OBA indicate the observation (Himawari-8) —
background (what background? Where it comes from? And how the authors calculate
the brightness temperature of the analytic brightness temperature. Please clarify the
methods of how to get the brightness temperature of the background and analytic one.

Please put the title of each figure (band-8 micron unit).

19



358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

Reply: The background for data assimilation is prepared as follows. Firstly, the initial
condition and lateral boundary are obtained by the preprocessing module of WRF
model with 0.5°%0.5° GFS reanalysis data. Then a 6-hour spin-up is conducted to

provide as the background for the data assimilation purpose.

The Community Radiative Transfer Model (CRTM; Liu and Weng, 2006) has
been coupled within the WRFDA, which is applied as the observation operator for
AHI radiance. The temperature and the humidity information from the model states
are essential inputs for CRTM to calculate the simulated brightness temperature (the

brightness temperature of the background and analysis).

The simulation of the brightness temperature is conducted as one of the
verification methods by comparing with the observed radiance. More explanation is
added as “It should be pointed that even only parts of the AHI radiance data are
applied after quality control in the data assimilation, the radiative transfer model is
able to simulate the brightness temperature for all the pixels with the background and
the analysis respectively for the verification purpose. The similar verification method

is also applied in Yang et al., (2016).” (line 309-313).

Reference:

Yang, C., Liu, Z., Bresch, J., Rizvi, S. R. H, Huang, X.-Y., and Min, J. AMSR2 all-sky
radiance assimilation and its impact on the analysis and forecast of Hurricane Sandy
with a limited-area data assimilation system, Tellus A: Dynamic Meteorology and

Oceanography, 68, 1,2016.

Liu, Q., and F. Weng, 2006: Advanced doubling-adding method for radiative transfer

20



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

in planetary atmosphere. J. Atmos. Sci., 63(12), 3459-3465.

We also have put the title of each figure with the band information along with the

micron unit for the related figures.

Lines 300-307: I understand the authors’ purpose. But these sentences should be more
clarified. Without any vertical profile, it could be mere speculation. Please provide the
weighting functions of each band, and it could then be discussed. And, the authors
mentioned “cloud”, it would be water vapors. In other words, most people may think
“cloud” as “just cloud”. As you know, there are many species such as ice, overwater

phase, water vapor, and so on.

Reply: Agreed. The authors have plotted the weighting function for each channel in
Fig. 1. Thus, the manuscript is revised as “It can be inferred from Fig. 7a, c, and e that
the magnitude in OMB of channel 10 is generally larger than that of channel 9, while
that of the OMB in channel 8 is the smallest. This is because the detection height of
channel 10 is lower than that of channel 8 and 9 seen from the weighting function (Fig.

1), indicating channel 10 is largely affected by the clouds.”
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Fig.1 Weighting function for Channel 8, 9, and 10.

Figure 8: I wonder whether this stdv is statistically significant or not?

Reply: Agreed. A significance test is conducted. A sentence is added as “The pairwise
significance test is made between the OMA and OMB. Results show 95% confidence
intervals in terms of the difference of the standard deviation using zero difference for
the null hypothesis. A sentence is added as “Differences between the standard
deviations of the OMB and OMA were statistically significant at the 95% level using

zero difference for the null hypothesis.”
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409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

Figure 9: I could see the improvement; however, why they fluctuate?

Reply: Fig. 9 shows the RMSEs of the simulated brightness temperature by the model
before and after data assimilation against the observations. The background before the
assimilation is the short-term forecast from the previous analysis. The increase of the
RMSE in the fluctuation arise from the model error in the short-term forecast. To
make it clear, a sentence is added as “The background before the assimilation is the
short-term forecast from the previous analysis. The increase of the RMSE in the
fluctuation arise from the model error in the 1 hour short-term forecast.”

(line377-380).

Lines 363-366: It would be better if the authors cite one reference, at least for this

sentence.

Reply: Agreed. One reference is added to show the correlation between the water

vapor environment and the typhoon intensity as follows,

Kamineni, R., et al., 2003: Impact of High Resolution Water Vapor Cross-Sectional

Data on Hurricane Forecasting, Geophysical Research Letters, 30, 38-1.
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429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

Figure 11a: The legend is wrong. Please revise that. I guess, the figure could be

enlarged.

Reply: Thanks for the helpful advice. We replotted the tracks with colorful lines in the
revised manuscript. The random drawings in the background is also removed. The
labeling at left is also kept. The forecast from 0000 UTC 02 August 2015 is also
added for the track in Figure 12a. The forecast ranges are extended from 18 hours to
48 hours. In addition, the mean track errors, maximum surface wind speed error, and

the minimum sea level pressure error are also calculated in Figure 12b, and Figure 13.

Lines: 36-39: “The predictability of these TCs is limited because it entails complex
multi-scale dynamic interactions. These interactions include environmental airflows,
TC vortex interactions, atmosphere-ocean interactions, and the effects of mesoscale
and micro-convective scale, together with microphysics and atmospheric radiation.”

Is your idea? Or someone said? Please cite some works for supporting this sentence.

Reply: Corrected. The following reference is added, which describes the complex

multi-scale dynamic interactions for the TCs.

Reference:
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448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

Minamide, M., and F. Zhang, 2018: Assimilation of all-sky infrared radiances from
himawari-8 and impacts of moisture and hydrometer initialization on

convection-permitting tropical cyclone prediction. Mon. Wea. Rev., 146, 3241-3258.

Lines 241-243: Perhaps, this sentence accounts for data assimilation, in which the
observations should be independent with each other. Do the authors think a 20-km
resolution is appropriate to avoid the dependency between observations? If the
authors say “right”, please suggest any reference or results for that; for example, two

normal distributions.

Reply: Agreed. It is proved that raw radiance observations thinned to a grid with 2—6
times of the model grid resolution are able to remove the potential error correlations
between adjacent observations (Schwartz et al ., 2012; Xu et al ., 2015; Choi et al.,
2017). Also, sensitivity experiments with 25 km, and 30 km thinning mesh are also
conducted with similar results. Thus, the manuscript is revised as “It is proved that
raw radiance observations thinned to a grid with 2—6 times of the model grid
resolution are able to remove the potential error correlations between adjacent
observations (Schwartz et al ., 2012; Xu et al ., 2015; Choi et al., 2017). Hence, 20
km is chosen to make thinning of AHI radiance data. Also, sensitivity experiments
with 25 km, and 30 km thinning mesh are also conducted with similar results.” to

make it clear.
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Editorial comments

Over the whole manuscript: Please avoid to use many times “so” as the conjunction.
Overall, the author should make the consistency of using the acronym and its order
before the publication. For example, Lines 17-20: “The assimilation of AHI was
implemented with the framework of the mesoscale numerical model WRF and its
three dimensional variational assimilation system (3DVAR) for the analysis and
prediction of typhoon "Soudelor" in the Pacific Typhoon season in 2015.”. Perhaps,
the authors should correct some words; “AHI” ! “AHI data”; spell “WRF” out;
“typhoon Soudelor” !“Typhoon Soudelor (2015)”. 1 guess the authors could use
WRF-3DVAR “mesoscale numerical model weather research and forecasting
three-dimensional variational assimilation system (WRF-3DVAR) or else. And please
thoroughly see your wording to reduce mistyping or mistake since this paper goes

forever after publication.

Reply: Thanks. We change “so” to other conjunctions at line 68, 73, 132, 158. Also,
consistency is considered and we change the sentence from line 23 to 27. Other

revisions can be found by tracks in detail.

Lines 20-21 and else somewhere: “AHI Imager data” “AHI data” since the authors

already used this as the acronym above. Please correct this word in the manuscript.
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Reply: Agreed. For an accurate expression, we use “AHI radiance data” in the whole

manuscript.

Line 21: . . .rapid intensify. . .” Do the authors mean “rapidly intensifying”?

Reply: Corrected. We revised it as “The effective assimilation of AHI radiance data in
improving the forecast of the tropical cyclone during its rapid intensification has been

realized.” at line 27-30.

Lines 20-22: This line gives me something awkward. Do you mean “the AHI data

assimilation was effective to simulate rapidly intensifying TCs.”?

Reply: Corrected. This is what we mean. To avoid misunderstanding, the expression is
changed to “The effective assimilation of AHI radiance data in improving the forecast
of the tropical cyclone during its rapid intensification has been realized.” at line

27-30.

Line 26: forecast ! forecasts

Reply: Corrected. “forecast” is replaced with “forecasts”.
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Line 35: Please use a general expression “quick intensification” ! “rapid

99, ¢

intensification”; “exact forecast” ! “forecasts”

Reply: Thanks. The corresponding parts are corrected for the whole manuscript.

Line 40: The authors do not use the “IC” acronym after this line. Please remove this.

Reply: Thanks. “IC” acronym is removed at line 49.

Line 42: . . .relatively limited” ! “relatively insufficient compared to the land” or

proper expression.

Reply: Corrected. “relatively insufficient compared to the land” is used at line 51-52.

Line 46: “. . . now can” ! “have adopted”

Reply: Thanks for pointing it out. “have adopted” is used at line 56.
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Line 47: remove “directly”

Reply: Thanks. “directly” is removed.

Lines 50-51: “improve NWP technique” ! I am not sure the authors want to say “these
data improve NWP technique”? what the authors mean NWP technique? Please

suggest examples.

Reply: Thanks for the helpful advice. Here we want to express abundant satellite data
are crucial to the improvement of NWP accuracy because most part of the earth is
covered by ocean where conventional observations are scarce. To avoid
misunderstanding, “improve NWP technique” is replaced by “improve the accuracy of

the numerical model results” at line 61-62.

,"EG

Line 52: “. . . contributions to forecast accuracy . . contribution to improving the

accuracy of the numerical model results”, The authors should rephrase this sentence.

Reply: Thanks. The sentence is rephrased at line 63-64.

Line 58: “Besides, compared to geostationary satellites, they have higher resolutions
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(Li et al., 2017; Shen et al., 2015; Xu et al., 2013).” ! “Besides, they have finer
resolutions compared to geostationary satellites (Li et al., 2017; Shen et al., 2015; Xu

etal.,, 2013).

Reply: Thanks for the helpful advice. The sentence is revised at line 69-72.

7"66

Line 61: “quickly” ! “rapidly”

Reply: Thanks. “quickly” is replaced with “rapidly” at line 74.

’S'GG

Line 67: “supervising” ! “observing”

Reply: Thanks. “supervising” is replaced with “observing” at line 80.

Line 126: remove “(Japan Meteorological Agency)”

Reply: Corrected. “(Japan Meteorological Agency)” is removed at line 153.

Lines 135: “satellite” ! “satellite series”
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581

582
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584

585

Reply: Thanks for the helpful advice. This sentence is repeated and we delete it. From

line 155 to 157.

Lines 190-191: The authors need to polish this sentence.

Reply: Thanks for the helpful advice. The sentence is revised as “From the record of
the China Meteorological Administration (CMA), Typhoon Soudelor was the 13th

typhoon in 2015 as the second strongest tropical cyclone in that year.” at line 215.

Line 193: “west by north” ! “north-westwards”

Reply: Thanks for the helpful advice. We use “north-westwards” instead of “west by

north” at line 219.

Line 205: “its main body” ! “tropical disturbance” or “tropical depression”

o5

Reply: Thanks. “its main body” is substitute with “the tropical depression” at line

231.
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Line 220: “initial condition . ..” ! “The initial condition and . . .”

Reply: Thanks for pointing it out. “The initial condition and . . .” is used at line 252.

Line 238-239: Please remove unnecessary acronyms such as “Ps”, “RHs” which

words are not used anymore.

Reply: Thanks. These unnecessary acronyms are removed at line 274-275.

Line 403: 2.6 m s-1

Reply: Thanks for the helpful advice. “2.6 m s is used at line 437.
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Abstract

Himawari-8 is a new generation geostationary meteorological satellite launched
by Japan Meteorological Agency (JMA). It carries the Advanced Himawari #mager
Imager (AHI) onboard, which can continuously monitor high-impact weather events

with high frequency space and time. The assimilation of AHI radiance data was

implemented with the three-dimensional variational data assimilation system of sedel

Weather Research and Forecasting model €WRE)-medel-andts—three-dimensional

vartational-assimilation-system-(WRF-3DVAR) system-for the analysis and prediction

of typheen-Typhoon “Soudelor" (2015) in the Pacific Typhoon season-in—20+5. The

effective assimilation of AHI radiance lmager-data in_improving the forecast of the

tropical cyclone with-during its rapid intensify-intensificationdevelopment has been

realized. The results show that after assimilating the AHI radiance imager-data under
clear sky conditions, the typhoon position in the background field in-of the model is
effectively corrected compared with the control experiment without AHI radiance data
assimilation. It is found that the assimilation of AHI radianceimager data is able to
improve the analyses of the water vapor and wind in typhoon inner-core region. The
analyses and forecasts of the typheen—minimum sea level pressure, the maximum

surface wind, and the typhoen-track of the typhoon are further improved.—

Key words: Weather Research and Forecasting model; Three-Dimensional

Variational Data Assimilation; AHI Radiancetsager Data; Typhoon
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1. Introduction
In recent years, although researchers have made great progress in the field of
NWP-(numerteal-numerical wweather pprediction (NWP)), the huge challenges are
encountered in the exaetaccurate forecasts of tropical cyclones (TCs) with rapidguiek
intensifications (DeMaria et al., 2014). The predictability of these TCs is limited

because it entails complex multi-scale dynamic interactions_(Minamide and Zhang

2018). These interactions include environmental airflows, TC vortex interactions,
atmosphere-ocean interactions, and the effects of mesoscale and micro-convective
scale, together with the microphysics and atmospheric radiation. In order to attain a
better initial condition-+&) and improve the accuracy of the forecast, data assimilation
seeks to fully utilize the observations. Mest-e+FC’s-The life span_of most TCs is over

the ocean where conventional observations are relatively insufficient compared to the

landrelativelytimited. Therefore, by analyzing observed data from the-satellites and
planes over the ocean, it is crucial to adopt effective data assimilation (DA) methods

to improve the analysis and forecast of TCs.

With the rapid development of atmospheric radiative transfer model+RFM),
many numerical weather prediction centers have adoptednew—ean—-adept variational
DA method to assimilate a variety of radiance data from different satellite observation
instruments direethy—(Bauer et al., 2011; Buehner et al., 2016; Derber et al., 1998;
Hilton et al., 2009; Kazumori et al., 2014; McNally et al., 2006; Prunet et al., 2000;

Pennie, 2010). These data can take up 90% of all data used in global DA system and
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can #npreve-the-improve the accuracy of the numerical model results NWP-aeeuraey

technigue-strikingly (Bauer et al., 2010). Some researches demonstrated that in global

model, satellite radiance DA makes more contribution to improving the accuracy of

the numerical model resultseentributions—to—forecast—aeenraey than conventional

observation DA does (Zapotocny et al., 2007).

Generally speaking, radiance data areis derived from microwave and infrared
detecting instruments, which are from polar-orbit satellites and geostationary satellites,
respectively. Polar-orbit satellites cover the sphere of all the earth, sethereby their

observatiens—are-suitable for global NWP models (Jung et al., 2008). Besides, they

have finer resolutions compared to geostationary satellitesBestdes;,—cempared—teo

geostationary-satelites;they-have higherreselutions (Li et al., 2017; Shen et al., 2015;

Xu et al.,, 2013). However, it is highlighted that they are not able to perform
continuous monitoring over a fixed area, se—this—eanthus leave—leaving out some
guiekdy—rapidly intensified TCs or storms. On the contrary, because geostationary
satellites have a fixed location related to the earth’s surface, although their resolutions
are lower than that of polar-orbit satellites, they can capture the formation and
development of mesoscale convective systems by continuous monitoring (Montmerle

et al., 2007; Stengel et al., 2009; Zou et al.,2011).

Geostationary satellites are able to continuously detect a region at a higher
frequency, thus supervising—observing TCs over the vast ocean effectively. In fact,

they can capture convective spiral cloud systems relating to TCs. H-is-thefirstsatellite
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and-Europe-As the first new generational geostationary satellite, Himawari-8 plays a

pioneering role for the geosynchronous imagers to be launched in US, China, Korea

and Europew

Ageney ) and put-into-operation in-July 2045 (Bessho-¢t-al.. 2016). It has an advanced

imager called AHI{Advanced Himawari Imager (AHI)} with 16 visible and infrared
bands, including 3 moisture channels, which can conduct a full-disk scan every 10
minutes. Meanwhile, it can also acquire regional seanscanning images and that is to
say it can scan the Japan and the target areas every 2.5 minutes. Compared to the early
geosynchronous imagers, AHI has more spectrum bands and this can monitor the state

of atmosphere with a higher frequency.

In recent years, some experts and scholars have carried out some studies on the
data assimilation of geostationary satellite observations. Firstly utilizing GSI
(Gridpoint Statistical Interpolation) from NCEP (National Centers for Environmental
Prediction), Zou, et al (2011) conducted direct assimilation on imagers’ data from
GOES-11 and GOES-12 to estimate their potential influences on QPF (quantitative
precipitation forecasts) of coastal regions in the eastern part of American. They found
that assimilating radiance data from GOES’s imager has a remarkable improvement
on 6 to 12 hour’s QPF near northern Mexico Gulf coast. Their work was continued by

Qin, et al (2013), which put thinned radiance data into GSI system to make a
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comprehensive investigation on the issue on combined assimilation of GOES Imager
data together with AMSU-A (Advance Microwave Sounding Unit-A), AMSU-B

(Advance Microwave Sounding Unit-B), AIRS_(Atmospheric Infrared Sounder),

MHS (Microwave Humidity Sounder), HIRS (High Resolution Infrared Radiation
Sounder), GSN (GOES Sounder). The results showed the effect of single assimilation
of AHI radiance data is-are better than combined assimilation in term of precipitation
forecast. Zou, et al (2015) adopted the GSI system to assimilate radiance data from
four infrared channels on GOES-13/15 and set up two experiments for comparison. A
symmetric vortex was used for initialization in the first trialexperiment and an
asymmetric counterpart for the other trialexperiment. Results showed that direct
assimilation of GOES-13/15’s radiance data could yield positive effects on the track
and intensity forecasts of hurricane “Debbie”. As the new instrument of himawari-8§,
there are few studies on the DA of himawari-8 data. Ma, et al (2017) used 4DEnVar

(four-dimensional4Pb ensemble variational) DAdata—assimilation) in NCEP’s GSI

system to assimilate radiance of three moisture channels of AHI radiance data under
clear-sky condition and then NCEP GFS (Global Forecast System) was utilized to
estimate the impacts of AHI radiance data assimilation on whether forecast. They
found it had a positive infhaenee-impact on the forecast of global vapor at high level

of troposphere. Wang, et al (2018)_investigated the impact of assimilating the-three

water vapor_channels under clear sky on the analysis and forecast of a rainstorm in

Northern China ;-based-enwith the 3DVAR method-inNWPR-centerinnortheast-China
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pointed out that the assimilation of AHI radiance data could improve the wind and

vapor fields and the accuracy of rainfall forecast in the first 6 hours lead time.

Although fermerprevious researches have made several achievements in satellite
data assimilation and application, it is still a challenge to make more effective use of
the new generational geostationary satellite imager data with high spatial and
temporal resolution-. se-that-it-can-bettersatisfy-the needs-etf-meteoerology—In most of
the previous studies, researches usually use a 6 hour’s or even longer time interval
with a coarse spatial resolution. Therefore, the rapid updating assimilation techniques
of the geostationary satellite radiance data have not been well carried out at
convective scale. This study intends to build a data assimilation system aiming at AHI

imager-radiance data based on the new generational mesoscale Weather Research and

Forecasting (WRF) model. A case of typheen—Typhoon Soudelor is studied by

performing numerical simulation to address the impacts of convective DA on the
improvement of the 7€ s-initial conditions_of TC and the enhancement of & s-track

and intensity forecasts. Our study focuses mainly on assimilating the three water

vapor_channels (6.2, 6.9, and 7.3um) since they are very sensitive to the humidity in

the middle and upper troposphere and have a certain effect on the lower troposphere.

Thus, a large amount of effective atmospheric information can be provided for AHI

radiance data assimilation in the troposphere. The weighting functions for the three

39



749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

channels are provided in Fig. 1.

Section 2 describes the observations and the data assimilation system. Introductions

to the typhoon case and the experimental setup are provided in section 3. The detailed

results in terms of the analyses and the forecasts are illustrated in section 4 before

conclusions are summarized in section 5.

2. Observational data and DA system

2.1 An introduction to Himawari-8 AHI radiance data

Himawari-8 satellite was launched by JMA (Japan-Meteerological- Ageney)-to a

geosynchronous orbit on 17 October 2014 and has begun its operational use since 7

July 2015_(Bessho et al., 2016).

Himawari-8lt is located between the equator and 140.7°E, thusse the earth is observed

between 60°N and 60°S meridionally and between 80°E and 160°W zonally.
Compared to its previous generation Himawari-7, its detective ability can get
significantly improved since the instrument AHI on Himawari-8. Besides, its device is
comparable to imagers on American GOES-R satellite (Goodman et al., 2012; Schmit
et al., 2005; Schmit et al., 2008; Schmit et al., 2017). AHI is able to provide a full-disk
image every 10 minutes and complete a scan over Japan every 2.5 minutes. AHI
conducts continuous scan and detection on a moving targeted typhoon. It has 16

channels covering visible, near-infrared, and infrared spectral bands with a resolution
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of 0.5 km or 1 km, and 2 km respectively. Channel 8 to 10 (6.2, 6.9, and 7.3 pum) are
water vapor bands that are sensitive to the humidity in the middle and upper
troposphere (Di et al., 2016). Other channels (channel 11, 12, 16: 8.6 pm, 9.6 um, and
13.3um ) are either monitoring other fields such as the thin ice clouds, volcanic SO2
gas, the ozone or CO2, or the atmospheric window channels (13-15: 10.4, 11.2, and
12.4 pm) function as monitors for ice crystal/water, low water vapor, volcanic ash, sea

surface temperature and other phenomena (Bessho et al., 2016)._

2.2 WRFDA system and AHI radiance data

WRFDA system is designed by National Center for Atmospheric Research
(NCAR) and it contains 3DVAR, 4DVAR, Hybrid parts. This-Our research is based on
the 3DVAR method. An interface that is suitable for AHI DA is built in WRFDA
system. Currentlyy, WRFDA 1is able to assimilate many conventional and
unconventional observations. In terms of satellite radiance data, this system is
compatible with RTTOV (the Radiative Transfer model of the Television and Infrared
Observational Satellite Operational Vertical sounder) and CRTM (Community

Radiative Transfer Model, Liu and Weng, 2006) as observation operators. In this study,
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CRTM is utilized as the observation operator to simulate and compute AHI radiance
data. Estimating the systematic bias and random error of the observations caused by
the errors of numerical models and instruments are the key factors to directly
assimilate the satellite radiance data. Apart from eliminating cloud pixels, other
procedures for quality control are as follows. (1) when reading the data, remove the
observed outliers with values below 50 K or above 550 K; (2) only the marine
observations are applied by removing the observations on the land and the
observations over complex surfaces; (3) remove observations when the observation
minus the background is larger than 3 times of the observation error; (4) the pixels are
removed when the cloud liquid water path calculated by the background field of the
numerical model is greater than or equal to 0.2 kg/m2; (5) eliminate the data when the

observation minus background is greater than 5 K.

By using 3DVAR algorithm, the assumption is that there is no bias between
observation and background (Dee et al., 2009; Liu et al., 2012; Zhu et al., 2014). A
bias correction scheme for observation is essential before DA. Usually, radiance bias

can be obtained by a linear combination of a set of forward operators.

H(x B)=H(X)+ o+ A (1)

Here, H (X)

represents the initial observation operator (before the bias
correction), X represents the mode state vector, Bo represents a constant component

of the total bias (constant part), Pi and B, represent the i-th predictor and its
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coefficient respectively. In this study, four potentially state-dependent predictors
(1000-300 hPa and 200-50 hPa layer thicknesses, surface skin temperature, and total
column water vapor) are applied. The variational bias correction (VarBC) scheme is
utilized to update the bias correction coefficient variationally with the new

observation operator considered in the cost function of 3DVAR.

3. Introduction to the ease-typhoon and experimental design

3.1 Typhoon Soudelor

From the record of the China Meteorological Administration (CMA), Typhoon

Soudelor; that-which-was-happenedinAungust-was the 13th typhoon in 2015 and-as

beeame-the second strongest tropical cyclone in this-that year. At 1200 UTC 30 July
2015, it formed at northwest Pacific Ocean as a tropical storm;teecated at 13.6° N,

159.2° E, then moved north-westwardswest-by-neorth. It upgraded to a strong tropical

storm at 2100 UTC 1 August 2015. Afterwards, it went through a process of rapid
intensification. It became a typhoon at 0900 UTC 2 August 2015, a strong typhoon at
2100 UTC 2 August 2015, a super typhoon at 0900 UTC 3 August 2015. Then it
weakened to a strong typhoon in the morning on 5 August 2015. However, it
intensified to a super typhoon again at 1200 UTC 7 August 2015 with a maximum
surface wind of 52 m s™', moving west by north, and its intensity raised to its second
peak. It was reduced to a strong typhoon again at 1800 UTC 7 August 2015. It
decreased to a typhoon, entering to Taiwan Straitehannel. It landed again as a typhoon

at 1410 UTC on the coast of Fujian Province, China. Owing to continuous orographic
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friction, it decreased to a tropical depression. Fig. +2 shows the track of Soudelor and
different color lines represent typhoon’s maximum surface wind. It is displayed that
after the formation of typhoon, its track is relatively stable. After July 30, the tropical
depressionits-main-bedy moved west by north at a speed of about 20 km/h. Its moving
tendency changed slightly within 10 days of its generation. However, its intensity
went through a rapid intensification, a weakening, a second intensification, then a
continuous weakening till disappearing gradually after landing on the China. Fig. 2-3
demonstrates the variation of typhoon’s intensity from 31 July 2015 to 5 August 2015.
It is shown that typhoon’s maximum surface wind increased fast, while its minimum
sea level pressure decreased sharply. This was the stage of typhoon’s rapid
intensification. We-choose-tThe date from 1 August 2015 to 3 August 2015 during its

rapid intensification are selected as a eurresearch object.

3.2 Experimental design

Two experiments are designed to investigate the effects of AHI radiance data
direct assimilation on the analysis and forecast of Typhoon Soudelor starting from
1800 UTC 1 August 2015 to 0000 UTC 3 August 2015. WRF 3.9.1 is employed as the
forecast model in thiseur #rialexperiment. We—use—Arakawa C grid_is used in the

horizon with a 5 km grid distance. As is known, Arakawa A grid is "unstaggered" by

evaluating all quantities at the same point on each grid cell. The "staggered" Arakawa

B-orid separates the evaluation of the velocities at the grid center and masses at grid

corners. Arakawa C grid further separates evaluation of vector quantities compared to
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the Arakawa B-grid. Vertically, it has 41 eta levels with-using 10 hPa as its top_with

coarser vertical spacing for the higher levels. Model center is (17.5 °N, 140 °E) (Fig.

44). The initial condition andlnitial-cendition—and lateral boundary are provided by
0.5°%0.5° Global Forecasting System (GFS) reanalysis data. The following

parameterization schemes are used: The following parameterization schemes are used:

WDM6 microphysics scheme (Lim et al., 2010), Grell Devenyi cumulus

parameterization scheme (Grell et al., 2002), RRTM (Rapid Radiative Transfer Model)

longwave radiation scheme (Mlawer et al., 1997). shortwave radiation scheme

(Dudhia ct al.. 19839WDMG6 microphysies scheme (Lim-ct-al, 2010y Grel Devenyi

and YSU boundary layer scheme (Neh-Hong et al., 260320006) Neah-land-surfacese.

The experimental procedures are illustrated by Fig. 35. Firstly, a 6 hour’s spin-up
conducted initialized from 1800 UTC 1 August 2015 to prepare the background field
for the data assimilation at 0000 UTC 2 August 2015. The first experiment is
assimilating GTS (Global Telecommunications System) conventional data (including
aircraft report, ship report, sounding report, satellite cloud wind data, ground station
data) only, which is called control experiment (CTNL). Another experiment is
configured with AHI radiance data assimilation (AHI DA). AHI radiance data is

assimilated hourly further from 0000 UTC to 0600 UTC on 2 August 2015.
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Afterwards, an +8-48 hours forecast is launched as the deterministic forecast. The
climatological background error (BE) statistics are estimated using the National
Meteorological Center (NMC) method. There are 5 control variables applied in this
study including U component, V component, full temperature—F), full surface
pressure—(Ps), and pseudo-relative humidity—RHs). The observation error for each
channel is estimated based on the observed brightness temperature minus background
brightness temperature (OMB) —from 0000 UTC on 1 August 2015 to 0000 UTC on

3 August 2015 every 6 hours.

_ Fig. 44 is-also shows the distribution of GTS observation data at the simulated

domain at 0000 UTC 2 August 2015. It is proved that raw radiance observations

thinned to a grid with 2—6 times of the model grid resolution are able to remove the

potential error correlations between adjacent observations (Schwartz et

al.,2012: Xu et al.,2015; Choi et al., 2017). Hence, 20 km is chosen to make

thinning of AHI radiance data. Also, sensitivity experiments with 25 km, and 30 km

thinning mesh are also conducted with similar results.: The length scale and the

variance scale are set to be 0.5 and 1 respectively after several sensitivity experiments

conducted on tuning the background error. Similar conclusions are also found in Shen

and Min (2015) with the scale factors related to the static background error

covariance.

4. Results
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4.1 Minimization iterations

Fig. 5-6 shows the cost function and gradient with the iteration times. There is an
obvious exponential decrease curve in Fig. 5at6a, while Fig. 5b-6b shows gradient
decreases with the increase of iteration times. Taking Fig. 5a-6a as an example, cost
function decreases remarkably in the first 10 iterations. However, after 30 times of
iteration, the cost function curve becomes smooth gradually. The differences between
background field and observation are largest. With continuous iterations, background
field goes through continued adjustments. Finally, the cost function tends to reach a
stable minimum that represents the point when cost function has its optimal solution.
Besides, the gradient in Fig. 5b-6b decreases stably with increasing iterations. The
exponential decrease of the cost function and the change trend of its gradient indicate
that the effectiveness of AHI radiance DA. The final iterated analytical field is close

to the observation.

4.2 Analytical results of the brightness temperature

Fig. 67a. c, e shows the distribution of OMB-and, while the observed brightness

temperature minus analytical brightness temperature (OMA) after the bias correction

of AHI radiance data are presented in Fig. 7b, d. f from channel 8, 9, and 10 at 0000

UTC 2 August 2015. It should be pointed that even only parts of the AHI radiance

data are applied after quality control in the data assimilation, the radiative transfer

model is able to simulate the brightness temperature for all the pixels with the

background and the analysis respectively for the verification purpose. The similar
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verification method is also applied in Yang et al., (2016). Fig—6a—is—shows—the

a—In the figureFig.

7a, part of typhoon’s spiral cloud belt is clearly visible. The brightness temperature in
typhoon’s inner-core area is low, while the brightness temperature in other areas is
high. The mean of observed OMB was -4.65 K, indicating that the background
brightness temperature is higher than the observation. It is found in Fig. 6b-7b shews
that the OMA values of most pixels are below 0.02 K, indicating that the analytical
field fitting the observation after analyzing. It can be inferred from Fig. 6a7a, c, and e
that the magnitude in OMB of channel 10 is generally larger than that of channel 9,
while that of the OMB e+-in channel 8 is the smallest. This is because the detection

height of channel 10 is lower than that of channel 8 and 9 seen from the weighting

function (Fig. |Wang-et-al2018), which-isindicating channel 10 is largely affected

by the clouds.- Conversely, the weighting peak of the channel 8 is the highest, being
least affected by the clouds. —In general, the analytical brightness temperature match
well with the observed brightness temperature of all the three water vapor channels

after the assimilation of AHI radiance data.

Fig. 7-8 iHustrates-shows the effect of the bias correction for AHI radiance data at
0000 UTC 2 August 2015. Fig. 7a8a, d, g are-show the scatter plots of the observed
brightness temperature and the brightness temperature from the background before the
bias correction. Fig. 7b8b, e, h are-show results after bias correction. Fig. 7e8c, f, 1 are

show the scatter plots of observed brightness temperature and analytical brightness
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temperature after bias correction. From Fig. 7a8a, before the bias correction, the
values from the observation and the background are eempariablecomparable, but most
of the scatter points are below the diagonal line. This suggests that the observed
brightness temperature is higher than the background simulated brightness
temperature. From Fig. 7b8b, after the bias correction, observed warm bias is
corrected to some extent. From Fig. 7a8a, b, after the bias correction, the root mean
square error (RMSE) of OMB decreases from 1.864 K to 1.627 K, with the average
decreasing from 0.956 K to 0.358 K, proving the validity and rationality of the
variational bias correction. Compared to the result of Fig. 7b8b, the scatters in Fig. 7¢
8c are more symmetrical, fitting closely to the diagonal line. The mean and RMSE
were also significantly reduced, suggesting that the analytical field is more similar to
observation than background field. Channel 9, 10 have a similar result, but with a
significantly reduced mean and RMSE, indicating that the background field and
analytical field of channel 9, 10 match better with the observation than channel 8 does.

Among them the RMSE of channel 10 reaches-the-minimumis smallest as 0.234 K in

Fig. 81, which is likely related to strict cloud detection scheme for channel 10 with

rather lower detecting peak (Wang et al., 2018). —tnFig—F-the RMSE-of channel 10

Fig. 89 shows the observation numbers, the mean, and the standard deviation of
OMB and OMA of channel 8, 9, and 10 before and after the bias correction. It can be

seen that after the quality control, 24057, 24181, 21785 observations are adopted in
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the DA system for channel 8, 9, and 10, respectively. From the mean value of OMB
before the bias correction, the value of the three channels is relatively small,
indicating that the simulated brightness temperature of the three channels is close to
the observed brightness temperature. The lowest mean of 0.3 K is found in channel 10,
indicating that the simulated brightness temperature of channel 10 is closest to the
observed brightness temperature. Bias correction effectively corrects the systematic
bias and reduces the mean value of observation residuals. After the bias correction,
the OMB mean value of the three channels significantly decreases to nearly 0 K. With
the bias correction, the simulated brightness temperature is almost the same as the
observed brightness temperature. The analysis of the standard deviation of OMB
shows that the results are comparable before and after the bias correction. The
standard deviation of OMA decreases by about 80% compared to OMB, indicating
that the analyses fit better with the observations after the data assimilation.

Differences between the standard deviations of the OMB and OMA were statistically

significant at the 95% level using zero difference for the null hypothesis.

The RMSEs of the simulated brightness temperature by the NWP model before

and after the assimilation and—assimiation—aganst—the—observation—is—are also

calculated against the AHI radiance observations. Fig. 9-10 shows the RMSEs during
the DA cycles for channels 8, 9, 10. As can be seen from Fig. 910, RMSE decreases
after each analysis in AHI DA. The most significant improvement is from the first

analysis cycle of channel 8, where RMSE of the brightness temperature after
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assimilation significantly decreases from 1.64 K to 0.46 K, possibly due to the largest

adjustment on the background for the first analysis time. The background before the

assimilation is the short-term forecast from the previous analysis. The increase of the

RMSE in the fluctuation arise from the model error in the 1 hour short-term

forecast. Fhe—one—hour—ferecast—atter the—analysis—basteally—makes—brightress
temperature-of RMSE-inerease: Overall, the effect of the analysis from the channel 10

is most significant.

4.3 Analysis of the typhoon structure

Fig. +0-11 shows the wind field at sea level and the distribution of water vapor at
850 hPa at 0000 UTC 2 August 2015. The obvious cyclonic eddy circulation
structures in the core area of the typhoon are found in both fields, while the
anti-cyclonic circulation exists in the northwest quadrant of the typhoon. The mixing
ratio of water vapor in the region where the typhoon is-located is very high and the
wind field is cyclonic, indicating that the typhoon has a continuous water vapor

advection. This contributes to the enhancement of typhoon_(Kamineni, et al., 2003).

Aceording-toFrom the flow field of the control experiment in Fig. +0alla, the water
vapor convergence in the center of the typhoon region is weak with the low intensity
and smaller coverage. As can be seen from Fig. +0b11b, after the assimilation of AHI
radiance data, the streamlines in the typhoon region become denser, indicating that the
cyclonic circulation is strengthened. Conversely, the intensity and distribution of the

water vapor after the assimilation of AHI radiance data tend to contribute to the
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developing typhoon. This suggests that the assimilation of AHI radiance data is-are

able to significantly improve the large-scale environmental field in the simulation

region of Typhoon Soudelor._It should be pointed out that the model status in the

cloudy area are modified due to the spatial correlation in the background error

covariance. The similar findings for small-scale information in the cloudy area can

also be referred in Wang et al., (2018).

4.4 Track forecast

In order to further evaluate the effect of AHI radiance data assimilation, a—a

1848-hour deterministic forecast is-is launched at-the-end-efwith the analyses —twe

asstmtlation-experimentsinitialized from 0000 UTC 2 August 2015_and 0600 UTC 2

August 2015 respectively. The best track data are provided by the CMA (Yu et al.,

2007: Song et al., 2010)Fhetyphoon besttrackdata—are fromthe EMA. As can be

seen in Fig. Hal2a, at the beginning of the forecast, the initial location of the typhoon

from the two-trialsCTNL experiment has a-large south bias and east bias at 0000 UTC

and 0600 UTC respectively. Fhedocattonotf-the tvphooninthe-controlexperiment-has

a—relative—east-southward—bias,—whileConversely, the location of the typhoon in

AHI DA is relatively closer to the observation_at the beginning. During the following

6-few hours of— forecasts, the typhoon track predicted by the CTNL continues

moving-west-southto show a south-west bias with the environmental wind, while the

track predicted by AHI DA match better with the best track—track—thanthat-ef-the
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during-the-entire 18-hour-deterministie foreecast—Fig. Hb-12¢ is-shows the averaged

typhoon track error over the two forecasts predicted by the two experiments. At the

initial time of the forecast, the track errors of CTNL and AHI DA are significantly
different, with the magnitude of 6355.2km-6 km and +613.FHan4 km, respectively.
During the subsequent +848-hour forecast, the track error of the CTNL gradually
increases with the forecast time reaching 232167.5km-1 km at the end of the forecast.
In contrast, the track error of AHI DA is consistently less than 95-122.5 km during
the +848-hour forecast period. In general, the average track error of the CTNL is
123168.46-57 km, and the average track error of AHI DA experiment is only 53-67.0

km, indicating a significant improvement in the track prediction.

Fig. 42-13 diseusses—provides the time series of the typhoon intensity from the

two experiments with-in terms of the averaged maximum surface wind and minimum

sea level pressure shown—inFig—2a—-and Fig—12brespeetivelyerror over the two

forecasts initialized from 0000 UTC 2 August 2015 and 0600 UTC 2 August 2015

respectively. It can be seen that the maximum surface wind error predicted by the
AHI DA €FNE-is much lower than that by the CTNLaetaal-wind-speed, mainly

beeausedue to the overall under estimation for the strength of Typhoon Soudelor

simulated in the background field-ef-the-modelis—relativelyweaker. The maximum

surface wind predicted by AHI DA fit closer to the best track data —with the
maximum difference about 2.6 m s'-6m-/s after 12 hours forecast- }a-. In Fig. 412b13b,

the results of the minimum sea level pressure are consistent with Fig. 12a13a.
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5. Conclusion

An interface for AHI radiance data assimilation on the WRFDA system based on
the 3DVAR assimilation method was built. Based on the Typhoon Soudelor in 2015,
two experiments for comparison was designed to examine the impact of AHI water
vapor channel radiance data assimilation on the analysis and prediction of the rapid
development stage of Typhoon Soudelor under clear sky condition. Following

conclusions are obtained:

(1) The AHI radiance data #mager—on the new generation of geostationary

meteorological satellite is able to reflect the structure of Typhoon Soudelor very
clearly. After a series of pre-procedures such as the quality control, the bias correction,
cloudy pixels are able to effectively be eliminated, ensuring the validity and
rationality of the Ahi radiance data. The biases are also eliminated from the VarBC
statistical method, which is able to provide a positive impact on the data assimilation

procedure for the typhoon numerical simulation.

(2) Compared with the control experiment with only GTS data, the 3DVAR
assimilation including AHI radiance data is able to improve the structure of typhoon’s
core and outer rain band. Also, the position and intensity of typhoon in the

background field are able to be corrected.

(3) It is found that the track, maximum surface wind, and minimum sea level pressure
from the AHI radiance data assimilation experiment match better with the best track

than the control experiment does for the subsequent 18-hour forecast.
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In tFhis manuseriptpaperrealizes-study, the AHI water radiance data assimilation

is conducted under the clear sky condition. The results of the experiments indicate
that AHI radiance data assimilation has a positive effect on the analysis and prediction
of rapidly intensifying TC. Considering the complex influence of underlying surface,
only the rapid development stage of typhoon at sea were studied, while the whole
generation, development and disappearance stage of typhoon can also be studied in
the future. In addition, based on the AHI radiance data of the water vapor channels
under the condition of clear sky, only 3DVAR method was adopted. Further
improvements under the condition of all sky and hybrid DA can be obtained in the

future.
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